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ABSTRACT

The  ruthenium(ll) arene complexes with  1,3,5-triaza-7-
phosphaadamantane ligand, namely RAPTA complexes (RAPTAS), have been reported
to overcome drug resistance in cisplatin-resistant cancer cells. However, the exact
mechanism of these complexes remains largely unknown. Here, we presented the
effects of the RAPTASs on the human breast cancer suppressor gene BRCAL and its
encoded protein. The RAPTAs induced the conformational change of the plasmid DNA
in similar pattern. RAPTA-C formed in vitro interstrand Ru-BRCAL adducts more
rapidly than carboRAPTA-C, preferentially attacked the base of A, C, and G (not T) in
the order and consequently inhibited BRCA1 amplification. The in vitro interactions of
the RAPTAs with the N-terminal region of the BRCAL1 RING domain proteins have
been performed. The binding of the ruthenium compounds to the BRCA1 proteins
resulted in change in protein conformation, a release of Zn?* ions in a dose- and time-
dependent manner, as well as thermal alteration of ruthenated BRCAL1 proteins, causing
the inactivation of the BRCA1-mediated E3 ubiquitin ligase function, which plays an
essential role in response to DNA damage repair. The D67Y BRCA1 reduced
ubiquitination function and was more susceptible to RAPTAs treatment than the D67E
BRCAL. In addition, other metal complexes including ruthenium(ll) polypyridyl
complexes (Ru-bpy and Ru-phen), and gold(l11) complexes (Auphen and Auterpy)
were used for comparison on metal-BRCA1 interaction. Surprisingly, Ru-bpy-, Ru-
phen-, Auphen-, and Auterpy-treated BRCAL showed strongly changes in protein
conformation, the release of Zn?* ions in a dose- and time-dependent manner, resulting
in the inactivation of the BRCA1-mediated E3 ubiquitin ligase, equivalent to RAPTA-
EAl-treated BRCALl. HCC1937 cells apperred to be more sensitive against the
RAPTASs or ruthenium(I1) polypyridyl complexes than MCF-7 or MDA-MB-231 cells.
The combination treatment of RAPTA-EAL and olaparib exhibited a synergistic effect
and showed a higher ability of inhibiting cell proliferation than RAPTA-EAL or
olaparib alone, with a 5-fold higher ability to inhibit E3 ligase activity than RAPTA-
EA1 alone. These findings could provide insights into the underlying molecular
mechanism by which the RAPTAs exerted on the BRCAL gene and its encoded protein.
In addition, this could raise the possibility of utilizing the BRCAL, especially in mutant
proteins, as a potentially molecular target for metal-based drugs in breast cancer
chemotherapy.
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CHAPTER 1
INTRODUCTION
1.1 Background and rationale

Nowadays, metal-based drugs play an important role in medical
application. Cisplatin, carboplatin and oxaliplatin are FDA approved platinum
anticancer drugs that are used clinically worldwide for the treatment of various
cancers (Ndagi et al., 2017). They exert anticancer activity via covalent crosslinks
with DNA. Pt-DNA adducts interfere with DNA replication, transcription, and finally
lead to the programed cell death (Ndagi et al., 2017). However, an application of
platinum-based drugs is restricted by their severe toxicity and drug resistance (Dilruba
and Kalayda, 2016). Several anticancer drugs, based on transition metal, have been
developed that mainly focused on the potential biomolecular target such as DNA and
protein for overcoming problems associated with the platinum-based drugs.
Ruthenium is one of the most promising metals which has some properties particular
well suited for medical applications including relevant ligand exchange kinetics,
redox potentials and the ability to mimic iron in the binding certain biological
molecules (Allardyce and Dyson, 2001). Several ruthenium complexes have shown
high in vitro and in vivo antitumor activity and exhibited a different mode of action
compared with platinum-based drugs. Recently, some ruthenium complexes, such as
NAMI-A  ((ImH)[trans-Ru(I11)Clslm(Me,SO)]; Im = imidazole), and KP1019,
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(l11)], are in advanced stages
of phase I/11 clinical trials (Leijen et al., 2016). The ruthenium(ll)-arene (PTA), (PTA
= 1,3,5-triaza-7-phosphaadamantane), or RAPTA complexes have been shown to
exhibit promising antitumor activities (Murray et al., 2016). However, the
mechanisms of action of these compounds are largely unknown. Several studies
suggest that ruthenium compounds might directly interfere with the proteins in several
processes but interact more weakly with DNA relative to platinum-based drugs
(Adhireksan et al., 2014; Bergamo et al., 2008; Chatterjee and Mitra, 2009; Murray
et al., 2016; Nhukeaw et al., 2014; Vergara et al., 2013).

The breast cancer susceptibility gene 1, BRCAL, is an important tumor
suppressor gene that plays a number of major roles in the maintenance of genome
integrity such as transcriptional regulation, cell-cycle checkpoint, protein
ubiquitination and DNA repair (Muggia and Safra, 2014; Starita et al., 2015). The
mutation and down-regulation of BRCA1 expression can be abrogated BRCAL
function, called ‘BRCAness’, leading to tumorigenesis (Mugia and Safra, 2014;
Tanino et al., 2016). However, the application of BRCA-like functional abnormalities
or dysfunctional of BRCAL raises the possibility of treatment regimens designed for
familial BRCA tumors (Turner et al., 2004). Recent studies have emphasized the
potential of using BRCAL dysfunction to predict response to therapy. Exploitation of
this knowledge in the treatment of BRCAL associated-breast cancer revealed varying
degrees of success. Several clinical trial studies have demonstrated the utilization of
the BRCAness as a clinically validated target by the platinum based-drugs to treat
BRCALl-associated breast cancer (Byrski et al., 2010; Tanino et al., 2016). Several



studies have investigated the application of a dysfunctional BRCA1 as molecular
targets for breast and ovarian cancer treatment (Audeh, 2010; Byrski et al., 2010;
Domagala et al., 2016; Drost and Jonkers, 2014; Liu et al., 2012; Price and Monteiro,
2010; Maksimenko et al., 2014; Muggia and Safra, 2014; Sikov et al, 2015; Tassone
et al.,, 2009). Therefore, targeting the BRCAL gene and its encoded protein by the
anticancer drugs are of interest for breast cancer treatment.

Ratanaphan and co-workers have studied the effect of the anticancer
platinum drugs on the BRCAL gene and its encoded protein (Atipairin et al., 2010;
Atipairin et al., 2011a; Atipairin et al., 2011b; Chakree et al., 2012; Ratanaphan et al.,
2005; Ratanaphan et al., 2009; Ratanaphan and Canyuk, 2014; Ratanaphan et al.,
2017). The platinum drugs were found to reduce the amount of amplified DNA both
in cells and cell-free system (Ratanaphan et al., 2005). The cisplatin-modified BRCAL
protected a cleavage by some restriction endonucleases, implying that cisplatin
specially forms the 1,2-intrastrands d(GpG) crosslinks. The transcriptional
transactivation activity of the BRCAL protein is dramatically reduced in the presence
of multiple cisplatin-damaged BRCAL1 sites. In addition, a repair-mediated
transcriptional transactivation of cisplatin-damaged BRCA1 appeared to be associated
with increased DNA interstrand crosslinks and altered thermal stability (Ratanaphan
et al., 2009). Furthermore, it has been reported that intra- and inter-molecular of Pt-
BRCAL1 adducts was occurred with the preferential Pt-binding site on histidine 117,
resulting in altered thermostability and conformation of the BRCA1 RING domain
(Atipairin et al., 2010; Atipairin et al., 2011b). Moreover, the BRCA1-mediated E3
ubiquitin ligase activity was inhibited by the Pt-based drugs (Atipairin et al., 2011b).
These data suggest a possibility of the BRCAL protein as a potentially molecular
therapeutic target for metallodrug-based chemotherapy. However, the effects of
RAPTA complexes on the human BRCA1 gene and its encoded protein have not been
studied.

In this work, the BRCA1 gene and its respective protein are used as a
model system for in vitro evaluation of the RAPTAs-induced response in comparison
with cisplatin and some types of metal complexes, including two highly active
gold(l1l) compounds, namely Auphen and Auterpy ([Auphen=Au(1,10-
phenanthroline)CI;]JCl and Auterpy = [Au(2,2":6,2" terpyridine)CI]Cl;), and two
ruthenium(Il) polypyridyl complexes, namely Ru-bpy and Ru-phen ([Ru-
bpy=Ru(Clazpy),bpy]Cl..7H,O and  [Ru-phen=  Ru(Clazpy),phen]Cl,.8H,0)
(Fig.1.1). The investigation is focused on DNA interactions and protein binding as
well as structural and functional consequences of the ruthenium-treated BRCAL. It is
expected that resulting data provide insights into the molecular mechanism of action
of the ruthenium compounds and the potential of using the BRCAL protein as a
molecular target in breast cancer chemotherapy.
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Figure 1.1. The ruthenium(Il) arene (PTA) or RAPTA complexes and other metal
complexes are used in this study. A: [Ru(#°-toluene)(PTA)Cl,], RAPTA-T. B
[Ru(#°-p-cymene)(PTA)CI], RAPTA-C. C: [Ru(ethacrynic-,°-
benzylamide)(PTA)Cl,], RAPTA-EAL. D: [Ru(7°-p-cymene) (CeHsOu)(PTA)],
carboRAPTA-C. E: [Au(1,10-phenanthroline)Cl;]JCl, Auphen. F: [Au(2,2'-
6,2"'terpyridine)CI]Cl,, Auterpy. G: [Ru(Clazpy).bpy]Cl,.7H,O, Ru-bpy. H:
[Ru(Clazpy),phen]Cl,.8H,0, Ru-phen. I: cisplatin.



CHAPTER 2

LITERATURE REVIEW

2.1 Breast cancer
2.1.1 Breast cancer incidence and mortality

Breast cancer ranks as the second leading cause of cancer death in
women and the third cause of death from cancer overall in 2017 (Siegel et al., 2017).
The estimated breast cancer incidence and mortality rates (Age standardized
rate/100,000 population, ASR) are different by regions (Table 2.1) (Ferlay et al.,
2015; Siegel et al., 2017; Youlden et al., 2014; Zaguri et al., 2014). The incidence is
slightly less cases in more developed (794,000) than in less developed (883,000 cases)
regions, where the predominant prevalence cause of cancer death in female is
approximately 24.9% (198,000 deaths) and 36.7% (324,000 deaths) of total in more
and less developed regions, respectively (Ferlay et al., 2015). In Thailand, the
incidence of breast cancer is lower than that in developing countries. The significant
increase in breast cancer incidence in recent year was observed with incidence rates
increasing by 3-4% per year (Fan et al., 2015). However, it has become the most
common cancer in women with the estimated incidence and mortality rates of 29.3
and 11.0, respectively, in 2012 (Youlden et al., 2014).

Table 2.1 Estimated breast cancer incidence and mortality by regions/country in
2012; ASR, Age standardized rate/100,000 population. (Ferlay et al., 2015; Siegel et
al., 2017; Youlden et al., 2014; Zaguri et al., 2014).

Incidence Mortality
Region/country Case ASR Case ASR
World 1,676,633 43.3 521,817 12.9
Europe 458,337 77.1 131,259 16.1
USA 255,180 123.3 41,070 21.1
Asia-Pacific 403,876 29.6 115,863 8.1
Eastern Asia 277,054 217.0 68,531 6.1
South-Eastern 107,545 34.8 43,003 14.1
Asia

Oceania 19,277 79.2 4,329 15.6
Thailand 13,653 29.3 5,092 11.0




2.1.2 Histopathological subtypes of breast cancer

The main components of breast consist of three parts; lobules, ducts,
and stromas. The lobules are mammary glands that produce milk. The ducts are tiny-
tubes that carry the milk from the lobules to the nipple. The stromas are connective
tissue, which consist of fibrous and fatty acids tissue, those surround and hold
everything together (Fig. 2.1) (Pourteimoor et al., 2016). Breast cancers are
characterized into two major groups (Rubin et al., 2005) as follows;

- Noninvasive carcinoma (in situ), are restricted to the ducts and do not
invade surrounding fatty and connective tissues of the breast. It includes ductal
carcinoma (in situ) (intraductal carcinoma with or without invasion) and lobular
carcinoma (in situ).

- Invasive carcinoma, these cancer cells advance the duct and lobular
walls and invade the surrounding fatty and connective tissues of the breast. It includes
invasive ductal carcinoma, invasive lobular carcinoma and uncommon types of
invasive breast cancer.

The American Joint Committee on Cancer (AJCC), has defined this
group into three common histological types including invasive ductal carcinoma
(about 55 %), ductal carcinoma (in situ) (about 13 %), and invasive lobular
carcinoma (about 5 %) (Fig. 2.1) (Pourteimoor et al., 2016).
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Figure 2.1. The histological types of breast cancer by the American Joint Committee
on Cancer (AJCC) and National Comprehensive Cancer Network or National Cancer
Institute (NCI) 2015 (Pourteimoor et al., 2016).

2.1.3 Molecular subtypes of breast cancer
Breast cancer is classified into different molecular subtypes, in

accordance with similarities in gene expression, pathological features and
responsiveness to therapy. It is broadly divided into two groups: estrogen receptor



positive (ER+) and ER negative (ER-), leading to subdivisions into more biologically
and clinically relevant subgroups as described in Table 2.2 (Prat and Perou, 2011;
Sorlie et al., 2001).

The ER positive tumor subgroups, due to their expression of genes that
encode the characteristics of the proteins of luminal epithelial cells, are known as the
luminal group. Luminal A is frequently characterized by the positive expression of
progesterone receptor (PR) and negative expression of human epidermal growth
factor receptor 2 (HER2), whereas luminal B is related to overexpression of HER2
and/or high proliferation status and devoid of PR expression (Sorlie et al., 2001,
Sotiriou et al., 2003). Luminal A expresses a low Ki67, which is the marker for rapid
cell division or the aggressive nature of cancer, while luminal B expresses a high
ki67, and is very aggressive in behavior requiring more aggressive therapy (Naik et
al., 2015). Luminal B has a significantly worse prognosis than luminal A, and shows
lower expression of ER and higher proliferation than luminal A (Sorlie et al., 2006).
Luminal A subtype is known to have good prognosis and is usually highly sensitive to
hormonal therapy (Naik et al., 2015).

The ER negative tumor subgroups are subdivided into HER2 positive,
basal-like breast cancers, and triple-negative breast cancer (TNBC) (Brenton et al.,
2005). Approximately 10-20% of breast cancers are HER2 positive (overexpression of
HER2). HER2 amplification plays a direct role in the pathogenesis of breast cancers,
which has been targeted for doxorubicin and HER2-targeted therapies (trastuzumab,
pertuzumab and lapatinib) (Biswas et al., 2006; Rakha et al., 2008). Approximately
15% of breast cancers are basal-like in origin and are associated with a higher
histological grade, poor overall survival and younger patient age (Carey et al., 2006;
Cheang et al., 2008). The basal-like breast cancers (BLBCs) are characterized by a
lack of ER, PR, HER2 but positive in epidermal growth factor receptor (EGFR) and
express normal basal epithelial cell markers such as CK5/6 (Naik et al., 2015; Nielsen
et al., 2004). A key feature of BLBCs is the high frequency of point mutations in p53
(Naik et al., 2015; Sorlie et al., 2001). TNBC accounts for approximately 10-20% of
all breast cancer. It is defined by the lack of ER-, PR- and HER2 (Naik et al., 2015).
Recently, TNBC has been classified into three clusters including cluster 1(C2), 2 (C2)
and 3 (C3), respectively, as shown in Table 2.3 (Jézéquel et al., 2015). In addition, the
emerging data has revealed that 20-30% of TNBC patients harbor the germline breast
cancer susceptibility gene 1 (BRCA1) mutation and these correlates with decreased
BRCAL1 mRNA and protein expression (Lips et al., 2013; Wong-Brown et al., 2015).
Recently, TNBCs and BLBCs have become a key topic of research interest, due to
their aggressive behavior and lack of targeted therapy. Currently, no targeted
treatment is available for patients harboring these cancer subtypes, and a standard
chemotherapy remains a basic systemic treatment option with no optimal cytotoxic
regimen recommended. Therefore, the development of a new targeted treatment to
improve prognosis in TNBCs and BLBCs is necessary.



Table 2.2 Molecular subtypes of breast cancer (Prat and Perou, 2011; Jézéquel et al.,
2015)

Molecular subtypes
ER positive ER negative
Luminal A | Luminal B HER2 Basal- TNBC
positive like

Genes status | ER+ ER+/— ER- ER- ER-

PR+/ PR+ HER2+ HER2—- | PR—

HER2— HER2— PR- PR- HER2—

CK5/6— CK5/6— CK5/6+/— | CK5/6+ | CK5/6+/—
p53 mutation | Low Intermediate | High High High
Proliferation | Low High High High High
Histological | Low High High High High
grades

Table 2.3 The clusters of triple-negative breast cancer (Jézéquel et al., 2015).

Properties
Histological | Immune Clinical Remark
grade response | outcome
Cluster 1 | low low poor this cluster was enriched by
(C1) luminal  subtypes and
positive androgen receptor
Cluster 2 | high low poor defined as a pure basal-like
(C2) cluster with high M2-like
macrophage activity*
Cluster 3 | high high better low M2-like macrophage
(C3) outcome activity, generally known
than C1 and | as a basal enriched subtype
C2

* M2 like macrophages = Macrophages that decrease inflammation and encourage tissue repair

2.2 Risk factors for breast cancer

There are several well-established factors that contribute to an
increased risk of breast cancer. The possible factors can be divided into two groups.
The first group includes intrinsic factors including age, sex, race, and genetic, while
the second group includes extrinsic factors conditioned by lifestyle, diet or long-term
medical intervention (Kaminska et al., 2015).

2.2.1 Gender
Breast cancer is relatively uncommon in men whose the female-to-

male breast cancer ratio is approximately 100:1. An estimated 246,660 and 2,600 new
cases of Dbreast cancers will be diagnosed among American women and men,



respectively in 2016, and about 40,450 women and 440 men will die from the disease
(Siegel et al., 2016). The higher risk in women is attributed to the responsiveness of
breast tissues to ovarian hormones which are active from puberty to menopause
(Evans and Lalloo, 2002).

2.2.2 Age

The age of a patient is highly related to the incidence of breast cancer.
Eighty percent of these cancers are diagnosed in women aged 50 and more (Fig. 2.2).
Moreover, according to epidemiological data, 50% of breast cancers occur in women
aged from 50 to 69 years (DeSantis et al., 2016). The risk doubles every 10 years up
to the menopause (Key et al., 2001). The disease is uncommon in women younger
than 40 years of age which occur only 6.4% of all patients diagnosed with the first
primary breast cancer while women, those are 40 years of age or older at time
diagnosis, are accounted for 93.6% of all breast cancers (Gnerlich et al., 2009). The
characteristics of cancer in women under 40 years of age are significantly different
from older women that had a poor prognosis, and this association was strongest
among young women with axillary lymph node negative breast cancer (Brandt et al.,
2015).
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Figure 2.2 Age-specific female breast cancer incidence and motility rates in US (US
mortality data, National Center for Health Statistics, Centers for Disease Control and
Prevention. American Cancer Society, Inc., Surveillance Research, 2015).

2.2.3 Hormonal factors

Hormonal and reproductive factors have long been recognized to be the
important risk factors of breast cancer development. Women who have a bilateral
oophorectomy before the age of five have only a 40% associated risk of breast cancer,
compared to women who go through a normal menopause (Garcia-Closas et al.,
2006). The increased risk of women who experience normal menopause is thus due to



ER influence (Garcia-Closas et al., 2006; Torres-Mejia et al., 2005). Several groups
have analyzed the relationship between lactation and the incidence of premenopausal
breast cancer, with varying outcomes. Two independent studies have claimed an
inverse association between lactation and the possibility of premenopausal or early-
onset breast cancer (Lee et al., 2003; Tryggvadottir et al., 2001). Hormone therapy
using estrogen (often combined with progesterone) has been used for many years to
help relieve symptoms of menopause and to help prevent osteoporosis. Recent
epidemiological studies have inconsistently revealed a modestly-increased breast
cancer risk associated with hormone replacement therapy (HRT) that showed a
relative risk (RR) of 1.35 after 5 or more years of use (Chlebowski, et al., 2009;
Cibula et al., 2010). No difference in relative risk was found, based on the use of
estrogen plus progesterone that associated with a significantly increased risk (RR =
1.82), and the risk was higher (RR = 2.44) in women with prolonged use more than 10
years. Furthermore, women using only estrogen therapy showed a slightly increased
risk (RR = 1.15) with no further evidence of increase seen for long durations of use
(Brinton et al., 2008). Several evidences indicated that a decreased mortality from
breast cancer in women using hormone therapy more than 5 years of the disease
diagnosis (Nichols et al., 2013). Furthermore, the lower cardiovascular disease and
osteoporosis risk was observed among women administering estrogen (Nichols et al.,
2013). Recently, several hormone-related factors (such as age at menarche, race,
parity, age at first live birth, and number of live births) have been reported to be
associated with the risk of ER positive breast cancer (Cui et al., 2014).

2.2.4 Family history

The family history is a well-established risk factor for breast cancer,
however, its association with survival is still ambiguous. Several studies have
reported an increased survival for females with a family history of breast cancer
(Anderson and Badzioch, 2006; Thalib et al., 2004) while other studies indicated
slightly or no difference in survival rates (Chang et al., 2009; Russo et al., 2002).
Susceptibility to breast cancer is usually inherited as an autosomal dominant, with
limited penetrance. The overall relative risk of breast cancer in a woman with a
positive family history in first-degree relative; mother, daughter, or sister, is > 5
(Anderson and Badzioch, 2006). Moreover, it is believed that only about 25% of the
occurrence of breast cancer in first-degree relatives of women affected by the disease
may be implicated to mutations in well-known genes such as the high-penetrance
susceptibility genes BRCAL and BRCA2. It has been reported that inherent deficiency
of BRCAL and BRCAZ2 in DNA repair function was a significant risk factor for breast
cancer (Apostolou and Fostira, 2013). In addition, the reduced repair capacity was
associated with certain clinical features that are indicative of poor prognosis (Fu et al.,
2015). Moreover, the low-penetrance genes, such as MAP3K1, FGFR2, LSP1, are
presented with relative cancer risk around 1.5, whereas intermediate-penetrance
genes, such as ATM, CHEK2, BRIP1, and PALB2, confer relative cancer risks from
1.5 to 5 (Apostolou and Fostira, 2013; Stratton and Rahman, 2007; Turnbull et al.,
2010). Recent advances in molecular biological techniques are useful for investigating
certain inherited genes with the susceptibility to breast cancer.
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2.2.5 Race

Race is a very important intrinsic factor elevating the risk of
occurrence of breast cancer. Female breast cancer incidence rates vary considerably
across racial and ethnic groups. The incidence in African-American women is lower
than Caucasian women, the age-adjusted incidence of breast cancer is 120.8, 142.0
per 100,000, respectively (Siegel et al., 2016). A proportion of African-American
women with breast cancer are found in younger age groups than Caucasian women
(Ries et al., 2003). However, Asian/Pacific Islander (API) women have the lowest
incidence and death rates (Howlader et al., 2015). The incidence rate of breast cancer
in white women, between the ages of 60 and 84, are markedly higher than black
women, however, lower in women before age 45 (American Cancer Society, Inc.,
Surveillance Research, 2015). Incidence and death rates for breast cancer are lower
among women of other racial and ethnic groups than among non-Hispanic white and
black women (Howlader et al., 2015).

2.2.6 Lifestyle and environmental factors

Alcohol is a well-established risk factor for breast cancer. Recent large
prospective studies have confirmed a direct association between alcohol consumption
and the occurrence of breast cancer. Higher alcohol consumption was associated with
increased risk of breast cancer, compared to nondrinkers (Allen et al., 2009; Chen et
al., 2011; Lew et al., 2009). The increased breast cancer risk was varied between 13
to 35%, depending on the amount of alcohol intake (Ellison et al., 2001; Manisto et
al., 2000). Recently, some evidences reported that women who started alcohol
drinking after first pregnancy had increased risk by 9% per 10 g/day intake (Liu et al.,
2013). Furthermore, at relatively high intakes (>60 g/day) the cancer risk is
approximately three-fold that of non-drinkers (Roswall and Weiderpass, 2015). A
meta-analysis reported that alcohol consumption was associated with increased risks
for ER+/PR+ and ER+/PR-, but not ER-/PR- tumor types (Chen et al., 2011; Li et al.,
2010; Suzuki et al., 2008). Several potential mechanisms for the consumption of
alcohol might increase the risk of breast have been proposed (Park et al., 2014;
Roswall and Weiderpass, 2015). Alcohol could affect cellular response and
differentiation of breast tissue by stimulating estrogen signaling, and by down-
regulating the tumor suppressor BRCAL (Fan et al., 1999). By-products of alcohol
metabolism such as acetaldehyde, reactive oxygen species, poor folate intake and its
metabolites also led to DNA damage-induced carcinogenesis and decreased DNA
repair efficiency or reduced intake of protective nutrients (Dumitrescu and Shields,
2005).

The relationship between body mass index (BMI) and breast cancer
carcinogenesis has been reported. It revealed that women with a gain of 5 kg/m? in
BMI is also associated with breast cancer risk, resulting in an 8% increase in disease
risk, but only in postmenopausal women (http://www. wcrf.org/int/researchwe-
fund/continuous-update-project-cup/second-expert-report). In contrast, some evidence
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reported that excess weight is associated with a decrease in risk in premenopausal
women (Travis and Key, 2003).

The relationship between smoking and the risk of breast cancer is still
controversial. Recent cohort studies have suggested that increased breast cancer risks
were associated with longer smoking duration or who smoke for a long time prior to
their first pregnancy, while others reported the lack of an association among smoking
intensively and the increased breast cancer risk (Catsburg et al., 2015; Dossus et al.,
2014). However, there is no evidence of an association between either active smoking
or passive smoking and risk of breast cancer (Roddam et al., 2007). Chemical
carcinogens in cigarette smoke, which can cause mammary tumors in animal, have
been found in the circulation of smokers, including polycyclic aromatic hydrocarbons,
aromatic amines and N-nitrosamines (Hecht, 2002). These compounds were
metabolized and subsequently activated by mammary epithelial cells into electrophilic
intermediates and form adducts with DNA resulting in DNA damage (Li et al., 2002).
To date, a number of environmental agents have been investigated in epidemiologic
studies with respect to their potential influence on breast cancer risk (Brody et al.,
2007; Fenga, 2016; Weiderpass et al., 2011). However, a few of these have been
examined in terms of their specific relation to breast cancer risk. The organochlorines,
including dichlorodiphenyl trichloroethane (DDT) and polychlorinated biphenyls
(PCBs), can accumulate in the food chain, and may be found in human tissue, blood,
and breast milk. Long term exposure to these chemicals showed a positive correlation
with breast cancer risk (Fenga, 2016; Weiderpass et al., 2011; Wolff et al., 2003).

2.2.7 Genetic risk factors

Genetic predisposition is one of the most well-established factors
associated with an increased breast cancer risk. Approximately 90-95% of all breast
cancer cases are considered to be non-familial (sporadic), while the others 5-10% are
related to a subset of hereditary (familial) breast cancers (Rich et al., 2015). Recently,
a better understanding of genetic predisposition to breast cancer has advanced
significantly. The genetic factors associated with breast cancer risk are classified into
three classes. Firstly, high penetrance mutations such as BRCALl, BRCA2, TP53,
PTEN, STK11, and CDH1 that are rare in the population but associated with very high
risk; secondly, moderate penetrance variants, such as ATM, CHEK2, BRIP1, and
PALB2, associated with moderate increases in risk, and thirdly, low penetrance
mutations, such as FGFR2, TOX3, CASP8, MAP3K1, RAD51L1, and LSP1, which are
common and associated with small increases in breast cancer risk (Mavaddata et al.,
2010; Rich et al., 2015; Tan et al., 2012; van Lier et al., 2010).

2.3 Breast cancer susceptibility gene 1 (BRCAL)

Breast cancer susceptibility gene 1 (BRCAL) is a tumor suppressor
gene and locates on chromosome 17g21. It was identified in 1990 (Hall et al., 1990),
and subsequently cloned (Miki et al., 1994). The BRCAL gene consists of 24 exons
and 22 of which encodes for 1863 amino acid with molecular weight of 220 kDa (Hall
et al., 1990; Miki et al., 1994). The most common case of hereditary breast cancer is
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an inherited germ line mutation in BRCA1 gene that accounts for approximately 20-
50% of hereditary breast cancer (Martin et al., 2001), and at least 80% of both breast
and ovarian cancers (Miki et al., 1994). Female carriers of deleterious BRCA1
mutations are also predisposed to high lifetime risks of breast and ovarian cancer.
They are also at conferring an increased risk of other cancers, such as cervical, uterine
and prostate cancers (Thompson and Easton, 2002). The cumulative incidence of
breast cancer by age for BRCA1 carriers is summarized in Table 2.4. Furthermore,
approximately 4-14% of hereditary breast cancer was found in male breast cancer
(Rich et al., 2015).

Table 2.4 The cumulative incidences (standard error) of breast and ovarian cancers by
age for BRCAL1 carries (Eavans et al., 2008).

Cancer risk to age Breast cancer Ovarian cancer
30 2% 0
40 16.5% (0.015) 3% (0.007)
50 48% (0.023) 21% (0.02)
60 55% (0.027) 40% (0.024)
70 68% (0.033) 60% (0.037)
80 79.5% (0.04) 65% (0.042)

2.3.1 Mutational spectrum of BRCA1

The Breast Cancer Information Core Database (BIC) reported that
there are more 1700 distinct variants identified throughout the whole coding and non-
coding regions of the BRCA1 gene (Table 2.5). The type of mutations of the BRCA1
gene includes frameshift, nonsense, missense, silent mutations, mutations in the non-
coding regions, in-frame insertions or deletions, and splice altering mutations. The
main groups of risk-associated mutations are frameshift or nonsense mutations that
present in a premature stop codon and truncated protein product (NIH Breast Cancer
Information Core, 2017).

The top three mutations are 185delAG, C61G, and 5382insC. Both
185delAG and C61G mutations are occurred in the RING domain of BRCA1l
(Mallery et al., 2002). The 185delAG produces premature stop codons that mediated
resistance to homologous recombination (HR) deficiency-targeted therapies (Drost et
al., 2016), while C61G mutation results in defective E3 ubiquitin ligase activity
(Hashizume et al., 2001). The 5382insC is missense mutation in exon 20 (BRCA1 C
terminus, BRCT, domain) that produces premature stop codons. This mutation
mediated resistance to HR deficiency-targeted therapies (Drost et al., 2016). Frequent
mutations of the BRCAL gene are summarized in Table 2.6.
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Table 2.5. Total number of mutations, polymorphisms, and variants of BRCA1 from
the Breast Cancer Information Core Database (BIC, 2017).

Exon | Total number Distinct mutations, Alterations reported
type of entries polymorphisms, and variants only once
1 1 1 1
2 2197 53 35
3 187 47 26
4 8 2 1
5 445 49 27
6 198 30 19
7 164 36 19
8 360 36 19
9 349 19 9
10 54 17 12
11A 1251 224 115
11B 1982 223 123
11C 1835 235 124
11D 1678 221 116
12 118 47 28
13 655 51 28
14 111 28 18
15 241 47 24
16 790 88 52
17 578 50 25
18 466 55 26
19 123 32 18
20 1334 48 27
21 89 29 19
22 173 31 13
23 74 30 17
24 213 51 27
Total 15674 1780 968
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Table 2.6. Frequent mutations of BRCAL gene according to the Breast Cancer
Information Core Database (BIC, 2017) (F: frameshift, M: missense, N: non-sense;
NT: nucleotide).

Exon Designation | Type NT Codon Count

2 185delAG F 185 23 2038
20 5382insC F 5382 1756 1093
5 C61G M 300 61 239
11 R1347G M 4158 1347 161
11 Q563X N 1806 563 155
11 4184del4 F 4184 1355 144
13 R1443X N 4446 1443 143
11 M1008I M 3143 1008 139
11 3875del4 F 3875 1252 124
11 R841W M 2640 841 119
11 E1250X N 3867 1250 98

16 M1628T M 5002 1628 96

18 A1708E M 5242 1708 39

In Thai patients, the BRCA1 mutations were analyzed (Patmasiriwat et
al., 2002; Ratanaphan et al., 2011). Nine distinct variants and their frequencies are
shown in Table 2.7. The T320G was a conservative missense mutation in exon 5 in
which thymine at nucleotide 320 was changed to guanine. This mutation was
identified in three unrelated Thai breast cancer patients, and no other mutations were
found in the coding and non-coding regions of the BRCA1 gene. This mutation is
probably a founder mutation in Thais which resulted in the substitution of aspartic
acid with glutamic acid at position 67 (D67E). It is in vicinity of Zn?** -binding site II
(residues 58-68) that forms a recognition interface with a ubiquitin-conjugating
enzyme (Brzovic et al., 2003).

Table 2.7. Relative frequencies of BRCAL mutations in Thais.

Mutations Relative frequencies References
T320G 3/23=0.13 Patmasiriwat et al.,
2002
744ins20 1/23=0.04 Patmasiriwat et al.,
2002
3300delA 3/23=0.13 Patmasiriwat et al.,
2002
C3271G 2/23 =0.08 Patmasiriwat et al.,
2002
IVS20+78 G>A 1/23=0.04 zgggasiriwat etal.,
IVS7+34 A7delTTCTTTTCTTTTTT - Ratanaphan et al., 2011
IVS7+34 47delAAGAAAAGAAAAAA - Ratanaphan et al., 2011
IVS7+50 63delTTCTTTTTTTTTTT - Ratanaphan et al., 2011
IVS7+38T>C - Ratanaphan et al., 2011
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The 744ins20 was a frameshift mutation in exon 10 as a result of
insertion of AGGGATGAAATCAGGAGCCA. It provided a stop codon at nucleotide
839, resulting in a premature translational termination at codon 240. The 3300delA
was a frameshift mutation in exon 11. It introduced a stop codon at nucleotide 3300,
and resulted in a truncated BRCAL protein of 1060 amino acids. The C3271G
(cytosine was replaced by guanine) was a conservative missense mutation in exon 11.
It caused the substitution of threonine with serine at residue 1051. The 1VS20+78
G>G was a rare intronic mutation variant in which guanine was replaced by adenine
at upstream position 70 in intron 20. In addition, the intronic BRCA1 variants in a
Thai hereditary breast cancer family were reported from a total of 50 Thai breast
cancer patients (Ratanaphan et al., 2011). A novel intronic BRCA1 mutation
(IVS7+34_A47delTTCTTTTCTTTTTT) was identified in one out of five breast cancer
patients, with a family history of breast cancer cases. In addition, the unclassified
mutations were also identified in the patient’s healthy daughter, including two
unclassified intronic BRCA1 variations (IVS7+34_47delAAGAAAAGAAAAAA and
IVS7+50 63delTTCTTTTTTTTTTT) and one unclassified intronic point mutation
(IVS7+38T>C). These alterations were not found in other family members or
unrelated healthy volunteers.

2.4 BRCAL1 protein

The full length (1863 amino acids) of human BRCA1 protein plays a
vital role in genomic maintenance through multi-functional cellular processes
including DNA damage repair, protein ubiquitination, cell cycle checkpoint, and
transcriptional regulation (Brzovic et al., 2003; Gudmundsdottir and Ashworth, 2006;
Lane, 2004; Monteiro, 2000; O'Donovan and Livingston, 2010; Rosen et al., 2006;
Starita and Parvin, 2003; Yarden and Papa, 2006). The BRCAL protein encompasses
three major domains including the Zn®* finger RING domain (BRCA1 RING domain)
at N-terminal region, the large central segment, and the BRCA1 C-terminal domain
(BRCT domain). (Fig. 2.3). Nowadays, over 100 diverse BRCA1 interacting proteins
have been identified. It is assumed that the ability of BRCAL to act as a scaffold for
the formation of multiple different protein complexes with different cellular functions
through these interactions (Christou and Kyriacou, 2013; Savage and Harkin, 2014).
The structure of the BRCA1 protein contains multiple conserved domains and motifs,
which each of them associated with one or more specific function (Table 2.8).



Table 2.8. The BRCA1 domains and motifs
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Domains and | Amino acids | Function Reference
Motifs
RING 1-101 E3-ubiquitin ligase Mikiet al., 1994
NES 81-89 Nuclear export Eggggrﬁf] figgoo
Motif 1 123-130 unknown Orelli et al., 2001
Motif 2 178-189 Velkova et al., 2010
Ser 308 308 Aurora A phosphorylation | Ouchietal., 2004
target site
Motif 3 378-388 Unknown Orelli et al., 2001
Motif 4 458-467 Unknown Orelli et al., 2001
DNA binding region | 452-1079 Binding to branched DNA | Paulletal., 2001
NLS 503-508, Nuclear import Chen etal., 1996
651-656
Motif 5 512-521 Unknown Orelli et al., 2001
Motif 6 845-869 Unknown Velkova et al., 2010
Ser 988 088 CHK2 phosphorylation | Leeetal, 2000
target site
Motif 7 1147-1153 Unknown Orelli et al., 2001
Ser 1189 1189 Cdk1 phosphorylation | Johnson etal., 2009
target site
Ser 1191 1191 Cdk1 phosphorylation | Johnson etal, 2009
target site
Motif 8 1208-1228 Unknown Orelli et al., 2001
Coiled-coil 1369-1418 PALB?2 binding Orelli et al., 2001
Ser 1387 1387 ATM/ATR Xu, and Kastan, 2001
phosphorylation target
site, intra-S-phase
checkpoint
Ser 1423 1423 ATM/ATR Xu, and Kastan, 2001
phosphorylation target
site, G2/M checkpoint
Ser 1497 1497 Cdk1/Cdk2 Johnson et al., 2009
phosphorylation target site
Ser 1524 1524 ATM/ATR Cortez et al., 1999
phosphorylation target site
Ser 1572 1572 CK2 phosphorylation | OBrien etal. 1999
target site
BRCT 1 1650-1753 DNA damage signaling, | Borketal, 1997
transcription
BRCT 2 1760-1855 DNA damage signaling, | Borketal, 1997

transcription
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Figure 2.3. The BRCAL functional domain and its partners. BRCA1 contains a RING
domain at its N-terminus, two nuclear localization sequences (NLS) at the large
central segment of BRCAL, two BRCT domains at the C-terminus and a coiled-coil
domain upstream of BRCT domains. The interacting proteins are shown under the
region of BRCAL required for their association (Christou and Kyriacou, 2013).

2.4.1 The BRCAL RING finger domain

The BRCAL RING finger domain locates on the N-terminal region
covering 110 amino acid residues (Brzovic et al., 2001). This domain contains zinc
atom coordinated with a conservative pattern of cysteine and histidine residues, called
a zinc-finger domain (residues 24-64), that is important for the specific coordination
with two Zn?* ions. The NMR solution structure of the BRCA1 RING domain reveals
the existence of the antiparallel a-helices at both ends, flanking the central RING
motif characterized by a a central a-helix, and a short antiparallel three-stranded -
sheets, two large Zn**-binding loops (Fig. 2.4) (Brzovic et al., 2001). The two Zn**-
binding sites are shaped in an interleaved fashion. The zinc binding site I is formed by
the first and third pairs of cysteines (Cys24, Cys27, Cys44, and Cys47), and the zinc
binding site 11 is formed by the second and fourth pairs of cysteines and a histidine
(Cys39, His4l, Cys6l, and Cys64). The first residues 1-109 of the BRCAL protein is
a protease-resistance domain that is liable for homodimerization of BRCAl and
heterodimer formation of BRCA1/BARD1 (BRCALl-associated RING-domain
protein) (Brzovic et al., 2001; Irminger-Finger et al., 1999). Structure of the
BRCA1/BARDL1 RING dimer (Fig. 2.4) reveals a 4 helix bundle, forming the binding
interface, with residues 8-22 and 81-96 of BRCAL and residues 36-48 and 101-116 of
BARD1 which provide an extensive buried surface area of about 2200 A°. The
BRCA1/BARD1 complex acquires to stabilize the proper conformation of the
BRCAL1 RING domain for significant exhibiting an E3 ubiquitin ligase activity that
specifically transfers ubiquitin to protein substrate, in ubiquitination system
(Hashizume et al., 2001).
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Approximately 15% of BRCAL1 mutations are founded within the
RING domain. The most frequent mutations is 185delAG, occurring more than 2000
times (Table 2.6). The finding of the adjacent 188del11 mutation leads to founding of
C61G and C64G mutation of BRCAL (Johannsson et al., 1996). Some mutations in
RING domain (Table 2.9) are critical binding sites giving rise to conformation or little
structural effect. The BIC reported that mutations in zinc binding site Il of RING
domain arise ten times more frequently than in site 1. The mutations in site Il (residues
Cys39, Cys61 and Cys64) in the second loop still allow for binding with BARD1 and
less disruptive to BRCA1 function (Brzovic et al., 2001), while the missense
mutations in site I (residues Cys24, Cys44, or Cys47) affect erroneous protein folding
resulting in revoke ubiquitin E3-ligase activity (Brzovic et al., 2003). The two
important areas for mutation in N-terminal region are the mutations found in RING
domain of BRCAL backbone that destabilize the BRCA1/BARD1 heterodimer and
these mutation will impact ubiquitin E3 ligase activity (Morris et al., 2006). Thes
evidences supported a significance of Zn?* as a structural component, playing critical
roles in the stabilization and function of the BRCAL1 RING domain.

1 [ Helix1 C24 RING Motif = C84 Halix 3 Ino
C-X,-C C-X-H-X,-C-X,-C C-X,-C
24 27 33 M 44 47 61 64

'-r' T '—r' sien ="

Figure 2.4. Top, ribbon representation of the BRCA1/BARD1 heterodimer. Bound
Zn** ions were represented as spheres. The Cys (yellow) and His (cyan) zZn?*-
liganding residues of Sites | and Il in BRCA1 are also shown. Below, the core
BRCA1 RING motif (residues 24-64; boxed gray) and the N- and C-terminal helices
are shown within the context of the first 110 residues that comprise the BRCAL RING
domain (Brzovic et al., 2001).
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Table 2.9. The mutations in RING domain and secondary structure effect; al: a-helix
1; a2: a-helix 2; bl: B- sheet 1; b2: B- sheet 2.

Mutation | Structure location | Predicted structure changes Reference
R7C Adjacent to al Destroy salt bridge wild-type (Brzovic, 2001)
BARD1 Trp34
C24R Adjacent al Alter folding (Brzovic, 2001)
C44F b2 surface Alter folding (Brzovic, 2001)
C47F Adjacent to a2 Alter folding (Brzovic, 2001)
C39S Between b1-b2 Slight structure alteration (Brzovic, 2001)
C39R Between b1-b2 Slight structure alteration (Brzovic, 2001)
C39Y Between b1-b2 Slight structure alteration (Brzovic, 2001)
L52F a2 surface Protein-protein interaction (Brzovic, 2001)
L53F a2 surface Protein-protein interaction (Brzovic, 2001)
C61G Central motif Slight structure alteration (Brzovic, 1998)
C64G Central motif Slight structure alteration (Brzovic, 2001)
ce4Y Central motif Slight structure alteration (Brzovic, 2001)
R71G Central motif - (Diez et al., 2003)

2.4.2 The large central segment of BRCA1

The central region of the BRCA1 protein is present in vertebrates but
not in lower eukaryotes (Savage and Harkin, 2014). This region of BRCAL spans
exons 11-13 covering approximately 1500 residues that lack any substantial
conserved sequence motifs (Venkitaraman, 2014). No atomic level structures have
been identified for this region, however, biophysical characterization showed that this
region was intrinsically disordered or negatively unfolded at physical conditions
(Mark et al., 2005). This might potentially afford the central region of BRCA1 as a
long flexible scaffold that interact with DNA and several proteins involved in a wide
range of cellular pathways such as DNA damage response and repair, cell cycle
progression, and transcription. The reported binding partners to the central region
were RAD50, RADS51, retinoblastoma protein (Rb), c-Myc, p53, FANCA, JunB,
PALB2, and BRCA2 (Deng et al., 2000; Rosen et al., 2006; Sy et al., 2009). Exon 11
encodes nearly 60% of the BRCAL protein that contains two nuclear localization
sequences (NLS) (Li and Greenberg, 2012). The NLS sequences are situated in
between amino acids 501-507 (NLS1) and 607-614 (NLS2) that interact with
importin-a, which responsible for BRCAL transports from the cytosol to the nucleus
(Chen et al., 1996). The L1407P and M1411P were mutations in BRCA1 proteins
identified from breast cancer patents. These mutations have shown to interfere with
the specific interaction between BRCA1 and PALB2, resulting in the defective HR
repair (Sy et al., 2009). In addition, the BIC reported that mutation at Ser1423
abolishes ATM ability to phosphorylate this site (Xu et al., 2001). This suggested that
defected HR repair was one of the causes for genomic integrity and tumorigenesis
observed in patients, carrying BRCAL, BRCA2, or PALB2 mutations.
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2.4.3 The BRCA1 C-terminal domain

The BRCAL C-terminal region spans exons 16-24 covering codons
1646-1863 with a tandem repeat of BRCT domain (BRCAL carboxyl-terminal) (motif
1, amino acids 1653-1736; motif 2, amino acids 1760-1855). Two BRCA1-BRCT
interact in a head-to-tail fashion, burying about 1600 A°? of hydrophobic, solvent
accessible surface area in the interface with a 23-amino acid linker, connecting the
two BRCT domains (Fig. 2.5) (Williams et al., 2001). This domain serves as a
phosphoprotein interaction module that binds to other BRCT repeats or other protein
domains with apparently unrelated structure (Watts and Brissent, 2010). The BRCT
domains can recognize pSer (phosphoserine) residues (class | BRCT) or recognize
both pSer and pThr (phosphothreonine) residues (class Il BRCT) (Yu et al., 2003). In
addition, the BRCA1-BRCT domain has been identified to bind the phosphorelated
partners that recognize the pSer-X-X-Phe consensus sequence. The binding partners
for the BRCT domain, include BACH1, CCDC98/abraxas and CtIP, involved mainly
in the control of DNA damage response and the G2/M phase checkpoint (Kim et al.,
2007; Yamane et al., 2000; Yu and Chen, 2004; Yu et al., 2003).
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Figure 2.5. The structure of the BRCT domain of BRCAL (Williams et al., 2001).

Numerous novel cancer-predisposing mutations in the BRCT domain
of BRCAL proteins have been reported. These mutations caused the destabilization of
the structural integrity at the BRCT actives sites, and disrupt the recognition of
phosphoprotein partners (Gough et al., 2007; Rowling et al., 2010). The most
frequent mutation is 5382insC that is an insertion mutation at codon 1756 causing in a
frameshift stop codon at 1829, and results in a premature protein. Furthermore, two
cancer causing mutations in BRCT domain of BRCA1 protein (Phel695Leu and
Aspl1733Gly) result BRCAL to bind p53 with similar affinity to 53BP1 (Liu et al.,
2006). These evidences provide the better insight into the pathogenic BRCAL
mutations on function and tumorigenesis.
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2.5 Function of BRCAL protein

BRCAL is a tumor susceptibility protein. It is essential to maintain
genomic stability through several partner proteins to exert cellular processes including
cell cycle checkpoint control, transcriptional regulation, DNA repair, and protein
ubiquitination (Fig. 2.6) (O’Donovan and Livingston, 2010; Quinn et al., 2009).
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Figure 2.6. Schematic representative of cellular function of BRCAL (Ratanaphan,
2012).

2.5.1 BRCA1 and transcription

BRCAL protein contains transactivation domain (TAD) at its C-
terminus that involved in the transcriptional regulation of several genes responsible
for DNA damage (Fig.2.7) (Savage and Harkin, 2014). The BRCA1-TAD domain is
a co-activator or a co-repressor of transcription that recruites the basal machinery of
transcriptional and other proteins that have been involved in chromatin remodeling,
such as RNA polymerase Il (RNAPII) and histone deacetylase (HDAC) (Mullan et
al., 2006; Naseem et al 2006). The transcription function of BRCAL was established
by an association between BRCA1-TAD domain and RNAPII as a heterodimer with
BARDL1. This complex is necessary for ubiquitination and consequent proteasomal
degradation of elongating form of RNAPII in a response to UV induced-stalled
replication that inhibits transcription-coupled RNA processing and facilitates DNA
repair (Kim et al., 2006; Krum et al., 2010). It has been reported that over expression
of BRCAL stimulates transcription of several stress-response factors including
p21"*™eiPt no7kipl, GADDA45 which modulate transcription of target genes through
protein-protein interactions with transcription factors, p53 (Harkin et al., 1999; Kerr
and Ashworth, 2001; MacLachlan et al., 2000; Rosen et al., 2006). In contrast, the
transcription of an estrogen receptor o (ERa) and its downstream estrogen responsive
genes could suppress by over expression of BRCA1 that occurs by the association of
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BRCAL (residues 1-300) with the AF2 of ERa. (Fan et al., 1999; Fan et al., 2001).
Loss or mutations of the BRCAL gene in breast cancer were found to disturb its ability
to inhibit ERa activity (Fan et al., 2001). In addition, the p300-mediated ER
acetylation, essential for its transactivation function, was inhibited by BRCAL (Eakin
et al., 2007; Fan et al., 1999; Fan et al., 2002; Kim et al., 2006; Ma et al., 2010).
Furthermore, BRCAL, together with the transcription factor Octl mediated
transcription of ESR1 (Chandrasekharan et al., 2013). It has also been described as a
co-regulator of the estrogen responsive element (ERE) and AP1 promoters of ERa
target genes (Zhou and Slingerland, 2014) and contributes to DNA repair mechanisms
(Starita and Parvin, 2006; Saha et al., 2010). Recently, some evidence have
demonstrated that methylation within a CpG-rich 109 bp segment in the
transactivation of the ER promoter may constitute an important mechanism of
epigenetic control that affects the ability of BRCA1 to induce the endogenous ER
gene’s promoter activity (Archey and Arrick, 2017). Another study has reported that
overexpression of BRCAL1 also represses the recruitment of the co-activator, amplified
breast cancer 1 (AIB1) and steroid receptor co-activator 1 (SRC1), and increased the
recruitment of a co-repressor, histone deacetylase 1 (HDAC1), leading to the
inhibition of PR activity by preventing PR from its binding to the c-Myc progesterone
responsive element (PRE) and probably its mitogenic effect (Katiyar et al., 2009; Ma
et al., 2006). Furthermore, the expression of BRCA1 is also required to finite the
PI3K-AKT signaling in triple negative breast cancer cells that is a critical guardian
factor for mitogenic pathways (lbrahim et al., 2012; Ma et al., 2006).
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Figure 2.7. BRCAL transcriptional complexes. BRCA1 forms co-repress and co-
activate genes involved in diverse cellular processes (Savage and Harkin, 2014).
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2.5.2 BRCAZ1 and cell cycle control

Cell cycle checkpoints play an essential role in cell survival by
preventing the propagation of DNA damage through cell cycle progression before
DNA repair. Failure of cell cycle checkpoints can lead to the acquisition and
accumulation of genetic alterations and chromosomal abnormalities. It is well
established BRCAL is likely involved in all phases of the cell cycle progression and
plays an important role in DNA damage sensing. BRCAL has been shown to play
numerous roles in cell growth control (Fig. 2.8) (Christou and Kyriacou, 2013).
Overexpression of BRCA1 were reported to stimulate transcription of p21 gene,
which resulted in cell cycle arrest at the G1/S phase (Li et al.,, 1999). The
BRCA1/BARD1 complex has been shown to be required for ATM/ATR-mediated
phosphorylation of Chk2 and p53 at Serl5 after ionizing radiation-induced DNA
damage which is required for G1/S-phase arrest via transcriptional induction of p21
(Fabbro et al., 2004). In addition, BRCA1 has been shown to have a direct
transcriptaional role in the regulation of cyclin-dependent kinase inhibitor p27,
leading to S phase arrest (Willimson et al., 2002). Along with these roles in the
activation and maintenance of G1/S-phase checkpoint, BRCA1l has also been
demonstrated to be a transcriptional regulator of several genes associated with the
regulation of the G2/M checkpoint (Xu et al., 2001). As well, it has been reported to
transcriptionally repress cyclin B that is responsible for activating cell division cycle 2
(cdc2) kinase and mitotic entry (MacLachlan et al., 2000). Additionally, BRCAl
could transcriptionally stimulate a number of G2/M checkpoint regulatory genes such
as growth arrest and DNA-damage-inducible protein 45 (GADDA45), weel Kkinase, or
the chaperone protein 14-3-3c which deters the cdc2-cyclinB mitotic kinase
complexes by the deportation of cdc2, the inhibitory phosphorylation of cdc2, or by
the deportation of cdc25C in the cytoplasm (Hutchins and Clarks, 2004; Mullan et al.,
2006; Yarden et al, 2002). In addition, the BRCA1l-A complex,
(BRCAL1/RAP80/BRCC36/45/ MERIT40/Abraxas), has been reported to inhibit DNA
end resection and stabilize DNA damage signaling from the break site that promotes
G2/M checkpoint arrest after DNA damage (Coleman and Greenberg, 2011; Hu et al.,
2011), while, the BRCA1-B complex (BRCA1/TopBP1/BACH1) has been reported to
play a role in HR in S-phase (Xie et al., 2012). The BRCA1-C complex consists of
CtlIP and the MRN (Mrell/Rad50/Nbsl). These complexes have been shown to
triggering the initiation of double strand break (DSB) end resection, which is
considered to help regulate the choice to repair DSBs via HR in S/G2 phase cells
(Escribano-Diaz et al., 2013).
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Figure 2.8. An overview of cell cycle regulation mediated by BRCA1 and its
associated proteins (Christou and Kyriacou, 2013).

2.5.3. BRCAL and apoptosis

Role of BRCAL in apoptosis is intimately connected with its role in
cell cycle regulation and DNA damage since apoptosis is a final outcome of
prolonged cell cycle arrest as well as excessive DNA damage (Christou and Kyriacou,
2013). There has been demonstrated that BRCAL is implicated in apoptosis both as a
suppressor and an inducer. Some reports have suggested that BRCAL1 is able to inhibit
apoptosis (Irminger-Finger et al., 2001; Quinn et al., 2003). The status of BRCAL and
the regulation of apoptosis-related genes have been reported. For case in point, the
expression of BRCAL1 is positively-correlated with anti-apoptotic Bcl-2 expression
(Freneaux et al., 2000; Wang et al., 2011; Yang et al., 2002), while, in some cancer
cells, overexpression of wild type-BRCAl was shown to down-regulate Bax
expression (MacLachlan et al., 2000). Overexpression of BRCAL induced apoptosis
through JNK/SAPK (c-Jun N-terminal Kinase/Stress-Activated Protein Kinase) as
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well as Fas/Fas ligand-dependent apoptotic pathway (Harkin et al., 1999; Quinn et al.,
2003). Recently, BRCAL has shown to regulate the p53 inducible gene 3 (PIG3),
which is a downstream target of p53 and is involved in p53-initiated apoptosis,
mediated apoptosis in a p53-dependent manner (Zhang et al., 2015). BRCA1/NF-xB
(p65 subunit) has also been shown to inhibit apoptosis (Harte et al., 2014). This
complex constitutively binds to the promoters of a number anti-apoptotic NF-xB
target genes, including Bcl-2. In addition, chemotherapy-induced apoptosis was also
modulated by BRCAL. It facilitates resistance to a wide range of DNA-damaging
agents, including cisplatin and etoposide, while sensitizing breast cancer cells to
apoptosis induced by paclitaxel and vinorelbine (anti-microtubule agents) (Quinn et
al., 2003).

2.5.4 BRCA1 and chromatin modification

BRCAL also plays a role in DNA decatenation through direct
interaction with topoisomerase Iloa and regulates topoisomerase activity and
distribution by ubiquitination (Pageau and Lawrance, 2006). Topoisomerase Ila is
essential for chromosome decatenation after DNA replication and its inhibition results
in a defect in chromosome segregation. Similar defects are apparent after loss of
BRCAL. Chromatin remodeling surrounding the sites of DSBs mediated by histone
acetyltransferases (HATS) and other chromatin remodeling factors participates in
DNA repair by dissolving higher order chromatin structure otherwise interfering with
recruitment of DNA repair proteins to DSB sites. BRCAL also interacts with HATS
complex, paralogous histone acetyltransferases CBP and p300 (CBP and p300 are
well known to function as transcriptional coactivators by producing ‘‘relaxed’’
chromatin accessible to transcription factors), which are key regulators of homologous
recombination (Ogiwara and Kohno, 2012). In addition, BRCAL has been linked to
ubiquitin conjugates on chromatin at sites of DNA breaks. Recent evidence revealed
that BRCA1/BARD1 ubiquitin ligase activity counteracts chromatin barriers to DNA
resection (Densham et al., 2016). BRCA1/BARD1 as a histone H2A-specific E3
ligase, helping to explain its localization and activities on chromatin in cells (Kalb et
al., 2014). Defects in BRCAL E3 function are linked with a derepression of satellite
DNA that is accompanied by decompaction of chromatin and reduced levels of
ubiquitylated histone H2A (H2Aub) (Zhu et al., 2011). BRCA1 may participate in
DNA repair not only as a scaffold protein by orchestrating DNA repair proteins
interactions but also by direct regulation of chromatin structure and its accessibility to
DNA repair (Downey and Durocher, 2006; Yarden and Brody, 1999).

2.5.5 BRCA1 and centrosome dynamics

The centrosome functions as the principal microtubule-organizing
center in animal cells. They are responsible for controlling the number, polarity,
localization, shape, etc. of microtubules. Centrosomes normally controls cell motility
and adhesion in interphase, and facilitate the organization of the spindle poles during
mitosis (Bettencourt-Dias and Glover, 2007). Defects in the spindle pole-organization
function of centrosomes arise in many cancers and are associated with genomic
instability. Irregular centrosomes may provide increase to aberrant cell division.
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Centrosomes were also reported to be a part of a signaling network connecting cell
cycle arrest and repair signals in response to DNA damage. BRCA1 localizes to
centrosome during mitosis (Lotti et al., 2002) as well as interphase (Sankaran et al.,
2005). BRCA1 may control centrosome amplification in breast cells by preventing
centrosome reduplication as HCC1937 breast cancer cells lacking functional BRCAl
have amplified centrosomes (Schlegel et al., 2003). Depletion of BRCAL resulted in
centrosome amplification in human breast cells, but not in non-breast cells (Lingle et
al., 1998; Starita et al., 2004; Xu et al., 1999). This suggests that breast cells growing
in culture are dependent on BRCA1 for centrosome regulation. BRCA1 binds to
centrosomes in a y-tubulin-dependent manner. Expression of the BRCA1 y-tubulin
binding domain alone reduces BRCA1 at the centrosome and results in multipolar
spindles. BRCAL is phosphorylated in S-phase and in cells with DNA damage, and a
reduction in BRCA1 phosphorylation results in reduced binding of BRCAI to y-
tubulin and centrosomes and an induction of multipolar spindles (Xu et al., 1999).

2.5.6 BRCA1 and DNA damage and repair

In eukaryotic cells, there are two primary mechanisms of DSBs repair.
Homologous recombinant repair (HR) is the error-free process used in the cell cycle
(during the S and G2 phases) when sister chromatids are available as templates. Non-
homologous end-joining (NHEJ) is a process of ligating DSB ends together without a
homologous template. It is the predominant mechanism in cells during GO, G1, and
early S phases of the cell progression, and is considered as an error-prone process
(Yang and Xia, 2010).

Several lines of evidences indicated that BRCAL was involved in DNA
damage response and DNA repair via HR pathway (Savage and Harkin, 2015;
Venkitaraman, 2014) (Fig. 2.9). The significance of BRCAL and HR was observed by
the experiments that BRCAL-dificient mouse embryonic stem cells displayed a
defective homologous repair of chromosomal DSBs, and an increased frequency of
non-homologous recombination (Snouwaert et al., 1999). This impairment could be
corrected by the reconstruction of wild-type-BRCA1 (Snouwaert et al., 1999). The
BRCA1 forms stable complex with the BRCA2 and mediates HR repair.
BRCA1/BRCA2 complex has a well-known role in HR through direct interaction
with the mammalian homolog of the Escherichia coli RecA protein (RAD51)
(Bhattacharyya et al., 2000). RAD51, DNA recombinase, catalyzes strand exchange
in an early step of HR (Baumann and West, 1997). Recently, PALB?2 (the partner and
localizer of BRCAZ2 protein) has been identified as the linking factor essential for the
BRCA1/BRCAZ2 association (Rahman et al., 2007). The BRCAL1/PALB2 complex
was conducted by interface of their individual coiled-coil domains that was founded
to stimulate HR-mediated repair (Rahman et al.,, 2007). Particularly, missense
mutations of BRCALl in the PALB2-binding region disturbed the specific
BRCAL1/PALB?2 interaction, and decreased DNA repair (Sy et al., 2009). However, a
precise mechanism of the PALB2-BRCA2-RAD51 complex that promotes HR by
BRCAL remains largely unclear.
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Figure 2.9. Proposed schematic overview of BRCALl-mediated homologous
recombination (HR) repair (Hongthong and Ratanaphan, 2016).

Compared to relatively well-defined role of BRCAL in HR, the role of
BRCAL in NHEJ is far less clear and often conflicting (Zhang and Powell, 2005). The
main evidence for BRCA1 role in NHEJ comes from its interaction with MRN
complex, which is known to play a role in both HR and NHEJ (Fu et al., 2003). There
is also evidence that HNEJ pathway is compromised in BRCA1”mouse embryonic
fibroblast (Zhong et al., 2002) and BRCA1-defective HCC1937 human breast cancer
cell line (Bau et al., 2004). However, some evidence suggest more prominent role of
MRN complex in HR compared to NHEJ. Possible existence of HNEJ sub-pathways
was suggested and BRCA1 may play role only in particular NHEJ sub-pathway,
which repairs DNA damage with higher fidelity comparable to HR (Bau et al., 2006).
In addition, a BRCAL1 mutant (P142H) failed to associate with a NHEJ factor Ku80
and to restore to irradiation in BRCAL-deficient cells (Chiba and Parvin, 2001; Wei et
al., 2008). These might be given a molecular basis of the involvement of BRCAL in
the NHEJ pathway of the DSBs repair process. Recently, a role for BRCAL in base
excision repair (BER) of oxidative DNA damage has been reported, finding that
Brcal”™ mouse mammary epithelial cells (MMECs) exhibited greater sensitivity to
methyl methansulfonate (MMS) alkylating agent than isogenic Brcal*”* MMECs (Alli
and Ford, 2015). These suggested that BRCA1 play a role beyond double-strand break
repair.
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2.5.7 BRCA1 and protein ubiquitination

The demonstration of BRCAL1 RING domain function as an E3 is of
particular significance given the crucial role of ubiquitination for eukaryotic cell
viability. Failings in ubiquitination affect a host of cellular processes including cell-
cycle progression, cell differentiation, apoptosis, the response to DNA damage, DNA
repair, and transcription (Brzovic et al., 2003). Ubiquitination is a one of post-
translational modification process that it is responsible for conventionally targeting
proteins for proteasome-dependent degradation and playing roles in various cellular
processes, including protein transport, and DNA repair (Bergink and Jentsch, 2009).
The biochemical steps in the ubiquitin pathway involves three steps (Fig. 2.10),
generally requiring ubiquitin (Ub)-activating enzyme (E1), ubiquitin conjugating
enzyme (E2) and ubiquitin ligase (E3). At the beginning, E1 stimulates Ub by a ATP
dependent activation at the C-terminal glycine of Ub and cysteine residues of E1
which linked via a thiolester bond resulting an E1-Ub intermediate. The Ub is then
transferred to an E2 by transesterification. Then, the Ub moiety delivers to protein
targets and specifically attached to the g-amino group of a lysine on its protein
substrates, typically using an E3 as the catalyst (Vierstra, 2003). Upon completion, the
deubiquitylating enzymes (DUBS) can eradicate ubiquitin molecules that are attached
to proteins (Hochstrasser, 2009).
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Figure 2.10. Overview of the ubiquitination pathway (Brown and Jackson, 2015)
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The Ub is a small protein that contains 76 amino acids (~8.5 kDa) and
is highly conserved among the eukaryotes. The function of Ub depends on the key
features of the Ub protein include its C-terminal and the seven lysine (Lys) residues
(located at positions 6, 11, 27, 29, 33, 48 and 63) which allow the formation of poly-
Ub chains (Fig. 2.11). Notably, proteins labeled with different ubiquitin topologies or
linkages between ubiquitin moieties are channeled to vastly different biological
outcomes (Fig. 2.12) (Baer and Ludwig, 2002; Mersick and Greenberg, 2009;
Sokratous et al., 2014). Mono-ubiquitination is involved in different cellular
processes such as endocytosis, DNA repair, histone regulation and protein transport.
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Multi-ubiquitination is also implicated in endocytosis (Fig. 2.12) (Lub et al., 2016).
By contrast, the role for poly-ubiquitin chain varies widely, depending on the type of
linkage (Fig. 2.13). For example, Lys48- and Lys29-linked poly-ubiquitin chains
classically signal the target protein for proteasomal degradation (Chen et al., 2002;
Sokratous et al., 2014), while Lys63 and Lys6-linked poly-ubiquitin chains act as a
stimulation trigger in several pathways involving in DNA damage and repair (Ohta
and Fukuda, 2004 Sokratous et al., 2014), the inflammatory response (Sun and Chen,
2004), protein trafficking (Hicke and Dunn, 2003) and regulation of protein synthesis
(Spence et al., 2000). Some evidence has been reported that Lys11-linked chains
function as potent regulator of cell division (Sokratous et al., 2014). However, several
evidences indicated that BRCA1-BARD1 predominantly catalyses K6-linked poly-
ubiquitin chains could signal a process other than degradation, such a DNA repair
pathway (Nishikawa et al., 2004; Sokratous et al., 2014; Wu-Baer et al., 2003).

As mentioned earlier, the N-terminal region of BRCA1 RING domain
has shown an E3 ubiquitin ligase activity, and this activity is enhanced when it
hetrodimerizes with the BARD1 RING domain (Xia et al., 2003). Cancer-
predisposing mutations in the BRCAL1 RING domain are thought to lose an E3 ligase
activity, and affect the other functions of BRCAL, such as ability to activate the G2-M
checkpoint, and response to DNA damage (Ruffner et al., 2001). However, the
specified protein substrate of BRCAL E3 ligase activity and biological significance to
tumor suppression function are still unknown. The putative substrates for BRCA1 E3
ligase have been discovered from both in vitro and in vivo studies (Irminger-Finger et
al., 2016).

K6
Wki1 K11
*.-.)

Figure 2.11. Illustration of ubiquitin represents all seven lysines (K6, K11, K27, K29,
K33, K48, and K63) and the amino-terminus (M1). It can be conjugated to the
carboxy- terminus of another protein substrate (PDB accession no. 1UBQ) (Messick
and Greenberg, 2009).
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Figure 2.13. Cellular pathways associated with polyubiquitin chains of a specific
topology (Sokratous et al., 2014).

One of the well-known substrate of the BRCAL/BARD1 RING
complexes is y-tubulin (Joukov et al., 2006; Parvin, 2009). The y-tubulin was
ubiquitinated by BRCA1/BARD1 E3 Ub-ligase required for proper organization of
microtubules within centrosomes through targeting the protein TPX2 to spindle poles
(Joukov et al., 2006). In addition, nucleoplasmin B23 (NMP1) was found to be the
candidate substrate of the BRCAL E3 ligase activity in vivo (Sato et al., 2004). These
evidences suggested that ubiquitination of y-tubulin and nucleoplasmin B23 played a
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dynamic role in regulating the centrosome number and kept of genomic stability by
unidentified mechanisms. Several evidences have been reported that histones H2A
and its variant H2AX are mono-ubiquitinated by the BRCAL E3 ligase (Chen et al.,
2002; Krum et al., 2010; Malley et al., 2002; Pan et al., 2011). Furthermore, two
RING finger E3 ubiquitin ligase activities (RNF8 and BRCAL) have recently been
shown to sequentially recruit at the site of DNA damage (Foulkes, 2010). RNF8
catalyzes Lys63-linked poly-ubiquitin chains on H2AX (Wang and Elledge, 2007).
Ubiquitinated H2AX recruits the BRCAL-Abraxas-RAP80 complexes through the
RAP80 ubiquitin-interacting motif (UIM) (Sobhian et al., 2007). BRCA1/BARD1
heterodimer exhibited E3 ligase that required for the recruitment of BRCA2 and
RADS51 to damaged sites for HR repair (Ransburg et al., 2010). This suggested that
regulation of chromatin structure in the framework of transcriptional regulation and
DNA repair was controlled by a BRCA1 function. Inactivation of BRCAL E3 ligase
decreased chromatin-bound claspin levels and weakened homology-directed DNA
repair by disturbing signal transduction from the damage-activated ATR Kkinase to
CHK1 (Sato et al., 2012). This suggested that the BRCAL E3 ligase selectively
activated claspin-CHKZ1 activation and provided evidence for the BRCAL E3 ligase-
dependent mechanism in cellular responses to DNA damage. Specificity for RNAPII
ubiquitination was determined by phosphorylation of YSPTSPS heptapeptide repeat
motif in its carboxyl terminal domain (CTD) which involved in a response to UV
irradiation. However, only hyper-phosphorylation of RNAPII on Ser5 within
heptapeptide repeat is ubiquitinated by BRCAL/BARD1 (Starita et al., 2005). The
BRCA1-mediated ubiquitination of RNAPII also inhibited the assembly of basal
transcription factors at the promoter (TFIIE and TFIIH) to form a stable
transcriptional pre-initiation complex that disrupted the initiation of MRNA synthesis
was established (Horwitz et al., 2007). The BRCAl-mediated ERa E3 ligase
ubiquitination and degradation that may represent the regulatory mechanism for
repression of ERa transcriptional activity by BRCA1 (Dizin and Irminger-Finger,
2010; Eakin et al., 2007). Furthermore, the BRCAL1/BARD1 E3 ligase was also
responsible for ubiquitination and degradation of progesterone receptor (PR) in the
absence of hormone. These suggested that BRCAL regulated progesterone and
estrogen signaling. The phosphorylated CtIP binds to the BRCT domains of BRCAL.
The BRCAL1 mediated-CtIP ubiquitination is responsible for ionizing radiation
causing the migration of CtIP to insoluble chromatin-containing fraction of cell
lysates and does not resulting in proteasomal degradation. It indicated the role in cell
cycle checkpoint in response to DNA damage (Yu et al., 2006). In contrast, some
evidence reported that BRCAL autoubiquitination, and BRCALl mediated-
nucleophosmin/B23 ubiquitination were inhibited by BAP1 (BRCAZl-associated
protein 1), which is a deubiquitinating enzyme that can interact with the BRCA1
RING domain (Nishikawa et al., 2009). The postponement of the S phase and
ionizing hypersensitivity of irradiation in cells were resulted from down-regulation of
BAPL. Furthermore, the regulation of ubiquitination during a DNA damage response
and the cell cycle was controlled by corporation of the BRCA1-BARD1 complex and
the BAP1 protein (Nishikawa et al., 2009). However, further elucidations are required
for a better understanding of these biological significances. Several BRCAL RING
domain mutations abolished the E3 ligase activity, the ability to accumulate at
damaged sites and the HR repair required for tumor suppression (Morris et al., 2006;
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Ransburgh et al., 2010). Consequently, the loss of the E3 ligase activity resulted in
hypersensitive of cancerous cells to DNA-damaging agents, indicating an important
role for ubiquitination in the DNA damage response and DNA repair activity
(Ransburgh et al., 2010; Ruffner et al., 2001). Therefore, ubiquitination involved in
the key steps that properly conduct the DNA repair after DSBs. Targeting the
ubiquitin-proteasome system is potentially exploited for both molecular diagnosis and
novel strategies in cancer therapy (Hoelloer and Dikic, 2009).

2.6 The ubiquitination systems in cancer therapy

Recently, the bortezomib is the most clinically successful ubiquitin
proteasome system-active agent that is limited in application for the treatment of
multiple myeloma and mantle (Chen et al., 2011). However, the molecular targeting
of specific ubiquitin system for cancer therapy has also emerged as a valid therapeutic
strategy, and several targets are currently being explored. Several lines of evidence
have implicated that some small molecules targeted general factors in the ubiquitin
system including E1, E2, E3 enzymes that affect protein signaling or proteasome-
mediated degradation (Fig. 2.13) (Bedford et al., 2011; Liu et al., 2015). Interestingly,
several groups have been developing powerful inhibitors for E1 or E2 protein, but
devoid of specificity hindered the use of these types of inhibitors in their clinical
applications. Conversely, high selectivity to substrate proteins of E3 ligases protein
are a more promising therapeutic target for cancer treatment with less effects to target.
To date, small-molecule inhibitors of the p53-HDM2 E3 ligase has reached clinical
trials (Patel and Player, 2008).
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Figure 2.14. Potential inhibitors for E1, E2, or E3 enzymes have currently been
developed for cancer therapy. (Liu et al., 2015).

2.6.1 Targeting the E1 enzyme

Several inhibitors have been reported to target the Ub-activating
enzyme E1 (Table 2.10). The El-targeting compounds, panepophenanthrin and its
derivatives, were reported to inhibit the ubiquitin-E1 interaction that did not affect cell
growth (Lei et al., 2003; Matsuzawa; et al., 2006; Moses et al., 2003; Sekizawa et al.,
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2002). A marine fungal metabolite, Himeic acid A, also showed an inhibitory effect
on E1 catalytic activity (Tsukamoto et al., 2005). HDAC inhibitor, Largazole,
exhibited the anti-proliferation in lung cancer cells (Wu et al., 2013) and disrupted the
ubiquitin-adenylate interaction (Ungermannova et al., 2012). Hyrtioreticulins A and
B, identified from sponge, exhibited the most potent E1 inhibitor (Yamanokuchi et
al., 2012). Several evidences have indicated that an adenosine sulfamate analog
formed strongly adducts with ubiquitin molecules at the active site of the E1 enzyme
and completely inhibited the ubiquitin activation process (Chen et al.,, 2011).
Recently, PYRA41, a new cell permeable inhibitor of E1, has been reported to block the
initiation of ubiquitination and inhibited the degradation of IxBa and p53 (Yang et al.,
2005; Yang et al., 2007). However, more studies on these inhibitors are needed to
establish it as a potential anticancer drug.

Table 2.10 The list of compounds targeting E1 enzymes.

Compound

Target and function

Reference

Panepophenanthrin

Inhibits the ubiquitin/E1
binding, but inhibit cell growth

Sekizawa et al., 2002;
Moses et al., 2003; Lei
et al., 2003; Li et al.,,
2010

RKTS-80, -81, and -82

Cell-permeable E1 inhibitors

Matsuzawa et al., 2006

disturbs the ubiquitin-adenylate
formation

Himeic acid A Targeting on E1 catalytic | Tsukamoto etal., 2005
activity
Largazole Histone deacetylase inhibitor; | Ungermannova et al.,

2012

Hyrtioreticulins A

inhibits E1 activity

Yamanokuchi
2012

et al.,

Adenosine sulfamate
analog

Targeted ubiquitin; binds at the
active site of the E1 enzyme, and
blocks the ubiquitin activation
process

Chenetal., 2011

PYR-41

Blocks the ubiquitination of
TRAF6 and prevents the
proteasomal degradation of IkBa
and p53

Yang et al., 2007

PYZD-4409

Inhibits the  ATP-dependent
activation of the E1 enzyme and
induces cell death in
hematologic malignant cell lines

Xuetal., 2010

NSC624206

Prevents the IxkBa and p53
proteasomal degradation

Yang et al., 2007

E1 inhibitors

Block E1-dependent ATP-PP
exchange activity, resulting in
the loss of E1 thioester and
inhibition  of the E1-E2
transthiolation

Chenetal., 2011
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2.6.2 Targeting the E2 enzyme

Several studies have demonstrated the E2 inhibitors that suppress E2
catalytic activity (Table 2.11). The UBC13-UEV1A E2 complex is responsible for the
K48- and K63-linkage poly-ubiquitination chain on a substrate protein through the
addition of other ubiquitin molecules to the K63 and K48 residue of ubiquitin
(Petroski et al., 2007). A cyclic peptide, Leucettamol A, Manadosterols A and B, have
been shown to interfere with the interaction of UBC13-UEV1A complex (Tsukamoto
et al., 2008). Recently, Cdc34, one of the E2 enzyme, has been reported as a target for
CCO0651 inhibitors that suppressed accumulation of Skp2 substrate p27 in human
cancer cell lines and inhibited cell proliferation (Ceccarelli et al., 2011; Harper et al.,
2011).

Table 2.11 The list of compounds targeting E2 enzymes.

Compound Target and function Reference

CCo651 Cdc34 inhibitor, cell proliferation | Ceccarelli et al., 2011;
was suppressed, leading to | Harperetal., 2011
accumulation of Skp2 substrate
p27

NSC697923 Inhibitor of the Ubcl13-UevlA | Pulvinoetal., 2012
E2 enzyme blocks the formation
of the E2-Ub thio-ester
conjugate

Leucettamol A Targeted the interaction of | Tsukamoto et al., 2008
UBC13-UEV1A complexes,
inhibits the function of these

complexes
Manadosterols the UBC13-UEV1A complex | Ushiyamaetal., 2012
Aand B inhibitors

2.6.3 Targeting E3 ligases

E3 ubiquitin ligases are a large family of proteins that engaged in the
regulation of turnover and activity of many target proteins. There have been
demonstrated that abnormal regulation of some E3 ligase involved in cancer
development (Bielskienéa et al., 2015; Goka and Lippman, 2015; Kang and Sun,
2014). In addition, some E3 ubiquitin ligases are frequently overexpressed in human
cancers that correlate well with increased chemo-resistance and poor clinic prognosis.
Therefore, E3 ubiquitin ligase could be a better approach for developing anticancer
with less side effect. Several E3 ligases inhibitors have been extensively studied
(Table 2.12).




Table 2.12 The list of compounds targeting E3 ligases.

Target Compound Target and function Reference
Fbw7 Oridonin (diterpenoied compound) It was extracted from medicinal plants. This compound induces cell | Huangetal., 2012
cycle arrest and apoptosis in myeloid leukemia cells
Fbw7 Genistein (A biplanar dicarboxylic acid | It inhibits cell growth and invasion in pancreatic cancer cells via | Ma etal., 2013
compound) upregulates Fbw7 expression
Fbw?7 SCF-12 (A biplanar dicarboxylic acid | It alters its substrate binding pocket and delay recognition of | Orlicky etal., 2010
compound) phosphodegron on substrates
Skp2 Compound CpdA Preventing p27 recruitment to form Skp2 ligase complex by increasing | Chenetal., 2008
p27 levels in cancer cells
Skp?2 SMIP0004 Skp2 inhibitor Rico-Bautista et al., 2010
Skp?2 Compound 25 (SZL-P1-41) Skp2-mediated E3 ligase inhibitor Chanetal., 2013
Skp2 Curcumin, Vitamin D3, quercetin, | It inhibits the Skp2 expression in human cancers l'iluanzg 1et ak, 2008; ll'iuagg ?t
silibinin, lycopene, epigallocatechin-3- f(;ng (a)ng'Bur%te?;,gdba;oo ;
gallate.
B-TrCP Erioflorin (from Eriophyllum lanatum) | It inhibits the B-TrCP/substrates interaction Blees et al., 2012
FbxI3 KL001 It blocks FhxI3 binding to pocket in CRY substrates Nangle et al., 2013
Fbxo3 BC-1215 Competitive inhibitor that inhibits the substrate binding to Fbxo3 Mallampalli et al., 2013
Cdc20 Pro-TAME It prevents APC activation by Cdc20 and Cdhl Zeng, and King, 2012
Cdc20 Apcin It inhibits the Cdc20-mediated ubiquitylation of D-box-containing | Sacktonetal., 2014
substrates
Cdc20 Tosyl-L-arginine methyl ester Blocks the APC/C-Cdc20 and APC/C-Cdh1 interaction Sackton et al., 2014
Cdc20 NAHA (a novel hydroxamic acid- | It down-regulates the Cdc20 expression in breast cancer cells Jiang etal., 2012
derivative)
Cdc20 Medicinal mushroom blend It suppresses the expression of Cdc20 in breast cancer cells Jiang and Sliva, 2010
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Table 2.12 The list of compounds targeting E3 ligases (cont.).

Target Compound Target and function Reference
Cdc20 Ganodermanontriol (GDNT) It inhibits the expression of Cdc20 in breast cancer cells Jiang et al., 2011
(a ganoderma alcohol from medicinal
mushroom)
Mdm?2 Nutlin-3 It specifically targets MDM2-p53 interaction Voltan etal., 2013
Mdm?2 RITA It specifically targets MDM2-p53 interaction Vassilev et al., 2004
Mdm?2 MI-63 It specifically targets MDM2-p53 interaction Lubetal., 2015
Mdmz2 Mel 23 It inhibit MDM2 autoubiquitination Herman et al., 2011
Mdm2 HL198 Inhibit MDM?2 autoubiquitination Yang etal., 2005
Mdm2 Serdemetan Inhibit MDM2 E3 ligase activity. Increases p53 levels and | Khouryand Domling, 2012
signaling,with cancer cell death
Mdm2 MMRI6 and its analog MMRi64 Disrupting Mdm2-MdmX E3 ligase activity toward Mdm2 and p53 | Wuetal., 2015
substrates in vitro and activating p53 in cells.
BCA2 Disulfiram Inhibited BCA2 mediated E3 ligase activity Brahemi et al., 2010
BRCA1/BARD1 | Cisplatin, trans-platin, oxaliplatin, | Inhibited BRCA1/BARD1 mediated E3 ligase activity Atipairin etal., 2011

carboplatin

9¢
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The S-phase kinase associated protein (Skp2) plays a crucial role in the
development and progression of human cancers (Wang et al., 2012). It has been found
that Skp2 targets and degrades its ubiquitination targets such as p27, p21, p57,
FOXO1, and E-cadherin (Inuzuka et al., 2012; Liu and Mallampalli, 2016; Wang et
al., 2014). Since Skp2 could be a vision target for cancer therapy, targeting Skp2
could take uses for various human cancers treatment with abnormal activation or Skp2
overexpression (Chan et al., 2014). Therefore, selective small molecule inhibitors for
Skp2 have been established which reported in Table2.12.

Meanwhile, the NF-kB pathway, involved in inflammation and cell
survival, was regulated by the RING E3 ligase TRAF6 (TNF receptor-associated
factor 6) (Deng et al., 2000). In addition, inhibition of TRAF6-mediated E3 ligase
activity by benzoxadiazole derivatives could be appropriate to the treatment of
inflammation and cancers (Chen, 2005). Furthermore, F-box and WD repeat domain-
containing 7 (Fbw7) exhibited E3 ubiquitin ligase activity. Several onco-proteins have
been reported to serve as the substrate of Fbw7 mediated-ubiquitin E3 ligase
including c-Myc (Moberg et al., 2004; Welcker et al., 2004; Yada et al., 2004), c-Jun
(Nateri et al., 2004; Wei et al., 2005), NF-kB2 (Nuclear factor-kB2) (Fukushima et
al., 2012), Cyclin E (Koepp et al., 2001, mTOR (mammalian target of rapamycin)
(Mao et al., 2008), Mcl-1 (Myeloid cell leukemia-1) (Inuzuka et al., 2011), HIF-1a
(Hypoxia inducible factor-1a) (Flugel et al., 2012), MED13 (Mediator 13) (Zhao et
al, 2010), and G-CSFR (Granulocyte colony stimulating factor receptor) (Lochab et
al., 2013). Fbw7 expression and activities are critical role in tumor suppression.
Therefore, regulating Fbw7 E-3 ligase function could be a promising approach for
treating cancers. Several Fbw7 inhibitors are summarized in Table 2.12.

An interesting validated target would be Mdm2 (murine double minute
2), a member of the RING E3 family. The p53-binding of Mdm2 or Hdm2 (human
counterpart of Mdm2) binds to the tumors suppressor p53, whereas the RING domain
acts as an E3 ubiquitin ligase to promote rapid degradation of p53 (Haupt et al.,
1997). It suggests that Mdm2 is a critical regulator of p53 stability (Wu et al., 2001).
Inhibition of MDM2-mediated p53 ubiquitination by E3 inhibitor, Nutlins and RITA,
are reported that it directly targets the protein-protein interaction of p53-Mdm2
resulting in disrupt Mdm2-p53 complexes. The decreased p53 ubiquitination also
results an increasing p53 levels and inhibit osteosarcoma and colon carcinoma cell
lines proliferation in a p53-dependent manner (Issaeva et al., 2004; Vassilev et al.,
2004). Some of these inhibitors, such as Ke-43, isoindolin-1-onebased inhibitors or
1,4-benzodiazepinedine derivatives, specifically inhibit the growth of a p53-positive
prostate cancer cell line (Ding et al., 2006; Grasberger et al., 2005; Hardcastle et al.,
2005). Furthermore, HLI98, A family of 5-deazaflavin derivatives, has been
documented as inhibiting Mdm2 ubiquitin ligase activity which stabilize p53 and
Mdmz2, and induce apoptosis (Yang et al., 2005). In addition, several groups have
reported that the small molecules specifically target Mdm2-p53 interaction that are
summarized in Table 2.12. However, those compounds need to be verified as leading
candidates for the development of anti-cancer drugs based on inhibition of Mdm2-
mediated E3 ubiquitin ligase activity.
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Several candidate substrates for the BRCA1/BARD1 RING complex
have developed from in vitro studies, such as BRCAI itself, histones, y-tubulin,
RNAPII, ERa, and CtIP (Chen et al., 2002; Dizin and Irminger-Finger, 2010; Eakin
et al., 2007; Malley et al., 2002; Starita et al., 2005; Yu et al., 2006; Wu-Bear et al.,
2010). Therefore, BRCAL-dependent ubiquitination is possibly accountable for
modifying many cellular activities. Wide examinations have demonstrated the
significance of the BRCAl-mediated E3 ubiquitin ligase activity to its tumor
suppression function. It has been reported that the BRCA1l-mediated E3-ubiquitin
ligase activity is inactivated by platinum (Pt)-based drugs (Atipairin et al., 2010;
Atipairin et al., 2011a; Atipairin et al., 2011b). Pt -BRCAlforms adducts was
founded at His117 of BRCAL protein, resulting in altered the conformation of this
protein and inhibited the E3-ubiquitin ligase activity (Atipairin et al., 2010; Atipairin
et al., 2011a). Similarly carboplatin, oxaliplatin as well as transplatin all inactivated
the BRCALl-mediated E3 ligase activity at therapeutically appropriate concentrations
(Atipairin et al., 2011a). In addition, the mutation of the RING domain of the BRCA1
protein causes a loss of the E3 ubiquitin ligase activity, conferring hypersensitivity of
the cancerous cells to DNA-damaging agents (Atipairin et al., 2011b).

2.7 Zinc Finger proteins
2.7.1 Classification of Zinc Finger proteins

Approximately 10% of the human genome encodes zinc proteins. Zinc
is an essential metal in biology of over 300 enzymes, being essential for growth and
development (Pace and Weerapana, 2014). Zinc can bind to protein in different ways
(Fig. 2.15) It can be categorized into two main classifications: i) Catalytic zinc in
enzymes, which zinc ion functions as a Lewis acid; ii) Structural zinc in proteins, be
important for maintaining protein structure and stability which it is an essential for
protein function (Anzellotti and Farrell, 2008).
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Figure 2.15. Zinc ions (Zn*") have the ability to be chelated to cysteine residues
within protein scaffolds. These resulting Zn®*-cysteine complexes participate in a
variety of functional roles, including structural, catalytic, regulatory and transport
(Pace and Weerapana, 2014).
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Zinc finger (ZF) proteins contribute in protein-nucleic acid and protein-
protein interactions in various groups of proteins and show a various role in several
cellular processes, such as transcriptional activation, DNA recognition and repair,
RNA packaging, protein folding and assembly, cellular signaling and apoptosis, and
lipid binding (de Almeidaa et al., 2013). ZF proteins share several features as follows
(Gamsjaeger et al., 2007; Matthews and Sunde, 2002; Michalek et al 2011):

Q) The amino acids that serve as coordinating ligands are always
four cysteine and/or histidine residues,

(i) The coordination number is always four

(ili)  The geometry at the Zn(ll) center is always close to tetrahedral

In addition, ZF proteins contain multiple domains that bind zinc and
fold individually, and in some cases even function individually (Andreini et al.,
2011). ZF proteins can be collective into at least 14 different classes of ZFs which is
referred to as the “classical ZF” and at least 13 other classes of “non-classical” ZFs
have been identified (Michalek et al., 2011).

2.7.2 Targeting zinc finger protein for therapeutic diseases

ZF proteins function in various cellular processes which are essential
for cell growth and development. Substitution or coordination of zinc with another
metal causes a loss of tertiary structure leading to impair or loss of protein function
(Gaynor and Griffith, 2012; Levina and Lay, 2011; Pysz et al., 2010). The most
coordination compounds can incorporate into the active-site metal ion, interact with
residues around the active site or interfere with the cysteine residues on the
protein’s ZF motif, resulting in tertiary structure distortion, displacement of the
Zn ion, and loss of functions (Fricker, 2006; Gaynor and Griffith, 2012; Wester, 2007,
Weissleder and Pittet, 2008). Several evidences suggest that ZF proteins are
recognized more frequently as possible medicinal targets for direct implications in
health and disease such as HIV, cancer, and bacterial infection among which
demonstrated targeting ZF motif in the several proteins such as, HIV nucleocapsid
NCp7 protein, poly(ADP-ribose) polymerase 1 (PARP1), DNA polymerase o,
estrogen receptor-DNA binding domain (DBD), breast cancer-associated gene 2
(BCA2), and human papillomavirus (HPV) E6 protein which are summarized in Table
2.13.



Table 2.13. The list of compounds targeting zinc finger proteins.

Disease Compound Target Reference
Phenyl-thiadiazolylidene-amine derivative (WDO-217) NCp7 Vercruysse et al., 2012
N,N-bis(1,2,3-thiadiazol-5-yl)benzene-1,2-diamine NCp7 Pannecouque et al., 2010
3-nitrosobenzamide (NOBA) NCp7 Rice etal., 1993
2,2-dithiobisbenzamide (DIBA) NCp7 Rice etal., 1995
cyclic 2,2-dithiobisbenzamide NCp7 Witvrouw et al., 1997

HIV 1,2-dithiane-4,5-diol-1,1-dioxide NCp7 Rfce etal., 1997a
Azadicarbonamide (ADA) NCp7 Rice et al., 1997b
Pyridinioalkanoyl thiolesters (PATES) NCp7 Turpin et al., 1999
S-acyl-2-mercaptobenzamide thioesters (SAMTS) NCp7 Jenkins et al., 2005
Benzisothiazol-3-one derivatives NCp7 Loo et al., 1996
Gold(1)-phosphine-N-peterocycles NCp7 fridimelbNrabsere
Cis and trans-[PtCl,(NHs),] NCp7 Tsotsoros et al., 2015
[Au(dien)(N-heterocycle)]** NCp7 Spell and Farrell, 2015
Auranofin NCp7 Morelli et al., 2016
Platinum(I1) and Gold(l1T) NCp7 Bernardes et al., 2016
complexes containing tridentate ligands
[Pt(dien)(nucleobase)]2+ NCp7 Tsotsoros et al., 2017
[MCI(dien)]CI (M = Pt, Pd, Au; dien = NCp7 de Paula et al., 2009

diethylenetriamine)

Tsotsoros et al., 2014

Cisplatin

Retroviral nucleocapsid protein

(Pyrzf18)

Morelli et al., 2013

oy



Table 2.13. The list of compounds targeting zinc finger proteins (cont.).

Disease Compound Target Reference
Bacterial Bismuth antiulcer drugs chaperonin Cun and Sun, 2010
infection
Selenium containing analogues y-Butyrobetaine  hydroxylase | Rvdzicetal, 2014
(BBOX)
Disulfiram (DSF) breast cancer-associated protein | Brahemi etal. 2010
2 (BCA2)
Disulfiram (DSF) histone demethylase JMJD2A | Sekirnik etal., 2009
2-thioxanthine DNA glycosylases Biela etal., 2014
i i Berners-Price, et al., 2011
Au(l) and Au(l11) compounds thioredoxin e o
Au(l) and Au(l1T) compounds glutathione peroxidase ﬁ:riL:tcglet;(;hZOB
Au(l) and Au(llT) compounds trypanothione reductase ﬁ:ril_:tcglet;(!i:lzom
i Ding et al., 2009; Hartwig, et al.,
Arsenite PARP1 and XPA 2003; Qin et al., 2012; Walter, et al.,
2007; Zhou et al.,2011; Huestis et al.,
2016
Cancer Arsenite PARP1 Sun et al., 2014; Zhou et al., 2016
Arsenite and Arsenic trioxide PARP1 Zhou etal., 2014

Quinone and indandione

Transcriptional coactivators
p300

Jayatunga et al., 2015

i i i i Atipairin et al., 2010, Atipairin et al.,
Clsplatm ZF motif of BRCAL proteln 2011a Atipairin et al., 2011b
Cisplatin DNA polymerase | Maurmann and Bose, 2010
Cisplatin DNA polymerase-alpha Kelley et al., 1993

disulfide benzamide benzisothiazolone derivatives

estrogen receptor DNA-binding
domain

Wang et al., 2004

144



Table 2.13. The list of compounds targeting zinc finger proteins (cont.).

Disease Compound Target Reference
Divalent ions of barium, copper, iron, lead, manganese, estrogen receptor DNA-binding | Deeganetal, 2011
nickel and tin domain
Cadmium(ll) Metallothionein, the Zn- Namdarghanbari etal., 2016

Cancer proteome of pig kidney LLC-

PK; cells
RAPTA-C and its analogues PARP1 Wang et al., 2013

Gold(l11) complex [Au"(terpy)CI]Cl, (Auterpy)]

Cys, zinc finger domains

Jacques et al., 2015

Cisplatin and miR-128

zinc-finger E-box-binding
homeobox 1

Sunetal., 2015

4%
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2.8 Classical anticancer drugs
2.8.1 Platinum-based drugs

Cisplatin and its analogs, carboplatin and oxaliplatin, are the US-FDA
approved Pt-based drugs and are widely used in the treatment of cancer (Fig. 2.16).
Since the discovery of cisplatin in 1965, and its cytotoxic properties opened new
avenue for the application of metal complexes in cancer therapy (Fig. 2.16, Fig.2.17))
(Trudu et al., 2015). In general, the drugs require an intracellular activation in which
the leaving groups, surrounding the Pt center, are replaced by water molecules. The
activated (aquated) of Pt-based drugs can interact with the biomolecules which
contain nucleophilic groups such as, DNA and RNA proteins (Jordan and Carmo-
Fonseca, 2000). Cisplatin and carboplatin form similar platinum-DNA cross-links,
whereas oxaliplatin, containing the non-leaving group (1R,2R-diamminocyclohexane),
exhibits different DNA cross-links and accounts for its different spectrum of activity
(Dasari and Tchounwou,2014; Mehmood , 2014; Muggia, 2009; Sousa et al., 2014;
Woynarowski et al., 2000). However, the application of platinum-based drugs is
restricted by their severe toxicity and drug resistance (Jakupec et al., 2008; Wong and
Giandomenico, 1999). Hence, the search for new platinum-containing anticancer
agents has continuously developed to overcome Pt-drug resistance and reduce the
severe side effects with wider anticancer spectrum. Surprisingly, only nedaplatin [cis-
diamineglycolatoplatinum(I1)], lobaplatin [1,2-diaminomethylcyclobutaneplatinum(ll)
lactate] and heptaplatin [cis-malonato [(4R,5R)-4,5-bis (aminomethyl)-2-isopropyl-
1,3- dioxolane] platinum(I1)] (Fig. 2.16) have been permitted as the anticancer drugs
restrictly used in Japan, China and South Korea, respectively (Hartinger et al., 2006;
Muhammad and Guo, 2014). However, limitation of their successful therapeutic use is
severe side effects and activity in a limited spectrum of tumors as well as cellular
resistance. As a result, the Pt(IV) complexes have been developed. The rationales
behind the design of Pt(IVV) complexes are the fine tuning of their redox potential,
kinetic stability, hydrophilicity/lipophilicity to achieve desired reactivity and activity
through selection of axial and equatorial ligands (Muhammad and Guo, 2014). The
first introduction of orally administered Pt(IV) carboxylate complex, such as
satraplatin (Fig. 2.16) has been evaluated in the preclinical phase (Wexselblatt and
Gibson, 2012; Wheate et al., 2010).
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Figure 2.16. Structure of platinum-based anticancer drugs.
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2.9 Non-classical anticancer drugs

According to the previously mentioned problems in the limitation of
clinical application of cisplatin and its analogs, the search for new anticancer drugs
has extended beyond platinum species. The extensive investigations have examined
the alternative metal centers such as rhodium, gold, iridium, osmium or ruthenium.
Ruthenium complexes have been of significant prominence with several drug
candidates underwent clinical trials.

2.9.1 Ruthenium-based drug

Ruthenium is a transition metal in the group VIIIB and the fifth period
of the periodic table. Its atomic number and atomic weight are 44 and 101.07.
Ruthenium possesses three properties that make it theoretically suitable for medicinal
use. These are (1) slow ligand exchange kinetics, (2) multiple accessible oxidation
states, and (3) the ability to mimic iron in binding to certain biological molecules
(Allardyce and Dyson, 2001). Ruthenium compounds offer the potential ability over
the antitumor platinum(ll) complexes such as reduced toxicity, a novel mechanism of
action, no cross-resistance and different spectrum of activity, providing ruthenium
compounds well suited for medicinal applications (Allardyce and Dyson, 2001). The
low toxicity of ruthenium drugs results from similar ligand exchange kinetics to those
of platinum(ll) complexes, and different oxidation states under physiological
conditions. Ruthenium is able to mimic iron in binding to carrier proteins such as
transferrin, required for rapidly growing tumor cells for iron uptake (Allardyce and
Dyson, 2001; Jakupec et al., 2005; Wong et al., 2014).

2.9.2 Classification of ruthenium-based drugs

Several ruthenium compounds (Fig. 2.18) have been shown to inhibit
DNA replication, possess mutagenic activity, bind to nuclear DNA and reduce RNA
synthesis, similar to cisplatin but they displayed lower in vitro anticancer activity
(Brabec and Novakova, 2006). To date, two ruthenium(lll) complexes have
successfully completed phase I/l clinical trials; namely, NAMI-A ((ImH)[trans-
Ru(Il)Clyim(Me,SO)]; Im = imidazole) (Leijen et al., 2015), and KP1019,
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(l11)] (Groessl et al., 2010;
Hartinger et al., 2006; Trondl et al., 2014). Studies have shown that these drug
candidates are efficiently taken up into the cells, probably via interactions with
transferrin (Frasca et al., 2001; Polec-Pawlak et al., 2006; Pongratz et al., 2004),
where they induce a B-cell lymphoma 2 (Bcl-2)-mediated apoptosis (Bcl-2 is a gene
family that regulates mitochondrial permeability and has been linked to drug
resistance) (Polec-Pawlak et al., 2006). Thus, such compounds are highly valuable for
overcoming the limitations of cisplatin in tumor with overexpression of Bcl-2. Some
mechanisms of action of NAMI-A have been proposed as the following: interaction
with the cell cycle regulation culminating in transient accumulation of cell in the
G,/M phase (Bergamo et al., 1999; Zorzet et al., 2000), interaction with collagens of
the extracellular matrix (Casarsa et al., 2004; Gava et al., 2006; Sava et al., 2003;
Sava et al., 2004), inhibition of matrix metalloproteinase (Vacca et al., 2002), and



46

coordination to nucleic acid (Pluim et al., 2004). Unlike NAMI-A, KP1019 is thought
to possess direct cytotoxic activity by promoting apoptosis in a number of cancer cell
lines as well as in a range of tumor models, especially colorectal cancers (Galanski et

al., 2003; Kapitza et al., 2005).
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Figure 2.18. Antitumor ruthenium complexes. A) fac-[Ru(lI1)(NH3)sCls], B) cis-
[Ru(INCIy(dmso),, C) trans-[Ru(1)Cly(dmso)s, D) (rf—benzene)Ru(DMSO)Clz, E)
KP1019, F) NAMI, G) NAMI-A, H) o-Ru(azpy).Cly, 1) mer-[Ru(Il)(tpy)Cls], J)
Ru(IT)arene complexes “piano-stool”, K) Ru(Il)arene (pta) complexes or “RAPTA
types”. (Ang, 2007; Ang and Dyson, 2006; Ang et al., 2006; Bergamo et al., 2002;
Dougan and Sadler, 2007; Dyson and Sava, 2006; Galanski et al., 2003; Hartinger et
al., 2006; Kapitza et al., 2005; Peacock and Sadler, 2008; Rademaker-Lakhai et al.,
2004; Sava and Bergamo, 2000; Sava et al 1999; Yan et al., 2005).



47

2.9.3 RAPTA complexes

The success of ruthenium(ll) arene-based anticancer drugs is favorably
related to the amphiphilic properties of the arene-ruthenium system. This hydrophobic
arene ligand is flanked by the hydrophilic metal center, as well as to the synthetic
diversity of the arene moiety, which is an excellent scaffold for grafting organic
segments to facilitate targeted chemotherapy (Medici et al., 2015). The most
numerous group of cytotoxic ruthenium compounds are organometallic ruthenium(ll)
arene complexes, (arene = p-cymene, toluene, benzene, benzo-15-crown, 1-
ethybenzene-2,3-dimethylimidazolium tetrafluoroborate, ethyl benzoate,
hexamethylbenzene) which were individually developed by Dyson and co-workers
(Ang, 2007; Ang and Dyson, 2006; Ang et al., 2006; Dyson and Sava, 2006; Guidi et
al., 2013; Murray et al., 2016; Nazarov et al., 2014; Scolaro et al., 2005; Scolaro et
al., 2006; Scolaro et al., 2007), Sadler and co-workers (Dougan and Sadler, 2007;
Peacock and Sadler, 2008; Yan et al., 2005), and other groups (Ramadevi et al., 2017;
Tabrizi and Chniforoshan, 2016). A typical structure of a half-sandwich, “piano-
stool”, is [(77°-arene)Ru(X)(Y)(Z)], where the arene forms the seat of the piano stool
and the ligands resemble the legs. Linking the ligands Y and Z to form a bidentate
chelating ligand (L) seems to be advantageous for anticancer activity. The structure of
Ru(ll) half-sandwich complexes allows for variations of the three main building
blocks, the monodentate ligand X, the bidentate ligand L and the arene, to fine-tune
the pharmacological properties of these complexes (Melchart et al., 2007; Ronconi
and Sadler, 2007). The chelating ligand can help to control the stability and ligand-
exchange kinetics of these complexes. The nature of the arene influences cellular
uptake and interactions with potential targets. The leaving group, which typically is
chloride and occupies the biomolecule binding site on the metal center, can be of
importance to control the timing of activation of these complexes (Yan et al., 2005).
Dyson and co-workers have designed and developed the ruthenium(lIl) arene (PTA)
complexes or RAPTA complexes, (PTA = 1,3,5-triaza-7-phosphaadamantane) (Ang
and Dyson, 2006; Dyson and Sava, 2006; Guidi et al., 2013; Murray et al., 2016;
Nazarov et al., 2014; Scolaro et al., 2007). Recently, Tabrizi and Chniforoshan have
synthesized four ruthenium(ll) p-cymene complexes of naphthoquinone-derived
RAPTA complexes that showed anticancer activity against thioredoxin reductase
(Trx-R) with lower ICsq values in the nanomolar range (Tabrizi and Chniforoshan,
2016). Furthermore, the ruthenium(ll) arene, named RAFcA complexes, have shown
to inhibit the MCF-7 cells through interaction with DNA, the expression of apoptosis-
related genes (Bax and Bcl2) (Ramadevi et al., 2017). Interestingly, their I1Cs values
are distinctly lower than those of NAMI-A and RAPTA complexes.

2.9.3.1 DNA binding properties

A range of RAPTA compounds has shown to interact with DNA in a
pH-dependent manner (Allardyce and Dyson, 2001; Chatterjee et al., 2009; Dorcier et
al., 2005; Dorcier et al., 2008; Egger et al., 2010; Groessl et al., 2008; Scolaro et al.,
2005; Scolaro et al., 2006). However, the rates of interaction with DNA are
significantly lower than those of cisplatin or NAMI-A (Groessl et al., 2010).
Ratanaphan and co-worker have reported that RAPTA-EAL, one of of RAPTA
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derivatives, induced the DNA interstrand crosslinking and preferentialy attacked at A,
G, T and C, in the order, of the BRCAL gene fragment (Charkree et al., 2012).

2.9.3.2 Antitumor properties of RAPTA complexes

Despite the lower affinity for DNA in in vitro studies, an in vivo effect
of RAPTA compounds is strikingly different to most other anticancer compounds,
both metal-based and organic drugs. RAPTA-C, [Ru(#°-p-cymene)Cl,(PTA)] and
RAPTA-T, [Ru(7’-toluene)Cl,(PTA)], inhibited lung metastases in CBA mice
bearing the MCa mammary carcinoma, reducing their weight and number, with only
mild effects on the primary tumor being observed (Scolaro et al., 2005). The patterns
of protein alterations induced by NAMI-A and RAPTA-T are quite similar to each
other while being deeply different from those of cisplatin (Dyson and Sava, 2006;
Guidi et al., 2013). RAPTA-T selectively reduced the number and weight of
metastatic tumors have been undertaken on a series of breast cancer cells. It was
found that RAPTA-T inhibited some steps of the metastatic process including
detachment of cells from the primary tumor, migration, and the re-adhesion of cells to
a new growth substrate (Scolaro et al., 2005). It was also interesting to note that the
effects of RAPTA-T were more pronounced in the highly invasive MDA-MD-231
breast cancer cells, compared with the non-invasive MCF-7 or the non-tumorigenic
HBL-100 breast cells (Bergamo et al., 2008). RAPTA-C also increased the survival of
mice bearing Ehrlich Ascites Carcinoma (EAC), a highly proliferative and fluid tumor
(Chatterjee et al., 2008). Tumor cells extracted from the mice revealed that RAPTA-C
inhibited cell growth by triggering G2/M phase arrest leading to apoptosis. RAPTA-C
also up-regulated p53 via triggering the mitochondrial apoptotic pathway. Moreover,
increased cytochrome c levels induced by RAPTA-C also activated pro-caspase-9,
enhancing apoptosis and altering in the expression of key proteins involved in the
regulation of the cell cycle and apoptosis. It is implied that RAPTA-C acts on various
molecular pathways and does not bind to a single target (Chartterjee et al., 2008). In
addition, a series of RAPTA compounds with arene-tethered EA ligands (ethacrynic
acid) has been shown to inhibit glutathione S-transferase (GST) activity which was
comparable or better than free ethacrynic acid whereas RAPTA-C exhibited no
inhibitory effect on GST P1-1, even at high concentrations. Moreover, RAPTA-EA1
is highly effective against the GST P1-1 positive A2780 and A2780cisR ovarian
carcinoma cell lines (Ang et al., 2007). Recently, several derivatized of RAPTAS
have been developed by varying leaving ligands for improved anticancer activity
(Bergamini et al., 2012; Ganeshpandian et al., 2014; Hajji et al., 2017; Kaluderovi¢ et
al., 2015; Montani et al., 2016; Pettinari et al., 2017; Serrano-Ruiz et al., 2017).
However, the exact mechanism of action is needed to be elucidated.

2.9.3.3 Protein binding properties

The exact mechanism of action of ruthenium complexes are, to date,
still unknown. However, there have been demonstrated that RAPTAs exert on
molecular targets other than DNA, implying a biochemical mode of action profoundly
different to classical platinum anticancer drugs (Bergamo and Sava, 2007; Dyson and
Sava, 2006). Indeed, RAPTAs have been shown to directly interfere with specific
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proteins involved in signal transduction pathways and/or alter cell adhesion and
migration process (Bergamo et al., 2008). It is likely that the mechanism of action of
RAPTAs may involve interaction with critical intracellular or extracellular proteins.
Recent evidences have revealed that RAPTAS interacted with a number of cancer-
related proteins (the cytokines midkine, pleiotrophin and fibroblast growth factor-
binding protein 3), which may be responsible for the antiangiogenic and
antimetastatic activity of these types of ruthenium complexes (Babak et al., 2015).
The preference for the protein binding of RAPTAS is also confirmed from in vitro
studies (Ang et al., 2011). The RAPTAs were found to bind mainly the serum
proteins albumin and transferrin, which may prevent metallodrugs from being reduced
and its subsequent activation in the blood. In addition, the RAPTA-T showed a
marked preference for holo-form of transferrin, suggesting a cooperative iron-
mediated metal binding mechanism (Groessl et al., 2010). Moreover, the formation of
ruthenium-protein adducts was clearly observed for ubiquitin (Ub), cytochrome ¢
(Cyt-c), lysozyme (Lys), and superoxide dismutase (SOD), thioredoxin reductase, and
cathesin B (Casini et al., 2007; Casini et al., 2008; Casini et al., 2009; Hartinger et al.,
2008; Michelucci et al., 2017). Mass spectrometric analyses indicated that the
RAPTA complexes have affinities for histidine, on protein binding (Casini et al.,
2008; Casini et al., 2009). Under essentially equivalent conditions, cisplatin forms
mono-, bis-, and tris-adducts whereas only mono- and bis-adducts are formed with the
RAPTA complexes (Casini et al., 2007). In addition, extensive spectroscopic studies
were reported that preferential binding sites for the RAPTA complexes are histidines
residues located on the protein surface (Casini et al., 2007), similarly observed for
NAMI-A (Messori et al., 2000) and KP1019 (Piccioli et al., 2004). Furthermore, the
reactivity of RAPTA-C with a mixture containing ubiquitin, cytochrome c and
superoxide dismutase showed that the ruthenium complex had a high affinity towards
ubiquitin and cytochrome c, but not superoxide dismutase, indicating some degree of
selectivity, which contrasts with the behavior of cisplatin (Casini et al., 2009). The
high reactivity towards protein molecules prompted the investigation of the RAPTA
complexes towards clinically relevant enzyme targets, namely the seleno-enzyme
thioredoxin and the cysteine protease cathepsin B (Ang et al., 2011). RAPTA-T and
RAPTA-C, were found to be good inhibitors of cathepsin B (Casini et al., 2008). The
reaction of RAPTA-C with metalothionein-2 (MT-2) was also investigated,
demonstrating that it has higher affinity and selectivity for MT-2 binding with respect
to cisplatin. This phenomenon may have important pharmacological and toxicological
profiles of the compound (Casini et al., 2009). In addition, similar binding affinity
studies based on a mass spectrometric strategy showed that RAPTA-C can form
several adducts with the tripeptide, glutathione (GSH), implying the possibility to
overcome metallodrug resistance mechanisms as well as novel possible targets for
RAPTA compounds (Hartinger et al., 2008). The reactivity of RAPTA-T with poly-
(adenosine diphosphate (ADP)-ribose) polymerase (PARP-1) was investigated.
PARP-1 is an essential protein involved in cancer resistance to chemotherapies, and
contains zinc-finger domains that might be altered by metal-based compounds. The
results showed that RAPTA-T inhibits PARP-1 to a similar extent of the benchmark
inhibitor 3-aminobenzamide (Mendes et al., 2011).
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However, the molecular mechanism and the signaling pathways remain
to be elucidated. Recently, a systematic study on the interaction between two
derivatives of RAPTA types compound, named RAED and RAED-C, and human
transferrin has indicated that the ruthenium compounds preferentially coordinate with
histidine residues, in contrast to cisplatin which binds beyond histidine residues (Guo
et al., 2013). In addition, several evidences reported that Ru(ll)(7°-p-cymene)
complexes interacted with several proteins such as apo-ferritin (AFt) nanocage,
lysozymes, RNase A, ubiquitin, and nucleosome core particle histone protein
preferentially coordinate with His residues of these proteins (Battistin et al., 2016;
Dubarle-Offner et al., 2014; Egger et al., 2010; Kilpina and Dyson, 2013). These data
unambiguously demonstrate that, at least under the investigated experimental
conditions the ruthemium center binds the imidazole of the histidine side chain
adopting an octahedral geometry. The labile 7°-p-cymene and chlorido ligands are
lost from ruthenium4 center, which experiences a change in the coordination number
and in the geometry of its coordination sphere upon protein binding (Merlino, 2016).
While many different RAPTA compounds have been developed, the prototype
compound RAPTA-C remains the best anticancer compound of this series that has
been characterized.

2.10 Therapeutic strategies for BRCALl-related breast cancer
2.10.1 Targeting homologous recombination repair (HR) pathway

In eukaryotic cells, there are two primary mechanisms of DSBs repair.
HR is the error-free process used in the cells during the S and G2 phases of cell cycle
when sister chromatids are available as templates. Non-homologous end-joining
(NHEJ) is a process of ligating DSB ends together without a homologous template. It
is the predominant mechanism in cells during GO, G1, and early S phases of the cell
progression, and is considered as an error-prone process (Yang and Xia, 2010). Loss
of function of the HR pathway is limited to the tumor, which makes it an ideal target
for therapy by inhibition of the complementary HR pathway.

The currently three groups of DNA-targeting agents, involving in HR
pathway, are used for the treatment of breast or ovarian cancer.

) The alkylating agents cause DNA interstrand cross links (ICLS),
resulting in arrest of DNA replication forks and subsequently to
DSBs.

i) The inhibitors of topoisomerase | and I, which stabilize the
topoisomerase-DNA complex and thereby cause arrest of DNA
replication forks and DSBs.

iii)  The platinum-based compounds, which induce DSBs by
forming intra-strand and ICLs.

Since BRCAL deficiency leads to the deregulation of DNA repair
pathways, tumor cells with BRCA1 deficiency are more vulnerable to DNA damaging
agents. The concept of ‘BRCAness’ was introduced by Ashworth and colleagues in
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order to identify phenotypic changes in sporadic cancer that would lead to analogous
treatment susceptibility to DNA damaging agents (Muggia and Safra, 2014).

2.10.2 Poly(ADP-ribose) polymerase inhibitors

The poly(ADP-ribose) polymerase 1 (PARP1) is an enzyme critical to
the base excision repair (BER) pathway. PARP1 is a member of the PARP
superfamily, which is responsible for the poly(ADP-ribosyl)ation (PAR-ylation) of
nuclear proteins, a DNA damage-dependent posttranslational modification, that plays
an important role in including DNA transcription, DNA damage response, genomic
stability maintenance, cell cycle regulation, and cell death (Benafif and Hall, 2015). In
cancer therapeutics, accumulation of single-strand DNA breaks (SSBs) with PARP
inhibition leads to the development of double-strand DNA breaks (DSBs), which
require competent HR repair to allow cell survival (Michels et al., 2014). Loss of
PARP1 protein function results in increased sensitivity to the DNA alkylating agents
and vy-irradiation (Masutani et al.,, 2000). Nowadays, the most advanced and
promising drugs that target DNA repair is a PARP1 inhibitor that it has shown
promising activity in patients with BRCA1 mutation-associated epithelial ovarian and
breast cancers, based on the principle of synthetic lethality (Lord and Asworth, 2015).
This lethality is a possible explanation by the cancer cells with defects in the BRCAL
gene are defective in HR, as the wild-type BRCAL1 allele is absolutely lost. However,
HR is intact in normal cells of the same patients who carry one wild-type BRCAL
allele and one mutant BRCA1 allele. Inhibition of PARP1 results in the accumulation
of SSBs, which are converted to lethal DSBs that require HR for their repair (Fig.
2.19) (Hosoya and Miyagawa, 2014).

Recently, several PARPL1 inhibitors, as single agents and/or in
combination therapy, are currently in phase I, Il or 1l clinical investigation (Table
2.14). In addition, this approach has led to the successful regulatory approval of
olaparib, rucaparib, and niraparib for patients with advanced ovarian cancer
(O’Sullivan Coyne et al., 2017). However, understanding more about the molecular
abnormalities involved in BRCA-like tumors will be critical to advance the field of
PARP inhibition therapy and in improving patient selection and consequent clinical
outcomes.
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Figure 2.19. Principle of synthetic lethality. DNA damage is often processed by
multiple DNA repair pathways. In the example shown here, pathways A and B are
both intact in normal cells, whereas pathway A is defective in cancer cells. (a) In the
absence of the pathway B inhibitor, cancer cells can survive, because the defect in
pathway A is compensated by the alternative pathway B. (b) When the cells are
treated with the pathway B inhibitor, both pathways will be blocked in cancer cells,
which will result in cell death. However, normal cells will not be affected, because
inhibition of pathway B will be compensated by pathway A (Hosoya and Miyagawa,

2014).
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PARPI Treatment Cancer types Phase | Ref.
Olaparib -Monotherapy | - BRCA1/2 mutation-associated | I/11/111 i%ﬂ%ni;?é}i?o%ms
(AstraZeneca) | -Combinations | breast cancer/ovarian cancer, Gelmon et al., 2011
with cytotoxic | BRCA-like tumors [anlln&nnii?lm 2(2%1 A
chemotherapy | - Advanced hematologic Ledermann et al., 2014
-Combinations | malignancies and solid tumors Ezfe“gt' ° a'z-bfglz
with targeted - Maintenance study following Liu et al., 2013
agents remission in platinum sensitive kg*ygt;'alzozlo“lz
ovarian cancer Bang et al., 2013
_ Oza et al., 2015
FDA approve_s to treat . van der Noll et al., 2013
advanced ovarian cancer in Rajan et al., 2012
Khan et al., 2011
2014 Moore et al., 2014
Tutt et al., 2015
Dent et al., 2013
Veliparib -Monotherapy | - BRCA1/2 mutation-associated | I/11 tg*;fj;'s eztogf 2016
(Abbott) -Combinations | breast cancer/ovarian cancer, Villalona-Calero et al.,
with cytotoxic | BRCA-like tumors ZH(Llsiainetm -
chemotherapy | - Advanced hematologic Kummar et al., 2011
-Combinations | malignancies and solid tumors Kummar et al., 2012
. Isakoff et al., 2011
with targeted Coleman et al., 2015
Appleman et al., 2012
agents Rugo et al., 2013
Bell-McGuinn et al., 2013
Wesolowski et al., 2014
Pishvaian et al., 2013
Puhalla et al., 2014
Reiss et al., 2015
Plummer et al., 2013
Rucaparib -Monotherapy | - Advanced solid tumors, 111 E:ﬁmg: o g: gggg
(Clovis) -Combinations | recurrent ovarian cancer Kristeleit et al., 2014

with cytotoxic
chemotherapy

- BRCA1/2 mutation-associated
breast cancer/ ovarian cancer

- Treatment of advanced
BRCA-mutated (germline
and/or somatic) ovarian cancer
- FDA approves treatment of
advanced ovarian cancer in
2016

Kristeleit et al., 2015
Drew et al., 2016
Dwadasi et al., 2014
McNeish et al., 2015
Molife et al., 2013
Swisher et al., 2017
Wilson et al., 2017




Table 2.14. PARPL1 inhibitors (PARPI) in clinical investigation (cont.)
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PARPI Treatment Cancer types Phase | Ref.
Iniparib -Monotherapy | - Advanced in patients with /1 Efg:n'\t:'acrfgggsgé a|.ét201£
-Combinations | metastatic triple-negative 2015 ’
with cytotoxic | breast cancer O’Shaughnessy et al., 2011
. . O’Shaugh 1, 2014
chemotherapy - Patients with BRCAL or Matgg ot ;f,s%le;a
BRCA2 associated advanced Z‘?Q'hiﬁ.aét e
epithelial ovarian, fallopian !
tube, or primary peritoneal
cancer
Talazoparib | - Monotherapy | - Advanced hematologic 1/11/111 gﬁo‘?\;’gﬂst ‘;Ih'a fr?;ieutical
(BMN 673) malignancies and solid tumors 2015 '
(BioMarin) - Platinum sensitive BRCA1/2- \“/"V'a'l'g[)s:ga'et ;(’12% "
mutant solid tumors Litton et al., 2015
- Metastatic breast cancer but
not in ovarian cancer
Niraparib -Monotherapy | - Advanced hematologic I/111 fﬂaﬂggite;ﬁ'zgff
(MK-4827) -Combinations | malignancies and solid tumors h

(TesaroBio)

(temazolomide)

- BRCAL/2 mutation-
associated and HER2 negative
breast cancer

- Maintenance study following
remission in platinum sensitive
ovarian cancer

- FDA approves for treatment
of adult patients with recurrent
epithelial ovarian, fallopian
tube, or primary peritoneal
cancer

CEP-9722
(Cephalon)

-Monotherapy
-Combinations
with cytotoxic
chemotherapy

- Advanced solid tumors

Plummer et al., 2014
Awada et al., 2016
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2.11 Targeting dysfunctional BRCAL1 for the metal-based drug in cancer therapy

The DNA repair activity of the cell is an important determinant of cell
sensitivity to the anticancer agents. In fact, it has been reported that resistance to
DNA-damaging agents can be associated with the increased cellular repair activities,
while defects in DNA repair pathways result in hypersensitivity to these agents
(Kelley and Fishel, 2008; Quinn et al., 2003; Quinn et al., 2009). BRCA1 is
implicated to play a crucial role in DNA interstrand crosslink repair through several
mechanisms and is integral in HR, the less error-prone mechanism of repairing double
strand DNA breaks (Ashworth, 2008). When cells lose all BRCAL function, they
become hypersensitive to DNA damage and develop gross chromosomal aberrations
when challenged with DNA-damaging drugs or agents, such as cisplatin, carboplatin,
or auranofin (Oommen et al., 2016; Shen et al., 1998). A woman with one inherited
BRCA1 mutation still has BRCAL function from the other allele; however, there is
usually somatic loss of the functional allele in her breast cancer, leading to complete
tumoral inactivation of BRCAL function and resultant hypersensitivity to DNA
damage (Carey, 2010).

BRCA1-deficient mouse embryonic stem cells displayed defective
DNA repair and a 100-fold increased sensitivity to the alkylating agents mitomycin C
and cisplatin than those containing wild-type BRCAL (Bhattacharyya et al., 2000;
Moynahan et al., 2001). This sensitivity was reversed upon the correlation of BRCA1
mutation in mouse embryonic fibroblast cells with a disrupted BRCAL with the
decreased DNA repair and increased apoptosis (Fedier et al., 2003; Ohta et al., 2009;
Quinn et al., 2003). Recent studies have emphasized the potential of using BRCA1
dysfunction to predict response to therapy. Currently, chemotherapy, hormonal
therapy and molecular targeted therapy are important strategies of breast cancer
treatment. However, there are no specific chemotherapy guidelines for BRCA1-
mutated breast cancer patients (Tanino et al., 2016). As noted above, both mutation
and down-regulation of expression of BRCAL can be abrogated BRCAL function,
called ‘BRCAness’, leading to tumorigenesis (Mugia and Safra, 2014; Tanino et al.,
2016). However, the application of BRCA-like functional abnormalities or
dysfunctional of BRCAL raises the possibility of treatment regimens designed for
familial BRCA tumors (Turner et al., 2004). Exploitation of this knowledge in the
treatment of BRCA1 associated-breast cancer has varying degrees of success. Several
clinical trial studies have demonstrated the utilization of the BRCAness as a clinically
validated target by the platinum based-drugs to treated BRCA1 associated-breast
cancer (Byrski et al., 2010; Tanino et al., 2016). The clinical studies have recently
gained much attention on taking advantage of the inherent weakness of the BRCA1
dysfunction in the cancer cells that increases their sensitivity to DNA-damaging
agents such as platinum agents (Ashworth, 2008; Drost and Jonkers, 2014; Font et al.,
2011; Quinn et al., 2009; Silver et al., 2010; Sun et al., 2014; Tassone et al., 2009;
Vencken et al., 2011). In addition, the significant benefits of the pathological response
and overall survival rate from cisplatin-based chemotherapy were extended to the
several BRCAl-associated cancers, such as breast, bladder, ovarian, and non-small
cell lung (NSCL) cancer patients (Byrski et al., 2009; Byrski et al., 2011; Domagala
et al., 2016; Font et al., 2011; Isakoff et al., 2015; Quinn et al., 2007; Sikov et al,
2015; Silver et al., 2010; Taron et al., 2004; Von Minckwitz et al., 2015). Patients
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with BRCA1 dysfunction gain more benefit from treatments causing DNA damage.
Moreover, it was initially reported that overexpression of BRCAL1 in human breast
cancer resulted in an increased resistance to platinum based-drugs. As a result, cells
lose all BRCAL function, and they become hypersensitive to DNA damage and
develop gross chromosomal aberrations in the presence of DNA-damaging drugs or
agents (Busschots et al., 2015; Husain et al., 1998). It has been demonstrated that
inhibition of PARP1 enzymatic activity could selectively target BRCA-mutant cells,
sensitizing them to persistent DSBs and ultimately apoptosis (Choy et al., 2016;
Farmer et al., 2005; Fong et al., 2009). PARPL1 is a key enzyme in the repair of DNA
single strand breaks (SSBs) and its inhibition results in unrepaired SSBs, giving rise
to DSBs when encountered by a replication fork during DNA replication. The
inability of BRCAL-deficeint cells to repair the indirectly induced DSBs results in a
specific sensitivity to PARP inhibition (Audeh et al., 2010; Benafif and Hall, 2015).
Many BRCAL-mediated cancers are initially responsive to platinum-based therapy;
however, resistance commonly develops (Choi et al., 2016; Powell, 2016).

To date, several studies have been investigated targeting zinc finger
protein for direct implications in disease. BRCAL is a tumor suppressor protein
involved in maintaining genomic integrity. The N-terminus of the BRCAL protein
contains two Zn** binding loops. This domain is essential for tumor suppression
functions. Many cancer-predisposing mutations in the BRCA1 RING domain are
defective in DSB repair pathways, and render cancerous cells hypersensitive to
ionizing radiations and alkylating agents. Therefore, approaching the BRCAL RING
domain as a potentially molecular target for a metal-based drug is of interest. The
RAPTA complexes (RAPTAS) have been shown to exhibit promising antitumor
properties. However, their mechanisms of action are largely unexplored. In this work,
the BRCAL gene and its encoded protein are used as a model system for evaluation of
the RAPTA-induced response. The investigation is focused on the in vitro interaction
of RAPTAs with the plasmid DNA and the BRCALl gene fragment, including
conformational study, interstrand cross-links, sequence preference of RAPTA-BRCA1
adducts, and inhibition of BRCAL amplification. We have further investigated in vitro
interaction of RAPTAs with the N-terminal region of the BRCA1 RING domain
proteins, both wild-type and mutant proteins (D67E and D67Y), including protein
binding, conformational study, zinc ejection, thermal stability and the functional assay
of the ruthenated BRCA1 on BRCA1/BARD1-mediated ubiquitination. In addition,
the antiproliferative effects of RAPTA complexes alone or in combination with
PARP1 inhibitor in breast cancer cells is also investigated.
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CHAPTER 3

MATERIALS AND METHODS

Materials
Cells

- Escherichia coli DH5a (New England Biolab, USA)

- Escherichia coli BL21(DE3) (gift from Prof. Udo Heinemann,
Max-Delbrick-Center for Molecular Medicine, Berlin, Germany)

- Human breast adenocarcinoma cell line [MCF-7 (BRCALl
wild-type, ER-, PR-, and HER2-positive)] (kindly provided from
Asst.  Prof. Supreeya Yuenyongsawad, Department of
Pharmacognosy and Pharmaceutical Botany, Faculty of
Pharmaceutical Sciences, Prince of Songkla University)

- Human breast adenocarcinoma cell line (ATCC® HTB-26™)
[MDA-MB-231 (BRCAL wild-type, Triple negative (ER-, PR-,
and HER2-negative) breast cancer)] (ATCC, USA

- Human breast adenocarcinoma cell line (ATCC™ CRL-2336™)
[HCC1937 (BRCA1 mutant, Triple negative (ER-, PR-, and
HER2-negative) breast cancer)] (ATCC, USA)

Plasmids

- pET28a(+)_BARDL1 (plasmid 12646)

- pET28a(+) _ubiquitin (plasmid 12647)

- pET28a(+) _UbcH5c¢ (plasmid 12643)

- pGEX-4T1 (gift from Prof. Udo Heinemann, Max-Delbriick-
Center for Molecular Medicine, Berlin, Germany)

- pET28a(+) (gift from Prof. Udo Heinemann, Max-Delbriick-
Center for Molecular Medicine, Berlin, Germany)

- pBIND (Promega, USA)

Chemicals

- 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide
(Sigma-Aldrich, USA)

- 6-Methoxy-8-p-toluenesulfonamido-quinoline (Enzo Life
Sciences, USA)

- Absolute ethanol (Merck, Germany)

- Acetone (Roth, Germany)

- Acetic acid (Merck, Germany)

- Acrylamide (Viviantis, USA)
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Adenosine-5'-triphosphate disodium salt, trihydrate (Bio basic
Inc, Canada)

Agarose Molecular Biology Grade (Viviantis, USA)

Ammonium persulfate (Sigma-Aldrich, USA)

Ampicillin (Sigma-Aldrich, USA)

Bacto™ agar (Becton, Dickinson and Company, USA)

Bacto™ tryptone (Becton, Dickinson and Company, USA)
Bacto™ yeast extract (Becton, Dickinson and Company, USA)
Boric acid (Merck, Germany)

Bovine serum albumin (BSA) (Sigma-Aldrich, USA)
Bromocresol blue (Sigma-Aldrich, USA)

Calcium chloride dihydrate (Merck, Germany)

Cisplatin (Sigma-Aldrich, USA)

Coomassie brilliant blue G-250 (Fluka, Switzerland)

Coomassie brilliant blue R-250 (Fluka, Switzerland)

dATP, dCTP, dGTP, and dTTP (INtRON Biotechnology, Korea)
Dialysis bag (Sigma-Aldrich, USA)

Difco™LB Broth, Lennox (Becton, Dickinson and Company,
USA)

Dimethyl sulfoxide (Merck, Germany)

Disodium hydrogen phosphate (Fluka, Switzerland)
Dithiothreitol (DTT) (Fluka, Switzerland)

Dulbecco’s modified Eagle medium (DMEM) (Life
Technologies, Paisley, UK)

Ethidium bromide (Sigma-Aldrich, USA)
Ethylenediaminetetraacetic acid disodium salt (EDTA) (BDH
Laboratory Supplies, England)

Fetal bovine serum standard quality (Invitrogen, USA)
Formaldehyde (Merck, Germany)

Glacial acetic acid (Merck, Germany)

Glutathione-Reduced (USB, USA)

Glycerol (BDH Laboratory Supplies, England)

Guanidine hydrochloride (Fluka, Switzerland)

HisPur™ Ni-NTA resin (Thermo scientific, USA)

Hydrochloric acid (Merck, Germany)

Imidazole (Fluka, Switzerland)

Isopropanol (J.T. baker, USA)
Isopropyl-1-thio-B-D-galactopyranoside (IPTG) (Sigma-Aldrich,
USA)

Kanamycin (Roth, Germany)

Lysozyme (Viviantis, USA)

Methanol (Labscan Asia, Thailand)

Magnesium chloride (Merck, Germany)

N, N, N", N"-Tetramethylenediamine (TEMED) (Sigma-Aldrich,
USA)

N, N'-Methylene-bis-acrylamide (Sigma-Aldrich, USA)

Nonidet P-40 (NP40) (Bio Basic Inc., Canada)
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Phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, USA)
Potassium acetate (BDH Laboratory Supplies, England)
Potassium chloride (Merck, Germany)

Potassium dihydrogen phosphate (Merck, Germany)

Proteinase K (Sigma-Aldrich, USA)

Roswell Park Memorial Insititute 1640 medium (RPMI 1640)
(Life Technologies, Paisley, UK)

Silver nitrate (Merck, Germany)

Sodium acetate (APS Finechem, Australia)

Sodium carbonate anhydrous (Ajax Finechem, Australia)

Sodium chloride (Merck, Germany)

Sodium hydrogen carbonate (Merck, Germany)

Sodium dodecyl sulfate (Sigma-Aldrich, USA)

Sodium hydroxide (Carlo Erba Reagenti, Italy)

Sucrose (Sigma-Aldrich, USA)

Trifluoroacetic acid (Fluka, Switzerland)

Tris [hydroxymethyl] aminomethane hydrochloride (Tris-HCI)
(Stratagene, USA)

Tris [hydroxymethyl] aminomethane (Tris-Base) (Promega,
USA)

Triton X-100 (Sigma-Aldrich, USA)

Xylene cyanol FF (Sigma-Aldrich, USA)

Zinc(I1) chloride (Fluka, Switzerland)

Enzymes

BamHI (New England BioLabs, USA)

E3 ubiquitin ligase (Enzo Life Sciences, USA)

i-Tagq™ DNA Polymerase (INtRON Biotechnology, Korea)
Phusion™ Hot Start High-Fidelity DNA polymerase
(FINNZYMES, Finland)

Eco0O1091 (New England Biolabs, USA)

Pvull (New England Biolabs, USA)

Xhol (New England BioLabs, USA)

Solutions

0.25% Trypsin-EDTA (Invitrogen, USA)

100 bp DNA ladder (New England Biolabs, USA)

10x Alkaline agarose gel electrophoresis buffer (500 mM NaOH,
10 mM EDTA, pH 7.5)

10x PCR buffer, pH 7.4 (INtRON Biotechnology, Korea)

5x Phusion™ GC buffer, pH 7.4 (FINNZYMES, Finland)

5x TBE buffer (Tris-Base 54 g, Boric acid 27.5 g, 20 ml of 0.5
mM EDTA, pH 8.0)
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6x Alkaline gel-loading buffer (300 mM NaOH, 6 mM EDTA,
18% (wi/v) glycerol, 0.15% (w/v) bromocresol green, 0.25%
(w/v) xylene cyanole FF)

6x Gel-loading buffers (0.25% (w/v) bromophenol blue, 0.25%
(w/v) xylene cyanole FF, 30% (v/v) glycerol in distilled water)
Alkaline lysis solution I (50 mM glucose, 25 mM Tris-HCI pH
8.0, 10 mM EDTA, pH 8.0)

Alkaline lysis solution 1l [0.2 N NaOH (freshy diluted from a 10
N stock), 1% (w/v) SDS]

Alkaline lysis solution Il (5M potassium acetate 60 ml, glacial
acetic acid 11.5 ml, and 28.5 ml of double distilled water)
Anti-Hiss HRP (Horseradish Peroxidase) conjugated (QIAGEN,
Germany)

Calcium chloride solution (50 mM CaCl,)

Cell lysis buffer (for bacterial cell) (10 mM Tris-HCI, 75 mM
NaCl, 25 mM EDTA, pH 8.0)

Super Signal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, USA)

GST binding buffer (50 mM Tris (pH 7.6), 10 mM p-
mercaptoethanol)

GST eluting buffer (50 mM Tris (pH 7.6), 10 mM p-
mercaptoethanol, 20 mM reduced glutathione)

Gold standard for ICP (Sigma-Aldrich, USA)

Hisg binding buffer [50 mM Tris (pH 7.4), 50 mM NacCl, and 10
mM imidazole]

Hissg dialysis buffer [50 mM Tris (pH 7.0), 10 mM B-
mercaptoethanol, and 10% glycerol]

Hisg eluting buffer [50 mM Tris (pH 7.4), 50 mM NacCl, and 300
mM imidazole]

E3 ligase buffer [50 mM Tris (pH 7.5), 0.5 mM DTT, 5 mM
ATP, 2.5 mM MgCl,, and 5 uM ZnCl,].

Lambda DNA-HindIll Markers (New England Biolabs, USA)
Loading buffer for DNA sequencing (deionized formamide (50
mM EDTA, pH 8.0)/ blue dextran 1:5)

Lysis buffer (for mammalian cell) (50 mM Tris pH 7.6, 50 mM
NaCl, 10 mM DTT, 1% Triton X-100, 0.5% NP-40 and 1 mM
PMSF)

Neutralizing solution for alkaline agarose gel electrophoresis (1
M Tris-HCI pH 7.6, 1.5 M NaCl)

Penicillin/Streptomycin  (100X) (PAA Laboratories GmbH,
Austria)

Phosphate buffered saline (PBS) (137 mM Nacl, 2.7 mM KClI, 10
mM Na;HPOy4, 2 MM KH,PO,)

Platinum standard for ICP (Sigma-Aldrich, USA)

Sterile nonpyrogenic, Water for injections B.P. (Thai Otsuka
Pharmaceutical, Thailand)

Ruthenium standard for ICP (Sigma-Aldrich, USA)
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- Trypsin EDTA 1X (Invitrogen, USA)
- Zinc ejection assay buffer (10% glycerol, 50 mM, Tris-HCI
buffer, pH 7.6)

Plasticware

- 25 cm? cell culture flask (Corning Incorporated, USA)
- 75 cm? cell culture flask (Corning Incorporated, USA)
- 96-well flat bottom cell culture cluster plates (Corning
Incorporated, USA)
- Acrodisc® syring filter (Pall Corporation, USA)
- Amicon® Ultra Centrifugal Filters (Merck Millipore, USA)
- Eppendorf tube 1.5 ml (Axygen Scientific Inc, USA)
- Polyvinylidene fluoride (PVDF) membrane (Millipore, Ireland)
- PCR tube (Axygen Scientific Inc, USA)
- Pipet tip T-1000-B (200-1000 ul) (Axygen Scientific Inc, USA)
- Pipet tip T-200-Y (20-200 ul) (Axygen Scientific Inc, USA)
- Pipet tip T-300-STK (0.2-10 ul) (Axygen Scientific Inc, USA)

Instruments

- Agarose gel electrophoresis apparatus (BIO 101, USA)

- Allergra ® X-15R centrifuge (Beckman Coulter)

- Autoclave (HD-3D, Hirayama Company, Japan)

- ABI PRISM™ 337 DNA Sequencer (Applied Biosystem, USA)

- Bench top single UV transilluminator (Major Science, USA)

- Bio-Rad GS-700 imaging densitometer (BIO-Rad, USA)

- CO; incubator (ShelLab, Sheldon Manufacturing Inc, USA)

- Deep freezer (-86°C) (Forma Scientific, USA)

- Freezer (-20°C) (Hotpack, Forma Scientific, USA)

- Gel documentation equipment (1000, BIO-Rad, USA)

- Glutathione-agarose  column  (GSTrap-HP  column) (GE
Healthcare, Sweden)

- Hermle 2323K centrifuge (Hermle Labortechnik, Germany)

- Hot air oven (Mammert GmbH Co., Germany)

- Inductively coupled plasma-mass spectrometer (ICP-MS)
(Agilent Technologies, USA)

- Inverted microscope (Ck2, Olympus, USA)

- Jasco J720 spectropolarimeter (Japan Spectroscopic Co., Ltd.,
Japan)

- Laboratory balance (Mettler Toledo AB204, USA)

- Laminar air flow, biosafety carbinet class Il (Airstream®, ESCO,
USA)

- Microplate spectrophotometer (Beckman Coulter, USA)

- Multichannel pipette (Eppendorf, Germany )

- Owl™  Semi-Dry  Electroblotting  Systems,  (Thermo
Scientific,USA)


http://www.google.co.th/url?sa=t&source=web&cd=2&ved=0CB4QFjAB&url=http%3A%2F%2Fwww.escoglobal.com%2Fproducts%2Fbiological-safety-cabinets%2Fdetail.php%3Fid%3DAC3-B&ei=3Sl7TITXEY3QccfzzI8G&usg=AFQjCNH5xVchkkAb4KgX_5YEVFfVfGrh2w
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pH meter (Mettler Toledo 320, USA)

Polymerase chain reaction machine; Gene Amp PCR 9600
System (Perkin-Elmer, USA)

Power supply (EC 135, E-C Apparatus Company, USA and AE-
8150 my power 500, ATTO, Japan)

XCELLigence® Real-Time Cellular Analyzer (RTCA) (Roche
Applied Science, Germany)

Shaking incubator (LabTech®, Korea)

Spectrofluorometer FP 2600 (Japan Spectroscopic Co., Ltd.,
Japan)

UV spectrophotometer (Genesis 5, Spectronic, USA)

Vortex (VSM-3 mixer, Shelton Scientific, USA)

Water bath (Mammert GmbH Co., Germany)

Big Dye Terminator Cycle Sequencing Ready Reaction Kit
(Afplied Biosystem, USA)
Ni“*-NTA bead (QIAGEN, Germany)
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The RAPTA complexes, including RAPTA-C, CarboRAPTA-C, RAPTA-T and
RAPTA-EA1 (Table 3.1) are kindly provided from Professor Dr. Paul Joseph Dyson,
Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de
Lausanne (EPFL), CH-1015 Lausanne, Switzerland. The RAPTA complexes were
synthesized and prepared as described previously (Allardyce et al., 2001; Ang, 2007;

Scolaro et al., 2005).

Table 3. 1. General properties of metal complexes used in this study (Allardyce et al.,
2001; Scolaro et al., 2005).

Compound MW Formula Appearance Solubility
carboRAPTA-C 553.1 CyH3oN304PRuU Brown Soluble in
Ru(n°®-p-cymene) -(H20) powder, aqueous media
(C6HeO4)(PTA) yellow up to 100-120

solution mM
RAPTA-C C1sH26CIN3sPRuU Orange Soluble in
Ru(n®-p- 463.3 powder, dark | aqueous media
cymene)CIl,(PTA) orange up to 20-40 mM
solution
RAPTA-T C13H2CI>NsPRu Red-brown Soluble in
Ru(n®- 439.3 -(H20) powder, aqueous media
toluene)CI,(PTA) orange up to 20-40 mM
solution
RAPTA-EA1 Ca6H31Cl4N4O3PRu | Orange Dissolve in
(ethacrynic-n°®- 739.4 -(H20) powder, light | 100% DMSO to
benzylamide)RuCl, orange 1 mM, dilute in
(PTA) solution aqueous media
up to 100 uM
Auphen 483.46 | C1oHsCIsN,AU Orange Soluble in H,O
[Au(1,10- powder
phenanthrolineCl,]CI
Auterpy 536.59 | C1,H11CIsNsAU Orange Soluble in H,0O
[Au(2,2":6,2" powder
terpyridine)CI]Cl,
Ru-bpy 889.58 | C3H24ClsNgRuU Dark-red Soluble in H,O
[Ru(Clazpy),bpyCl, -7(H20) power
.7TH,0]
Ru-phen 931.62 | C34H24Cl4NgRu Dark-red Soluble in H,O
[Ru(Clazpy),phenCl, -8(H,0) power

.8H,0]
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3.2 Preparation of plasmid pBIND DNA by alkaline lysis

A single colony of Escherichia coli DH50 containing the plasmid
pBIND DNA (Figure 3.1) was inoculated in 20 ml of rich Luria-Bertani Broth
medium (LB Broth medium, containing 50 pg/ml of ampicillin). The culture was
incubated at 37°C for 12 h with vigorous shaking (150 rpm). One milliliter of the late-
log-phase (ODgyo = ~0.6) culture was inoculated in 100 ml of LB Broth medium
containing final concentration of ampicillin at 50 pg/ml and further incubated at 37°C
for 14-16 h with shaking or until the bacteria reached late log phase.
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Intron
T7 Promoter
BamHI (1570
Sall 1576
Accl 1577
GA Mlul 1585
r L4 EcoRV |1594
Amp! Fusion Xbal * |1599
rotein stZl 1606
pBIND MCR Notl  [1606
Vector Acces| 1614
(6360 bp) Kpnl 1618
Synthetic 1 ori Tt
Polyadenylation . SV40 Late
Signal Renilla Palyadenylation
luciferase Signal
§v40 Early
hGH Enhancer/Promoter
Intron for
Renilla gene

Figure 3.1. Map of the plasmid pBIND DNA.

One milliliter of the bacterial culture was pipetted and removed to a
fresh microcentrifuge tube. The bacterial cells were harvested by centrifugation at
13,0009 at 4°C for 5 min. The supernatant was discarded and the bacterial pellets
were harvested and resuspended in 200 ul of an ice-cold alkaline lysis solution | by
vortexing. Four hundred microliter of alkaline lysis solution Il (freshly prepared) was
added to each bacterial suspension, then mixed by inverting rapidly for five times, and
the tube was stored on ice for 10 min. Three hundred microliter of an ice-cold alkaline
lysis solution 111 was added into the suspension, and the tube was stored on ice for 10
min. The bacterial cell lysates were harvested by centrifugation at 12,0009 at 4°C for
10 min. The supernatant was transferred to a fresh microcentrifuge tube. Two
volumes of cold absolute ethanol was added to precipitate DNA at -80°C for 3 h.
After precipitation, the DNA pellets were collected by centrifugation at 12,0009 at
4°C for 10 min, then washed with 1 ml of 70% ethanol and the supernatant was
removed by centrifugation at 12,0009 at 4°C for 10 min. The pellet of DNA was dried
at room temperature and dissolved in 20 pl of double distilled water and stored at -
20°C.
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The 696-bp BRCAL fragment (3’ terminal region of the BRCAL gene)
(Figure 3.2) was amplified from the plasmid pBIND-BRCT (Ratanaphan et al., 2009)
by the polymerase chain reaction (PCR). The PCR reaction mixture was performed in
the final volume of 100 pl as described previously (Charkree et al., 2012). Briefly, the
PCR mixture contained 100 ng of DNA template, 1.5 units of Taq DNA polymerase,
0.5 uM forward and reverse primers, 200 uM dNTP, 2 mM MgCl,, 1x PCR buffer,
and sterile water to make up 100 pl (Table 3.2). The reaction mixture was thoroughly
mixed. The thermal cycle was programmed according to the manufacturer’s
instructions (Table 3.3). The PCR product was electrophoresed on 1% agarose gel at
80 V for 60 min. The gel was stained with ethidium bromide and visualized under
ultraviolet (UV) light.
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Figure 3.2. Nucleotide alignment of the 696-bp BRCA1 gene fragment (nucleotide
4,897-5,592) covering exon 16-24.
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Table 3.2 PCR reaction components for the amplification of the 3’ terminal region of
the 696-bp BRCAL gene fragment.

Final
Component .
concentration

10x PCR buffer (contains 20 mM MgCly) 1x
dNTP (10 mM of each) 200 uM
10 uM forward primer 0.5 uM
(5’ATAAAATCGACAGGGATCCTTAGCAGG
GAGAAGCCAGAATTG 3)
10 uM reverse primer 0.5 uM

(5" ACTTTGTGTTCATTTTCTAGATCAGTAG

TGGCTGTGGGGGAT 3')
Tag DNA polymerase 1.5 units
DNA template 100 ng

Steriled double distilled water

Total 50 pl

Table 3.3 Thermal cycle conditions for the amplification of the 3’ terminal region of
the 696-bp BRCAL gene fragment.

Cycling condition  Temperature (°C) Time
Pre-denaturation 94 3 min
Denaturation 94 30 sec
Annealing 60 45 sec
Extension 72 45 sec
Number of cycles 30 cycles

Final extension 72 10 min
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3.4 Invitro ruthenation of plasmid pBIND DNA by RAPTA complexes
3.4.1 Conformational study of RAPTA-treated plasmid DNA

The pBIND plasmid (4 pg) was incubated with various molar ratios of
RAPTA complexes per DNA nucleotide (rb) at 37 °C for 24 h in the dark. The
ruthenium-treated DNA was precipitated by absolute ethanol and subsequently
centrifuged at 13,5009 at 4°C for 30 min. The supernatant was removed and the DNA
pellet was washed twice with 70% ethanol and centrifuged at 13,5009 at 4°C for 30
min. The DNA pellet was dried at room temperature and redissolved in 20 ul of
double distilled water. The samples were electrophoresed on 0.8% agarose gel at 80 V
for 60 min. The gel was stained with ethidium bromide and visualized under UV light.
The mean DNA supercoil unwinding angle (®) triggered by drug interactions was
calculated from the equation:

® =-18a/rb(c)

Where o is the superhelical density of the plasmid and ryp(C) is the drug
concentration at which the supercoiled and open circular forms co-migrate
(Ratanaphan et al., 2005).

3.5 Invitro ruthenation of the BRCA1 gene fragment by RAPTA complexes
3.5.1 Interstrand cross-linking assay

The 696-bp BRCAL gene fragment was used for DNA template and
incubated with various rb(s) at 37 °C for 24 h. The ruthenium-treated DNA was
precipitated by absolute ethanol and subsequently centrifuged at 13,5009 at 4°C for
30 min. The supernatant was removed and the DNA pellet was washed twice with
70% ethanol and centrifuged at 13,5009 at 4°C for 30 min. The DNA pellet was dried
at room temperature and redissolved in 20 ul of double distilled water. The amount of
Ru-DNA cross-links was analyzed on 1% agarose gel under denaturing condition
(Sambrook and Russell, 2001).

3.5.2 Restriction analysis of Ru-BRCA1 adducts

The 696-bp BRCA1 gene fragment was used for DNA template and
incubated with various rb(s) in 20 ul of reaction mixture at 37°C for 24 h in the dark.
The ruthenium-treated DNA was precipitated by absolute ethanol and subsequently
centrifuged at 13,5009 at 4°C for 30 min. The supernatant was removed and the DNA
pellet was washed twice with 70% ethanol and centrifuged at 13,5009 at 4°C for 30
min. The DNA pellet was dried at room temperature and redissolved in 20 pl of
double distilled water and further incubated at 37°C with 1 unit of EcoO109I
(recognition sequence: PuGvGNCCPy) and 1 unit of Pvull (recognition sequence:
CAGVYCTGQG) for 5 and 6 h, respectively. The restricted samples were electrophoresed
on 1% agarose gel. The gel was stained with ethidium bromide and visualized under
UV light.
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3.5.3 Sequence preference of RAPTA-BRCAL adducts

Localization of ruthenium-BRCA1 adducts was determined based on
premature termination of DNA synthesis on a ruthenium-modified BRCAL template,
as described previously (Ratanaphan et al., 2005). The 696-bp BRCA1 gene fragment
(4.25 ng) was incubated with 500 uM of RAPTAs at 37°C for 24 h in the dark. The
ruthenium-treated or control (non-ruthenated) DNA was precipitated by absolute
ethanol and subsequently centrifuged at 13,5009 at 4°C for 20 min. The supernatant
was removed and the DNA pellet was washed twice with 70% ethanol and
centrifuged at 13,5009 at 4°C for 30 min. The DNA pellet was dried at room
temperature and redissolved in 20 pl of double distilled water and the concentration of
DNA was spectrophotometrically determined at 260 nm.

The 20 ul of BigDye terminator was mixed with 200 ng of ruthenium-
treated DNA in a PCR tube containing 5 pmol of forward primer (5'-GGAATTCCAT
ATGAGCAGGGAGAAG-3) or reverse primer(5-ATTGGTTCTGCAGRCAGT
AGTGGCT-3'), 1 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 200 uM of each dNTP,
and 1 unit of Tag DNA polymerase. The reaction mixtures were subjected to
temperature cycling using a Perkin-Elmer Model 9600 cycle (Applied Biosystem,
USA). The thermal cycle condition was programmed as shown in Table 3.4. Eighty
microliter of 70% isopropanol was used to remove the unincorporated BigDye
terminator (Applied Biosystem, USA). The sample was centrifuged at 14,0009 at
room temperature for 20 min. The supernatant was removed and the DNA pellet was
washed twice with 70% ethanol and centrifuged at 14,0009 for 5 min. The sample was
dried in a heat block at 90°C for 1 min and redissolved in 6 ul of loading buffer
(deionized formamide (50 mM EDTA, pH 8.0)/ blue dextran 1:5) and was heated at
90°C for 2 min before incubation on ice. Aliquots of sample (1 ml) were loaded onto
a 6% polyacrylamide/8 M urea DNA-sequencing gel using an automated DNA
sequencer (ABI PRISM™ 377 DNA Sequencer, Applied Biosystem, USA). The
DNA synthesis on the template containing the ruthenium adducts produced DNA
fragments migrating on the sequencing gel as intense bands, which corresponded to
the termination sites of DNA synthesis.

Table 3.4 Thermal cycle conditions for DNA sequencing.

Cycling condition Temperature (°C) Time
Pre-denaturation 96 1 min
Denaturation 96 10 sec
Annealing 50 5 sec
Extension 60 4 min
Number of cycles 25 cycles
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3.6 Invitro inhibition of BRCAL amplification using a semi-quantitative
polymerase chain reaction (QPCR)

A QPCR was used to determine the polymerase inhibiting effect of
DNA ruthenation. RAPTA-C or carboRAPTA-C with various concentrations (0-1,000
uM) was incubated with the 696-bp BRCA1 gene fragment (4.25 ug) at 37°C for 24 h
in the dark. The ruthenium-treated DNA was precipitated by absolute ethanol and
subsequently centrifuged at 13,500g at 4°C for 20 min. The supernatant was removed
and the DNA pellet was washed twice with 70% ethanol and centrifuged at 13,500q at
4°C for 30 min. Then, the DNA pellet was dried at room temperature and redissolved
in 20 ul of double distilled water. The amount of DNA was spectrophotometrically
determined at 260 nm. The PCR mixture contained Ru-treated DNA (100 ng), each
forward and reverse primer (0.5 uM of each), dNTP (200 uM of each), MgCl, (2
mM), and Tag DNA polymerase (1.5 units) and steriled water to make up to 50 pl.
The thermal cycle was programmed according to the Table 3.3. The PCR products
were separated on 1% agarose gel electrophoresis at 80 V for 60 min. The gel was
stained with ethidium bromide and visualized under UV light.

The amplification of PCR products from agarose gel was measured by
a Bio-Rad Molecular Imager with ImageQuant Software (Molecular Dynamics). The
amount of amplification was represented by the units of absorbance of the amplified
products. Based on the assumption that the lesions distributed randomly as described
previously (Ratanaphan et al., 2005), the lesion frequency per strand was calculated
by the Poisson equation as follows:

S = - In(A4/A)

S =  The lesion frequency/strand

A =  The absorbance unit produced from a given amount of non-
damaged DNA template

Ay = The absorbance unit produced from a given amount of
damaged DNA template (damaged by a particular dose of
RAPTA complexes)

A¢/A =  The fraction of non-damaged template at a given dose

3.7  Cell viability study
3.7.1 Cell culture

Human breast adenocarcinoma cell line, MCF-7 and MDA-MB-231
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
USA) without phenol red. HCC1937 cells were grown in Roswell Park Memorial
Insititute 1640 medium (RPMI 1640) (Sigma-Aldrich, USA) without phenol red. All
media were supplemented with 1% penicillin-streptomycin and 10% fetal bovine
serum (FBS). All cell lines were cultured at a constant temperature of 37°C in a 5%
carbon dioxide (CO;) humidified atmosphere.
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3.7.2 Cell viability by a MTT assay (single complex treatment)

The growth inhibitory effect towards breast cancer cell lines (MCF-7,
MDA-MB-231 and HCC1937 cells) was evaluated by means of the tetrazolium salt
MTT assay [MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide].
About 5x10* cells were seeded into each well of a 96-well flat bottom cell culture
plate and grown at 37 °C in 5% CO,, for 48 h. The medium was removed and replaced
with 200 ul in the absence or presence of RAPTA complexes at various
concentrations of the complexes, and then incubated at 37 °C in 5% CO, for 48 h.
Each well was washed with 100 ul of phosphate buffered saline (PBS) and then 100
ul of 0.5 mg/ml of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) solution was added and incubated at 37 °C in 5% CO, for 4 h. The MTT
solution was gently removed and replaced with 200 ul of 100% dimethylsulfoxide
solution (DMSO) to solubilize the purple formazan crystals. The optical density of
each well was measured at wavelength of 570 nm using an automated microplate
reader. The cell viability was calculated by the following equation:

abosorbance of the Ru — treated cells

1 viability (%) =
cell viability (%) abosorbance of the control (Ru — untreated cells)

The percentage cell viability versus concentration was plotted. The
50% inhibitory concentration (ICsy) for a particular drug was defined as the
concentration producing 50% decrease in cell growth.

3.7.3 Cell viability by a MTT assay (combination treatment)

The effect of RAPTA-EAL and olaparib combination treatment on cell
proliferation was assessed in MCF-7, MDA-MB231 and HCC1937 cells using a MTT
assay as previously described in Topic 3.7.1 and 3.7.2. Synergism, antagonistic or
additive drug interactions were determined by combination index (CI) based on Chou-
Talalay’s Combination Index Theorem as follows (Chou and Talalay, 1984).

_ 0, 0
(Dx), (D)

(Dx); = dose of drug 1 to produce 50% cell kill alone
(D) = dose of drug 1 to produce 50% cell kill in combination of drug 2
(Dx), = dose of drug 2 to produce 50% cell kill alone
(D), = dose of drug 2 to produce 50% cell kill in combination of drug 1

CI

The above equation provides the theoretical basis for the combination
index (Cl)-isobologram equation that allows quantitative determination of drug
interactions, where CI is summarized in Table 3.5.
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Table 3.5 Description and symbols of synergism or antagonism in drug combination
studies analyzed with the combination index method (Chou and Talalay, 1984)

Range of Combination Index | Description graded Symbols
<0.1 Very strong synergism +++++
0.1-0.3 Strong synergism ++++
0.3-0.7 Synergism +++
0.7-0.85 Moderate synergism ++
0.85-0.90 Slight synergism +
0.90-1.10 Nearly additive +
1.10-1.20 Slight antagonism -
1.20-1.45 Moderate antagonism - -
1.45-3.3 Antagonism ---
3.3-10 Strong antagonism ----

> 10 Very strong antagonism | -----

3.7.4 Cell viability by a Real-Time Cellular Analyzer

The Real-Time Cellular Analyzer (RTCA) (XCELLigence System,
Roche Applied Science, Germany) was used for monitoring the growth Kkinetics of
MCF-7, MDA-MB-231and HCC1937 cells towards the RAPTAs treatments. Two
additional ruthenium(Il) complexes including Ru-bpy, {[Ru(Clazpy).bpyCl,.7H,O]}
and Ru-phen, {[Ru(Clazpy).phenCl,.8H,0]} were used for comparison purpose. The
RTCA system was performed according to the manufacturer’s instructions as
described previously (Nhukeaw et al., 2014). For each experiment, the medium (100
ul) was added into 96-well E-plates for recorded the background. A cell density at 5 x
10 cells/well of cell suspension (100 ul) was added to each well of the E-plate. The
attachment, spreading and proliferation of the cells was monitored every 15 min until
the cells entering their logarithmic growth phase (7 h for the MCF-7 cells and
HCC1937 cells, 18 h for the MDA-MB-231 cells). Then, the plate was removed from
the RTCA machine and the PBS was used for washing the cells to removing any cell
debris. An either fresh medium (control) or fresh medium containing the metal
complexes (at various concentrations) was added to each well. The proliferation of the
cells was further assessed every 15 min interval for 24 h. Then, medium containing
the metal complexes was removed after finished of incubation time, then the cells was
washed twice with PBS to removing any cell debris and all wells was added fresh
medium again. The degree of cellular recovery in the absence of the metal complexes
was further measured for 24 h. Each experiments were performed in triplicate.
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3.8  Plasmid construction and protein purification
3.8.1 Expression and purification of the BRCA1 RING protein for CD
analysis and gel shift assay

The BRCAL RING proteins, both wild-type and variants (D67E and
D67Y) containing the first 304 amino acid residues were prepared as described
previously (Atiparin et al., 2010). The D67E variant is the substitution of aspartic acid
with glutamic acid at position 67, while D67Y variant is the substitution of aspartic
acid with tyrosine at position 67. This variants is located in the second Zn?*-binding
loop (residues 58-68) (Brzovic et al., 2003). The PCR was used for amplified the
desired BRCAL gene fragment. Primers used were synthesized to incorporate the 5’
BamHI and 3’ Xhol endonuclease restriction sites on the PCR products. The digested
of BamHI and Xhol-treated PCR products was cloned into derivative of a plasmid
pET28a(+), then subsequently verified by DNA sequencing. E. coli BL21 (DE3) were
transformed with the recombinant plasmids for protein synthesis. Luria Broth medium
with 30 pg/ml kanamycin was used for growing the transformed E. coli BL21(DE3)
cells at 37°C. When the Agoo nm reached 0.5-0.6, the protein expression was induced by
isopropyl-1-thio-B-D-galactopyranoside (IPTG) (at final concentration of 0.5 mM),
then allowed cells growth for 5 h after induction and harvested by centrifugation.
Lysis buffer (50 mM Tris pH 7.6, 50 mM NaCl, 10 mM DTT, 1% Triton X-100, 0.5%
NP-40 and 1 mM PMSF) was used for cell lysis, then lysed by sonication (10 min
with 60% amplitude, 9 s pulse on, and 4 s pulse off). The inclusion bodies were
solubilized in guanidine HCI and then dialyzed against 0.1% acetic acid. Purified
proteins were identified on 12% SDS-PAGE.

3.8.2 Expression and purification of the BRCA1 RING protein for 1CP-
MS analysis, zinc ejection assay and in vitro ubiquitination assay

The BRCAL RING proteins, both wild-type and variants (D67E and
D67Y) containing the first 304 amino acid residues, the BARD1 protein (residues 26-
327), the ubiquitin (full-length), and E2 (UbcH5c) were prepared as described
previously (Atipirin et al., 2011b). The BRCA1 protein (residues 1-304) and the
BARDL1 protein (residues 26-327) (Addgene plasmid 12646) were produced as a GST
fusion by cloning the respective genes into the pGEX-4T1 (Amersham Biosciences).
The ubiquitin (full-length) (Addgene plasmid 12647) and E2 (UbcH5c) (Addgene
plasmid 12643) genes were inserted into a pET28a(+) derivative for expression of a
Hise-tagged protein. All recombinant plasmids were verified by DNA sequencing.
E. coli BL21 (DE3) were transformed with the each recombinant plasmids. When the
Asoo nm reached 0.5-0.6, the protein expression was induced by IPTG (0.5 mM) for 12
h at 25 °C. Lysis buffer (50 mM of Tris pH 7.6, 50 mM of NaCl, 10 mM of DTT, 1%
of Triton X-100, 0.5% of NP-40 and 1 mM of PMSF) was used for cell lysis, then
lysed by sonication (10 min with 60% amplitude, 9 s pulse on, and 4 s pulse off). A
glutathione-agarose column was used for purified the GST-tagged proteins. The
bound proteins were eluted with eluting buffer (50 mM of Tris (pH 7.4), 10 mM of -
mercaptoethanol, and 20 mM of reduced glutathione). A deionized water was used for
extensively dialyzed purified proteins. Nickel beads was used for purified the Hiss-
tagged proteins. The bound proteins were washed with a binding buffer [50 mM of
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Tris (pH 7.4), 50 mM of NaCl, and 10 mM of imidazole], then Hisg-tagged proteins
was eluted with the eluting buffer [50 mM of Tris (pH 7.4), 50 mM of NaCl, and 300
mM of imidazole]. The purified Hisg-Ub and Hiss-UbcH5c proteins were then

dialyzed against a dialysis buffer [50 mM of Tris (pH 7.0), 10 mM of B-
mercaptoethanol, and 10% of glycerol].
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Figure 3.4. Map of the plasmid pGEX4T1.
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3.9  Preparation of metal-BRCAL complexes

Cisplatin, RAPTA complexes, two gold(lll) compounds, namely
Auphen ([Au(1,10-phenanthroline)Cl,]Cl) and Auterpy ([Au(2,2":6,2"
terpyridine)CI]Cl,), and two ruthenium(ll) polypyridyl complexes, namely Ru-bpy
and Ru-phen were prepared as stock solutions in deionized water. The N-terminal
BRCA1 (1-304) proteins, both wild-type and mutant (D67E and D67Y), were
dissolved in deionized water. The holo-BRCAL was prepared by pre-incubated with
ZnCl; at the molar ratio of 1:3 (BRCAL: ZnCl,) at 4 °C for 8 h. The holo-BRCA1
proteins were treated with cisplatin, RAPTA complexes, gold(lll) complexes or
ruthenium(Il) polypyridyl complexes at various concentrations at 4 °C for 24 h. Any
unbound metal-complexes were removed by centrifugal devices. A Bradford assay,
using BSA as standard, was used for determined the amount of protein.

3.10 Interaction of BRCAL RING protein with RAPTA complexes
3.10.1 Gel shift assay

The metal treated-holo-BRCAL1 protein was prepared as described
above (Topic 3.9). The interaction of metal-BRCAL adducts was investigated by gel
shift assay. BRCAL protein (10 uM) was pre-incubated with ZnCl, (30 uM) at 4 °C
for 8 h. Holo-BRCAL1 was incubated with cisplatin, RAPTA-C, RAPTA-T or
RAPTA-EA1 at various molar ratios of protein: drug at 4 °C for 24 h, and
electrophoresed on 8% SDS/PAGE. The bands of protein were detected by silver
staining.

3.10.2 ICP-MS analysis

The metal treated-holo-BRCAL proteins, both wild-type and variants
(D67E and D67Y), were prepared as described in Topic 3.9. Ten uM of holo-BRCA1
proteins were incubated with 50 uM of cisplatin, RAPTA complexes or gold(ll)
complexes at 4 °C for 24 h. Any unbound metal complexes were removed by dialysis
in deionized water. The amount of protein was then determined by a Bradford assay,
using BSA as standard. Three microgram of metal-protein adducts were used for
determination of the amount of metals binding to proteins. The amount of metal-
BRCAL adducts was analyzed by inductively coupled plasma-mass spectrometer
(ICP-MS) (Agilent Technologies, USA) following the manufacturer's instructions.
Each experiment was measured in triplicated.

3.10.3 Conformational study and thermal stability of the BRCA1 RING
domain protein

To study the conformational change and thermal denaturation of the
metal-treated BRCAL, circular dichroism (CD) was used for determining the effect of
ruthenium binding on the conformation and stability of the BRCAL1 RING domain.
Cisplatin, two gold(Ill) compound (Auphen and Auterpy) and two ruthenium(ll)
polypyridyl (Ru-bpy and Ru-phen) were used for comparison. Protein samples, both
wild-type and variants (D67E and D67Y), (10 uM) were prepared as previously
described in Topic 3.8.2. Acquiring CD spectra, 200-260 nm, was used for monitored
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metal-dependent folding of the protein. Measurements of metal binding were carried
out at 25°C using a 0.1 cm quartz cuvette. The average of five separate spectra with a
step size of 0.1 nm, a 2 s response time and a 1 nm bandwidth was determined. The
CD spectra of each ruthenium concentrations was measured for corrected baseline.
The secondary structures of proteins were predicted by the CONTIN program
(Greenfield, 2006; Provencher and Glockner, 1981). the thermal denaturation of
metal-treated proteins were also performed in three separate scans in the range from
25°C to 95°C at 208 nm with a heat rate of 1°C/min. Thermal renaturation (25°C after
being heated at 95°C) was also observed. The binding constant was determined as
follows,

0, =0, (A1+(KC/n)+kP)/(2kP) — \/(((l+ (KC/n)+kP)/(2kP))* —C /(nP)))

The observed ellipticity change at any concentration of metal
The ellipticity change when all of the protein binds metal
The binding constant

The protein concentration.

The concentration of metal added

The number of binding sites

eobs
Omax

Kk

p
C
n

The free energy of binding was given by the following equation,
AG =-RTInk

The free energy.

The gas constant of 1.987 cal mol™
The temperature in Kelvin

The binding constant

~ - 0>

3.10.4 Zinc ejection assay

The metal treated-BRCAL proteins, both wild-type and variants (D67E
and D67Y), were prepared as described in Topic 3.9. Two gold(Ill) complexes,
Auphen and Auterpy, were used for comparison purpose. Purified BRCA1 proteins
(10 uM) were incubated with metal complexes at various molar ratio of protein: drug
in zinc ejection assay buffer [10% of glycerol, 50 mM of Tris-HCI buffer (pH 7.6)].
The reaction mixtures were incubated at 4 °C in the dark for 8, 16, or 24 h. The
ejection of zinc from the protein was monitored by the change in fluorescence of the
zinc-selective fluorophore TSQ (6-methoxy-8-p-toluenesulfonamido-quinoline) in the
assay buffer. The zinc ejection assay was initiated by the addition of 20 uM (final
concentration) of TSQ at room temperature. The TSQ fluorescence was immediately
monitored at each concentration or time dependent (excitation filter, 360 nm;
emission filter, 490 nm) by using a spectrofluorometer (FP 2600 Jasco Corporation).
A ZnCl; standard curve was created under the same conditions in the absence of the
BRCAL1 protein. To control for fluorescence changes in the assay not due to the effect
of metal complexes binding to TSQ, the results from above experiments were
subtracted with fluorescence intensity of each compound in the presence of TSQ.
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3.11 The effect of metal complexes on the in vitro BRCA1/BARD1-mediated
ubiquitination
3.11.1 In vitro ubiquitination assay

The metal treated-BRCAL proteins, both wild-type and variants (D67E
and D67Y), were prepared as described in Topic 3.9. Two ruthenium(Il) polypyridyl
complexes (Ru-bpy and Ru-phen) and two gold(l11) complexes (Auphen and Auterpy)
were used for comparison purpose. The ubiquitin ligase reactions were performed as
previously described (Atipairin et al., 2011a; Atipairin et al., 2011b). The reaction
mixture (20 ul) was prepared according to Table 3.6. The reactions were incubated at
37 °C for 3 h. An equal volume of SDS-loading dye was sued for terminated the
reaction. The samples were electrophoresed on 8% SDS-PAGE. The separated protein
was then transferred to the PVDF membrane. The membrane samples were incubated
with anti-Hiss HRP (Horseradish Peroxidase) conjugated (at a dilution of 1:2000)
(chemiluminescent method, QIAGEN). The blot was detected by chemiluminescence
(SuperSignal™, Pierce) on X-ray film. A densitometer (Bio-Rad GS-700 Imaging)
was used for quantified the relative E3 ligase activity of the BRCA1 adducts. The
experiment was performed in duplicate.

Table 3.6. Reaction components for the in vitro ubiquitination assay

Component Final .
concentration

10X E3 ligase buffer 1X
Ub 20 uM
El 300 nM
UbcH5c 5 UM
BRCAL1 or a Ru-BRCAL1 adduct 3 ug
BARD1 319

Total 20 pl
* E3 ligase buffer [50 mM Tris (pH 7.6), 0.5 mM DTT, 5 mM ATP, 2.5 mM MgCl, and 5 uM ZnCl,]
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CHAPTER 4

RESULTS

4.1 DNA binding study
4.1.1 In vitro ruthenation of the plasmid DNA by RAPTA complexes
4.1.1.1 Conformational study

The agarose gel electrophoresis method was used for determination of
the RAPTA-mediated conformational change of the plasmid DNA. The pBIND
plasmid was used as a model. The ruthenium-induced pBIND DNA exhibited two
forms, i.e., Form | (supercoiled DNA, S) and Form Il (open circular, O) (Fig. 4.1).
The results revealed that the mobility of the RAPTA-treated plasmid DNA was
reduced as the molar ratio of ruthenium/DNA nucleotide (r,) increased. This
observation indicated that the DNA duplex unwinding of a complex causes the
reducing of the number of supercoils in closed circular DNA, which in turn causes a
decrease of migration through agarose gel. Furthermore, both RAPTA-C (Fig. 4.1A)
and carboRAPTA-C (Fig. 4.1B) induce different degrees of DNA unwinding. The
unwinding angel was about 7° per bound of RAPTA-C (calculated from the ry, at
0.019). In contrast, the unwinding angle of carboRAPTA-C was about 3° (calculated
from the r, at 0.052).

A kb

23.1
9.4

6.5
43

B «b
23.1

94

6.5

43

Figure 4.1. Effects of the RAPTA complexes on the conformation of the pBIND
plasmid DNA. The top bands relate to the form of open circular DNA (O) and the
bottom bands to supercoiled DNA (S). The DNA samples were incubated with
complexes at the r, of 0, 0.0026, 0.0065, 0.013, 0.016, 0.019 and 0.026 (lanes 1-7,
respectively) for RAPTA-C (A), and that of 0, 0.0065, 0.013, 0.026, 0.039, 0.052,
0.065, 0.13 and 0.19 (lanes 1-9, respectively) for carboRAPTA-C (B). M stands for
A-Hindlll digested marker.
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4.1.2 Interstrand crosslinks assay

In this study, the effect of the RAPTA complexes on DNA interstrand
crosslink was probed by alkaline gel electrophoresis method. Under alkaline condition
double-strand DNAs is disrupted to a single strand. Both separated single-stranded
DNAs, migrate faster (lower band) in the gel. The intensity of the interstrand
crosslink increases as the ry, values increase in both complexes. The results showed
that the intensity of the interstrand crosslink increases as the r, values increase in the
ruthenium complexes (Fig. 4.2). The interstrand crosslinks of RAPTA-C treated-DNA
was observed at the r, of 0.0016 and was completed at the r, = 0.032 (Fig. 4.2A).
While carboRAPTA-C, the interstrand crosslink also occurred at the r, of 0.0016 and
increases as the ry values increases, but more slowly compared to RAPTA-C (Fig.
4.2B).

Figure 4.2. Interstrand cross-links formation induced by RAPTA complexes in the
696-bp BRCAL gene fragment. The top bands showed the migrating of interstrand
cross-linked DNA (ICL) and the sigle-stranded DNA (SS) appears as the bottom
bands. The DNA sample was incubated with RAPTA complexes at the r, of 0
(control), 0.0016, 0.0033, 0.0066, 0.013, 0.020, 0.026, 0.032, 0.045 and 0.053 for
RAPTA-C (lanes 1-10, respectively) (A), and at the r, of 0 (control), 0.0016, 0.0033,
0.0066, 0.013, 0.033, 0.053, 0.066, 0.08 and 0.1 for carboRAPTA-C (lanes 1-10,
respectively) (B).

4.1.3 RAPTA-BRCAL adducts interfere restriction digestion

The ruthenation sites on the specified BRCAL gene fragment can be
inferred from restriction analysis using enzyme whose recognition sequence exist on
the tested gene. Digested fragment of the BRCAL gene by EcoO1091 (PuG/GNCCPYy)
generated two digested fragments (283-bp and 413-bp) and by Pvull (CAG/CTG)
generated two digested fragments (237-bp and 459-bp) (Fig. 4.3). Production of
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digested fragment from RAPTA-C-treated DNA and carboRAPTA-C-treated DNA in
the presence of both enzymes were similar level of inhibition. These suggested that
the ruthenation by RAPTA complexes does not show specificity between the two
sites. In addition, the activity of these both restriction enzymes was affected about 2
fold less by carboRAPTA-C treatment compared to treatment with RAPTA-C. It
suggested that either ruthenation by RAPTA-C occurs more rapidly than that of
carboRAPTA-C or the former complex is more stable than the latter.

Pvidl Ecoo1f91

A

Kb

1.5

1.0
0.7
0.5
0.3

0.2

Pyull Eco01091

Figure 4.3. Restriction digestion for ruthenation site of the 696-bp BRCAL gene
fragment induced by the RAPTA complexes. The 696-bp BRCA1 gene fragment was
incubated with the following various r, values at 37°C for 24 h in the dark. The
RAPTA-treated DNA was precipitated, washed, redissolved in doubly distilled H,0O,
and incubated with 1 unit of either Pvull or EcoO109I at 37 °C for 5 and 6 h,
respectively. A) Lane 1-6 (r, = 0, 0.013, 0.026, 0.052, 0.08, 0.093) for RAPTA-C. B)
Lane 1-6 (r, = 0, 0.013, 0.026, 0.052, 0.1, 0.13) for carboRAPTA-C. M is a 100-bp
DNA ladder and C is the control untreated DNA.

4.1.4 Preferential ruthenation site on the BRCAL gene fragment

The nucleotide sequence of the BRCA1 gene fragment damaged by
RAPTAs was determined (Fig. 4.4). Sequence analysis showed that the chain
termination occurred most frequently at A, C and G (and not T). The dGpC site (star
in Fig. 4.4) was a possible interstrand crosslinking between ruthenium atom and
base/sequence of the BRCAL gene fragment. Both RAPTA-C- and carboRAPTA-C-
BRCA1 adducts were found at the cleavage site of Pvull, but not the cleavage site of
Eco0O109I, implying that the Ru-BRCA1 adducts and nearby Ru-BRCA1 adducts
interfered the accessibility or function of these endonucleases.
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Figure 4.4. The nucleotide sequence of cDNA of the BRCA1 gene fragment (exon 16-
24) damaged by RAPTAs. The start site and the direction of DNA synthesis was
indicated by arrow. The possible monofunctianl crosslinks were represented by bars.
TGGGCC is a recognition sequence of EcoO0191 and CAGCTG is a recognition

sequence of Pvull.
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4.1.5 Damage of BRCA1 gene by RAPTAS

The semi-quantitative polymerase chain reaction (semi-QPCR) was
used to monitor the degree of DNA damage after induced by RAPTAs. The PCR was
performed at the experimental conditions giving the exponential amplification that
any DNA adducts within the specified DNA fragment will decrease a total amount of
each amplified PCR product. The results revealed that the amount of amplified DNA
was reduced in the presence of RAPTAs that compared to the DNA control as a
concentration dependent manner (Fig. 4.5). RAPTA-C exhibited completely
preventing DNA amplification at a concentration of 600 uM, while the amplification
of carboRAPTA-C-treated BRCAl gene fragments was still observed at
concentrations exceeding 1000 M. It is consistent with the restriction analysis
indicating a ca. 2-fold ruthenation by RAPTA-C compared to carboRAPTA-C. As
seen in Figure 4.6, RAPTA-C (600 uM) completely diminished the amount of DNA
amplification, while carboRAPTA-C reduced by half at approximately 600 pM.

A random (Poisson) distribution of damage was used for semi-
quantified of lesion induction with the 696-bp BRCA1 gene fragment (Ratanaphan et
al., 2005). The results demonstrated that the amount of lesions are 4 lesion/BRCA1
gene fragment for RAPTA-C, while 1 lesion/BRCA1 gene fragment for carboRAPTA-
C, suggesting an approximately 3 to 4 fold higher rate of ruthenation by RAPTA-C
compared to carboRAPTA-C under equivalent experimental conditions (Fig. 4.7).
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Figure 4.5. DNA amplification of the 696-bp BRCAL gene fragment induced by
RAPTA-C (A) or carboRAPTA-C (B). The 696-bp BRCA1 gene fragment was
incubated with various concentrations of the RAPTA complexs: 0, 100, 200, 400,
600, 800, and 1000 uM (lanes 1-7, respectively, and M is 100-bp ladder) at 37 °C for
24 h in the dark. The RAPTA-treated 696-bp BRCA1 gene fragment was then
amplified by PCR. PCR products were electrophoresed on 1.5% agarose gel, stained
with ethidium bromide and visualized under UV illumination.
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Figure 4.6. Amplification products obtained from Figure 4.5 were measured by a
Bio-Rad Molecular Imager. An amount DNA amplification (%) was plotted as a
function of concentration.
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Figure 4.7. Concentration dependence of ruthenation of the 696-bp BRCAL gene
fragment by RAPTAs. Absorbance units from the amplification products were applied
to the Poisson equation. The number of lesions (Ru atoms) per the 696-bp BRCA1
fragment was plotted as a function of the concentration of the RAPTAS.

4.2 Protein binding and functional consequence of RAPTA-induced wild type
BRCA1 RING domain protein

4.2.1 Formation of Ru-wild type BRCAL crosslinking

Adducts formation between RAPTAs and the BRCAL protein were
initially investigated by gel shift assays. The results showed that the RAPTA
complexes induce intermolecular crosslinks as a concentration-dependent manner,
resulting in dimers or larger aggregates (Fig. 4.8). The binding affinity of ruthenium
to protein was further investigated using ICP-MS. Cisplatin and two highly active
gold(I11) compounds (Auphen and Auterpy) were used for comparison. RAPTA-EAL
exhibited a similar binding affinity to the wild type BRCAL1 RING domain, which was
ca. 5-fold higher than RAPTAC and RAPTA-T, and more thousand-fold than both
gold(111) complexes, however similar to cisplatin. (Fig. 4.9).
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Figure 4.8. Intermolecular cross-linking of the metal-BRCAL adducts. Ten uM of the
BRCAL1 protein was pre-incubated with 30 pM of ZnCl; at 4 °C for 8 h. the holo-
BRCA1 was incubated with cisplatin or RAPTA complexes at various molar ratios
(protein: drug) of 1:0, 1:1, 1:2, 1:4, and 1:6, at 4 °C for 24 h, and electrophoresed on
8 % SDS/PAGE. The bands of protein were detected by silver staining. The
electrophoretic mobility of standard protein markers was indicated (kDa) on the left-
handed side.
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Figure 4.9. The binding affinity of metal complexes to the BRCA1 proteins evaluated by
ICP-MS analysis. Each experiment was performed in triplicate.

4.2.2 The effect of RAPTA complexes on secondary structure of wild-
type BRCAL RING domain protein

Circular dichroism (CD) was used to verify whether the metal
complexes alter the conformation of the N-terminal BRCA1 RING domain proteins.
Cisplatin, two gold(Ill) compound (Auphen and Auterpy) and two ruthenium(ll)
polypyridyl {Ru-bpy; ([Ru(Clazpy),bpy]Cl,.7H,0O and Ru-phen;
[Ru(Clazpy),phen]Cl,.8H,0)} were used for comparison. CD Spectra of apo- and
holo-form of BRCA1 RING domain proteins (without and with Zn®* bound,
respectively) changed upon metal binding in a concentration dependent manner (Fig.
4.10, Fig, 4.11). However, cisplatin-, RAPTA-C-, and RAPTA-T- induced the apo-
form of BRCA1 RING domain showed more increase in their amplitudes than those-
induced holo-form of BRCA1 RING domain (Fig. 4.10, Fig, 4.11). This indicated that
a potential pre-formation of the BRCAL1 structure in the absence of Zn** (apo-form of
BRCAL1), and the BRCAL RING increased additionally folded structure in the holo-
form of BRCAL after Zn?* binding. Surprisingly, RAPTA-EA1l-induced BRCAL1
RING protein, both apo- and holo-form, showed a similar profile in shape and their
amplitudes (Fig. 4.10, Fig, 4.11). This indicated that RAPT-EA1 has high proficiency
in binding to the BRCAL structure in the absence and presence of Zn**ions. Changes
in the secondary structure of the apo- and holo-form of the proteins were predicted
based on the CONTIN program (Fig. 4.12, Fig. 4.13). All of these complexes
increased a-helical content and decreased p-sheets in the apo- and holo-form of
BRCAL RING proteins. This indicated that both forms of the BRCAL proteins was
altered the secondary structure of BRCA1 proteins by the binding of metal
complexes. The extent of increase in a-helical structure was almost the same for all
the complexes. The binding constant (k) and the free energy of binding (AG) of the
metal complexes-induced apo- and holo-form of BRCAL (1:5; protein to metal) were
summarized in Table 4.1. The metal-induced apo-form of BRCA1 had a higher
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binding constant and gave lower the free energy. In contrast, cisplatin, RAPTA-C, or
RAPTA-T-induced holo-form of BRCAL had a lower binding constant and gave a
higher the free energy (summarized in table 4.1). Surprisingly, RAPTA-EAL1-induced
holo-form showed strongly change in CD profiles, and gave a higher binding constant
and a lower free energy at the same level to the apo-form of BRCAL.

Furthermore, two ruthenium(ll) polypyridyl complexes, Ru-bpy and
Ru-phen, and two gold(lll) complexes, Auphen and Auterpy, were used for
comparison. The results showed that the CD spectra of the holo-form of BRCA1
RING domain proteins change upon metal binding in a concentration dependent
manner (Fig. 4.11), characterized by a large increase in negative ellipticity at 208 and
220 nm that showed a similarly profile and effected overall of protein structure in
similar way of RAPTA complexes (Fig. 4.12, Fig. 4.13). Furthermore, the binding
constant (K) and free energy (AG) of the ruthenium(Il) polypyridyl- and gold(ll)-
BRCA1 complexes (1:100; metal to protein) were predicted, and summarized in Table
4.1. Surprisingly, Ru-bpy - Ru-phen-, Auphen- and Auterpy-treated holo-form of
BRCAL proteins showed strongly change in CD profiles (Fig. 4.11), and gave the
binding constant and the free energy at the same level to both RAPTA-EA1-treated
apo- and holo-form of BRCAL proteins. In contrast, cisplatin, RAPTA-C and
RAPTA-T showed strongly change in CD profiles, and had a higher the binding
constant and lower the free energy, only apo form, not holo form, of BRCAL proteins.
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Figure 4.10. The CD spectra of the metal-induced secondary structure change of the
apo-form of BRCA1 RING domain (residuces 1-304).
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Table 4.1. Thermodynamic parameters predicted by the CONTIN program on the
binding of metal complexes with the apo- or holo-form of BRCAL1 RING domain (1-
304).

complexes Apo-form Holo-form

Binding constant Free energy Binding constant | Free energy

(K)ym* (AG) calmol* | (K) M™ (AG) cal mol™
cisplatin 3.00 £0.33 x 10° -650.84 4.85+0.23 x 10* 1792.64
RAPTA-C 2.82 +0.51 x 10° -613.39 2.03+0.02 x 10° 945.44
RAPTA-T 2.93 +0.28 x 10° -637.00 5.13+0.07 x 10° 395.55
RAPTA-EAlL 2.73+0.61 x 10° -596.00 2.72+0.65 x 10° -594.32
Ru-phen 6.53 + 0.09 x10° —252.95
Ru-bpy 3.18+£0.05x 10° | 679.22
Auphen 2.99 + 0.014 x10° | -650.83
Auterpy 2.99 + 0.563 x10° | -649.79

4.2.3 Thermal stability of the ruthenated-wild type BRCAL

The thermal stability of the BRCA1 RING proteins induced by
the metal complexes was also determined by CD. The BRCAL protein in the
presence of Zn?' ions was incubated with metal complexes, and CD spectra
revealed the similar changes with an increase in the ellipticity when the
temperature was increased from 25 °C to 95 °C (Fig. 4.14). This suggested that
the folded proteins showed slowly loss of their ordered structures upon thermal
denaturation. In addition, the thermal denaturation curves were plotted for
comparison of metal-induced proteins stabilities, and the melting temperatures
(Tm) were collected (Fig. 4.15). The RAPTA complexes stabilize the wild type
of BRCAL protein structure with an associated increase in Tm. The Tm of the
BRCA1l RING domains are >95 °C, >95 °C, 83.1 °C, and 85.2 °C after
treatment with cisplatin, RAPTA-EALl, RAPTA-C and RAPTA-T, respectively
(Fig 4.15). It is likely that the metal-bound proteins are more thermostable by
about 4 °C and 7 °C for RAPTA-T and RAPTA-C and > 19 °C for cisplatin and
RAPTA-EAL, respectively.
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Figure 4.14. Thermal transition of metal-BRCAL (1-304) adducts in the presence of
ZnCl,. Samples were incubated with no complexes (A), cisplatin (B), RAPTA-C (C),
RAPTA-T (D), and RAPTA-EA1 (E) in the dark at ambient temperature for 16 h.
The measurements were performed from 25 °C to 95 °C. The measurement at 25 °C
was also performed after heating at 95 °C. The CD spectra were plotted between

mean residues ellipticity and wavelength.
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Figure 4.15. Thermal denaturation curves of the metal complexes-BRCA1 adduct.
The denaturation curves of the metal complexes-BRCAL1 adducts were plotted against
A[O]208 nm /AT.

4.2.4 RAPTAs dismissed the zinc ions from the zinc binding sites of
BRCAL RING domain protein

The previous data showed that the RAPTA complexes interacted
and interfered the conformation of BRCA1 protein. The zinc ejection assay was
subsequently used to verify whether the complexes disrupt the conformation of the
BRCA1 RING domain protein sufficiently to dislodge the zinc ion from its binding
sites (Fig. 4.16, Fig. 4.17). The results showed that the binding of RAPTAs and
cisplatin to BRCAL proteins released the Zn** ion in a dose-dependent manner (Fig.
4.16). In addition, the rate of zinc ion ejection by RAPTA-EAL is markedly higher
than that induced by the other compounds (Fig. 4.17). Furthermore, two gold(l11)
complexes, Auphen and Auterpy, were used for comparison. The binding of
both gold(I11) complexes to the BRCA1 protein released the Zn?* ion in a dose-
dependent manner (Fig. 4.18). Interestingly, zinc ejection by both gold(l11)
complexes and RAPTA-EA1 were similarly and slightly greater than that
estimated for the RAPTA-C and RAPTA-T. These results suggested that metal,
such as Ru, Au and Pt, could affect the conformation of this protein and
interfered with the zinc binding sites, leading to a release of Zn** ion from the
binding sites.
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Figure 4.16. Concentration-dependent zinc ejection assay on BRCA1 RING domain.
The holo-form of BRCAL proteins were induced by the metal complexes. Reactions
were performed in zinc ejection buffer (10% glycerol, 50 mM Tris-HCI buffer, pH
7.6). Three microgram of holo-proteins was incubated with the metal complexes at
various concentrations. The change in fluorescence of the zinc-selective fluorophore
TSQ (6-methoxy-8-p-toluenesulfonamido-quinoline) was used for monitoring the
ejection of zinc from the protein, at each concentration or time interval (excitation
filter, 360 nm; emission filter, 490 nm).
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Figure 4.17. Time-dependent zinc ejection assay on the holo-form of BRCAL RING
domain protein induced by the metal complexes. Each experiment was performed in
triplicate.
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Figure 4.18. Concentration-dependent zinc ejection assay on the holo-form of
BRCA1 RING domain induced by the gold(lll) complexes. Each experiment was
performed in triplicate.

4.2.5 Inactivation of the wild-type BRCAL E3 ligase activity by RAPTAs

The results from secondary structure, thermostability, binding affinity,
gel shift assay, and zinc ejection assay showed that the RAPTA complexes greatly
disturbed the physical properties of wild-type BRCA1 protein. The effect of RAPTAS
on E3 ubiquitin ligase activity of the BRCA1 protein was further investigated. The
BRCA1/BARD1 complexes promoted the formation of high molecular weight
polyubiquitin species in the presence of ATP (Fig. 4.19). The E3 ubiquitin ligase
activity of the ruthenium-treated BRCA1/BARD1 protein decreased in a dose-
dependent manner of the complexes in all cases (Fig. 4.20), implying that all the
RAPTA complexes are promising agents that can inhibit the E3 ligase activity.
However, RAPT-EA1 exhibited a 6-fold and 2-fold higher ability to inhibit E3 ligase
activity than RAPTA-C and RAPTA-T, respectively. The ICs, value for inactivation
of an E3 ubiquitin ligase activity by RAPTA-EAL is markedly lower than that for
RAPTA-C, RAPTA-T and cisplatin (Table 4.2, Fig. 4.21). In addition, the E3 ligase
activity of both ruthenium(ll) polypyridyl complexes was reduced by half at
concentrations at the same levels of the RAPTA complexes (50 uM for Ru-phen, and
70 uM for Ru-bpy, respectively). However, the E3 ligase activity was reduced in a
nanomolar levels that by half at concentrations of 63 nM and 8 nM for Auphen and
Auterpy, respectively (Fig. 4.20, Fig. 4.21, Table 4.2).
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Figure 4.19. In vitro E3 ubiquitin ligase activity. Complete E3 ubiquitin ligase
reaction mixtures, containing Ub (20 uM), E1 (300 nM), UbcH5c (5 uM), BRCA1
(residues1-304) (3 ug), and BARDL (residues 26-327) (3 ug), were incubated at 37°C
for 3 h. the control reactions (without ATP or incompleted E3 ubiquitin ligase
reaction) were carried out under the same conditions. Samples were then separated on
8% SDS-PAGE and subjected to Western blotting with anti-6-His -HRP conjugated
antibody. A filled diamond indicated an apparent ubiquitinated product.
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Figure 4.20. In vitro E3 ubiquitin ligase activity of the metal-treated BRCAL protein.
The wild-type BRCA1 RING protein (3 pg) was incubated with a number of metal
complexes at various concentrations between 0-60 uM (RAPTA-EA1), 0-1200 uM
(RAPTA-C and RAPTA-T), 0-100 uM (Ru-bpy and Ru-phen), 0-100 nM (Auphen
and Auterpy), and assayed for the E3 ubiquitin ligase activity.

Table 4.2. Half inhibition of BRCA1/BARD1 E3 ligase activity inactivated by metal
complexes.

Complexes 1Cs
RAPTA-EA1 55 uM
RAPTA-C 167 uM
RAPTA-T 95 uM
Ru-bpy 70 uM
Ru-phen 50 uM
Au-phen 63 nM
Au-terpy 8 nM
Cisplatin* 60 uM *

* A. Atipairin, A. Ratanaphan, Breast Cancer: Basic and Clinical Research, 2011, 5, 201-208.
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Figure 4.21. In vitro E3 ubiquitin ligase activity of the metal-treated BRCA1 protein.
The apparent ubiquitinated products shown in Fig. 4.20 were quantified by
densitometer (Bio-Rad GS-700 Imaging). The relative (%) E3 ligase activity of the
ruthenated-BRCA1 was plotted as a function of the concentration of metal
complexes. Each experiment was performed in duplicate.

4.3 Protein binding and functional consequence of RAPTA-induced mutant
BRCA1 RING domain protein

4.3.1 Formation of Ru-mutant BRCAL crosslinking

The binding affinity of the RAPTA complexes to the mutant proteins,
D67E and D67Y, was further investigated using ICP-MS. Cisplatin was used for
comparison. The ruthenated-D67E BRCAL exhibited a similar binding profiling as to
the ruthenated-D67Y BRCAL. RAPTA-EAL exhibited a 5-fold higher binding affinity
to both mutant BRCA1 protein than RAPTAC and RAPTA-T (Fig. 4.22).
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Figure 4.22. The binding affinity of the metal complexes to the mutant BRCA1
proteins, D67E and D67Y, were evaluated by ICP-MS analysis. Each experiment was
performed in triplicate.

4.3.2 The effect of the RAPTA complexes on secondary structure of
mutant BRCAL proteins

CD spectra of the holo-form of both mutant BRCAL1 showed some
different profiles in shape and amplitudes after exposure to RAPTA-EA1 (Fig. 4.23).
After increasing the concentrations of metal complexes, the D67Y protein was
continued and underwent more folded structural reorganization, whereas, the D67E
protein was slightly change in secondary structure, implying that the RAPTA
complexes perturbs the secondary structure of the D67Y protein more than the D67E
protein.

All of tested RAPTAs showed an increase in a-helical content and
decrease in S-sheets content in the holo-form of both mutant BRCAL, indicative of the
binding of metal complexes to both BRCAL proteins alters the secondary structure of
these BRCAL proteins (Fig. 4.24). The binding constant (k) and the free energy of
binding (AG) of the metal-induced holo-form of the mutant BRCA1 (1:5; protein to
metal) were summarized in Table 4.3 and Figure 4.25. RAPTA-EA1-induced holo-
form of D67Y had a higher binding constant and gave lower the free energy. In
contrast, all metal complexes-induced holo-form of D67E had a lower binding
constant and gave a higher the free energy, compared with D67Y.
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Table 4.3. Thermodynamic parameters predicted by the CONTIN program on the
binding of metal complexes with the holo-form of the mutant BRCAL RING domain

(1-304).
complexes D67E D67Y
Binding constant Free energy Binding constant | Free energy
(K)y M (AG) cal mol™ | (K) M™ (AG) cal mol™
Cisplatin 6.11+0.44 x 10° 291.46 2.46+0.46 x 10° | 831.12
RAPTA-EA1 | 5.85+0.68 x 10° 317.71 2.99+0.015 x 10° | -650.81
RAPTA-C 2.99+0.04 x 10° 714.81 3.69+0.02 x 10° 589.68
RAPTA-T 2.89+0.03 x 10° 735.57 3.73+0.07 x 10° 582.65
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Figure 4.23. CD spectra of metal-induced secondary structure change of the holo-
form of the mutant BRCAL (residuces 1-304). (A) D67E BRCAL, (B) D67Y BRCAL.
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4.3.3 Thermal stability of the ruthenated-mutant BRCA1

From the previous experiment, RAPTAs stabilize the wild-type
protein structure with an associated increase in melting temperatures (Tm) (Fig.
4.15). In contrast, the Tm of both the D67Y and D67E proteins decreased as a
result of RAPTAs binding to cisplatin, RAPTA-EALl, RAPTA-C and RAPTA-
T with the Tm of 65 °C, 60 °C, 65 °C, and 63 °C for the D67E BRCA1, and
that of 65 °C, 65 °C, 65 °C, and 65 °C for the D67Y BRCAL, respectively (Fig
4.26).
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Figure 4.26. Thermal denaturation curves of the RAPTA-treated mutant BRCAL
protein. The denaturation curves of the ruthenated-mutant BRCAL were plotted in
term of A[O]z0s nm /AT.

4.3.4 RAPTAs dismissed the zinc ions from the zinc binding sites of
mutant BRCAL proteins

To confirm whether the RAPTA complexes disrupt the conformation
of the mutant BRCA1 RING domain protein sufficiently to dislodge the zinc ion from
binding site, the zinc ejection assay was used. As seen in Fig. 4.27, it revealed that the
binding of RAPTAs and cisplatin to both mutant BRCAL proteins released the Zn*
ion in a dose-dependent manner. Furthermore, the rate of zinc ejection by RAPTA-
EAL was markedly greater than that estimated for the other compounds (Fig. 4.28).
These results agree very well with a previous experiment that the tested metal
complexes interacted with the wild-type BRCA1 RING protein, resulting in a release
of Zn®* ions from the zinc binding site of the BRCA1 RING domain protein.
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Figure 4.27. Concentration-dependent zinc ejection assay on mutant BRCAL RING
domain protein. Both mutant, D67E and D67Y, BRCAL proteins were induced by the
metal complexes. Reactions were performed in zinc ejection buffer (10% glycerol, 50
mM Tris-HCI buffer, pH 7.6). Three microgram of holo-proteins was incubated with
the metal complexes at various concentrations. The change in fluorescence of the
zinc-selective fluorophore TSQ (6-methoxy-8-p-toluenesulfonamido-quinoline) was
used for monitoring the ejection of zinc from the protein, at each concentration or
time interval (excitation filter, 360 nm; emission filter, 490 nm).
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Figure 4.28. Time-dependent zinc ejection assay on the mutant BRCAL1 RING
domain proteins. Both mutant proteins (D67E and D67Y) were incubated with the
metal complexes at time intervals prior to fluorescence measurement as previously
described in Fig. 4.27. Each experiment was performed in triplicate.

4.3.5 Inactivation of the mutant BRCA1 E3 ligase activity by RAPTAS

The D67E and D67Y BRCAL proteins were treated with various
concentrations of RAPTAs at 4 °C for 24 h prior to assaying the E3 ligase activity.
The results revealed that the E3 ligase activity decreased in a dose-dependent manner
in both mutant proteins (Fig. 4.29). Surprisingly, the D67E and D67Y proteins
showed hypersensitivity to RAPTAS, especially the D67Y protein (Fig. 4.29, Table
4.4). RAPT-EA1 exhibited a 10-fold and 25-fold higher ability to inhibit the D67E-
and D67Y-mediated E3 ligase activities, respectively, than the wild-type BRCA1-
mediated E3 ligase activity. The ICs values for inactivation of E3 ubiquitin ligase
activity by RAPTA-EA1 were markedly lower than those for RAPTA-C, RAPTA-T
and cisplatin (Fig. 4.30, Table 4.4).



103

RAPTA-EA1 (uM)

DG7E
& % () < C°‘\6°\
RAPTA-EA1 (uM) ¢ RN 4 )‘5 0@\* 1 10 20 40 60

- _

RAPTA-C (mM) 0 -ATP 0.1 02 04 08 1.2 - - - - -
RAPTA-T (mM) 0 -ATP - - - - - 0.1 0.2 0.4 0.8 1.2

~  Wmee mell
RAPTA-C (mM) 0 -ATPo.1 0.2 04 08 1.2 - - - - -
RAPTA-T (mM) 0 -ATP - - - - - 01 02 04 081.2

Figure 4.29. In vitro E3 ubiquitin ligase activity of the ruthenated mutant BRCA1,
D67E and D67Y. Three pg of the mutant BRCA1 RING domain protein was
incubated with the RAPTA complexes at various concentrations, and then assayed
for the E3 ubiquitin ligase activity.
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Figure 4.30. In vitro E3 ubiquitin ligase activity of the metal-treated BRCAL protein.
The apparent ubiquitinated products shown in Fig. 4.29 were quantified by
densitometer (Bio-Rad GS-700 Imaging). The relative E3 ligase activity of the
ruthenated BRCAL1 (%) was plotted as a function of the concentration of metal
complexes. Each experiment was performed in duplicate.

Table 4.4. Half inhibition of BRCA1/BARD1 E3 ligase activity was inactivated by

RAPTA complexes.

WT (UM) | DB7E(UM) | D67Y(uM)
RAPTA-EA1L 55 6 3
RAPTA-C 168 148 126
RAPTA-T 95 79 74
Cisplatin* 60* 60* 32*

* A. Atipairin, A. Ratanaphan, Breast Cancer: Basic and Clinical Research, 2011, 5, 201-208.



4.4 Cellular response to RAPTAs in human breast cancer cell lines

4.4.1 Antiproliferative effects of RAPTAS

105

To evaluate the effect of the RAPTA complexes on cell viability of

MCF-7, HCC1937 and MDA-MB-231 cells, a MTT assay was performed. Cisplatin
was used as a positive control. Treatment of RAPTAs to MCF-7, HCC1937 and
MDA-MB-231 cells showed a dose-dependent inhibition of cell growth, a decrease in
cell viability with increasing concentrations of the complexes (Fig. 4.31). The ICs
values at 48 h post-treatment with metal complexes for tested cells were reported in
Table 4.5 in comparison with the standard cisplatin. Surprisingly, RAPTA-EA1

appeared more active against the tested cells than cisplatin, RAPTA-C or RAPTA-T.

Table 4.5. Comparison of 50% inhibition of cancer cell growth by metal complexes

using a MTT assay (48 h after treatment) and a RTCA system (24 h after treatment).

Complex MCF-7 MDA-MB-231 HCC1937
MTT RTCA | MTT RTCA MTT RTCA
(LM) (LM) (LM) (LM) (LM) (LM)
Cisplatin 42+8 54+1 128+7 >150 23+3 22+1
RAPTA-EAL | 2015 19+1 1442 15+0.5 1245 1620.3
RAPTA-C >1,000 >1,000 | >1,000 >1,000 >1,000 >1,000
RAPTA-T >1,000 >1,000 | >1,000 >1,000 >1,000 >1,000
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Real time monitoring the dynamics evaluation of human breast cancer
(MCF-7, HCC1937 and MDA-MB-231 cells) proliferation on the 96-wells E-plates
was monitored by RTCA system at every 15 min interval from the time of plating
until the cells entered the logarithmic growth phase. The results showed that at 5x10*
cell/well of MCF-7 and HCC1937 cells rapidly entered the logarithmic growth phase
within 9 h after seeding cells into the plate, whereas MDA-MB-231 cells slowly
entered this phase at this time interval (Fig. 4.32). After treatment, the CI values were
read at 15 min intervals for 24 h. For the MCF-7 cells, it was observed that there was
a rapid decrease in the CI value that occurred as early as a few hours after treatment
with 40, and 20 uM of RAPTA-EAL1 and 80, and 60 uM of cisplatin, but a slow
decrease in Cl value after treatment with all concentrations of RAPTA-C and
RAPTA-T (Fig. 4.33), suggesting that MCF-7 cells were more sensitive to RAPTA-
EAL > cisplatin > RAPTA-C and RAPTA-T. For the HCC1937 cells, it was observed
that a rapid decrease in Cl value occurred as early as a few hours after treatment with
80, and 60 uM of cisplatin and 40, and 20 uM of RAPTA-EA1 and a rapid decrease
in Cl value occurred at 5 h after treatment with high concentration of RAPTA-C and
RAPTA-T (Fig. 4.33). However, the CI value of HCC1937 was more rapidly
decreared than that of MCF-7 cells, sugesting all complexes appears to be more active
against the HCC1937 cells than MCF-7 cells. Additionally, RAPTA-EAl-treated
MDA-MB-231 cells rapidly decreased in Cl value as early as an hour after treatment
with 40 pM and rapidly decreased in Cl value at 7 h after treatment with all
concentration of RAPTA-C and RAPTA-T (0.2-2.0 mM) and slowly decreased in Cl
value after treatment with all concentrations of cisplatin (20-120 uM) (Fig. 4.33).
Moreover, in all experiments observed the transient increase of Cl value, indicating a
change in cell interactions in response to treatment before induction of cell death. The
ICso values, 24 h post-treatment with metal complexes, for MCF-7, HCC1937 and
MDA-MB-231 cells were summarized in Table 4.5. Considering the 1Csq of cispaltin,
RAPTA-EA1l, RAPTA-C and RAPTA-T, the results showed that RAPTA-EAl
exhibited a 5-fold, 2-fold , and 10-fold greater cytotoxicity than cisplatin in MCF-7,
HCC1937, and MDA-MB-231 cells, respectively. In contrast, RAPTA-EAL exhibited
>10-fold greater cytotoxicity than RAPTA-C and RAPTA-T in all cell lines. It is
notable that HCC1937 cells were more sensitive to all of these complexes than the
other breast cancer cell lines (Table 4.5).

Whether metal complexes had a sustained effect on MCF-7, HCC1937
or MDA-MB-231 cells after removal of the complexes, the results showed that MCF-
7, HCC1937 or MDA-MB231 cell lines recovered from the suppressive effects of
both RAPT-C and RAPTA-T. However, MCF-7 cell recovered from the suppressive
effects of both cisplatin and RAPTA-EAL. Furthermore, a greater recovery of cell
growth was observed for RAPTA-C and RAPTA-T than for cisplatin or RAPTA-EA1
in all cells, being drug dose-dependent. In addition, HCC1937 and MDA-MB-231
cells showed ongoing cells death when cispaltin or RAPTA-EAL was removed after
24 h, indicating continued cellular damage (Fig. 4.33).



108

e
] e rEr bty W
! ////;; e

/
3 / s e
b / o = 1 x 10°cells
ol

CellIndex
»
o

ase

JERUOOOT
3 /y// — TR Lot DUNIDIOO assasastene 5x 10%cells
5 e e T S — 25x 10%cells
" — 1.25x 10%cells
e . 3 cells
1 00 a0 & 120 160 200 20 20 6~125§ 10° cells
Time (in Hou) = 3 x 10%cells

MDA-MB-231

45

35

~
'S

Cell Index

n

= 1x105cells
5x 10%cells

i — 2.5x 10%cells
1 sl : i —— 1.25x 10*cells
osbe o o 0, B, o, P PO P 6.125 x 103 cells
00 40 80 120 160 200 240 280 3
Tine (n Hou) —— 3x 10°cells

HCC1937

150 :
130
110
90
3
D e
R il — Ix105cells
30 = 5x 10%*cells
19 Fonas e AR AR — 2.5x 10%cells
P B A T B T —— 1.25x 10*cells
0o ) 80 120 160 200 %0 %0 6.125 x 103 cells
Time (in Hour) — 3 x 103cells

Figure 4.32. The dynamics of human breast cancer proliferation (MCF-7, MDA-MB-
231 and HCC1937 cells) on the 96-wells E-plates.



Cisplatin
218,
E treatment recovery —10uM
; 3
wl & —20 pM
H N
. | y- 40 M
= i et ) V]
= H
s —80 pM
= —cantrol
: /“‘
4
H
z H
i
o H
" 0 0 ] w0 0 0 ™ a0
lime (hour)
RAPTA-C
2 treatment recovery (1.2 mM
i ——0.5 mM
1 mM
o —].5mM
i =1 mM
H —cpnirol
i
i
H
H
i
2 i
H
H
[ T
o 1 P} an 0 s0 & m B
Time (hour)
Cisplatin
. ! : —10 M
0 i i —20 uM
= ! irealment ! recovery 40 uM
24 z H i =60 pM
P s H —80 pM
= T |
Cy
2 : 1
1 1
1 1
o i i
0 10 n 30 40 £l o 0 80
Time (hour)
RAFPTA-C
" ! —0.2mM
] 1 —0.5 mM
5 E treatment TECOVETY 1 mM
R § E 1.5 mM
T . = =1 mM
= \ — =control
= =
© o ="
21 !
)
)
0 L
0 10 m Ell 4 0 i 0 £
Time (hour)

Figure 4.33. (To be continued).

RAPTA-EA1

109

12
)
)
" treatment | recovery ——1luM
= f —F M
51 2 10 uM
g el N _____--/
- . —20pM
= 1
S i —d0 uM
c i =—conirol
4
2 1
U
L w 1 30 a0 50 o0 B
Time (hour)
RAPTA-T
12 I —.2 mM
= | treatment recovery 0.5 M
w1 Ed i 1 mM
i
s | —_—1.5mM
- H
) H H —
= H i =2 mM
L} |
= 4 | —conirol
= H
vy i
h H
H
A /1 i
i i
N =
o 0 i1 30 £l =0 ol T H
Time (hour)
RAPTA-EAL
1
! —1pM
0 i
! —35 pM
L8 = i treatment recovery 10 M
é ;n i 20 p M
- ¢ i —40puM
= ]
v, =——control
: —
i
i
o ¥
0 10 0 El] an £ [ E ]
Time (hour)
H ' —0.2 mM
» H —0.5 mM
s I Ireatment recovery 1 mM
= 1
z & 'él ! — 1.5 mM
Z N —2mM
= ——control
[ N ————
o
L] m k] 4 = ol 0 L)

Time (hour)



Cisplatin
16
" 1 freatment i recovery —10 pM
H H —20 pM

CREN :

y z ! 40 p™M
_‘.:',; i E( i =l p M
S| —80 1M
8 6 i —control

4

1
: i H
’ L
N H
0 10 20 30 &0 = 60 ™ a0
Time (hour)
RAPTA-C
16 ! ! 0.2 mM
14 : treatment : recovery —().5 mM
1 1]

2] = | 1mM
Ll E —15mM
2 ] = —2mM
E ! —control
= 6
&

4

1
2 1 1
1
I
[ L —
0 10 0 £ 40 w0 6 0 80

Time (hour)

110

RAPTA-EA1
16 _l ”hi
l treatment : Fecovery
1 ] 5 M
2 |g ! 10 uM
z
‘w0 § i —20puM
- = i —40pM
E 5 ! =—conirol
~ 1
i
4
2 1
i
i
o r v — r - - T v
1n mn 30 40 S0 6 ™ &0
Time (hour)
RAPTA-T
16
! treatment 1 TECOVETY (.2 mM
" ! H —0.5 mM
s [
1213 ! I 1 mM
E wig i —1.5mM
- [ye —2 mM
- L
= [ ——control
[
4 \\_/\
V) —
|
M H
0 10 0 30 40 0 ] 0 80
Time {(hour)

Figure 4.33. Real-time monitoring of the effect of metal complexes on human breast
cancer cells using XCELLigence system. Cells were seeded onto the E-plate and
allowed to grow prior, then incubated with various concentration of metal complexes.
24 h later, the complexes were removed and fresh media was added, then cells were
allowed to grow for 24 h to assess the recovery cell proliferation after drugs
treatments. Cell Index (Cl) was recorded every 15 min. Each concentration was

performed in triplicate.



cancer cells

MCEF-7

111

In addition, the real time growth profiling of two ruthenium(ll)
polypyridyl complexes-treated breast cancer cell lines exhibited a similar growth
profiling of RAPTAs-treated breast cancer cell lines in all cases (Fig. 4.34). The ICsx
values at 24 h post-treatment with ruthenium(ll) polypyridyl complexes on breast

were reported in Table 4.6.
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allowed to grow for 24 h to assess the recovery cell proliferation after drugs

Cell Index (CI) was recorded every 15 min. Each concentration was
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Table 4.6. Comparison of 50 % inhibition of cancer cell growth by metal complexes
using a MTT assay (48 h after treatment) and RTCA system (24 h after treatment).

Complex MCF-7 MDA-MB-231 HCC1937

MTT RTCA
MTT RTCA MTT RTCA (UM) (UM)

(LM) (LM) (LM) (LM)

Ru-bpy | 18+2 | 11#1 39+4 | 14405 | 6%2 9+0.1

Ru-phen 15+1 8+0.1 36x1 13+0.3 4+1 2+0.1

4.5 The effect of RAPTA complexes on cells viability and protein function in the
relation to the combination treatment with a PARP-1 inhibitor, olaparib

4.5.1 Synergistic effect of RAPTA-EA1/olaparib combination in BRCAL-
associated breast cancer cell lines

Combined therapies using several drugs with different molecular
targets are effective in treating heterogeneous cancers, but require complicated
treatments. From previous experiments, breast cancer cell treated with RAPTA-EA1
showed a dose-dependent inhibition of cell growth and cell viability in all tested cell
lines. In the present study, RAPTA-EAL and olaparib alone showed a dose-dependent
inhibition of cell viability in all tested cell lines (Figure 4.35A, 4.35B). The
combination treatment of RAPTA-EA1 and olaparib (Fig. 4.35C, Table 4.7) showed a
40-, 14- 120-fold higher ability of inhibiting cell proliferation than RAPTA-EAl
alone and a 36-, 42-, 77-fold higher ability of inhibiting cell proliferation than
olaparib alone in MCF-7, MDA-MB-231, and HCC1937 cell, respectively. Indeed, it
is an order of magnitude more effective in BRCA1-deficient (HCC1937) than BRCA1-
proficient (MCF-7 and MDA-MB-231) cells. Furthermore, the combination treatment
of RAPTA-EA1 with olaparib exhibited a synergistic effect in these cell lines in a
dose-dependent manner (Figure 4.35C). The combination index (Cl) of RAPTA-EAL
and olaparib is 0.28 (strong synergism), 0.693 (synergism), and 0.911 (nearly
additive) in MCF-7, HCC1937 and MDA-MB-231, respectively.
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Figure 4.35. The effect of RAPTA-EAL (A), olaparib (B), and RAPTA-EALl/olaparib
combination (C) on cell viability of human breast cancer MCF-7, HCC1937, and
MDA-MB231 cells using the MTT assay. MCF-7, MDA-MB-231 and HCC1937 cells
were treated with various concentrations of drugs at 37 °C for 48 h. The experiments
were performed in triplicate. Following notation was used throughout: * p< 0.01,

relative to control.

Table 4.7. The 50% inhibition of cancer cell growth by RAPTA-EAL, cisplatin, and
olaparib on MCF-7, MDA-MB-231 and HCC1937 cells after 48 h.

1Cs0 (LM)
MCF-7 MDA-MB-231 HCC1937
Complex
Cisplatin 422 +8 12827 23.4+3
RAPTA-EAl 20+5 15+2 12+ 5
Olaparib 18+ 2 43+ 2 8+ 0.8
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4.5.2 Synergistic effect of RAPTA-EAl/olaparib combination on
inhibition of BRCA1-mediated E3 ligase activity

To address whether the inhibition of the E3 ligase activity resulted
from the combination treatment with the ruthenium compound and the PARP1
inhibitor, olaparib was used in combination with RAPTA-EAL. The E3 ligase activity
decreased as the ratio of concentration between RAPTA-EA1/olaparib increased (Fig.
4.36). The E3 ligase activity was reduced by half at concentration ratio of RAPTA-
EAl/olaparib at 10:10 pM. Surprisingly, the combination treatment of RAPTA-
EAl/olaparib exhibited a 5-fold (Fig. 4.37) higher ability to inhibit E3 ligase activity
than RAPTA-EA1 alone at the same concentration (Fig. 4.20). It suggests that the
combination treatment of RAPTAEAland the PARP1 inhibitor has a synergistic
effect.
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Figure 4.36. Effects of RAPTA-EA1/olaparib combination on an in vitro E3 ubiquitin
ligase activity. The wild-type BRCA1 RING protein (3 pg) was treated with RAPTA-
EAL and olaparib (1:1 to 50:50 pM), then assayed for the E3 ubiquitin ligase activity.
An apparent ubiquitinated product was markedly reduced as the RAPTA-
EAl/olaparib concentration increased.
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CHAPTER 5

DISCUSSION

5.1 DNA binding study

5.1.1 In vitro ruthenation of the plasmid DNA by RAPTA
complexes

In general, there are three plasmid DNA conformations, namely, a
covalently closed circular DNA form (supercoiled DNA or Form 1), a circular relax
DNA (Form 1I), and a linear DNA (Form IIl), respectively (Travers and
Muskhelishvili, 2005). The supercoiled plasmid DNA migrates the fastest on agarose
gel. After ruthenium treatment, the RAPTA complexes can induce the change in
conformation of the plasmid DNA as evidenced by the electrophoretic mobility of the
ruthenium-treated plasmid DNA, i.e., the supercoiled form is changed into the circular
relax form as the molar ratio of ruthenium/DNA nucleotide (rb) increased (Fig. 1). At
the higher rb ratios, however, the circular relax form is changed into the supercoiled
form. Both RAPTA-C and carboRAPTA-C induced different degrees of DNA
unwinding. The unwinding angel was about 7° per bound of RAPTA-C. In contrast,
the unwinding angle of carboRAPTA-C was about 3.0°. This unwinding angel is
smaller than that of cisplatin (about 13° per bound of cisplatin) but is similar to that of
RAPTA-EAL1 (about 8.1° per bound of RAPTA-EAL) or [(°-arene)Ru(en)CI]* (about
7° per bound of complex) (Chakree et al., 2012; Novakova et al., 2003). Therefore,
both RAPTA-C and carboRAPTA-C cause the conformational alteration of the
plasmid DNA.

5.1.2 In vitro ruthenation of the BRCAL gene fragment by RAPTA
complexes

The interstrand DNA crosslinking induced by both complexes was
similar to that by RAPTA-EAL (Chakree et al., 2012). However, RAPTA-C showed
more rapidly crosslinking than carboRAPTA-C. Difference in cross-linking capability
of these ruthenium complexes may be attributable to their different rates of hydration
(Groessl et al., 2008; Scolaro et al., 2005). This binding may be facilitated by
hydrophobic interactions with the arene while the ligand provides an additional site
for binding (Beckford et al., 2011).

The ruthenation sites on the specified BRCAL gene fragment can be
deduced from restriction analysis using enzyme whose recognition sequence exists on
the tested gene. Pvull and EcoO1091 enzymes were inhibited in a dose-dependent
manner. RAPATA-C at a concentration of 600 uM completely interfered with the
enzyme activity. In contrast, the enzymatic activity persisted at a concentration of
1000 uM of carboRAPTA-C. Production of digested fragment from RAPTA-C-
treated DNA and carboRAPTA-C-treated DNA in the presence of both enzymes were
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similar level of inhibition. These suggested that ruthenation of RAPTAs does not
show specificity between the two sites. CarboRAPTA-C was required approximately
2-fold higher concentrations to inhibit these enzyme activities, compared with
RAPTA-C. It suggested that either ruthenation by RAPTA-C occurs more rapidly
than that of carboRAPTA-C or the former complex is more stable than the latter. Due
to the similarity in the nature of the resultant hydration product of both ruthenium
compounds, it is likely that the observed effects are a consequence of the reaction rate
rather than the nature of the product. It was reported that the inhibition of two
restriction enzymes by RAPTA-EAL was about two-fold more effective than that by
carboRAPTA-C, but similar to RAPTA-C (Chakree et al., 2012). It indicates that the
large bulky group of ruthenium center may hinder accessibility by the enzymes to
their restriction sites on the DNA molecules.

Data from sequence analysis showed that RAPTA-C and
carboRAPTA-C showed a preferential attack at A, C and G (and not T) of BRCA1
gene. It has been shown that ruthenated DNA adducts at the thymine sites are not
thermodynamically stable, so the ruthenium atom migrates to the thermodynamically
favored guanine sites (Wu et al., 2013a; Wu et al., 2013b). This statement consiats
with the hydration study of RAPTA-C. It demonstrated that the mono-aqua species of
RAPTA-C was found to be the most abundant hydration product (Gossens et al.,
2007; Scolaro et al., 2008). In contrast, RAPTA-EA1 showed a preferential attack at
A, G, T and C of the BRCA1 gene fragment (Charkree et al., 2012). These cross-links
can be anticipated based on their different properties of ruthenium complexes
(Hartinger et al., 2003). However, the preferential ruthenation sites differ from the
preferential platination sites (Ratanaphan et al., 2009). Several evidences reported that
the affinity of some ruthenium arene complexes decreases in the order G>T > C > A
(Aird et al., 2002; Chen et al., 2003). These complexes seemed to bind to guanine
bases only in native DNA in cell-free media and single/double-stranded
oligonucleotides in aqueous solutions (Liu et al, 2010; Novakova et al., 2003).

5.1.3 In vitro inhibition of BRCA1l amplification by RAPTA
complexes

Previous documents revealed that the quantitative polymerase chain
reaction (QPCR) method can be used to study the effect of cisplatin on cellular DNA
damage and repair after (Ratanaphan et al., 2005), nitrogen mustards (Kalinowski et
al.,1992; Jennerwein and Eastman, 1991), 2-chloro-2-deoxyadenosine (Yuh et al.,
1998), chlorambucil, alkylbenzylguanine (Honma et al., 1997), ruthenium(ll)
polypyridyl complexes (Ratanaphan et al., 2012), and RAPTA-EAL (Chakree et al.,
2012). When compared with RAPTA-EAL under the same experimental conditions,
RAPTA-C and carboRAPTA-C were considerable less effective at blocking
replication but more effective than ruthenium(ll) polypyridyl complexes (Chakree et
al., 2012; Ratanaphan et al., 2012). A complete inhibition of BRCA1 amplification
induced by cisplatin and carboplatin was observed at 50 and 400 uM, respectively
(Ratanaphan et al., 2005). Therefore, the inhibition concentrations of carboplatin and
RAPTA-C are in the same range. The ruthenation level of the BRCAL gene fragment
by RAPTA-C is also very similar to the platination value observed for carboplatin.
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Nevertheless, RAPTA-C and carboplatin show very different in vitro cytotoxicity and
in vivo profiles. The replacement of the labile chloride ligands in the prototype,
cisplatin, by the more tardily hydrating cyclobutane-1,1-dicarboxylate ligand present
in carboplatin reduces the rate by which the platinum center hydrolyzes, a necessity to
DNA damage, as well as toxicity of this compound. Therefore, the replacement of the
two labile chloride ligands in the RAPTA-C prototype by a dicarboxylate ligand may
be observed a similar change in activity in the RAPTAS series. A comparable effect of
ligand substitution on the DNA-binding screens between the Pt and Ru pairs,
suggestting the substitution results in a parallel change in properties. These results
support the recent report that the redox potential of the drugs was strongly affected by
subtle changes of the ligand spheres with direct impact on the nature of the most
likely metabolite species available, and as a result in the biodistribution and biological
activity of the compounds (Palermo et al., 2016).

5.2 Protein binding and functional consequence of RAPTA-induced wild type
BRCA1 RING domain protein

5.2.1 Structural consequence of RAPTA-treated wild type BRCAL
RING domain protein

It revealed that the RAPTA complexes, including RAPTA-EAL,
RAPTA-C and RAPTA-T, induce intermolecular crosslinks, resulting in dimers or
larger aggregates. The binding affinity of each complex, in parallel with other metal
complexes including Auphen and Auterpy, cisplatin, to the proteins was further
investigated. The RAPT-EA1 complex bound efficiently to the BRCA1 protein in the
absence and presence of Zn** and had a higher binding constant and gave rise to a
lower free energy than other complexes. Moreover, the RAPTASs had a higher binding
constant and gave rise to a lower free energy than cisplatin, it might be that the
affinity of cisplatin affected only the apo-form of the BRCA1 RING protein (Atipairin
et al., 2010). These results agree with a previous study that cisplatin affects the
conformation of the apo-form more than the holo-form of the BRCAL1 RING finger
domain, forming intra- and intermolecular Pt-BRCAl adducts, where a
preferential platinum-binding site was found at His-117 (Atipairin et al., 2010). It
is implied that RAPTAS have a highly effective binding to the BRCAL protein and
consequently affect the overall conformation of the protein than cisplatin. In addition,
the interaction of some metal complexes, including ruthenium(ll) polypyridyl
complexes (Ru-bpy and Ru-phen,) and two gold(lll) complexes (Auphen and
Auterpy), with the holo-form of BRCA1 RING domain proteins was investigated. The
binding of the compounds to the holo form of BRCAL proteins induced
conformational alteration of the BRCAL protein, similar to that observed for the
RAPTAs. The differences in the binding constants and free energies may be attributed
to the differences in the structure of the metal complexes that the ligand of Ru-bpy,
Ru-phen, Auphen, Auterpy, or RAPTA-EAL is more hydrophobic than that cisplatin
(Atipairin et al., 2010). It has been revealed that the binding of the KP1019 to
cytochrome c altered the conformation of the protein, affecting its capability to
encourage cell apoptosis (Trynda-Lemiesz, 2004). Furthermore, some evidences
reported that RAPTA-T showed a marked preference for transferrin binding. The
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ruthenium complex exhibited a higher affinity to the holo-transferrin than that for the
apo-form. It suggested that a cooperative iron-mediated metal binding mechanism
was observed (Groessl et al., 2010).

The thermal stability of the ruthenated BRCA1l was also observed.
RAPTAs stabilized the BRCA1 protein structure with an associated increase in
melting temperatures. The results are consistent with previous studies, showing that
the drug-protein interaction forms the thermostable structure (Atipairin et al., 2010;
Atipairin et al., 2011). The increased thermal stability of the ruthenated BRCAL is
possibly, in part, due to thermodynamically stabilizing contribution of the intra
molecular and intermolecular crosslinks (Byrne and Stites, 1995). Notably, the
melting temperature of the BRCAL protein was considerably high and far from
physical condition (76 °C), consistent with the previous studies. It showed that the
Zn** finger domain could form the thermostable structure (Arnold and Zhang, 1994
Frankel et al., 1987; Mathhews et al., 2000).

Several evidences suggested that ruthenium compounds might directly
affect with proteins in signal transduction pathways (Bergamo et al., 2008; Chatterjee
and Mitra, 2009; Gaiddon et al., 2005). There has been reported that RAPTAS have
high affinities for cysteine-rich proteins involved in DNA replication and transcription
as well as in epigenetic pathways (Ang et al., 2009). RAPTAs were found to bind the
serum proteins albumin and transferrin, which may prevent metallodrugs from being
reduced and its subsequent activation in the blood (Ang et al., 2011). Mass
spectrometric analyses indicated that RAPTAS have affinities for histidine, on protein
binding (Casini et al., 2008; Casini et al., 2009), similarly observed for NAMI-A
(Messori et al., 2000) and KP1019 (Piccioli et al., 2004). Under essentially equivalent
conditions, cisplatin forms mono-, bis-, and tris-adducts whereas only mono- and bis-
adducts are formed with the RAPTA complexes (Casini et al., 2007). Subsequent
reactivity of RAPTA-C with a mixture containing superoxide dismutase, cytochrome
¢ and ubiquitin showed that RAPTA-C had a high affinity towards both cytochrome c
and ubiquitin, but not superoxide dismutase, showing a selectivity, which differences
with the behavior of cisplatin (Casini et al., 2009). The high reactivity towards protein
molecules provoked the search of clinically relevant enzyme targeting by the
RAPTAs, namely, cysteine protease cathepsin B and seleno-enzyme thioredoxin (Ang
et al.,, 2011). RAPTA-T and RAPTA-C were found to be promising inhibitors of
cathepsin B (Casini et al., 2008). RAPTA-C has been shown a higher affinity and a
selectivity for metallothonine (MT-2) binding than cisplatin. This feature may have
important pharmacological consequences, at least in part, for the different
toxicological and pharmacological profiles of these two compounds (Casini et al.,
2009). In addition, similar binding affinity studies based on a mass spectrometric
method showed that RAPTA-C can form adducts with the glutathione (GSH), tri-
peptide (Hartinger et al., 2008). Furthermore, the reactivity of RAPTA-T with PARP-
1 was examined. PARP-1 is an important protein involved in drug resistance of
cancer. It contains zinc-finger domains that might be altered by metal-based
compounds. Preliminary results showed that RAPTA-T inhibits PARP-1 to a similar
level of inhibition by 3-aminobenzamide (Mendes et al., 2011). These observations
could reveal the possibility of both compound to overcome drug resistance
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mechanisms and to identify novel possible targets for RAPTA compounds. Recently,
it has been reported that the RAPTA complexes bind preferentially to proteins
through coordination, in which their scaffold was found predominantly at the histone
proteins (Adhireksan et al., 2014; Wu et al., 2011).

5.2.2 RAPTA complexes dismissed the zinc ions from the zinc
binding sites of BRCAL1 RING domain protein

Previous studies reported that platinum- and ruthenium-based
agents interacted with the zinc finger proteins and disturbed their conformation,
resulting in displacement of zinc ions from the zinc finger protein and reducing
their enzyme/protein activity (de Paula et al., 2009). Our experiments revealed
that the binding of the RAPTA complexes, gold(l1l) complexes, and cisplatin to the
BRCAL proteins releases the Zn®* ion in a dose- and time-dependent manner.
Furthermore, zinc ejection by gold(ll11) complexes, cisplatin and RAPTA-EA1
was similar and slightly greater than that estimated for RAPTA-C and RAPTA-
T. The results suggest that metal, such as Ru, Au and Pt, could affect the
conformation of this protein and interfered with its zinc binding sites, leading to
a release of zinc ions from the binding sites. These results agree very well with
previous studies that cisplatin, NAMI-A and RAPTA-T interact with PARP-1,
leading to a reduction in PARP1 activity (Mendes et al., 2011). Moreover,
platinum-based complexes have been reported to interact with the C-terminus
of the HIV nucleocapsid (NCp7) zinc finger leading to zinc ejection (de Paula
et al., 2009). Furthermore, targeting the zinc finger motif in BCA2 protein by a
coordinated compound resulted in zinc atom release from the binding site,
causing a reduction in E3 ligase activity (Brahemi et al., 2010). Importantly, the
extent and rate of displacement of the zinc ion by metal complexes depend on
the nature (metal, ligand) of the complex (Quintal et al., 2011).

5.2.3 Inactivation of the wild-type BRCA1 E3 ligase activity by the
RAPTAS

The reactivity of metal complexes towards the BRCAL RING domain
was reduced in the following order: Auterpy > Auphen > Ru-phen > RAPTA-EAL >
cisplatin > Ru-bpy > RAPTA-T > RAPTA-C. The results revealed that the BRCAL1-
mediated ubiquitin E3 ligase activity was contrariwise proportional to the
concentration of RAPTAs, ruthenium(ll) polypyridyl, and gold(I1l) complexes. It is
consistent with a previous study, that the relative E3 ligase activity was contrariwise
proportional to the concentration of the platinum-based drugs (Atipairin et al., 2010g;
Atipairin et al., 2011b). A decrease in BRCAL1 E3 ligase activity by these metal
complexes could be due to an altered interaction between the RING heterodimer
domains of BRCA1 and BARDL1 that disturbed protein conformation, ultimately
resulting in the displacement of zinc ion from the zinc finger domain. The vital roles
in controlling of metal complexes reactivity towards the BRCAL1 protein might
depend on the properties and the geometry of these metal center, the leaving and the
non-leaving groups of the metal complexes. The activation of the metal complexes
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emerges when the chloride is substituted by water before interacting with the
nucleophilic groups of biomolecules (Allardyce et al., 2003).

5.3 Protein binding study and functional consequence of RAPTA-induced
mutant BRCAL RING domain protein

5.3.1 The structural consequence of RAPTA-treated mutant
BRCAL1 RING domain protein

The interaction of the RAPTA complexes with the mutant BRCA1
RING protein was investigated as a similar manner to that with the wild-type BRCA1
protein. The ruthenated mutant BRCA1 exhibited a similar binding affinity to the
ruthenated wild-type BRCAL. RAPTA-EAL predominantly exhibited a higher binding
affinity to the mutant proteins than RAPTA-C and RAPTA-T. It is notable that the
secondary structure of the D67Y is more susceptible towards the binding of the
RAPTA complexes than the D67E or wild-type, consistent with previous studies
which showed that cisplatin strongly perturbs the secondary structure of the D67Y
protein, but barely perturbs in secondary structure of the D67E protein (Atipairin et
al., 2010; Atipairin et al., 2011a). In addition, the RAPTA complexes and cisplatin
have higher binding constants and lower free energies in the D67Y protein than in the
D67E or wild-type proteins. This suggests that RAPTAs interact with the zZn*
binding sites and other residues rather than the Zn?* binding sites of the protein alone,
and affect the overall conformation of the BRCAL protein. The differences in the
binding constants and free energies may be attributed to the differences in the
structure of the metal complexes. As mentioned above in Topic 5.2.1, RAPTAS
stabilized the wild-type protein structure with an increased in melting temperature, in
contrast, the melting temperature of both D67Y and D67E proteins decreased as a
result of RAPTAs binding. The results are consistent with previous studies that the
zinc finger domain of the wild-type BRCAL protein forms the thermostable structure,
while that of the mutant BRCAL protein is slightly less thermostable structure
(Atipairin et al., 2011a; Atipairin et al., 2011b; Matthews et al., 2000). However, the
interactions between surface residues and solvent appeared to be altered as the variant
proteins were slightly less thermostable compared to the wild-type protein (Atipairin
et al., 2011b; Pjura and Matthews, 1993). This difference may also reflect an altered
microenvironment around the mutation site.

5.3.2 RAPTA complexes dismissed the zinc ions from the zinc
binding sites of mutant BRCA1 RING domain protein

It is notable that the zinc ejection by RAPTA-EAL is markedly greater
than that estimated for the other compounds, and more easier in D67Y than D67E or
wild-type protein. A change in amino acid from aspartic acid (D, acidic amino acid) to
tyrosine (Y, polar amino acid) could result in environment properties in Zn?* binding
site and leading to weak binding with zinc atom. Platinum complexes have been
reported to interact with the C-terminus of the HIV nucleocapsid NCp7 zinc finger
domain, and leading to the ejection of Zn®* ions (Anzellotti et al., 2006).
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5.3.3 Inactivation of the mutant BRCAL E3 ligase activity by the
RAPTAS

Surprisingly, the D67E and D67Y proteins showed hypersensitivity to
the RAPTA complexes, especially the D67Y, than wild-type BRCAL proteins,
consistent with the previous study showing that platination of the wild-type BRCA1
protein hardly affects the native structure and function of the protein whereas
platination of the D67E BRCAL results in distinct changes on structure and function
(Atipairin et al., 2011b). Previous preclinical and clinical studies have demonstrated
that mutations in the BRCA1 RING domain (C61G mutation) disrupt an E3 ligase
activity confers hypersensitivity to DNA-damaging chemotherapy and y-irradiation
(Atipairin et al., 2011b; Ohta et al., 2009; Ransburgh et al., 2010; Ruffner et al.,
2001; Wei et al., 2008). Recently, the substitution of serine 36 by tyrosine (S36Y)
disrupts the B-helix of the BRCA1 RING domain has been shown to alter the protein
conformation that affects interactions with BARD1 as well as with E2 enzyme,
resulting in abrogated protein function (Christou et al., 2014). It suggested that this
variant affects the BRCA1 structure and BARD1 binding that exhibits the defective
ubiquitin ligase activity. However, some evidences reported that the mutations at
L51W and K65R of BRCAL RING domains result in an increase in E3 ligase activity
and rescue the E3 ligase activity of C61G and C64G cancer-associated mutations
(Stewart et al., 2016).

5.4 Cellular response to RAPTA complexes in human breast cancer cell lines
5.4.1 Antiproliferative effects of RAPTA complexes

RAPTA-EAL appears to be more active against the human breast
cancer cells (MCF-7, HCC1937, and MDA-MB-231) than cisplatin, RAPTA-C and
RAPTA-T. Considering chemical struture, RAPTA-EAL contains a ethacrynic (EA)
ligand, having a higher hydrophobicity and bigger surface area than other complexes.
It enhancs cellular uptake of cancer cells to selectively bind to glutathione S-
transferase (GST) and inhibits GST activity overcoming metallodrug resistance
mechanisms with an increasing cytotoxic activity (Ang et al., 2007; Angonigi et al.,
2015; Carter et al., 2016). From earlier observations (protein binding affinity, protein
conformation, and zinc ejection section), it has been shown that RAPTA-EAL exerts
stronger effect to interfere with the zinc finger pocket of the BRCA1 protein than
other metal-based drugs, especially in the mutant protein, resulting in a loss of
BRCAL E3 ligase activity. It might explain why RAPTA-EAL has a high efficiency to
kill breast cancer cells than cisplatin or other RAPTA compounds. An increased
sensitivity in BRCALl-mutated breast cancer cells might be related to a dysfunction of
BRCAL that is incapable to repair DNA damage induced by treatment with the
complexes, eventually leading to cell death (Alli etal., 2011; Tassone et al., 2009).

Triple-negative breast cancer (TNBC) cells, lacking estrogen receptor
(ER), progesterone receptor (PR) and human epidermal receptor 2-amplified (HER2-
amplified) are extremly difficult to treat as the tumor is aggressive and targeted
therapies are not effective (Cleator et al., 2007; Liedtke et al., 2008; Anders and
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Carey, 2009). The treatment is further complicated if the tumor type produces enough
functional BRCA1 protein. One of a novel biomarker to predict the response of
treatment among breast cancer patients is the BRCA1 expression level. Over the
years, the BRCAL gene and its encoded product have expected much attention as a
potential molecular target for the anticancer based drugs (Atipairin et al., 2010;
Atipairin et al., 2011a; Atipairin et al., 2011b; Atipairin et al., 2011c; Chakree et al.,
2012; Ratanaphan et al., 2005; Ratanaphan et al., 2009; Ratanaphan et al., 2012;
Ratanaphan et al., 2014; Ratanaphan et al., 2017). Recently, some RAPTA complexes
exhibited a differential cellular response for breast cancer cell line depending on the
BRCAL status (Ratanaphan et al., 2017). The present studies revealed that both MTT
assay and real time analysis showed that all of these ruthenium(Il) complexes, both
RAPTA types and ruthenium(ll) polypyridyl (Ru-bpy and Ru-phen), were more
sensitive to HCC1937 cells (BRCA1 mutant, TNBC) than MCF-7 (BRCAL wild-type,
ER positive) or MDA-MB-231 cells (BRCA1 wild-type, TNBC). Preclinical and
clinical studies have recently reported a specific chemosensitivity profile of BRCA1-
defective cells in vitro depending on BRCAL protein expression (Ashworth, 2008;
Quinn et al., 2009; Tassone et al., 2009). It has been reported that an increased
resistance to cisplatin occurred when overexpression of BRCAL in the MCF-7 cells
was occurred (Husain et al, 1998; Powell, 2016). On contrary, HCC1937 cells, which
are derived from a patient with a BRCA1 mutation (5382insC), have been found
significantly more sensitive to cisplatin (Tassone et al, 2009). These observations
indicate that an increase in chemosensitivity are attributed to BRCA1-deficient breast
cancer cells.

5.5 Effect of the RAPTA complexes on cells viability and protein function

5.5.1 The combination treatment of RAPTA-EAl and olaparib
exhibited a synergistic effect on cell growth inhibition in BRCAZl-associated
breast cancer cell lines

Olaparib is a potent oral PARP1 inhibitor that causes synthetic lethality
in BRCAL1-deficient or BRCAZ2-deficient cancer cells (Evers et al., 2008). This
lethality is a possible explanation by the cancer cells with defects in the BRCAL gene
are defective in homologous recombinant repair (Hosoya and Miyagawa, 2014).
However, recently evidences revealed that resistance to PARP1 inhibitor and cisplatin
developed in cells derived from a tumor of a BRCA1 (185delAG) mutation carrier
(Drost et al., 2016; Wang et al., 2016). Recent trials assessing olaparib in combination
with chemotherapy in patients with advanced ovarian, breast, and other solid tumors
have shown encouraging efficacy (Lee et al., 2014; Murray et al., 2016). The
excellent sensitivity of these cancers to olaparib, alone or in combination with
platinum-containing drugs, provides strong support for olaparib in combination with
metal-based drug as a novel targeted therapeutic against BRCA-deficient cancers
(Balmaa et al., 2014; Evers et al., 2008; Lee et al., 2014). RAPTA-EAL showed
significantly more effective against the BRCAL-deficient breast cancer cells than
cisplatin. The combination treatment of RAPTA-EAl and olaparib showed a
synergistic effect of inhibiting cell proliferation than RAPTA-EAL or olaparib alone
in all three cell lines in a dose-dependent manner. The 5382insC mutation was
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founded in a BRCAL-defective HCC1937 cell line (Neve et al., 2006). It is likely that
drug sensitivity in the BRCAl-mutated cells might be related to dysfunction of
BRCAL1 that is incapable to repair DNA damage induced by RAPTA-EAL or olaparib
treatment, eventually leading to cell death. Recently, preclinical and clinical studies
have revealed a specific chemosensitivity profile of BRCA1-defective cells, depending
on expression of the BRCA1 protein (Alli et al., 2011; Ashworth, 2008; Quinn et al.,
2009; Tassone et al., 2009). HCC1937 cells were more sensitive to olaparib in
combination with cisplatin (Hastak et al., 2010; Hosoya and Miyagawa, 2014).
Furthermore, clinical study revealed that the progression-free survival was
significantly improved after combination treatment of olaparib with carboplatin
followed by maintenance monotherapy, with the greatest clinical benefit in BRCA-
mutated patients, and had an acceptable and manageable tolerability profile (Oza et
al., 2016). Our results clearly show that PARP1 inhibitor in combination with metal-
based drugs have the potential to improve therapeutic strategies for breast cancer.
Therefore, the application of olaparib with combination of RAPTA-EAL is a new
therapeutic strategy for breast cancer cell.

5.5.2 The combination treatment of RAPTA-EAl and olaparib
exhibited a synergistic effect on inhibition of BRCALl-mediated E3 ligase activity

We further investigated the inhibition of BRCAL E3 ligase activity by
RAPTA-EAL in the presence of the PARP1 inhibitor, olaparib. The combination
treatment on the BRCAL RING protein exhibited a 5-fold higher ability to inhibit E3
ligase activity than RAPTA-EAL alone, suggesting a synergistic effect. It is apparent
that RAPTA-EAL is able to efficiently interact with the BRCA1 RING zinc-finger
protein, possibly interfering with the Zn** binding site. Indeed, RAPTA-EA1 has a
high proficiency to bind to the N-terminus of the BRCA1 RING protein in the absence
or presence of a Zn®* ion. Olaparib has been reported to preferentially interact with
the zinc-finger of PARP-1 protein, leading to zinc ejection (Mendes et al., 2011).
Therefore, RAPTA-EA1 and olaparib might cooperatively perturb the BRCAL-
mediated E3 ligase activity by ejecting the Zn** from native BRCAL protein, leading
to loss of E3 ligase activity. Therefore, targeting the BRCA1 RING domain protein
through the disruption of the BRCAL E3 ligase activity by RAPTA-EAL or in
combination with olaparib might be an effective method to treat breast cancers.
Nevertheless, recent studies, in mice, have recommended that mutations in the N-
terminal of BRCAL, such as the relatively common C61G, may not confer
hypersensitivity to PARP inhibitor (Drost et al. 2011).



125

CHAPTER 6

CONCLUSION

The RAPTA complexes induced the conformational change of the
plasmid DNA. The degree of unwinding of the plasmid induced by RAPTA-C was
similar to that by RAPTA-EAL, but two-fold higher than carboRAPTA-C and two-
fold smaller than cisplatin. Both RAPTA-C and carboRAPTA-C formed Ru-BRCA1
interstrand adducts. However, the interstrand crosslinks of RAPTA-C treated-DNA
showed more rapidly compared to carboRAPTA-C. The activity of two restriction
enzymes, Pvull and EcoO010191, was affected about two fold more than by treatment
with RAPTA-C compared to treatment with carboRAPTA-C. Both RAPTA-C and
carboRAPTA-C preferentially attacked at A, C and G (and not T), which differed
from RAPTA-EAL that preferentially attacked at A, G, T, C in the order. The BRCA1
amplification was reduced in the presence of RAPTA complexes that compared to the
untreated DNA control. RAPTA-C was more effective at blocking DNA replication,
completely preventing amplification at a concentration of 600 uM, while the
amplification of carboRAPTA-C-treated BRCA1 fragments was still observed at
concentrations exceeding 1000 uM. The amounts of lesions were established as 3
lesions/BRCA1 fragment and 1 lesions/BRCALl fragment for RAPTA-C and
carboRAPTA-C, respectively. Furthermore, we have investigated in vitro interaction
of the RAPTA complexes and others complexes, including ruthenium(ll) polypyridyl,
gold(I1l) complexes, with the N-terminal region of the BRCA1l RING domain
proteins, both wild-type and mutant proteins (D67E and D67Y) with respect to Ru-
BRCA1 adducts, protein conformation and thermal denaturation. RAPTA-EAL,
RAPTA-C and RAPTA-T, induced intermolecular crosslinks, resulting in dimers or
larger aggregates. RAPTA-EA1 was found to exhibit a 5-fold higher binding affinity
to the wild type BRCAL RING domain than RAPTAC and RAPTA-T, and more than
thousand-fold than both gold(lll) complexes, however similar to cisplatin.
Furthermore, the CD spectra of the apo and holo form of BRCA1 RING domain
proteins (without and with Zn** bound, respectively) changed upon RAPTA binding
in a concentration-dependent manner. The RAPTA complexes disrupted the
secondary structure of the BRCA1 RING proteins leading to an increase in a-helical
content and a decrease in P-sheets forms. However, only RAPTA-EAl-induced
BRCA1 RING strongly interfered both apo and holo form of BRCAL, compared with
cisplatin-, RAPTA-C-, and RAPTA-T. The RAPTA complexes stabilized the BRCAL
protein structure with an associated increase in melting temperatures (Tm). The Tm of
the BRCA1 RING domains were >95 °C, >95 °C, 83.1 °C, and 85.2 °C after treated
with cisplatin, RAPTA-EAL, RAPTA-C and RAPTA-T, respectively whereas the Tm
of wild-type BRCAL is 76 °C. In addition, both Ru-bpy-, Ru-phen-, Auphen- and
Auterpy-treated holo form of BRCAL1 protein showed strongly change in CD profiles,
and gave the binding constant and the free energy of binding at the same level to both
RAPTA-EA1-treated apo and holo form of BRCAL proteins but contrast with
cisplatin, RAPTA-C and RAPTA-T. The binding of RAPTASs or gold(l1l) complexes
to the BRCAL proteins resulted in a release of zinc ions in a dose- and time-dependent
manner as well as thermal alteration of ruthenated-BRCAL proteins. Zinc ejection by
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gold(l11) complexes, cisplatin and RAPTA-EA1 were similarly and slightly greater
than that estimated for the RAPTA-C and RAPTA-T. The BRCA1-mediated ubiquitin
E3 ligase activity was inversely proportional to the concentration of the RAPTA
complexes, ruthenium(ll) polypyridyl complexes, and gold(Ill) complexes. In
addition, the reactivity of metal complexes towards the BRCA1 RING domain was
decreased in the following order: Auterpy > Auphen > Ru-phen > RAPTA-EA1l >
cisplatin > Ru-bpy > RAPTA-T > RAPTA-C. Furthermore, the RAPTA-mutant
BRCAU1 adducts exhibited similar profile binding affinity to the RAPTA-treated wild-
type BRCAL adducts. As founded in RAPTA-treated wild-type BRCAL adducts,
RAPTA-EA1 predominantly exhibited a higher binding affinity to the mutant
proteins, both D67E and D67Y, BRCA1 RING domain than RAPTAC and RAPTA-
T. The CD spectra of the holo form of mutant BRCA1 RING showed some different
profiles in shape with some differences in their amplitudes after exposure to RAPTA
complexes. The D67Y protein was maintained and underwent more folded structural
rearrangement after increasing metal complexes concentrations, whereas, the D67E
protein was slightly changed in the secondary structure. In addition, the RAPTA
complexes and cisplatin have higher binding constants and lower free energies for the
D67Y protein than for the D67E or wild-type proteins. Moreover, it is notable that the
structure of the D67Y protein is more susceptible towards binding the RAPTA
complexes than the D67E or wild-type proteins. Interestingly, the RAPTA complexes
stabilized the wild-type protein structure with an associated increase in melting
temperatures, in contrast, the Tm in both the D67Y and D67E proteins decreased as a
result RAPTA binding. RAPTA complexes disrupted the conformation of mutant
BRCA1 RING domain protein and released the zinc ion from the binding site in a
dose-dependent manner. Furthermore, the rate of zinc ejection by RAPTA-EAL was
markedly greater than that estimated for the other compounds. In addition, the rate of
ejection by RAPTA complexes in D67Y protein was easier than D67E or wild-type
protein. Interestingly, the D67Y BRCAL RING domain protein exhibited the reduced
ubiquitination function, and was more susceptible to the RAPTASs than D67E or wild-
type BRCAL1 RING domain protein. We further investigated the effect of RAPTA
complexes on breast cancer cell viability. Both MTT assay and real time analysis
showed that all of these ruthenium(ll) complexes, both RAPTA types and
ruthenium(Il) polypyridyl (Ru-bpy and Ru-phen), were more sensitive to HCC1937
cells (BRCA1 mutant, TNBC) than MCF-7 (BRCA1 and p53 wild-type, ER positive)
or MDA-MB-231 cells (BRCA1 wild-type, p53 mutant, TNBC). Furthermore, the
combination of RAPTA-EA1 and olaparib exhibited a synergistic effect and showed a
higher ability of inhibiting cell proliferation than RAPTA-EA1 or olaparib alone.
Indeed, it is an order of magnitude more effective in BRCA1-deficient (HCC1937)
than BRCA1-proficient (MCF-7 and MDA-MB231) cells. We further investigated the
inhibition of BRCA1 E3 ligase activity by RAPTA-EAL in the presence olaparib. The
combination on the BRCA1 RING protein exhibited a 5-fold higher ability to inhibit
E3 ligase activity than RAPTA-EAL alone.

To the best of our knowledge, the effect of RAPTA complexes on
DNA-damaging ability did not correlate with the observed anticancer activity on
breast cancer cells, but the BRCAL protein structure and function were correlated
with their anticancer activity, suggesting a protein-based mechanism of cytotoxicity.
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Taken together the results from these study allow us to construct a functional model
of RAPTA effects on the BRCAL protein, where uptake and binding of RAPTA
complexes to zinc finger of the RING domain of BRCAL results in zinc displacement,
disrupting the secondary structure of protein and leading to loss of protein function
and ultimately led cancer cell death (Fig. 6.1). Therefore, targeting the BRCA1 RING
domain protein through the disruption of the BRCAL E3 ligase activity by RAPTA-
EAL1 might be an effective approach to treat breast cancers, especially if used in
combination with DNA damaging agents.

[RAPTA complexes }
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Figure 6.1. Following uptake RAPTA-EAL interferes with the zinc finger motif of the
BRCA1 RING domain protein resulting in zinc ion ejection and inactivation of the
protein.
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Experimental

For clarity and contextual understanding, the following results, MS
top down experiments, are presented here that were performed in the laboratory of
Professor Paul Joseph Dyson, LCOM, EPFL, Lausanne, Switzerland.

Mass spectrometry studies with model peptide

The BRCAJ1 peptide (10 uM) was incubated with RAPTA-C or
RAPTA-EAL1) at a 1:1 and 1:5 protein:complex ratios at 4° C for 24 h. All
incubations were performed in sterile MilliQ water. Incubated proteins were
stored at -20 °C until analysis. Electron-Transfer Dissociation (ETD) peptide
fragmentation studies were performed on an ETD enabled hybrid linear ion trap
(LTQ) Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen,
Germany) coupled to a Triversa Nanomate (Advion) chip-based electrospray
system. The samples were infused using a spray voltage of 1.6 kV. The
automatic gain control (AGC) target was set to 1x10° for full scans in the
Orbitrap mass analyzer. ETD experiments used fluoranthene as the reagent
anion and the target for fluoranthene anions was set to 5x10°. Precursor ions for
MS/MS were detected in the Orbitrap mass analyzer at a resolving power of
120,000 (at 400 m/z) with an isolation width of 3, and product ions were
transferred to the FTMS operated with an AGC of 5x10* over a m/z range of
200-2000. The reaction time with the fluoranthene radical anions into the LTQ
was set from 50 to 100 ms. A minimum of 100 scans were averaged for each
ETD fragmentation spectra. The Orbitrap FTMS was calibrated for the normal
mass range keeping a mass accuracy in the 1-3 ppm level. Data were analyzed
using the tool available at http://www.cheminfo.org. (Patiny and Borel, 2013)

Results and Discussion

To determine the preferential binding sites of the RAPTA complexes
on the BRCAL ZF region, Electron Transfer Dissociation (ETD) fragmentation mass
spectrometry was performed on a 50 amino acid synthetic peptide mimicking the ZF
region of BRCAL incubated with RAPTA-EAL and RAPTA-C. ETD fragmentation is
a well-established technique used to probe the localization of post-translational
modifications (Zhurov et al., 2013) (such as glycosylation and phosphorylation) and
drug metalation sites on peptides (Murray et al., 2014; Williams et al., 2010) and
proteins (Meier et al., 2012). ETD causes fragmentation of the N-C, bonds of the
peptide backbone generating C and Z type peptide fragments which can be used to
identify modified amino acid residues on a peptide.

Initially full scans mass spectra of the 1:5 peptide:complex
incubations were analyzed and showed adducts with a 1:1 stoichiometry for RAPTA-
C, and up to 1:3 adducts with RAPTA-EAl (Fig. Al, Fig. A2). Adducts
corresponding to RAPTA species that are consistent with previous MS studies were
observed (Nhukeaw et al., 2014). Further ETD fragmentation was performed on
suitable drug peptide adducts; for RAPTA-C the most intense adducts [Peptide +
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RAPTA-C -2Cl] at +7 and +9 charge states and for RAPTA-EAL [Peptide + RAPTA-
EAL -3Cl +20H] at +8 and +9 charge states were selected for ETD fragmentation.
Analysis of C-type ETD fragments (fragments from the amino terminus) of RAPTA-
C peptide adduct showed an absence of any metallated fragments before residue Cys**
(C** and the first metallated fragment at residue Leu?® (C*) indicating that binding
takes place along a short peptide stretch, Lys*Phe?*Cys®'Met®®Leu® (residues 45-49
on full length BRCAL). Analysis of Z fragments (fragments from the carboxyl
terminus) showed no metallated fragments until Lys** (Z*°), with a first metallated
fragment at Lys*® (Z'®), narrowing down to a binding site on Lys® (residue 55 on full
length BRCAL). For RAPTA-EAL, similar analysis of C-type fragments showed the
absence of metallated fragments until Phe?® (C%), and the first metallated fragment at
Met® (C?®), narrowing down the binding site to a short peptide stretch
Cys*Lys®Phe”®Cys?’Met?® (residues 44-48 on full length BRCAL). Z fragment
analysis showed that similarly, RAPTA- EAL binds at Lys*. (see Tables A1-3 for
further information). The binding sites of the RAPTA complexes on the BRCA1
RING domain are different to those reported for cisplatin, where binding was found at
the His™’ residue (Atipairin et al., 2010).

The similar binding sites observed for both RAPTA complexes
suggest that the different arene ligands have little impact on the localization of
binding, although it does significantly affect stoichiometry and kinetics. As mentioned
above, RAPTA binding leads to zinc ion displacement, which is not surprising based
on the close proximity of the binding regions to site | of the RING domain of BRCA1
(Cys**, Cys?’ and Cys™, Cys*’), which would also lead to conformational changes on
this region and loss of protein function.
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Figure Al. LTQ Orbitrap FTMS of RAPTA-EA after incubation with the BRCA1 peptide. Top: full scan 900-1100 m/z mass spectra of the 1:5
peptide:complex ratio showing the formation of up to 3 adduct peaks at different charge states (+6 and +7). The ion at m/z 951.82 (+6) corresponds to the
native BRCAL peptide. Bottom: ETD spectra of the [BRCA1peptide + RAPTA-EA -3Cl +20H] ** adduct after a 100 ms interaction period with the

fluoroanthene radical anions showing metallation at the peptide fragment Cy524Ly525Phe26Cy327Met28 (corresponding fragments in black) and Lys35

69T



(corresponding fragments in red). Fragments labelled with * correspond to a metallated fragment. Residues in bold correspond to zinc binding residues on the

peptide.
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Figure A2. Full scan mass spectra (zoom in the mass range 840-884 m/z) acquired on the LTQ Orbitrap of RAPTA-C after incubation with the
BRCA1 peptide (1:5 (peptide:drug) ratio), showing the formation of single adduct peaks with RAPTA-C.
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Table A1. Most important C and Z fragments obtained by ETD fragmentation of the
adduct [BRCA1 +7H + RAPTA-C -2C1]9+ (m/z 678.3411) detected whenBRCA1

lon Type (Fragment from Theoretical )
Experimental m/z Mass Error (ppm)
ETD) m/z
Cu" 1257.69453 1257.69508 -0.44
Ci' 1385.78949 1385.79004 -0.40
[Cis+2H]* 570.98927 570.98982 -0.96
[Cir+H]** 950.02012 950.02067 -0.58
[CotH]? 1248.15716 1248.157705 -0.44
[C + RAPTA-C -2CI 1% 1253.59048 1253.591027 -0.44
[Cz + RAPTA-C -2CI 13 1296.2888 1296.289347 -0.42
[Cs2 + RAPTA-C -2CI 13 1371.67817 1371.678723 -0.40
[Css + RAPTA-C -2CI1* 1057.26923 1057.269775 -0.52
[Ca + RAPTA-C -2CI 1% 1452.37868 1452.379223 -0.37
[Css + RAPTA-C -2CI 1% 1495.077 1495.077547 -0.37
[Css + RAPTA-C -2CI1* 1153.33135 1153.3319 -0.48
[Css + H+RAPTA-C-2CIT* 1880.59723 1880.597783 -0.29
[Cso+ 3H + RAPTA-C -2CI 1* 1525.26511 1525.26566 -0.36
[Z6+ HI* 702.39066 702.3912 -0.77
[Z14t 2H]* 744.35898 744.35953 -0.74
[Zist+ 2H]* 808.40646 808.40701 -0.68
[Z1s + RAPTA-C -2CI 1% 1067.99151 1067.99206 -0.51
[Z17+ RAPTA-C -2CI 1% 1132.0208 1132.02135 -0.49
[Zx+ RAPTA-C -2CI 1% 1302.12633 1302.126875 -0.42
[Zas + RAPTA-C -2CI " 1077.77835 1077.7789 -0.51
[Zss + RAPTA-C -2CI* 1179.06361 1179.064155 -0.46
[Zso + 2H + RAPTA-C -2CI 1% 1217.00347 1217.004022 -0.45

peptide was incubated with RAPTA-C (1:5, protein:drug ratio)
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Table A2. Most important C and Z fragments obtained by ETD fragmentation of the
adduct [BRCAL +5H + RAPTA-C -2CI]™* (m/z 871.8649) after incubation of BRCA1
peptide with RAPTA-C (1:5, protein:drug ratio).

lon Type (Fragment from ETD)

Theoretical m/z Experimental m/z Mass Error (ppm)
Cn* 1385.78949 1385.79004 -0.40
[Cis +H] % 855.98027 855.98082 -0.64
[Cas +H]% 1373.69987 1373.700415 -0.40
[Ca + RAPTA-C -2CI]** 1253.59048 1253.591027 -0.44
[Cx + RAPTA-C-2CI1* 1296.2888 1296.289347 -0.42
[Ca + RAPTA-C -2CI1* 1371.67817 1371.678723 -0.40
[Cs +H+RAPTA-C-2CIT* 1057.52118 1057.52173 -0.52
[Ca + RAPTA-C -2CI 1% 1452.37868 1452.379223 -0.37
[Cs + RAPTA-C -2CI 1% 1537.77532 1537.775867 -0.36
[Csx +H+RAPTA-C-2CIT* 1618.48001 1618.48056 -0.34
[Css + H+ RAPTA-C -2CI ¥ 1842.58292 1842.583473 -0.30
[Cs +H+ RAPTA-C -2CI 1% 1467.22358 1467.224133 -0.38
[Zs +H] 702.39066 702.3912 -0.77
[Z14 +H]* 744.35898 744.35953 -0.74
[Zs +H] ™ 808.40646 808.40701 -0.68
[Z1s + RAPTA-C -2CI 1% 1067.99151 1067.99206 -0.51
[Z17 + RAPTA-C -2C1 1% 1132.0208 1132.02135 -0.49
[Zis + RAPTA-C -2CI 1% 792.69466 792.69521 -0.69
[Z2 + RAPTA-C -2CI1 1% 1302.12633 1302.126875 -0.42
[Zz +H+ RAPTA-C -2CI 1** 1118.55067 1118.551217 -0.49
[Zs +H+RAPTA-C -2CI 1% 1285.29086 1285.29141 -0.43
[Zss +2H + RAPTA-C -2CI 1* 1179.06361 1179.064155 -0.46
[Zss +H+ RAPTA-C -2CI 1% 1381.9324 1381.932948 -0.40
[Zs + RAPTA-C -2CI1* 1492.22759 1492.228143 -0.37

[Zso +2H + RAPTA-C -2CI 1% 1217.00347 1217.004022 -0.45
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Table A3. Most important C and Z fragments obtained by ETD fragmentation of the
adduct [BRCAL +7H + RAPTA-EAL +20H -3CI]® (m/z 795.1339) after incubation
of BRCA1 peptide with RAPTA-EA1 (1:5, protein:drug ratio).

lon Type (Fragment from ETD)

Theoretical m/z Experimental m/z Mass Error (ppm)
Ci” 1385.78949 1385.79004 -0.40
[Cis+ H]* 855.98027 855.98082 -0.64
[Cis+ H]* 1014.0676 1014.068155 -0.55
[Co+ H]* 1123.08567 1123.086215 -0.49
[Ca +3H + RAPTA-EA +20H -3CI 1% 1339.93206 1339.93261 -0.41
[Ca +2H + RAPTA-EA +20H -3CI 1% 1419.98913 1419.989677 -0.39
[Cs; + H+ RAPTA-EA +20H -3CI 1% 1457.34787 1457.348423 -0.38
[Cs +2H + RAPTA-EA +20H -3CI 1* 1153.7881 1153.78865 -0.48
[Css + H+ RAPTA-EA +20H -3CI 1% 1217.58363 1217.584175 -0.45
[Cs + H+ RAPTA-EA +20H -3CI 1% 1703.81377 1703.81432 -0.32
[Css + 2H + RAPTA-EA +20H -3CI 1 * 1474.70006 1474.700613 -0.37
[Cs4r + H+ RAPTA-EA +20H -3CI 1* 1503.20484 1503.20539 -0.37
[Cso +5H + RAPTA-EA +20H -3CI 1% 1271.81537 1271.815914 -0.43
2 743.35116 743.351705 -0.73
7% 807.39864 807.399185 -0.68
[Z1s +H + RAPTA-EA +20H -3CI ]* 1196.49606 1196.49661 -0.46
[Zis + 2H + RAPTA-EA +20H -3CI 1* 797.9998 798.00035 -0.69
[Z1s + RAPTA-EA +20H -3CI 1% 1317.0429 1317.04345 -0.42
[Zx +2H + RAPTA-EA +20H -3CI1* 954.08968 954.0902267 -0.57
[Zss +3H + RAPTA-EA +20H -3CI1* 1657.75469 1657.75524 -0.33
[Zss +3H + RAPTA-EA +20H -3CI 1% 1243.31588 1243.31643 -0.44
[Zs +4H + RAPTA-EA +20H -3CI 1% 1332.13361 1332.13416 -0.41
[Zs +2H + RAPTA-EA +20H -3CI1* 1928.24642 1928.246963 -0.28
[Zs +H]* 574.29569 574.29624 -0.96

[Zso + 3H + RAPTA-EA +20H -3CI 1* 1585.50675 1585.507303 -0.35
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Conclusions

In summary, Electron Transfer Dissociation (ETD) fragmentation mass
spectrometry revealed the preferential binding sites of the RAPTA complexes on the
BRCA1l zinc finger RING domain at a similar short peptide stretch,
Cys*Lys”Phe®*Cys*'Met?®Leu® and Lys® (residues 44-49 and 55 on full length
BRCAL).
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