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SUMMARY

Photodynamic therapy (PDT), which relies on the photosensitive molecules’
local administration and activation via irradiation at a specific wavelength (600-800
nm) has been studied years for many diseases; it is especially promising in cancer
therapy due to its specificity and sensitivity. Upon absorbing photons, photosensitizer
transforms from its ground state to an excited singlet state that emits fluorescence
while a portion of the excited singlet state molecules are transformed into the excited
triplet state that forms free radicals or radical ions. Substitution of photosensitizer
molecules with chemotherapy drugs enables not only to increase their solubility in
aqueous media but also to combine chemotherapeutic action with PDT. Currently,
combinatorial administration of histone deacetylase inhibitors (HDACI) and
photosensitizer molecules are restricted while none of them involves a phthalocyanine
derivative.

In this thesis project, we aimed to synthesize a HDACI (3-hydroxypyridine-2-
thione) bearing silicon, zinc and indium phthalocyanine derivatives and investigate
their anti-cancer mechanisms on two breast cancer (MCF-7, double positive and
MDA-MB-231, triple negative) cell lines as well as a healthy (human endothelial cell
line, HUVEC) cell lines in terms of the metal coordinated and substitution of the
HDACI residues (axial, peripheral, non-peripheral). Our results revealed that all Pc-
HDACI derivatives are localized to different regions of the cells (nucleus and
nucleolus for SiPc-HDACI, cytoplasm/membrane or nucleus for ZnPc-HDACI
derivatives according to the position of HDACI moieties, cytoplasm/membrane and
mitochondria for InPc derivatives) and induced different programmed cell death
pathways. Among all Pc-HDACI derivatives, SiPc-HDACI stands out as a promising
alternative for PDT applications thanks to its’ high singlet oxygen yield and effective
HDAC inhibitory action.

Key Words: Phthalocyanines, Histone Deacetylase Inhibitors, Programmed cell
death pathways, Anti-cancer activity.



OZET

Isiga duyarli molekiillerin bolgesel uygulamayi takiben belirli dalgaboyunda 1s1k
ile uyarilmasi yontemine dayal1 bir tedavi yontemi olan Fotodinamik Terapi (FDT),
ylksek derecede 6zgiilliik ve hassasiyeti sayesinde 6zellikle kanser tedavisi i¢in umut
vaadetmektedir. Bu yontemde 151k maruziyeti sonucu fotonlari absorbe eden 1s13a
duyarli molekiil, uyarilarak uygulama bdolgesinde serbest radikaller ya da radikal
iyonlart meydana getirir. Isiga duyarli molekiillerin gesitli kemoterapdtik ilaglar ile
stibstitiie edilmesi, bu molekiillerin sudaki diisiik ¢éztintirliiklerinin giderilmesine ek
olarak kemoterapi ile FDT’yi kombine etmeye de olanak saglar. Glinimiizde 1518a
duyarli molekiiller ile histon deasetilaz inhibitorlerinin kombine kullanimlart oldukga
simirli olup bu ¢aligmalardan higbirinde fotodinamik aktivite bir ftalosiyanin (Pc)
tiirevi ile saglanmamustir.

Bu tez ¢alismasinda bir histon deasetilaz inhibitorti (HDACI), 3-hidroksipiridin-
2-tiyon siibstitiie silikon, ¢inko ve indiyum ftalosiyanin tiirevleri sentezlenerek
molekiillerin anti-kanser aktiviteleri; icerdikleri metal ve sahip olduklari histon
deasetilaz inhibitorii konumu (aksiyel, periferal, non-periferal) baglaminda iki farkl
meme kanseri (MCF-7, cift pozitif ve MDA-MB-231, ig¢lii negatif) ile bir saglikli
(insan endotelyal hiicre hatti, HUVEC) hiicre hatlar1 {izerinde incelenmek
amaglanmistir. Elde edilen sonuglar, tiim Pc-HDACI tiirevlerinin hiicrelerin farkl
bolgelerine lokalize oldugunu (SiPc-HDAC: tiirevi i¢in niikleus ve niikleolus, ZnPc-
HDACi tiirevleri icin HDACi rezidiilerinin konumuna bagli  olarak
sitoplazma/membran ya da niikleus, InPc-HDACI tiirevleri igin sitoplazma/membran
ve mitokondri) ve farkli hiicre 6liim mekanizmalarini aktive ettigini gostermistir.
Ozellikle SiPc-HDACI, yiiksek singlet oksijen verimi ve histon deasetilaz inhibitor
etkinligi ile FDT uygulamalar i¢in gelecek vaat eden bir alternatif olarak 6n plana

cikmaktadir.

Anahtar Kelimeler: Ftalosiyanin, Histon deasetilaz inhibitorii, Programl hiicre

oliimii, Anti-kanser aktivite.
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1. INTRODUCTION

1.1. The Purpose, Contribution, and Content of Thesis

Photodynamic therapy (PDT), which relies on the photosensitive molecules’
(PS) local administration and activation via irradiation at a specific wavelength (600—
800 nm) has been studied years for many diseases; it is especially promising in cancer
therapy due to its specificity and sensitivity. Upon absorbing photons, photosensitizer
transforms from its ground state to an excited singlet state that emits fluorescence
while a portion of the excited singlet state molecules are transformed into the excited
triplet state that forms free radicals or radical ions. While unsubstituted Pcs have low
solubility in water, various unsubstituted Pcs have low solubility in water which does
not only overcome problems arising from hydrophobicity but also enables the
researchers to combine chemotherapeutic approaches with photodynamic therapy
successfully both in vivo and in vitro. Currently, studies combining PS and histone
deacetylase inhibitors (HDACI) for cancer treatment are restricted, and none of the
few previous studies involve a phthalocyanine (Pc) derivative for photodynamic
activity.

In this thesis project, we aimed to develop HDACI (3-hydroxypyridine-2-thione,
3-HPT) bearing silicon, zinc and indium Pc derivatives, compounds with dual chemo-
and photodynamic action, and investigate their mechanisms of action on two breast
cancer cell lines (MCF-7, double positive and MDA-MB-231, triple negative) as well
as a healthy (human endothelial cells, HUVEC) cell line. All compounds exerted
cytotoxic activity in the cell lines abovementioned, while their localization and anti-
cancer mechanisms differed according to the metal they contain and the position of

HDACIi moieties. The workflow of the study is given on Figure 1.1.
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Figure 1.1: The workflow of the study. Cells were incubated with Pc-HDACI
derivatives at 1-100uM concentrations for 24 hours under dark conditions to
investigate dark toxicity of the compounds. For light toxicity, cells were irradiated
with red light at 500 mJ optical dose and incubated for an additional 24 hours. ICso
values of each compound for the respective cell line were calculated. Anti-cancer
activity was investigated by evaluating given parameters: apoptosis, autophagy,
necrosis, downregulation of respective HDACs, mitochondrial activity, DNA
content, and various protein levels play role in cellular migration.



2. LITERATURE REVIEW

2.1. Photodynamic Therapy

Photodynamic therapy (PDT) involves the administration of a photosensitizer
molecule (PS) locally or topically to a usually, but not always malignant lesion [1],
[2]. The treatment procedure consists of three components: PS, light and oxygen which
are all non-toxic individually [3]. After injecting the compound to the lesion, the area
is irradiated with a light source at a certain wavelength to activate the PS which, in
turn, activates programmed cell death pathways by generating toxic products [4], [5].

Due to several advantages over conventional cancer treatment options, PDT
became an attractive option for cancer therapeutics [4], [6] - [8]. Its’ local
administration avoids systemic side effects as the photosensitive agent selectively
accumulates in tumour and its surrounding tissues [8]. PDT can also be used on
tumours that cannot be surgically resected. Unlike other invasive and systemic
treatment options, PDT is repeatable and may offer long-term management [3].

PDT aims to destroy selectively malignant tissue via irradiating the
photosensitizer by a light source at a wavelength matching its absorption maxima.
Irradiation promotes chemical reactions that are induced by electron or energy transfer;
as the result, reactive oxygen and nitrogen species are generated. Two reaction types
are involved in reactive oxygen generation via PDT: Type I reactions involve electron
or hydrogen transfer reactions directly from the photosensitizer and produce ions or
involves electron/hydrogen extraction from a substrate to form free radicals. Type Il
reactions produce a highly reactive state of oxygen which is called singlet oxygen (10?)
[9]. Even though mainly 10? plays role in the molecular action of PDT [10], both
reactions occur simultaneously and the ratio between two reaction types depends on
the nature of the PS [11], [12]. The cytotoxicity mechanism of PS upon irradiation is

given in Figure 2.1.
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Figure 2.1: Action mechanism of PDT. Absorption of a photon causes excitation

of the photosensitizer from its singlet ground state (PTS) to higher energy levels

(PTSx). Upon deactivation, singlet oxygen (*O.) causes formation of free radicals
and reactive oxygen species that lead to cell death.

When compared to tetrapyrrolic porphyrins and chlorins, thanks to their high
extinction coefficients and longer absorption wavelengths (due to additional benzene
rings connected to each pyrrolic subunit that causes more electron delocalization) [13],
[14], phthalocyanines (Pcs) are regarded as potent second-generation PS compounds

in cancer treatment.

2.1.1. Photodynamic Therapy in Cancer Treatment

PDT contributes eradication or reduction of tumours via three distinct
mechanisms. First, reactive oxygen species (ROS) generated upon treatment can
directly kill tumour cells by activating a programmed cell death mechanism [4], [15].
Alternatively, PDT can impair tumour associated vascularization that leads to nutrient
and oxygen deprivation, and PDT-induced stress signals enable immune system to
recognise and destroy tumour cells [3], [16].

Role of each mechanism depends on the type and dose of PS administered,
incubation duration of the target tissue with the PS, optical dose of irradiation and
tumour oxygen levels [3], all three mechanisms are important for tumour regression
[6], [17] and each of their importance on tumour eradication needs further research.

A hematoporphyrin derivative (HPD) (later named as Photofrin) was the first PS

molecule clinically employed for cancer therapy and still considered the most widely
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used one. Disadvantages of Photofrin include long term skin photosensitivity in
addition to relatively low absorbance at 630 nm wavelength, which may be overcome
by red-shifting the absorbance band [3]. Efforts for developing second generation PSs
led to discovery of several different PS where the compounds clinically approved or

under trial are presented in Table 2.1.

Table 2.1: Clinically applied photosensitizers, their structures, wavelengths and
target cancer types.

Photosensitizer Structure Wez\rl]ilﬂ'e)ngth Cancer Types
lung, oesophagus,
Photofrin (HPD)* porphyrin 630 bile duct, bladder,
brain, ovarian
ALA* porphyrin 635 skin, bladder, brain,
precursor oesophagus
ALA esters** ngfﬁég: 635 skin, bladder
head and neck,
Foscan (IMTHPC)** Chlorine 652 lung, brain, skin,
bile duct
Verteporfin*** Chlorine 690 ophtha_lmlc,_
pancreatic, skin
HPPH**x chlorin 665 head and neck,
oesophagus, lung
E)Sur::gttzl?**** chlorin 660 skin, breast
Lafggrfll\rl]ﬁ,efs*lﬁj;l’ chlorin 660 liver, colon, brain
Fotolon (PVP-Ce6), nasooharvnaeal
Radachlorin, chlorin 660 pharyngeal,
Photodithazine**** sarcoma, brain
Silicon cutaneous T cell
phthalocyanine phthalocyanine 675
(PC4)**** lymphoma
E‘I?g(glerﬂB)**** bacteriochlorin 762 prostate
(I\I/I_?]'Etre:j;‘n*’lcutetlum texaphyrin 732 breast

*Clinically approved worldwide, ** Clinically approved in Europe, *** Clinically
approved worldwide for Age Related Macular Degeneration (AMD), under clinical
trial in the United Kingdom for cancer treatment, **** Under clinical trial. HPD:
hematoporphyrin derivative, ALA: aminolevulanic acid, mTHPC: m-
tetrahydroxyphenylchlorin, HPPH: 2-[1-Hexyloxyethyl]-2-devinyl
pyropheophorbide-a, SnEt2: Tin Ethyl Etiopurpurin, NPe6: Mono-aspartyl chlorin e6
(MACE), PVP-Ce6: Polyvinylpyrrolidone- Chlorin e6 (1:1).



Different hypotheses were proposed for tumour selectivity and specificity of PS
[18], including extensive vascularization of the tumour and absence of lymphatic
drainage [19]. Different molecules, specific to tumour markers can also be linked to
PSs for targeted anti-cancer therapy [20], which the latter may also overcome the low
solubility of some PS molecules: introduction of functional groups, axially or
peripherally to Pcs may alleviate their hydrophobicity while enabling them to target
certain tumour specific proteins, enhancing their therapeutic specificity and selectivity
[21]. This approach also applies to combining Pc derivatives with chemotherapeutic

drugs to induce a synergistic effect [22] - [24].

2.1.2. Programmed Cell Death Pathways Induced by Photodynamic
Therapy

Considering the halftime of the main toxic product generated by PDT, 102 is
very short, and its’ damage is usually restricted to the area where the PS molecule
localizes. This localization is likely to determine the mode of cell death in PDT [25].
Among PS abovementioned (see Table 2.1); Photofrin mainly targets lipid membranes
while NPe6 localizes lysosomes, Verteporfin localizes to mitochondria while m-
tetrahydroxyphenylchlorin (mTHPC) target both mitochondria and endoplasmic
reticulum (ER); mitochondria are reported to be the main target of Pc4 [3]. Target
organelles may differ between various cell types.

Generally, PS that target endoplasmic reticulum or mitochondria promote
apoptosis by inducing oxidative stress while compounds localize to lysosomes or
plasma membrane initiate necrosis [26]. PS localizing to mitochondria can induce
transfer of Ca?* from the cytoplasm to mitochondria and initiate apoptosis in a non-
nuclear manner. Increased intracellular Ca?* upon PDT also activates tumour
suppressor p53 as p53-deficient cells were found to have impaired Ca?* response, thus
resistant to PDT [27]. In addition to intracellular Ca?* increase, phospholipases A; and
C [28] as well as ceramide generation [29] are involved in PDT-mediated apoptosis.
Without caspase activity, the necroptotic pathway is occupied [30]. Moreover, 10?

originating from mitochondria upon PDT has also shown to induce necroptosis [31].



2.1.2.1. Apoptosis

Apoptosis which eliminates damaged cells that potentially disrupt healthy cells’
function, is a genetically programmed cell death mechanism [32] - [34] that aims to
protect organisms’ integrity. A wide range of stimuli as a part of physiological
processes or pathological conditions can induce apoptosis such as death receptor
agonists triggering apoptosis in defective immune cells or elevated neurohormonal
stimulation in patients with chronic heart failure inducing cell death in cardiac and
skeletal muscle cell [35] - [37]. To date, two major pathways of apoptosis are defined:
extrinsic and intrinsic [38], [39]. The extrinsic pathway is mediated via activation of
Tumour Necrosis Factor Receptors (TNFR) superfamily which includes TNFR, Fas
and TNF-Related Apoptosis Inducing Ligand (TRAIL). Ligand binding to these
receptors activates initiator caspases that eventually induce an effector caspase, usually
caspase 3. Cleavage of so-called death substrates via active caspase 3 leads to
characteristic hallmarks of the apoptotic process: morphological and biochemical
alterations such as DNA fragmentation, nuclear fragmentation, and membrane
blebbing. Extrinsic pathway cross talks with the intrinsic apoptotic pathway as well as
necrosis [39], [40].

The intrinsic pathway is initiated by hypoxia, cytosolic Ca?* imbalance, severe
oxidative stress, unfolded protein response (UPR) and genetic damage [41], [42]. Even
though stress-induced intrinsic pro-apoptotic cascade is well studied, it is not
completely understood; as far as we know, stress causes activation and recruitment of
pro-apoptotic Bcl-2 members like Bax or Bak to mitochondria that form pores which
results in cytochrome c release [43] - [45]. Released cytochrome ¢ from mitochondria
forms apoptosome complex that cleaves initiator caspase 9 to activate executioner
caspase 3. As a result, same type of apoptotic response observed in the extrinsic

pathway occurs (Figure 2.2).



Figure 2.2: Overview of apoptosis. The extrinsic pathway is activated by the
interaction between respective receptor-ligand pair that activates caspase 8
which either directly activates executioner caspases caspase 3 and/or
caspase’, or processes Bid to form truncated Bid (t-Bid) that activates the
intrinsic apoptotic pathway. Intrinsic pathway may be triggered due to the
mitochondrial damage, DNA damage, or increased intracellular Ca?*
concentration and initiated by the translocation of pro-apoptotic proteins to
the mitochondrial membrane in the absence of anti-apoptotic signals. As a
result, cytochrome c releases to the cytoplasm to form apoptosome complex.
Apoptosome complex cleaves procaspase 9 to its active form that eventually
activates executioner caspases caspase 3 and/or caspase?.

2.1.2.2. Necrosis

Necrosis has long been used to describe the death of tissue in an organism;
however, after the term apoptosis defined in 1972 by Kerr, Wyllie and Currie utilizing
morphological differences for discriminating two types of cell death, necrosis then has
been used to define a distinct type of cell death [45] and refers a morphologically
different form of cell death from apoptosis which was characterized by membrane
swelling [46] - [48]. Nevertheless, stimuli that lead to necroptosis have received little
attention as it was thought to be an unregulated, physical process [49], [50]. Today it
is known that necrosis is controlled by various molecular mechanisms and occurs as a

genetically encoded apoptosis-independent cell death. Several signalling elements of



regulated necrosis and apoptosis are shared and both cell death pathways are regulated
by overlapping regulatory molecules [51], in example, inhibition of caspase 8 may
shift the cell death mode from apoptosis towards necroptosis [52]. Necrosis is also
associated with autophagy, mitochondrial dysregulation [53] and ER stress [54]. In
addition to TNF receptor-1 (TNFR1) with TNF, ligand interaction with Fas [55] and
Toll Like Receptors (TLRs) [56] are also able to initiate this pathway. In necrosis,
upon activation, Receptor Interacting Protein 1 (RIP1) interacts with Receptor
Interacting Protein 3 (RIP3) that phosphorylates Mixed Lineage Kinase Domain-like
(MLKL) that translocates to the cellular membrane as well as mitochondria [57] and
ER [54] to form pores. MLKL also interacts with ion channels to increase intracellular
osmotic pressure [58]. DNA damage can also initiate necrosis in the presence of
Retinoic Acid Receptor gamma (RARy) [59] (Figure 2.3).

Figure 2.3: Overview of necrosis. In the absence of caspase 8 activity, ligand
binding to TNFR results in the dissociation of TRADD-TRAF2-RIP1
complex to the cytoplasm. RIP1 interacts with RIP3 to phosphorylate MLKL
that translocates cell membrane to form pores. Various studies indicate that
MLKL can also form pores on ER or mitochondria. DNA damage can initiate
necrotic response in the presence of RARY activity.



2.1.2.3. Autophagy

Autophagy involves delivering old and/or damaged cytoplasmic components to
lysosomes for degradation and mainly classified into three types: engulfment of
cytoplasmic components by double membrane bound autophagosomes,
macroautophagy [60]; direct engulfment of a substrate to be degraded by lysosomal
proteases, microautophagy [61] and directing the target cargo to a lysosome by a
pentapeptide motif, chaperone-mediated autophagy [62]. Autophagosome formation
starts at the phagophore assembly site [63] and is characterized by the lipidation of
microtubule-associated protein 1 light chain 3 (MAPL1LC3; also known as LC3) via
phosphatidylethanolamine [64].

Autophagy acts as a double-edged sword in the carcinogenesis process and its’
exact role remains elusive. Induction of autophagy has tumour-suppressor potential,
and disruption of this mechanism is shown to be related to increased cancer risk [65].
Autophagic cells secrete certain molecules that may recruit immune effector cells to
the tumour site to induce immunogenic cell death [66]. On the other hand, it provides
metabolic supply to malignant cells, enabling them to adjust stress conditions [67] and
even may help tumour to cope with therapy-induced stress [68]. Various cancer
therapies induce autophagy as a side effect [69], and pharmacological inhibition of this
mechanism enhances the efficacy of the treatment while avoiding drug resistance [70]
(Figure 2.4).
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Figure 2.4: Overview of autophagy. Three distinct types of autophagy can be
classified as macroautophagy (engulfment of the organelles by a vesicle),
microautophagy (direct engulfment of cytosolic content) and chaperone mediated
autophagy (engulfment of molecules labelled with a signalling peptide (KFERQ
motif) that is recognised by cytosolic chaperone heat shock cognate protein of 70
kDa (hsc70) which promotes fusion of cargo and lysosome via lysosomal-
associated membrane protein 2A (LAMP2A) receptor). Autophagy starts with the
formation of the phagophore where UNC51 like kinase (ULK) complex forms a
complex for initiating autophagosome formation. Then, activated ULK complex
targets a class 111 PI3K complex which includes beclin 1. This complex promotes
local phosphatidylinositol 3 phosphate production. At the expansion stage, ATG12—
ATG5-ATG16 complex is recruited to the membrane of autophagosome where it
facilitates microtubule-associated protein 1 light chain 3 (MAP1LC3; also known as
LC3) lipidation with phosphatidylethanolamine.

2.2. Histone Structure and Nucleosomes

By interacting with certain proteins, long and fragile eukaryotic DNA is packed
in the nucleus that form chromatin structure [71], [72]. After the initial studies
regarding principles of chromatin organization indicating DNA is packed around the
histones to form nucleosome structures, questions regarding how this “packaging”
enables DNA replication have raised since this organization represents a physical

barrier for the replication, repair and transcription processes [73]. Further studies
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revealed that the formation of chromatin structure relies on the associations between
DNA and nucleosomal histones, neighbour nucleosomes and non-histone proteins,
mainly involving interactions with core histones’ N-terminal tails reaching out from
the compact nucleosomal core particle.

The first level of chromatin organization is the nucleosome core particle which
consists of two copies of histones H2A, H2B, H3 and H4 that form an octameric
structure where 146-147 bp of DNA packs around it [71]. Linker DNA connects
nucleosomes to form nucleosomal arrays. The DNA sequence, the amino acid
sequence of the histone and post-translational modifications play role in each
nucleosomes’ “primary structure” [74]. Next, packed nucleosomes are arranged as a
two-start helical model that forms 30-nm fibre and is mediated by the internucleosomal
interactions between core histones [71]. Further fibre-fibre interactions result in higher
compaction which can be observed in condensed chromosomes [75]. Chromatin
formation is schematized in Figure 2.5.
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Figure 2.5: Structures of chromatin. Primary structure consists of nucleosomes
with major histones or various histone variants. Histone variants and post-
translational modifications may play role in nucleosome dynamics and
structure. Protein sequence, the effect of chromatin-remodelling enzymes and
DNA binding may have impact on the spacing between nucleosomes.
Neighbouring nucleosome interactions result in secondary chromatin structure,
the folded chromatin fibres which can be observed in the lower left panel.
Interactions between fibres are affected by the primary structure. Various
proteins stabilize secondary and tertiary structures (architectural proteins,
orange triangles). Major type histone tetramer and dimer are shown in light
blue and yellow, respectively whereas variant tetramers and dimers are shown
in green and pink or purple and green, respectively. Double arrows represent
transitions between different states which may be regulated via post-
translational modifications, architectural proteins, chromatin-remodelling
factors and changing histone variants.
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2.3. Histone Deacetylases

The addition of an acyl group from an acyl-CoA donor to the lysine residue is
termed acylation, and acylation involves acetylation [72]. N-termini of the core
histones contain conserved and positive charged lysine residues that have affinity to
negatively charged DNA. Acylation of lysine residues conceals the positive charge,
reducing its affinity for chromatin and leaving the DNA uncovered. In other words,
acetylation of the lysine residues of the histones enables gene expression whereas
deacetylation leads to chromatin condensation and results in transcriptional gene
silencing [76]. The number of the lysine residues in each N-termini correlates with the
strength of the mechanism: lysines account for the 27%, 33%, 22% and 20% of the N-
terminal tail of histones H2A, H2B, H3 and H4, respectively. It should be noted that
lysines are also available for ubiquitination and methylation, suggesting a competition
between post translational modifications [72].

As reported in the early 1960s, histone lysine acetylation was the first histone
acylation identified [77], followed by the discovery of an enzyme that removes the
acetyl groups from histones in 1969 [78]. Further studies focused on the connection
between histone acetylation, altered chromatin structure and transcription, implying
acetylation of the lysine residues mediate various transcriptional regulations in yeast
and fruit flies [79]. Yet, the main link regarding transcription and histone acetylation
has revealed with the discovery of Tetrahymena Histone Acetyltransferase A (HAT-
A) that is related with the Genb5 in yeast and acetylase histones [80]; and a mammalian
histone deacetylase which is an ortholog of yeast Rpd3 and removes acetyl groups
[81]. Later, studies have identified various members of both histone acetyltransferase
(HAT) and histone deacetylase (HDAC) enzyme families. In fact, recent studies imply
that some HDACs may also deacetylate nonhistone proteins which should be taken
into consideration when aiming to unravel the function of the enzyme [82]. Moreover,
HDACS can interact with the nuclear receptor, or interact with various transcription
factors to regulate gene expression [83].

HDACs form multiprotein complexes that interact with DNA binding factors
including various epigenetic modification-related genes, transcription factors and
nuclear receptors to target specific genomic regions [76]. An example is the interaction
between HDACs and methylated DNA mediated by methyl-binding proteins that
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engage a multiprotein complex containing HDAC to the methylated gene promoter in
order to repress transcription. HDACSs can also interact with methyl transferases.

To our knowledge, the human HDAC family consists of 18 members and divides
into four classes: class | Rpd-3-like proteins (HDAC1, HDAC2, HDAC3 and
HDACS); class Il Hda-1-like proteins (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9
and HDAC10); class 111 Sir2-like proteins (SIRT1-7) and class IV protein (HDAC11)
[82].

2.3.1. Histone Deacetylase Families and Classes

HDACSs belong to the histone deacetylase family or Sir2 regulator family.
Conventional categorization of HDACs relies on the sequence similarities: Class |
proteins have similar sequences with the yeast Rpd3 protein whereas Class Il proteins
share similarities between yeast Hdal protein while Class 11l proteins have sequence
similarities with yeast Sir2 protein. Class IV protein HDAC shares similarities with
both Class | and Class Il HDACs. As also indicated by the structural studies; the
significant homology between human Class | and Class Il HDACs and different
species” HDAC homologs suggest a common mechanism for acetylated substrates’
metal-dependent hydrolysis while Class 11l HDACs use NAD+ to deacetylate acetyl-
lysine residues [82].

2.3.1.1. Class | Histone Deacetylases

The first human histone deacetylase purified and characterized was HDAC1
[81]. This discovery was followed by the identification of HDAC2 as a negative
regulator of transcription [84]. Both HDAC3 and HDACS8 were discovered during
investigations of the GeneBank to identify proteins with similar sequences to other
HDAC:s [85], [86]. Deacetylase domains of Class | HDACs share a 45-94% sequence
identity [82]. While Class | HDAC members initially thought to be located to the
nucleus, various studies suggest they also localize to the cytoplasm or certain

organelles and exert certain extranuclear functions.
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2.3.1.2. Class Il Histone Deacetylases

Both HDAC4, HDACS and HDACG6 were identified during GeneBank searches
in an effort to discover human HDACs with similar sequences to yeast Hdal [87].
While these proteins resemble Class | human HDACSs in terms of their catalytic
domains, they also have other sequences that have no similarities with the Class |
enzymes. HDAC4, HDACS5, and HDACS6 have lower in vitro HDAC activity at a lower
level compared to their Class | counterparts. In addition, HDAC6 bears two
deacetylase catalytic domains that function independently as a unique feature. HDAC7
was first isolated in 2000 and contains three repressor domains in which two of them
have independent autonomous repressor activity whereas the third has deacetylase
repressor function [88]. HDAC9 was discovered by a homology database search [89].
Altogether, Class Ila HDACs consist of HDAC4, 5, 7, and 9 which share a 48-57%
similarity. HDAC10 was discovered to share the highest similarity with HDACS, both
possessing a unique second catalytic domain [90]. Thus, HDAC6 and HDAC10 make
up the Class Ilb. Both Class Ila and Class I1b HDACs show cytoplasmic in addition to
nuclear localization, indicating cytoplasmic functional activity [82]. Conserved
deacetylase domains of Class II HDACs share a 23%-81% sequence identity.

2.3.1.3. Class Il Histone Deacetylases (Sirtuins)

Studies using S. cerevisiae Sir2 sequence as a probe enabled the identification
of human sirtuin proteins SIRT1, SIRT2, SIRT3, SIRT4 and SIRT5 [91]. SIRT6 and
SIRT7 were identified in a similar manner by using the SIRT4 as the probe. All sirtuins
share 22%-50% similarities according to their amino acid sequences and 27-88%
similarities when their conserved catalytic domains are compared [82]. Sirtuins
possess mono-ADP-ribosyltransferase activity in addition to histone deacetylase, in
addition, SIRT5 has shown to have lysine desuccinylase and demalonylase activities
in vitro [92].
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2.3.1.4. Class IV Histone Deacetylases (HDAC11)

HDAC11, the only member of the Class IV HDAC shares homology with both
Class I and Il HDACs and first discovered by Gao et al. [93]. HDAC11 is the least
studied member among the classical HDAC family and is only known to regulate

interleukin 10 expression as well as the protein stability of CDT1 [82].

2.3.2. Histone Deacetylase Inhibitors in Cancer

Chromatin is a long-known target for cancer treatment [94]. With the emergence
of genome sequencing technology, various mutations have detected within the
chromatin regulating genes, contributing to malignancy. In the beginning of the 2000s,
DNA methylation, especially repressing tumour promoting genes via promoter
hypermethylation was the most extensively studied epigenetic modification in cancer
[95]. Further studies, however, provided more knowledge on histone modifications in
cancer progression.

Histone acetylation controls approximately 2-10% of total gene expression [96].
Essentially, deacetylation results in chromatin condensation and subsequently
downregulation of the respective gene while acetylation by histone acetyl transferases
(HAT) unwinds the DNA and upregulate gene expression [97]. HDACs also present
at active transcription sites to reset chromatin acetylation [98], or for certain
complexes, to recognize acetylated lysine residues [99].

Acetylation affects the activity of various other non-histone proteins; examples
include DNA repair enzymes, DNA-binding transcriptional factors and nuclear
receptors, signalling mediators, proteins regulating transcription and remodelling
[100]. This also explains why HDAC inhibition does not always result in
transcriptional  upregulation once the chromatin is loosened. Histone
acetylation/deacetylation imbalance can alter gene expression profiles, thus may alter
certain signalling pathways, change proteasomal degradation, alter protein kinase C
activity and control other epigenetic alterations. Previous studies reported that HDAC
inhibitors (HDACI) may increase the acetylation/deacetylation ratio and may provide
beneficial effects for cancer management [100]. Five different HDACIi classes include

hydroxamic acids (hydroxamates), aliphatic acids; benzamides; cyclic tetrapeptides;
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and sirtuin inhibitors. HDACI can target either certain HDACs (isoform specific
HDACI) or all HDACs (pan HDACI). Table 2.2 demonstrates selected HDACI, their
target HDACs and clinical status. Many other HDACis are under preclinical

investigation.

Table 2.2: Overview of certain HDACis, their targets and clinical status.

Class HDAC inhibitor Target Class Clinical Status
Trichostatin A

(TSA) pan preclinical
SAHA* pan approved for cutaneous T-cell lymphoma
Belinostat pan approved for peripheral T-cell lymphoma
Panabiostat pan approved for multiple myeloma
. phase Il clinical trials—relapsed leukaemia
Givinostat pan .
and multiple myeloma
hydroxamic . phase | and 1l clinical trials—hepatocellular
; Resminostat pan .
acids carcinoma
Abexinostat pan phase Il clinical trial—B-cell lymphoma
Quisinostat pan phase I clinical trial—multiple myeloma
Rocilinostat I phase I clinical trial—multiple myeloma
Practinostat I, 1land IV  phase Il clinical trial—prostate cancer
d phase | clinical trial—advanced/metastatic
CHERSS 6 I solid tumours refractory to standard therapy
Valproic acid ap_proyed for epilepsy, _bl_polar (_jlsorders and
] I, lla migraine, phase Il clinical trials—several
short chain (VPA) studies
fatty acids Butyric acid (1 phase Il clinical trials—several studies
Phenylbutyric acid I, 11 phase I clinical trials—several studies
phase Il clinical trials—breast cancer,
Entinostat | Hodgkin's lymphoma}, pon-small cell lung
cancer, phase Il clinical trial—hormone

receptor positive breast cancer

phase Il clinical trial—non-small cell lung

benzamides Tacedinaline | .
cancer and pancreatic cancer

4SC202%* | phase | clinical trial—advanced
haematological malignancies
Mocetinostat LIV phase Il clinical trials—Hodgkin’s
lymphoma
cyclic_ Romidepsin I approved for cutaneous T-cell lymphoma
tetrapeptides
Nicotinamide all class 111 phase 111 clinical trial—laryngeal cancer
sirtuin Sirtinol SIRT 1and 2 Preclinical
inhibitors Cambinol SIRT 1and 2 Preclinical

cancer preclinical, phase | and Il clinical

_ *kk
EX-527 SIRT 1and 2 trials—Huntington disease, glaucoma

* Suberoylanilide hydroxamic acid (Vorinostat), **Domatinostat, *** Selisistat.
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2.3.3. Anti-Cancer Mechanism of Histone Deacetylase Inhibitors

HDACI can induce cell cycle arrest, differentiation, and programmed cell death
mechanisms [100]. As many hallmarks of cancer are influenced by epigenetic
alterations; Dawson and Kouzarides have suggested that HDACs may be crucial for
cancer survival and growth, hence cancer cells would be relatively susceptible to
HDACI treatment compared to healthy cells [101]. Anti-cancer properties of HDACIs

depend on various parameters such as the drug itself and type of cancer [102].

2.3.3.1. Activating Programmed Cell Death Pathways

In addition to downregulating cyclin A and cyclin D expressions, HDAC1
inhibition enables tumour suppressor protein p53 to promote cell cycle arrest via
increasing cyclin dependent kinase inhibitor p21 activity which, in turn, blocks
interactions between cyclins and cyclin dependent kinases (CDKSs), eventually leading
to cell cycle arrest [100]. Romidepsin administration along with genetic HDAC1
ablation can also induce autophagy [103]. HDAC:is’ role on autophagy is controversial;
a study suggests that administration of autophagy inhibitors potentiate HDACis’ anti-
cancer efficacy [104] while another one indicates that an autophagy blocker is able to
prevent Vorinostat (SAHA)-induced cytotoxicity [105]. Likewise, Vorinostat was
proven to exert anti-cancer effects via autophagy in endometrial stromal sarcoma cells
as well as in a glioblastoma multiforme murine model [106], [107]. In another study,
p53-initiated apoptotic pathway was reported to be the preliminary target of
Vorinostat, and the absence of this protein activates autophagy [108].

HDACIs also modulate certain protein kinases’ activities to regulate growth,
differentiation and cell death. One example is ERK, which is induced by HDACIs yet
the exact mechanism remains unclear [109], [110]. Certain studies suggest HDACis
may induce the expression of anti-apoptotic and growth-promoting proteins to support
tumour cell growth [109]. Valproic acid (VPA) activates wingless (Wnt) pathway,
which plays important role in many cancers via phosphorylation of glycogen synthase
kinase-3p (GSK-3p) [111], [112]. Wnt pathway is proven to be aberrantly expressed

in many cancers, and proven to play role in cancer stem cell development [100].
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2.3.3.2. Regulating non-coding RNA

HDACIi can regulate non-coding RNA expressions to promote different miRNAs
expressions, and proven to induce apoptosis in thyroid cancer cells [113] and cellular
senescence [114]. In addition to regulating various transcriptional and post-
transcriptional events, Long non-coding RNAs (IncRNAs) make up the micro RNA
(miRNA) precursors and exert epigenetic effects by recruiting histone modifying
complexes to target loci according to the histone marks [114], [115]. Overexpression
of intergenic IncRNAs is linked with cancer [116]. While alterations in IncRNA
expression levels might provide insight into HDACis anti-cancer properties, further

studies regarding non-coding RNAs are required to elucidate the mechanism.

2.3.3.3. Regulating the Immune System

Tumour antigens epigenetically silenced disable immune recognition of the
malignant cells by the immune system [117]. By altering epigenetic modifications,
HDACIi may upregulate expression of human leukocyte antigens (HLA) and make the
tumour “visible” by the immune system [118], [119]. In vivo studies indicate that
HDACIi may increase immunogenicity and promote T cell activation that eventually
contributes to survival [120], [121]. Inhibition of different HDACs may have distinct
effects on immune cells as Class Il HDAC inhibition enhances T regulatory cells
(Tregs) activity where Class | HDAC inhibition promotes Natural Killer (NK) cells
and CD8+ T cells’ functions [122].

2.3.3.4. Modulation of Angiogenesis

HDACIi can downregulate many genes that involve in angiogenesis process
including vascular endothelial growth factor (VEGF), vascular endothelial growth
factor receptor (VEGFR), and endothelial nitric oxide synthase (eNOS) while
increasing anti-angiogenic factors such as Transforming growth factor B (TGFp) and
Thrombospondin-1 (TSP-1) [123] - [126]. In addition, HDACI treatment induces
hyperacetylation and subsequent degradation of pro-angiogenic modulator hypoxia
inducible factor 1 alpha (HIF-1a) [127]. Yet, the anti-angiogenic effect of HDACIis
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may remain controversial as HDACI treatment also increase expressions of certain
matrix metalloproteinases (MMPs), and remodelling of the extracellular matrix (ECM)

is an important contributor to angiogenesis [128].

2.3.4. HDACI Treatment in Solid Tumours

HDACI treatments are mainly approved for haematological malignancies [94],
[129]. The examples include Vorinostat, Belinostat, Panobinstat and Romidepsin for
cutaneous T-cell lymphoma, peripheral T-cell lymphoma, multiple myeloma and
cutaneous T-cell lymphoma, respectively [100], [129]. Due to high HDACi expression
observed in certain solid tumours, (such as high HDAC6 expression in breast cancer
or HDAC2 in colorectal, cervical and gastric cancers) [100], the success of HDACI in
haematological cancers introduced them into clinical trials for targeting solid tumours.
However, the results were not as it was anticipated: HDACI treatment in solid tumours
remained ineffective while leading to toxic side effects [130]. Patients suffering from
certain solid tumours such as colorectal, non-small cell lung, thyroid and refractory
breast cancers and received Vorinostat did not show partial or complete response, yet
the drug-induced side effects were very common [131], [132]. Even an in vitro study
involving Vorinostat revealed that treatment triple negative breast cancer (TNBC) with
this particular pan-HDACI is able to promote motility via promoting epithelial-
mesenchymal transition (EMT) and may contribute to metastasis [133]. Trials
involving patients receiving Romidepsin as a monotherapy for solid tumours indicated
similar results in terms of ineffectiveness and toxicity [134], [135]. Only positive
outcome reported was the clinical disease stabilization ability of HDACIs
abovementioned for certain patients.

Frankly, results obtained from combinations of chemotherapeutic drugs with
HDACIs were not in line with monotherapy results. In an animal inflammatory breast
cancer (IBC) model, combinatorial administration of Romidepsin and Paclitaxel was
found efficient for eliminating both primary and metastatic tumours [136]. An in vitro
study revealed Vorinostat can sensitize oral squamous cell carcinoma cell lines to low
doses of cisplatin [137]. It should be noted that these results may not entirely represent
an absolute success since clinical trials showed relatively less striking results: In a

phase | clinical study, patients administered Belinostat in combination with
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Carboplatin (cyclobutane-1,1-dicarboxylate-O,0") and/or paclitaxel. Six patients
showed clinical stabilization while two of them had partial responses, and one had
complete response among 23 patients [138].

Halsall et al. suggested that HDACi treatment downregulates lysine
acetyltransferases (KATSs), which also target acetylated promoters and eventually
counteracts with HDACI activity [139]. Authors proposed a hypothetical model, where
both acetylated and non-acetylated isoforms of a certain protein promote different gene
sets. HDACI leads to a sharp increase in acetylated isoform of the target protein that
results in downregulation of KAT complex. As a regulatory mechanism, transcription
of KAT complex components increases to shift upregulated genes from one set to
another set [129]. This phenomenon may be explained with evolutionary mechanisms:
various HDACIs are readily present in the nature and secreted by organisms to survive
in a competitive environment [129]. Epigenetic control mechanisms are unique to
Eukaryota, and likely to be the targets of competing Prokaryota. Thus, eukaryotic
organisms are expected to have resistance against environmental HDACis as a survival
mechanism, which may also be the underlying cause of HDACi treatments’

ineffectiveness against solid tumours. The mechanism is schematized in Figure 2.6.
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Figure 2.6: Suggested evolutionary mechanism behind tumour
cells’ HDAC: resistance. Early eukaryotes developed a resistance
mechanism to deal with the hyperacetylation caused by bacterial

HDACI. Cancer cells conserving this mechanism may lead to

HDACI resistance.
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2.4. Breast Cancer

Being the most common malignancy among women, every year 1.5 million
patients are being diagnosed with breast cancer (which accounts for 25% of all women
diagnosed with cancer), and it is estimated that 12% of all women will be diagnosed
with breast cancer during their lifetimes [140], [141]. Survival rates differ between
countries: the estimated 5-year survival rate is ~ 80% in developed countries whereas
it remains below 40% in developing countries [140]. Breast cancer is the most common
oncological malignancy in Turkey as each year, 10.000 women are diagnosed with the
disease while its ratios in different regions are reported as 20/100.000 for eastern
regions and 40-50/100.000 for western regions [142]. The higher ratios in western
regions of the country may be attributed to the effect of modern lifestyle on breast
cancer development, or the accessibility of the women living in relatively developed
parts of the country to healthcare services.

Due to its heterogenic nature as well as variable morphological and biological
features, different clinical approaches are adopted for the treatment of the disease
[143]. Breast cancer classification provides structural data to clinicians and facilitates
successful treatment by aiming to answer two questions: type and degree of the tumour
and stage of the tumour. Type and degrees of breast tumours rely on histological
subtypes and stages which are determined by the World Health Organization (WHO).
Breast tumours’ stages are correlated with the size of the tumour, node invasion and
metastasis. Routine investigation of breast cancer involves expression levels of
oestrogen receptor alpha (ERa), progesterone receptor (PR) human epidermal growth
factor receptor 2 (HER2) [143]. Evaluations of these three prognostic markers form
the basis for breast cancer assessment by providing predictive information by guiding
the physician to adopt hormone-based and/or anti-HER2-based therapy.

Expression of nuclear sex steroids ER and PR plays role in the proliferation of
both healthy and neoplastic mammary epithelia and observed in 75% of all breast
cancers. Both markers are assessed by immunohistochemistry (IHC) and directly
correlate with the success of the hormone therapy [144]. Generally double positivity
of the hormone receptors is observed as positivity of just one receptor is rather rare,
and indicates relative aggressive nature and resistance to hormone-based therapies in

comparison with double positive tumours [145], [146]. HER2 overexpression is
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observed in approximately 15% in breast cancer and assessed by IHC and in situ
hybridization (ISH). HER2 overexpression is related to aggressive clinical behaviour
as well as poor prognosis, and HER2 is a predictive marker for the success of anti-
HER2 based therapies [147]. Tumours that account for 10-15% of all breast cancer
cases do not express the markers abovementioned are classified as “triple negative
breast cancer” (TNBC). TNBC diagnosis is associated with poor prognosis and the
patients can’t benefit from hormone based or anti-HER2 therapies. Traditionally,
breast cancer subtypes determined by the expressions of ER, PR, HER2, and Ki-67

markers with IHC are given below [143]:

e Luminal A-like (ER+, PR>20%, HER2—, Ki67<20%)

e Luminal B-like (ER+, PR<20% and/or HER2+ and/or Ki67>20%)
o HER2-overexpression (ER—, PR—, HER2+)

o Basal-like (triple negative: ER—, PR—, HER2-)

Current approaches also involve molecular profiling of breast cancer subtypes.
Examples include Oncotype Dx assay (21-gene signature) and the Mammaprint assay
(70-gene signature), both clinically approved and provide insight to the course of the

disease as well as guiding the therapy [148].

2.4.1. Metastasis in Breast Cancer and the Role of Chemokine
Receptors

The development of screening methods that allow the diagnosis of breast cancer
at early stages led to a dramatic decrease in breast cancer related deaths [149]. On the
other hand, the disease is nearly incurable for patients that are diagnosed with
metastases. Even 30% of patients diagnosed at early stages eventually develop
metastatic lesions, months or sometimes years later [150]. Metastases are considered
as the main cause of cancer related deaths [148].

Small chemoattractive cytokines; chemokines are the largest family of cytokines
that are classified into four according to the position of first to cysteine residues: the
CC-chemokines, the CXC-chemokines, C-chemokines and CX3C-chemokines [151].
Chemokine system consists of approximately 50 endogenous chemokine ligands and

20 chemokine receptors that regulate many cellular functions [152] including primary
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and secondary adaptive cellular and humoral immune responses [151] as well as
tumour proliferation, metastasis and invasion [153]. Chemokine receptors consist of
seven transmembrane spanning domains that belong to G protein-coupled cell surface
receptors (GPCRs) [154]. Chemokines also bind atypical chemokine receptors
(ACKR) [155] or glycosaminoglycans [156]. Chemokine-ACKR interaction does not
induce conventional chemokine receptor signalling pathways but maintains tissue
chemokine gradient [157].

C-X-C chemokine receptor type 4 (CXCR4) binding to its ligand CXC
chemokine stromal-derived-factor-1 (SDF-1, or CXCL12) regulates many
physiological processes including immune cell homeostasis and homing
hematopoietic cells within the bone marrow. It also initiates signalling cascades that
lead to increased cell survival, proliferation and migration [152]. Various cancer cells
express CXCR4 that are able to metastasize to distant sites expressing CXCL12.
CXCL12- CXCR4 binding induces signalling pathways that result in chemotaxis, cell
survival, proliferation and increased intracellular calcium. CXCR4 expressed by
tumour cells also promotes vascular endothelial growth factor (VEGF) production by
tumour cells to promote vascularization. Another study also proposed that CXCL12
can stimulate vasculogenesis in the absence of VEGF in vitro by promoting migration
bone-marrow-derived pericytes to close association with endothelial cells, inducing
remodelling of the vascular endothelium into a larger and functional structure [158].

Blocking the interaction between CXCR4 and its ligand CXCL12 has shown to
reduce metastasis significantly including breast cancer in vivo [159]. Moreover,
CXCR4 inhibitors are currently used in clinical trials and have shown promising
results in haematological malignancies as various phase Il clinical trials are still
ongoing. By 2018, two clinical treatments evaluating CXCR4 inhibitors with standard
chemotherapy were reported. These trials were performed on advanced small cell lung
carcinoma and metastatic renal cell carcinoma. Even this approach is considered safe,
it did not show any clinical efficiency, raising questions regarding other tumour
promoting pathways that may be compensating when CXCR4 is lacking [160]. The
role of CXCR4 on breast cancer can be summarized as given below [161]:

e CXCR4 to CXCL12 binding recruits endothelial progenitors to tumour sites to

promote angiogenesis
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e CXCR4 induces typical signalling pathways that promote cell proliferation:
various effectors of CXCR4 include PI3K/AKT, Src/ERK1-2, NF-xB, and
STAT3 which all known to contribute to primary breast cancer growth. CXCR4
also affect other stem cell-related pathways such as Notch, Wnt, and SHH that
play role in breast cancer proliferation.

e CXCR4-CXCL12 interaction recruits immune cells to tumour site to promote
tumour growth.

e Recent studies indicate that CXCR4 signalling also regulates hormone
dependent breast cancer proliferation; oestrogen E2 promotes CXCR4
transcription via binding to CXCR4 promoter. On the contrary, even though it
increases MCF-7 cells’ growth; oestrogen inhibits CXCR7, which is another
receptor for CXCL12 to decrease cancer growth rate.

¢ In metastatic breast cancer, CXCR4 promotes metastasis to organs expressing

high level of CXCL12 including lung, bone and liver.

CD44 transmembrane glycoproteins belong to cell adhesion molecules; they
involve in the regulation of many physiological and pathological processes including
cancer [162]. CD44 also acts as a hyaluronan (HA) receptor, which is a major
component of ECM [163]. In a study published in 2013; authors draw attention to a
regulatory interaction between CXCR4, HA and CD44 on both tumour and endothelial
cells: high molecular HA has shown to increase activation of CXCR4 by CXCL12
whereas small HA oligosaccharide blocks the pathway. Altogether, HA is proven to
modulate CXCR4-CXCL12 signalling via CD44 [164]. Moreover, it is shown that
CD44 to HER2 binding initiates signalling cascade to induce expression of CXCR4 in
gastric cancer [165].

CC-chemokine receptor 7 (CCR7) is another chemokine receptor, known to play
role in tumour formation, metastasis and invasion. CCR7 is also involved in EMT in
breast cancer. In clinical studies, high CCR7 expression is linked with poor prognosis
and short survival rate, indicating its involvement in breast cancer development and
recurrence [166]. CCR7 over-expression has been shown to correlate with deeper
lymphatic invasion and larger primary tumours. Clinical studies reveal that metastatic
tumour formation is inhibited via diminishing CCL21 expression in secondary

lymphoid organs, reducing CCR7-expressing tumour cells’ chemotaxis [167].
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CXCR4 or CCRY7 increases chemotaxis and invasiveness in breast cancer by
regulates actin polymerization and pseudopodia formation [168]. Besides, functional
expressions of CXCL4 and CCR7 simultaneously initiate signalling pathways that
promote metastasis by inhibiting detachment-induced cell death (anoikis) both in vitro
and in vivo [169].

In the light of the information given above, in this thesis project, we aimed to

investigate:

e Anti-cancer efficacy of the HDACI substituted Pc derivatives.
o Differential effects of various Pc derivatives bearing Si, Zn or In as the core
metal.

o Differential effects of non-peripheral and peripheral HDACI substitutions.

For this purpose, we investigated anti-cancer efficacy of five different Pc-
HDACI derivatives on breast cancer cell lines MCF-7, MDA-MB-231 and a healthy
cell line, HUVEC. Parameters evaluated in this context included cellular localization,
cell viability and apoptosis rates, DNA content, mitochondrial activity, protein levels
of HDAC6 and HDACS (two targets of the HDACi moiety, 3-HPT), protein levels of
three components that play role in migration and invasion, chemokine receptors
CXCR4 and CCR7, and CD44.
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3. MATERIALS AND METHODS

3.1. Construction of the LED Array

The irradiation device was constructed according to the study published by
Pieslinger et al. [170] to enable irradiating multiple assay sets at a time. Light emitting
diodes (LEDs) with 700 nm peak and 660 nm dominant wavelengths were purchased
from Foryard Optoelectronics. LED array was constructed by soldering 432 hi-red
LEDs to an aluminium printed circuit cardboard (15 x 24 c¢m) in parallel. Current
permitted for each LED is 20 mA. After soldering, the array was placed to the ceiling
ofa 16 x 26 cm aluminium case. Grooves for placing a shelf to hold plates were added
to the case; enabling to adjust the distance between the plate bottom and diode tips
from 4 to 14 cm. A board, divided to 2 x 2 cm squares was used for holding plates as
well as determining optical dose. This study was conducted at a 6 cm distance, which
is proven to provide ideal illumination in previous studies, and further characterization
studies were performed according to the mentioned distance [170]. Placing LEDs to
the ceiling of the array instead of the bottom would allow the researcher to irradiate
3D cultures on agarose moulds or conventional petri dishes coated with different
materials that prevent attachment [171]. Materials which cells are placed on may
diffract the light and decrease the irradiation efficacy in such cultures whereas the light

would not face an obstacle if LEDs are placed above cells.

3.1.1. Determination of Irradiation Homogeneity and Calculating
Optical Dose

Power and homogeneity of illumination were measured with an optical
powermeter (Ophir Photonics, Israel). The board was placed to adjust the distance
between the diode tips and plate bottom to 6 cm. Power of light exposure on each
square was measured individually in milliwatts (mW) and converted to joule/s with
the formula 1 mW = 0.001J/s to calculate the energy of light, measured on each square.
The area showing most homogeneous irradiation pattern was measured as 180 cm?
(Figure 3.1) and found to be sufficient for irradiating two 96 well plates at the same
time. Since total optical dose was determined as 500 mJ according to a previous study
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published by Atilla et al. [172] time required for delivering 500 mJ on the area

mentioned above was calculated as 34 minutes.

2244 2652 2856 2856 2652 2652 2244

3672 {4488 4692 4896 4488 4488: 3876
4080|5100 5304 5508 550.8 510.0! 408.0
408.0 {489.6 5304 5712 5712 550.8} 44838
4284 {5100 5508 ,Ssit;i!ssox 4488
4284 {5100 5508 5712 5712 550.8: 4692

b. Spectral Reduance 408.0 | 510.0 5304 5304 5304 5304|4896

387.6 {469.2 5100 5304 5304 5304 4488

387.6 {4488 4692 5100 510.0 4896 4488

387614488 4896 5100 510.0 489.6: 408.0

3672 4284 4488 4692 4692 4488 3876

2652 3264 3264 3468 3672 3468 2652

Figure 3.1: Construction of the LED array. a. LEDs before soldering to
the aluminium cardboard. b. Peak wavelengths of the LEDs. c.
[llumination power of LED irradiation device in millijoules on each 2x2
squares. Area indicated with dashed line was used for irradiating plates.
Borders of the board was not used due to low illumination power.

3.1.2. Determination of Media Warming

Wells of a 96 well plate was filled with 100 pl of Dulbecco’s phosphate buffered
saline (DPBS) at room temperature and placed in irradiation device, Plate was exposed
to light for 34 minutes; after, the temperature of the liquid in random 10 wells were
measured with a liquid-in-glass laboratory thermometer to ensure that irradiation do
not heat medium over 37°C. Measurements were performed in a dark room; the
ambient temperature was set to 22°C and humidity was recorded as 35%. Temperature
after irradiation was measured 29°C, revealing operating irradiation device for

indicated time period do not over-heat cultured cells.

3.2. Compounds Used in This Study

The HDACI used in this study, 3 hydroxypyridine-2-thione (3-HPT) (1d) is a
Zinc-Binding Group (ZBG) HDAC: that inhibits HDAC6 and HDACS with an ICsg of
681 nM and 3675 nM, respectively [173]. 3-HPT was synthesized according to the
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literature by Prof. Dr. Devrim Atilla, Prof. Dr. Ayse Giil Giirek and Aysel Giinay; the

synthetic pathway is given in Figure 3.2.
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Figure 3.2: Synthetic pathway of 3-HPT. 1-(4-bromobenzyl)-3-
metoxyprydine-2-one was synthesized (1a) from 3-methoxypryridine-
2-one and 4-bromobenzyl bromide in presence of potassium carbonate

and tetrahydrofuran (THF). 1-(2-methyl-(1,1 -biphenylmethyl)-3-
metooxypyridine-2-one (1b) was obtained by the reaction of 1a with
(4-(dimethylamino)fenyl)boronic acid, Pd(PPh3)s, K2COz in presence
of toluen:ethanol:water followed at reflux temperature. 1b was heated
with Lawesson reagent to obtain 3-methoxypyridine-2-thione (1c).
HDAC inhibitor 1-(2-methyl-(1,1’-biphenylmethyl)-3-
hidroxypyridine-2-thione (1d) was synthesized from reaction between
1c, BBr3 and CH2Cl..
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Figure 3.3: Chemical formulas of the compounds used in this study. Axial
HDACiI substituted SiPc, Pc1, non-peripheral HDACI substituted ZnPc, Pc2,
peripheral HDACI substituted ZnPc, Pc3, non-peripheral HDACI substituted

InPc, Pc4, and peripheral HDACI substituted InPc, Pc5.

The silicon phthalocyanine derivative (Pcl) contains axially substituted two 3-
HPT residues while the zinc phthalocyanine derivatives (Pc2) contains non-
peripherally substituted four 3-HPT residues and (Pc3) contains peripherally
substituted four 3-HPT residues. Among indium phthalocyanine derivatives, (Pc4)
contains non-peripherally substituted four 3-HPT residues whereas (Pc5) contains

peripherally substituted four 3-HPT residues.

3.3. Cell Culture Conditions

MCF-7 and MDA-MB-231 cells were cultured in high glucose (4.5 g/L)
Dulbecco’s Modified Eagle’s Medium (DMEM), while DMEM/F12 was used for
culturing HUVECs; both supplemented with 10% fetal bovine serum (FBS) and
antibiotic solution (100 1U penicillin and 0.1 mg streptomycin). Trypsin-EDTA
solution (w/ phenol red, 0.25%) was used for detaching cells. HUVECs used in this
study were between 8™ and 10" passages whereas MCF-7 cells were at 24" and MDA-

MB-231 cells were 34" passages.
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For evaluating compounds’ cytotoxic properties under dark and light conditions,
cells were seeded as 5.000 cells per well into 96-well test plates as triplicates and
incubated overnight in 5% CO2 containing cell culture incubator with humid
environment for attachment. All compounds were dissolved in dimethyl sulfoxide
(DMSO) and diluted in culture medium in order to prepare 1, 5, 25, 50 and 100 uM
solutions. The final concentration of DMSO did not exceed 0.1%, which is considered
as safe in terms of cytotoxicity. Untreated cells were used as control.

For flow cytometric analyses and Western Blotting, 500.000 cells were seeded
into 60 mm tissue culture dishes as triplicates; for confocal microscopy, cells were
seeded on Millicell® EZ Slides (Merck Millipore, USA) as 20.000 cell per well and
incubated overnight for attachment. Cells were treated with respective I1Cso doses 24
hours later cells were irradiated as indicated above. After an additional 24 hours, cells
were detached with Trypsin-EDTA. For flow cytometric analyses, cells were washed
twice with DPBS containing 0.1% sodium azide as a preservative. For Western

Blotting, protein extraction was performed.

3.4. Determining Cytotoxicity Under Dark and Light
Conditions

Dose interval (1-100uM) was determined according to a study published by
Atilla et al. [172]. For evaluating compounds’ cytotoxicity under dark conditions,
viability was measured after incubating cells with compounds for 24 hours. For
evaluating light toxicity and determining 1Cso doses of each compound, cells were
irradiated by red light at 5mA for 34 minutes to obtain 500mJ optical dose [172] after
24 hours of incubation at dark. Viability was measured after an additional 24 hours.
Tetrakis(4,7,10-trioxaundecan-1-sulfanyl)phthalocyaninato zinc (Pc-C1),
Octakis(4,7,10-trioxaundecan-1-sulfanyl)phthalocyaninato zinc (Pc-C2) [172] and
Polyoxo-SiPc (Pc-C3) [174], [175], were used as positive controls in this study,
applied, irradiated and analysed in the same manner.

Alamar Blue assay was used for assessing viability (Sigma Aldrich, USA) which
relies on the reduction in response to metabolic activity as non-oxidized resazurin
(blue) forms pink resorufin [176]. Unlike other tetrazolium salts, Alamar Blue does
not interfere with the activity of the respiratory chain. Since redox potentials of other

commonly used tetrazolium salts are more negative than electron accepting
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components of the electron transport chain, reduction of these tetrazolium salts require
energy. On the other hand, the reduction potential of Alamar Blue is more positive
than FMNH2, FADH2, NADH, NADPH, cytochromes and it is reduced via energy
expenditure. This indicates that Alamar Blue does not have any cytotoxic effect itself
on cells unlike other tetrazolium salts [176]. At the end of incubation periods, assay
reactive was added to each well (final reagent:medium ratio was 1:10 as indicated in
kit datasheet) and plates were further incubated for 4 hours in cell culture incubator.
Absorbance was measured at 570 nm and 600 nm with a spectrophotometer (Epoch,
BioTek Instruments). Viability percentages were calculated according to the equation
given in the Appendix B.

3.5. Measurement of Cellular Uptake by Flow Cytometry

Both Si, Zn and In Pcs used in this study were shown to have fluorescence
emission spectra around 700 nm when excited with a fluorescence spectrometer at 650
nm wavelength (data kindly provided by Prof. Dr. Devrim Atilla). For measuring
cellular drug uptake, we measured each compounds’ fluorescence percentages at their
respective emission maxima (channel 6 for Pc1, channel 7 for Pc2, Pc3, Pc4 and Pc5)
by flow cytometry. Cells incubated with compounds at their respective 1Cso values for
24 hours were detached, washed twice with DPBS, then suspended in DPBS
containing 0.1% sodium azide and analysed with CytoFLEX flow cytometry system.
Data was evaluated with CytExpert software. These data indicate the total fluorescence
positivity ratio of the compound on cells upon treatment and do not reflect if the

compound is internalized or membrane attached.
3.6. Annexin V/Propidium lodide Staining

Apoptosis, necrosis and viability were evaluated with Annexin V/Propidium
lodide staining, which is considered as the gold standard for apoptosis detection [177].
Annexin V binds to phosphatidylserine (PS) residues which mainly located in the inner
leaflet of the cellular membrane. PS residues translocate to the outer leaflet of the
cellular membrane upon induction of apoptosis, enabling Annexin V to bind and label

early apoptotic cells. Annexin V can also enter cells with compromised membranes
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and binds PS located at the inner leaflet, labelling cells during the last apoptotic stages.
Propidium iodide (PI) which is a cell impermeable DNA intercalating agent that is
used for discriminating apoptotic cells from living and necrotic cells [178].

In this study, detached cells were washed twice and then suspended in Annexin V
Binding Buffer (BioVision Inc.), followed by staining with Annexin V-FITC reagent
(1pl/1x10° cells) (Biovision Inc.) and Propidium lodide (0.25ug/1x10° cells) (Thermo
Fisher Scientific) by incubating cells on ice for 15 minutes. Analyses were
immediately performed on Beckman Coulter CytoFLEX flow cytometry system.

CytExpert software was used for evaluating data.
3.7. DNA Content Analysis

DNA content analysis relies on the difference DNA amount cells have through
cell division stages Gos pre-replicative cells), S (dividing cells) and G2+ M (post
replicative plus mitotic cells) [179]. Cells with fragmented DNA can also be identified
and this fraction is named as “sub-G1” population. Most common DNA fluorochromes
used in DNA content analysis are 4',6-diamidino-2-phenylindole (DAPI), propidium
iodide (PI), and 7-aminoactinomycin D (7-AAD). RNase A treatment is required prior
to staining with fluorochromes that bind to both DNA and RNA such as PI [179]. In
this study, Coulter DNA Prep Reagents Kit (Beckman Coulter) was used. Detached
cells were fixed and permeabilized via suspending in LPR, followed by staining with
DNA PREP stain. Cells were incubated at room temperature for 40 minutes (duration
was validated and optimized) and kept at 4°C until analysis. Samples were read with
Navios EX flow cytometry system (Beckman Coulter). Analyses were performed on
ModFit Software (Version 5).

3.8. Evaluation of Protein Expression by Western Blotting

3.8.1. Preparation of Protein Lysates

Protein extraction buffer (for composition please see Table 3.1) was prepared at
2-fold concentration, filtered through a 0.4 micron filter and stored at 4 °C. One

protease inhibitor tablet (Roche cOmplete™, Mini, EDTA-free Protease Inhibitor
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Cocktail) was dissolved in molecular grade distilled water to prepare a 2-fold
concentrate protease inhibitor cocktail and aliquoted to avoid freeze-thaw cycles. Prior
to protein extraction, equal volumes of protein extraction buffer and protease inhibitor
cocktail solution was mixed to obtain the working buffer. Working buffer of protein

extraction buffer was immediately used and not subjected to freeze-thaw cycles.

Table 3.1: Composition of the protein extraction buffer.

Component Final amount in 2X
buffer
Triton X-100, 100% 1mL
NP-40 substitute, 10% in molecular grade water 5mL
Sodium Chloride 4.38 ¢
Sodium Dodecyl Sulphate (SDS) 01g
100 mM Tris base solution, pH:7.4 5mL
Glycerol, 87% 11.5mL
Molecular grade water up to 50 mL

After detachment, cells were washed with DPBS twice and placed on ice. 150
uL protein extraction buffer was added on each tube. Cells were suspended with
pipetting and incubated on ice for 40 minutes for cell lysis. Lysates were transferred
into sterile Eppendorf tubes chilled on ice and centrifuged at 150009 for 25 minutes at
4 °C. Supernatants were collected into new sterile Eppendorf tubes and stored at -80°
C. Protein concentrations were determined by Pierce bicinchoninic acid (BCA) assay
Kit (Thermo Fisher Scientific).

3.8.2. Western Blotting

Anti-HDACS6 (Cat. No. 7558, Cell Signaling Technologies) and anti-HDACS8
(Cat. No. 685502, BioLegend Inc.) primary antibodies were prepared at 1:1000
dilutions, anti-GAPDH antibody (M00227-1, Boster Bioscience) was prepared at
1:5000 dilution and anti-p Actin antibody (4970, Cell Signaling Technologies) was
prepared at 1:2000 dilution in Tris buffered saline-Tween 20 solution (TBS-T) with
3% Blocker™ BSA (Cat. No. 37520, Thermo Fisher Scientific). 30 pg denaturated
protein samples were separated on 10% bis-acrylamide gels by running gels at 80 V
for 3.5 hours at room temperature. Proteins were transferred to 0.45 pm PVDF
membranes (Cat. No. IPVH00010, Merck Millipore) at 300 mA for 1 h by wet transfer.
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Transfer efficiency was controlled by staining the gel with Coomassie Blue staining.

Membranes were blocked by incubating with 5% skimmed milk powder in TBS-T at

room temperature for one hour. Proteins were labelled by incubating membranes with

primary antibody solutions overnight at 4 °C on shaker platform, followed by probing

with either HRP-conjugated anti-rabbit or anti-mouse IgG secondary antibodies (7074

and 7076, respectively, both from Cell Signaling Technologies) at room temperature

for 1 h. Images were acquired on a Vilber Fusion Pulse imaging system.

Table 3.2: Compositions of the solutions used for SDS-PAGE.

Ammonium persulfate (APS), 10%

1g APS in 10 mL dH20
Aliquoted in 1 mL Eppendorf tubes and
stored at -20°C

SDS, 10%

5g APS in 50 mL dH20
Stored at room temperature

1.5 M Tris solution (for separating gel)

18.29 Tris-base in 100 mL dH20, pH:8.8
Stored at 4°C

0.5 M Tris solution (for stacking gel)

6.06g Tris-base in 100 mL dH20, pH:6.8
Stored at 4°C

Table 3.3: Compositions of the SDS-PAGE gels.

Stacking Gel (2 gels) Acrylamide concentration, 4%
dH20 3mL

0.5 M Tris solution 1.25mL

SDS, 10% 50 uL

30% Acrylamide/Bis Solution, 29:1 670 uL

APS, 10% 80 uL

TEMED 10 uL

Separating Gel (2 gels) Acrylamide concentration, 10%
dH20 3.8mL

1.5 M Tris solution 2.6 mL

SDS, 10% 100 uL

30% Acrylamide/Bis Solution, 29:1 3.4 mL

APS, 10% 100 uL

TEMED 10 uL
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Table 3.4: Compositions of the solutions used for Western Blotting.

Running buffer stock solution| 144g glycine, 30.2g Tris-Base, 10g SDS, dH20
(10X) (uptol1lL), pH:8.3

1 part of running buffer stock solution was
mixed with 9 parts of dH.0 to obtain working

solution
Transfer buffer stock solution 144 g glycine, 30.2g Tris-Base, dH2O (up to 1
(10X) L), pH:8.5

1 part of transfer buffer stock solution was
mixed with 7 parts of dH.O and 2 parts of
methanol to obtain working solution

Coomassie staining solution 500 mL dH20 100 mL glacial acetic acid, 400
mL methanol, 1g Coomassie R250

Tris buffered saline (TBS) stock | 24g Tris-HCI, 5.6g Tris-base, 88g NaCl, dH20
solution (10X) (upto1L), pH:7.6

1 part of TBS stock solution was mixed with 9
parts of dH20 to obtain working solution

3.9. Confocal Microscopy Studies

All Pcs’ cellular localization as well as their ability to induce autophagy were
visualized by confocal microscopy. Cells seeded on 8-well microscopy slides were
treated with respective 1Cso doses of the compounds and incubated 24 hours before
irradiation. Irradiated cells were fixed by incubating cells with glutaraldehyde solution
at 4°C for 15 minutes. 0.1 M glycine solution was applied to quench residual aldehydes
for one hour at room temperature, followed by permeabilization with 0.25% Triton X-
100 in PBS at room temperature for an hour. Cells were incubated with TBS containing
Blocker™ BSA for an hour at room temperature prior to antibody incubation. Slides
were washed trice between each step. Table 3.5 summarizes compositions of solutions
used in immunocytochemistry procedures.

For labelling mitochondria, cells were stained with an Alexa Fluor 488
conjugated anti-mitochondria antibody (Clone 113-1, Merck Millipore) at 1:500
dilution by incubating overnight. For imaging autophagosome formation, slides were
incubated overnight with LC3A/B antibody (Cell Signaling Technologies, polyclonal)
at 1:200 dilution, followed by incubating with an Alexa Fluor® 488 conjugated donkey
anti-rabbit secondary antibody (Abcam, polyclonal) at 1:100 dilution for an hour at
room temperature. Antibody solutions were prepared in TBS containing 3% Blocker™

BSA. Slides were mounted with Dianova Immunoselect Antifading Mounting
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Medium with DAPI and visualized via confocal microscope. Photos were taken by

Zeiss Zen Black software (black edition).

Table 3.5: Compositions of the solutions used for ICC.

Fixation Glutaraldehyde solution for microscopy, diluted to
2.5% in DPBS, pH:7.4

Quenching 0.1 M glycine in DPBS

Permeabilization Triton X-100 (0.25%) and Blocker™ BSA (1%) in
DPBS, final sodium azide concentration 0.1%

Blocking Blocker™ BSA (3%) in DPBS, final sodium azide
concentration 0.1%

Antibody preparation Blocker™ BSA (3%) in DPBS, final sodium azide
concentration 0.1%

Washing DPBS, final sodium azide concentration 0.1%

3.10. Evaluation of Mitochondrial Activity

Mitochondrial activity was measured by Dihydrorhodamine 123 (DHR123), a
non-fluorescent substance which gains its fluorescent properties under oxidizing
conditions and shown to identify cells with disrupted mitochondrial respiratory chain
function [180]. DHR123 is excited at 488 nm, and its emission is detected with peak
intensity at 525 nm [181]. In this study, 2.5x10° cells were incubated with 5 uM
DHR123 at room temperature for 25 minutes and immediately analyzed by Beckman

Coulter CytoFLEX system. Analyses were performed on CytExpert software.

3.11. Evaluation of Protein Expression by Flow Cytometry

For measuring protein levels, 2.5x10° cells were washed twice with DPBS and
suspended in 100 uLL DPBS containing 0.1% sodium azide. Cells were labelled with
Anti-CD44 PE, anti-CXCR4 PerCP/Cy5.5 and anti-CCR7 PE/Cy7 antibodies (all
purchased from BioLegend Inc.) by incubating at room temperature for 20 minutes
under dark. Each antibody was used as 5 puL per test, according to the manufacturer’s
instructions. Cells were washed twice, resuspended in PBS and analyzed on
CytoFLEX flow cytometry system. Data analysis was performed on CytExpert

software.
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3.12. Statistical Analyses

GraphPad Prism Software (Version 8) was used for statistical analysis. Two-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was
used for comparing treatment efficiency between cell lines, while effects of the
treatment within the cell lines compared to respective controls were compared by using
two-way ANOVA followed by Sidak’s multiple comparison test in Annexin V/PI
staining, Western Blotting and DHR123 assay. Two-way ANOVA followed by
Bonferroni's multiple comparisons test was performed to investigate the significant
differences in DNA content analysis. When comparing CD44, CXCR4 and CCR7
protein levels after treatment, comparisons between treatment and control groups were
done with two-way ANOVA followed by Sidak's multiple comparison test while
differences in the per cent changes in CD44, CXCR4 and CCRY7 positive populations
after treatment compared to their respective control groups between the cell lines were
analysed by one-way ANOVA followed by Tukey’s multiple comparison test. P values

lower than 0.05 was considered as statistically significant.
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4. RESULTS

4.1. Determination of Dark and Light Toxicity

None of the compounds tested showed toxicity after incubation for 24 hours
under dark conditions, even at high concentrations (p>0.05) (Figures 4.1-4.3). In terms
of phototoxicity, 1Cso values for Pcl were calculated as 42.0, 9.2 and 37.3 uM for
HUVECs, MCF-7 and MDA-MB-231 cells, respectively.

HUVEC Pc1 E MCF-7 Pc1 ' MDA-MB-231 Pc1
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- Light . Light . Light
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Figure 4.1: Bar graphics indicating cytotoxic properties of Pcl. Measurements
were performed after incubating cells with the compound for 24 hours under
dark conditions, the irradiating cells and further incubating for an additional 24
hours. Pcl did not influence viability on a. HUVECs, b. MCF-7 and ¢c. MDA-
MB-231 cell lines while decreasing viability upon irradiation in a dose
dependent manner. Each test was done as triplicates.

When considering Zn-Pcs; ICsp values of Pc2 on HUVECs, MCF-7 and MDA-
MB-231 were reported as 72.1, 65 and 63; whereas calculated as 24.9, 16.8 and 24,
respectively for Pc3. ICsg values for InPcs were calculated as: 84.3, 67.4 and 56.5 for
Pc4; 80.7, 56.4 and 48.4 for Pc5 on HUVECs, MCF-7 and MDA-MB-231 cells,
respectively.

ICso values for Tetrakis (4,7,10-trioxaundecan-1-sulfanyl) phthalocyaninato zinc
(Pc-C1), Octakis(4,7,10-trioxaundecan-1-sulfanyl) phthalocyaninato zinc (Pc-C2) and
Polyoxo-SiPc (Pc-C3) are given in the Table 4.1. Molecular structures of control Pcs

are given in Figure B1.1. Dose-dependent viability graphics are given in Figure B1.2.
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Figure 4.2: Bar graphics indicating cytotoxic properties of ZnPc-HDACI
derivatives Pc2 and Pc3. Measurements were performed after incubating cells
with compounds for 24 hours under dark conditions, and after irradiating cells

and further incubating for an additional 24 hours. Both Pc2 (a-c) (non-
peripheral) and Pc3 (peripheral) (d-f) did not influence viability on HUVECs,
MCF-7 and MDA-MB-231 cell lines while decreasing viability upon irradiation
in a dose dependent manner. Each test was done as triplicates.
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Figure 4.3: Bar graphics indicating cytotoxic properties of InPc-HDACI
derivatives Pc4 and Pc5. Measurements were performed after incubating cells

with compounds for 24 hours under dark conditions, and after irradiating cells

and further incubating for an additional 24 hours. Both Pc4 (a-c) (non-
peripheral) and Pc5 (peripheral) (d-f) did not influence viability on HUVECs,
MCF-7 and MDA-MB-231 cell lines while decreasing viability upon irradiation
in a dose dependent manner. Each test was done as triplicates.
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Table 4.1: 1Csp values of different Si and Zn Pcs that do not contain HDACi residues
used as positive controls.

ICs0 (M)
HUVEC MCF-7 MDA-MB-231
Pc-C1 89.5 63.5 82.4
Pc-C2 - - -
Pc-C3 45.6 69.1 89.3

4.2. Anti-Cancer Properties of Silicon Phthalocyanine
Derivative (Pcl)

4.2.1. Measurement of Cellular Uptake by Flow Cytometry

Fluorescence positivity rate of Pcl on HUVECs was significantly lower
compared to MCF-7 and MDA-MB-231 cells (p<0.0001). Similarly, Pc1 positivity on
TNBC cell line MDA-MB-231 was higher compared to its double positive counterpart,
MCF-7 (p<0.05). Altogether, these data may indicate that Pcl have a selectivity
towards malignant cells, not only by exerting cytotoxic effects in higher concentrations
(42.0vs. 9.2 and 37.3 uM) but also not interacting with the non-malignant cells (Figure
4.4).

HUVEC MCF-7

Drug Autofluorescence
APC FLE - A

MDA-MB-231 Pe1 8 MOAE 231

1 | Pc1

Figure 4.4: Determination of Pcl intensity on each cell line after
treatment with respective I1Cso doses. a. Representative histograms
indicating Pc1’s fluorescence intensity on each cell line. Fluorescence
emission maximum was detected at 6™ channel. b. Bar graphics
indicating fluorescence positivity for Pc1. Compounds emission maxima
was detected on 6™ channel. Significance was considered as p<0.05. *
denotes significance between cell lines. “p<0.05 ~“p<0.0001.

Count
Cellular uptake (%)
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4.2.2. Annexin V/Propidium lodide Staining

Pcl treatment increased early apoptosis on all cell lines (p<0.0001) with a
relatively lower efficiency on HUVECs compared to MCF-7 (p<0.0001) and MDA-
MB-231 cells (p<0.0001) (Figure 4.5). MCF7 has a notably higher early apoptosis
rates compared to MDA-MB-231 cells (p<0.0006) (Figure 4.5.c) while late apoptosis
rates was significantly higher in MDA-MB-231 cells (p<0.0001) (Figure 4.5.e). Pcl
treatment did not change necrosis levels between cell lines (Figure 4.5.d). Altogether,
these data indicate that Pcl does not initiate necrotic pathway and induces apoptosis
more efficiently in TNBC cell line MDA-MB-231 compared to its double positive
counterpart as well as healthy cells when administered in each cell lines’ respective

ICs0 value.

HUVEC MCF-7 MDA-MB-231
T t

opidium lodide — FL3

Pr

Annexin VFITC - FL1

Figure 4.5: Pc1 promotes apoptosis without altering necrosis significantly
when cells were treated with respective 1Cso values determined according to
Alamar Blue Assay. a. Representative flow cytometry quadrants. b. Pcl
treatment significantly decreased viability in all cell lines, with a greater effect
on cancer cells compared to healthy cell line. c. Treatment significantly
increased early apoptosis in all cell lines. d. Pc1 was found ineffective in
initiating necrosis pathway. e. Pc1 significantly increased apoptotic population
in all cell lines after treatment. Significance was considered as p<0.05. *
denotes significance between cell lines upon treatment whereas # denotes
significance between treatment and control groups.

4.2.3. DNA Content Analysis
Pcl treatment increased SubG; (p<0.0001), S (p<0.001) and G2/M phases
(p<0.0001), while significantly decreasing Gi phase (p<0.0001) in HUVECsS,

suggesting G2/M arrest. In MCF-7 and MDA-MB-231 cells, cell cycle arrest at Go/M
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phase was accompanied by a significant increase in SubG (p<0.0001) and a significant
decrease in Go/G1 and S phases (p<0.0001 and p<0.01 for MCF-7 and MDA-MB-231,
respectively) (Figure 4.6).
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Figure 4.6: Pcl leads to accumulation at Go/M phase. a. Representative flow
cytometry histograms. b. Treatment decreased Go/G1 phase in HUVECs while
increasing both S, G2/M and SubG: phases. c. Pcl increased G2/M and SubG:

phases while decreasing both Go/G1and S phases. d. Similar to MCF-7 cells, an
increase in Go/M and SubG; phases that was accompanied by a decrease in Go/G1
and S phases was observed in MDA-MB-231 cells. A p value lower than 0.05 was
considered as statistically significant.
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4.2.4. Evaluation of HDAC6 and HDACS levels by Western Blotting

Pcl treatment decreased both HDAC6 (p<0.0001 for HUVECs and MDA-MB-
231 cells while p<0.01 for MCF-7 cells) and HDACS8 (p<0.001 for HUVECs and
MDA-MB-231 cells while p<0.05 for MCF-7 cells) protein levels in all cell lines
(Figure 4.7). Comparisons between cell lines upon treatment revealed no difference in

terms of HDACS8 levels between cell lines while HDACG6 levels were found

significantly higher in MCF7 cells (p<0.01).
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Figure 4.7: Pcl significantly decreases both HDAC6 and HDACS levels in
all cell lines. a. Comparisons between treatment groups revealed that MCF-7
cells have significantly higher HDACSG levels compared to other two cell lines
after treatment. b. The decrease in HDACS levels on HUVECs and MDA-
MB-231 cells were higher compared to MCF-7 cells, yet no significant
difference between cell lines after treatment was observed. c. Representative
immunoblot images. Significance level was considered as p<0.05. * denotes
significance between cell lines upon treatment whereas # denotes significance
between treatment and control groups
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4.2.5. Confocal Microscopy Studies

4.2.5.1. Visualization of Subcellular Localization

Pcl did not localize to mitochondria, whereas it still disrupted mitochondrial
network, leading to disrupted mitochondrial signal in all cell lines (green arrows)
(Figure 4.8). “Rounder” cells were observed compared to untreated controls of each
cell line. Pc1 mainly localized to nuclei and nucleoli in all cell lines (red arrows),
however, fluorescent deposits around nuclear membranes were also observed in MCF-
7 and MDA-MB-231 cells (white arrows).

Control

HUVEC

MCF-7

MDA-MB-231

Figure 4.8: Micrographs of untreated (left column) and Pc1 treated (middle and
right columns) cells indicating cellular localization. Cells were stained with
anti-mitochondria antibody and counterstained with DAPI. Red squares
indicate deposits in nuclei and nucleoli whereas white squares indicate
fluorescence deposits around nuclei. Disrupted mitochondria are shown in
green squares. Scale bars indicate 20 pm. All images were taken at 63X zoom
with immersion oil.
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4.2.5.2. Visualization of Autophagy

We observed homogenous LC3A/B staining in untreated cells where Pcl
treatment led to autophagosome formation in MCF-7 and MDA-MB-231 cells which
is observed with puncta formation and indicated in yellow squares (Figure 4.9)

Treatment did not induced autophagy in HUVECs.

Control Pc1 Pc1

HUVEC

MCF-7

MDA-MB-231

Figure 4.9: Micrographs of untreated (left column) and Pc1 treated (middle and
right columns) cells indicating autophagosome formation. Cells were stained
with rabbit polyclonal anti-LC3A/B antibody followed by donkey anti-rabbit
Alexa Fluor 488 secondary antibody and counterstained with DAPI. Puncta

formations are indicated in squares. Scale bars indicate 20 um. All images were

taken at 63X zoom with immersion oil.
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4.2.6. Evaluation of Mitochondrial Activity

Pcl treatment induced ROS generation in all cell lines (HUVEC p<0.01, MCF-
7 and MDA-MB-231 p<0.0001) compared to control groups. Comparisons
investigating treatment efficacy between cell lines revealed ROS levels in HUVECs
were significantly lower than those in MCF-7 and MDA-MB-231 (Figure 4.10), which

may indicate a selectivity between healthy and malignant cells.
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Figure 4.10: Pcl treatment increases Dihydrorhodamine123 mean fluorescence
intensity in all cell lines. a. Quantification of the DHR123 mean fluorescent intensity
for control and treated cells. b. Representative histograms for the DHR123
measurements in treated and untreated cells. A p value lower than 0.05 was
considered as significant. * denotes significance between cell lines upon treatment
whereas # denotes significance between treatment and control groups.

4.2.7. Evaluation of CD44, CXCR4 and CCR7 Levels by Flow
Cytometry

Pcl decreased CD44 and CCR7 protein levels in all cell lines significantly
(p<0.0001) while increasing CXCR4 levels in all cell lines significantly upon
treatment (HUVECs and MDA-MB-231; p<0.01, MCF-7 p<0.001) (Figure 4.11.a).
When comparing alterations of protein levels between treatment and control groups,
Pcl decreased CD44 levels by ~39, ~20, ~68% and CCR7+ cell population by ~35,
~21, ~82% in HUVEC, MCF-7 and MDA-MB-231, respectively, compared to their
control counterparts (Figure 4.11.b). Percent changes in both CD44 and CCR7 protein
levels were significantly higher in MDA-MB-231 cells than MCF-7 and HUVEC
(p<0.0001), while it was higher in the HUVEC than MCF-7 cells (p<0.0001). On the
contrary, CXCR4 expression was increased by ~128, ~271 and ~84% in HUVECs,
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MCF-7 and MDA-MB-231 cells, respectively, compared to their respective control
groups. Percent increase in CXCR4 levels were significantly lower in MDA-MB-231
cells when compared to HUVEC and MCF-7 cells. Representative flow cytometry

histograms were given on Figure B1.5.
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Figure 4.11: Pc1 decreases CD44 and CCR7 but not CXCR4 levels significantly in
all cell lines. a. Percentage of CD44, CXCR4 and CCRY7 protein levels in control
and treatment groups. * denotes significance between control and treatment groups.
b. Relative changes in the CD44, CXCR4, and CCRY7 levels after treatment.
Differences between groups were indicated with *.

4.3. Anti-Cancer Properties of Zn(lI1) Pc Derivatives (Pc2 and
Pc3), In(111) Pc Derivatives Phthalocyanines (Pc4 and Pcb)

4.3.1. Measurement of Cellular Uptake by Flow Cytometry

Fluorescence positivity percentages for Pc2 were significantly higher than Pc3
in HUVECs (p<0.01) and MCF-7 cells (p<0.05) yet no significant difference in MDA-
MB-231 cells after treatment with Pc2 or Pc3 fluorescence ratios was observed
(p>0.05) (Figure 4.12.b). Comparisons between cell lines revealed higher Pc2 and Pc3
ratios in HUVECs and MCF-7 cells compared to MDA-MB-231 cells (p<0.001 and
p<0.0001, respectively for Pc2 and p<0.0001 for Pc3). When treated with the same
compound, MCF-7 cells had higher fluorescence rates compared to MDA-MB-231
cells (p<0.0001 for both Pc2 and Pc3), suggesting a lower affinity for ZnPc-HDACI
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derivatives towards TNBC cells. When comparing InPc derivatives; Pc4 uptake was
significantly higher compared to Pc5 in HUVECs, but no difference after treatment
with either Pc4 or Pc5 between MCF-7 and MCDA-MB-231 cell lines was observed
(p>0.05) which may indicate that non-peripheral or peripheral HDACIi substitutions
do not have an influence on compound-cancer cell interaction (Figure 4.12.c). Both
Pc4 and Pc5 treatments resulted in significantly lower fluorescence ratio in MDA-MB-
231 cells compared to HUVECs and MCF-7 cells (p<0.0001 for Pc4 and p<0.01 and
p<0.0001 for Pc5, respectively), similarly to ZnPc-HDACI derivatives mentioned
above. No difference in terms of Pc4 fluorescence ratios between HUVECs and MCF-
7 cells was observed, yet Pc5 percentage of fluorescence positivity was significantly
higher in MCF-7 cells compared to HUVECs (p<0.001), may suggest a slight

specificity towards double positive cancer cells against healthy cells as well as TNBC.
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Figure 4.12: Determination of Pc2 - Pc5 intensities on each cell line after
treatment with respective ICso doses. a. Representative flow cytometry
histograms. b. Comparisons between two ZnPc derivatives’ in terms of

cellular uptake based on the position of their HDACI moieties. c.
Comparisons between two InPc derivatives’ in terms of cellular uptake
based on the position of their HDACi moieties. d. Comparisons between
non-peripheral HDACI substituted Pcs bearing either zinc or indium as core
metal. e. Comparisons between peripheral HDACI substituted Pcs bearing
either zinc or indium as core metal. # denotes statistical significance
between groups.

Comparisons between non-peripheral HDACi substituted ZnPcs and InPcs
indicated Pc4 had significantly higher fluorescence positivity rate in HUVECs
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compared to Pc2 (p<0.001), however, such difference was not observed in MCF-7 or
MDA-MB-231 cells (p>0.05) (Figure 4.12.d). Both Pc2 and Pc4 treatments led to
lower fluorescence positivity in MDA-MB-231 cells compared to HUVECs and MCF-
7 cells (p<0.001 for HUVECs and p<0.0001 MCF-7 cells for Pc2 whereas p<0.0001
for Pc4) which may indicate a lower specificity towards for both non-peripheral ZnPc-
HDACI and InPc-HDACI derivatives to TNBC. Moreover, no significant difference
between non-peripheral InPc-HDACIs and ZnPc-HDACIs in MCF-7 and MDA-MB-
231 cells were observed in terms of compound-cell interaction.

When comparing peripheral HDACi-substituted Pc derivatives, Pc5 positivity
ratios were significantly higher in HUVECs and MCF-7 cells than their zinc-bearing
counterpart Pc3 (p<0.01 and p<0.0001, respectively) whereas no difference in MDA-
MB-231 cells between Pc3 and Pc5 treatments was observed (p>0.05) (Figure 4.12.¢).
Highest fluorescence ratios were observed in MCF-7 cells for both compounds
compared to other cell lines (p<0.001 for Pc3, p<0.001 and p<0.0001 for Pc5,
respectively), regardless of the core metal. These findings may suggest that peripheral
InPc-HDACI derivatives tend to have a higher cellular uptake percentage compared to
their zinc-containing counterparts in HUVECs and MCF-7 cells, but not in MDA-MB-
231 cells.

4.3.2. Annexin V/Propidium lodide Staining

Both ZnPc-HDACI derivatives decreased viability significantly for all cell lines
compared to control groups while viability rates of all cell lines were significantly
higher for Pc2 treated cells compared to Pc3 treatment (p<0.0001) (Figure 4.13.b). Pc2
did not induce apoptosis significantly (p>0.05); on the other hand, treatment with its
peripheral counterpart Pc3 increased apoptotic cell rate in all cells lines (p<0.0001).
Comparisons between cell lines indicated MCF-7 cells had highest late apoptotic cell
population (p<0.0001) as well as HUVECs had significantly lower apoptosis
compared to both MCF-7 and MDA-MB-231 cells (Figure 4.13.e). Pc2 treatment did
not alter late apoptotic cell ratios between different cell lines (p>0.05). However, in
contrast to Pc3 which did not have any effect on early apoptosis, Pc2 significantly
increased early apoptosis rates in all cell lines, most significantly in MCF-7 cells which
had higher apoptotic cell rate compared to MDA-MB-231 cells (p<0.05) (Figure
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4.13.c). Comparisons between treatment and control groups revealed Pc2 treatment
did not alter necrotic cell population in all cell lines (p<0.05), however, Pc3 induced
necrosis significantly on HUVECs and MCF-7 cells but not MDA-MB-231 cells
(p<0.0001 and p<0.01, respectively) (Figure 4.13.d). Necrosis levels of Pc2 treated
HUVECs and MCF-7 cells were significantly lower than their Pc3 treated counterparts
(p<0.0001 and p<0.01, respectively). In conclusion, Pc2 treatment led to higher early
apoptosis rates while peripheral Pc3 induced late apoptosis in cell lines in addition to
necrosis in HUVECs and MCF-7 cells.

HUVEC MCF-7 MDA-MB-231

Control

Propidium lodide - FL3

Annexin V - FITC FL1

Figure 4.13: Both Pc2 and Pc3 treatment decreases all cell lines’ viability while
promoting apoptosis. a. Representative flow cytometry histograms. Comparisons
between two different ZnPc derivatives in terms of b. viability, c. early apoptosis, d.
necrosis and e. late apoptosis revealed that Pc2 treatment increased early apoptosis
rates more effectively in all cell lines compared to Pc3; on the other hand, late
apoptotic cell populations in all cell lines were significantly higher compared to Pc2
treated counterparts, suggesting non-peripheral and peripheral substitution of
HDACI residues may induce different mechanisms of action. * denotes difference
between control and treatment groups. # denotes difference between cell lines
within the same treatment groups. 7 indicates difference between either peripherally
or non-peripheral HDACIi substituted Pcs bearing Zn as core metal.

Comparisons between control groups and indium Pc derivatives Pc4 and Pc5
revealed that both compounds decreased viability significantly for all cell lines
compared to control groups (p<0.0001) while Pc4 treated MCF-7 cells had
significantly higher viability percentage compared to its Pc5 treated counterpart
(p<0.0001) (Figure 4.14.b). The decrease in viability rates as accompanied by an
increase in both early (Figure 4.14.c) and late apoptosis (Figure 4.14.e) after Pc4 and
Pc5 treatments (p<0.0001). While no differences were observed within Pc4 and Pc5
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groups in terms of early apoptosis (Figure 4.14.c), Pc4 treated HUVECs as well as
MCF-7 cells had significantly lower late apoptosis percentages compared to Pc5
treated counterparts (p<0.001 and p<0.0001, respectively).

HUVEC MCF-7 MDA-MB-231
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Figure 4.14: Both Pc4 and Pc5 treatments decreases all cell lines’ viability while
promoting apoptosis. a. Representative flow cytometry histograms. Comparisons
between two different InPc derivatives in terms of b. viability, c. early apoptosis,
d. necrosis and e. late apoptosis. Data indicated that Pc4 and Pc5 induces both
early and late apoptosis in all cell lines. While substation position of HDACI
residues have no effect on early apoptosis rates, Pc4 treatment led significantly
higher viability accompanied with lower late apoptosis rates in MCF-7 cells
compared to Pc5 treatment. * denotes difference between control and treatment
groups, # denotes difference between cell lines within the same treatment groups
and z indicates difference between either peripheral or non-peripheral HDACi
substituted Pcs bearing In as core metal.

When comparing non-peripheral Pc derivatives, Pc4 decreased viability while
increasing both early and late apoptosis rates in all cell lines more significantly
compared to Pc2 (p<0.0001) (Figure B1.3). Comparisons between peripheral Pc
derivatives revealed Pc3 had a more prominent effects on MCF-7 cells while Pc5 was
found more effective on MDA-MB-231 cells with higher late apoptosis rates
accompanied with lower viability rates (p<0.0001) (Figure B1.4). Early apoptosis rates
in all cell lines were significantly higher upon Pc5 treatment (p<0.0001) while Pc3 had
a slight necrotic effect on HUVECs (p<0.0001) and MCF-7 cells (p<0.05) compared
to Pc5.
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4.3.3. DNA Content Analysis

ZnPc-HDACI derivatives did not induce cell cycle arrest on HUVECs while Pc2
led to a small but significant decrease in Go/G1 phase (p<0.05). Pc2 induced G./M-
phase arrest in MCF-7 and Go/G1-phase arrest MDA-MB-231 (p<0.0001) cells, which
is accompanied by significant decrease of S phase in both cell lines (p<0.0001). Pc3
induced G2/M-phase arrest in both cancer cell lines, while in contrary to Pc2, it
decreased Go/G1 phase in MDA-MB-231 cells (Figure 4.15).

Both Pc4 and Pc5 increased SubGi phase (p<0.01), decreased G./M phase
significantly in HUVECs (p<0.05 for Pc4 and p<0.01 for Pc5, respectively) while no
differences between Go/G:1 and S phases compared to control was observed (p>0.05).
Similarly, both Pc4 and Pc5 increased SubG;: (p<0.01) and S phases (p<0.0001)
accompanied by the decrease of G2/M phase (p<0.0001) in MCF-7 cells, suggesting
an S-phase arrest. On the other hand, both Pc4 and Pc5 increased Go/G1 phase (p<0.01)
in MDA-MB-231 cells and decreased G2/M phase (p<0.0001) without altering S phase
(p>0.05), indicating a Go/G1 phase arrest (Figure 4.16).

In conclusion, both ZnPc-HDACI derivatives induced Gz/M-phase arrest in
cancer cell lines while non-peripheral Pc2 also lead to accumulation in Go/G1 phase in
MDA-MB-231 cells. On the other hand, InPc-HDACi derivatives Pc4 and Pc5 led to
an S-phase arrest in MCF-7 cells while inducing Go/G1 accumulation in MDA-MB-
231 cells. None of the compounds did not induce cell cycle arrest in HUVECs. These
data suggest when considering breast cancer cells, ZnPc-HDACIs induce cell cycle
arrest at Go/M phase while InPc-HDAC:s tend to lead accumulation in Go/Gi or S
phases according to the cell line, and the position of HDACi moieties do not have a

major impact on cell cycle arrest.
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Figure 4.15: DNA content analysis upon treatment with ZnPc-HDACi
derivatives. a. Representative histograms of DNA content. b. Pc2 treatment
increased G2/M phase in MCF-7 cells and Go/G1 phase in MDA-MB-231
cells while decreasing Go/G1 in HUVECSs. c. Pc3 treatment led to G2/M arrest

in both MCF-7 and MDA-MB-231 cells.
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Figure 4.16: DNA content analysis upon treatment with InPc-HDACi

derivatives. a. Representative histograms of DNA content. b. Pc4 treatment
decreased G2/M phase in all cell lines while inducing S-phase arrest in MCF-
7 and Go/G1 MDA-MB-231 cells. c. Pc5 treatment induced S-phase arrest in

MCEF-7 cells while led to Go/G1-phase arrest in MDA-MB-231 cells.
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4.3.4. Evaluation of HDAC6 and HDACS levels by Western
Blotting

Both Pc2 (p<0.001, p<0.0001 and p<0.01 for HUVEC, MCF-7 and MDA-MB-
231 cell lines, respectively) and Pc3 (p<0.001 for all cell lines) treatments significantly
decreased HDACG6 levels on all cell lines while both decreasing HDACS levels on
MDA-MB-231 cells (p<0.05), but not on MCF-7 cells or HUVECs (Figure 4.17).

Similar to its zinc counterparts, both Pc4 (p<0.001 for all cell lines) and Pc5
(p<0.05, p<0.001 and p<0.01 for HUVECs, MCF-7 and MDA-MB-231 cells)
treatments significantly decreased HDACG6 levels on all cell lines. Pc4 did not alter
HDACS protein levels (p>0.05) in contrast to Pc5 which significantly decreased
HDACS protein levels in both HUVECs (p<0.05) and MDA-MB-231 cells (p<0.01).
When considering 3-HPT has an 1Cs(nM)=306+69 for HDAC6 and
ICs50(NM)=3105+1649 for HDAC 8 [173], our results indicating successful HDAC6
inhibition in addition to a relatively weak effect on HDACS is compatible with the

literature.
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Figure 4.17: Both Pc2 and Pc3 successfully decrease HDACG levels in all cell
lines while HDACS levels were only decreased in MDA-MB-231 cells. a.
Representative blot image of Pc2 and Pc3 treated HUVECs, MCF-7 and
MDA-MB-231 cells. b. Quantification of HDAC6 upon Pc2 treatment. c.
Quantification of HDACS8 upon Pc2 treatment. d. Quantification of HDAC6
upon Pc3 treatment. e. Quantification of HDACS8 upon Pc3 treatment.
Significance level was considered as p<0.05. * denotes significance between
cell lines upon treatment whereas # denotes significance between treatment
and control groups

57



¢ =
‘60\ S 000 \Qo '\QG
& S 4 Q pe Q,,"lr:J Y ¢ q’i'\?"
O A W & A S O A N
& p 5 & < & %
K < 4 RS X S &
4 J & & S SR

HDACS gy weew G B e e B s e

HDACS s N et P B ™ e
Gy b e G G v QI W ——

B-ACTIN

HDACE HDAC8
N HUVEC

15
0 MCF-7
B3 MDA-MB-231

- -
=3 L

Fold change
°
L]

Fold change

2
o

Control

ao "
Control Pcd

d.
HDACE HDACS
Em HUVEC

15
3 MCF-7

- Y
o L

Fold change
=
L]

Fold change

o
o

" B MDA-MB-231
¥ L2 I %
Pc5 ’ Control Pcs

Control

Figure 4.18: Both Pc4 and Pc5 successfully decrease HDACSG levels in all cell
lines while HDACS levels were only decreased in HUVECs and MDA-MB-
231 cells treated with Pc5. a. Representative blot images of Pc4 and Pc5
treated HUVECs, MCF-7 and MDA-MB-231 cells. b. Quantification of
HDACSG6 upon Pc4 treatment. c. Quantification of HDACS8 upon Pc4
treatment. d. Quantification of HDACG6 upon Pc5 treatment. e. Quantification
of HDACS upon Pc5 treatment.
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4.3.5. Confocal Microscopy Studies

4.3.5.1. Visualization of Cellular Localization

Confocal imaging revealed that Pc2 is either localizes to nucleoli or distributed
homogeneous whereas Pc3 is localized into nucleus (Figure 4.19). Homogenous
staining suggest that Pc2 localizes to cell membrane and/or cytoplasm which may
explain why Pc2 treated cells have significantly lower late apoptosis rates compared
to Pc3 as it would induce a different mode of cell death mechanism in contrast to its
peripheral counterpart Pc3. Mitochondrial staining revealed that Pc2 disrupts
mitochondrial network in HUVECs and MCF-7 cells whereas Pc3 treatment impairs
in HUVECs and MDA-MB-231 cells but not MCF-7 cells.

On the contrary, in addition to homogenous staining (shown in white squares),
both Pc4 and Pc5 also localized to the mitochondrial network (shown in pale blue
squares); which is not observed in compounds Pcl (nuclear/nucleolar or around the
nuclear membrane), Pc2 (membrane/cytoplasmic) and Pc3 (nuclear). Pc5 treatment

also decreased mitochondrial signal (shown in green squares).
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Figure 4.19: Micrographs of untreated and Pc2 or Pc3 treated cells indicating
cellular localization. Cells were stained with anti-mitochondria antibody and
counterstained with DAPI. Red squares indicate deposits in nuclei and nucleoli
whereas white squares indicate homogenous staining that may indicate
predominant membrane/cytoplasmic localization. Disrupted mitochondria are
shown in green squares. Scale bars indicate 20 pm. All images were taken at 63X
zoom with immersion oil.
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Figure 4.20: Micrographs of untreated and Pc4 or Pc5 treated cells indicating
cellular localization. Cells were stained with anti-mitochondria antibody and
counterstained with DAPI. Red squares indicate deposits in nuclei and nucleoli
whereas white squares indicate homogenous staining that may indicate
predominant membrane/cytoplasmic localization. Disrupted mitochondria are
shown in green squares. Scale bars indicate 20 pm. All images were taken at 63X
zoom with immersion oil.

4.3.5.2. Visualization of Autophagy

Confocal microscopy demonstrated that Pc2 treatment induced autophagosome
formation that is characterized with green puncta and observed in HUVECs and MCF-
7 cells but not MDA-MB-231 cells. Untreated cells exhibit homogenous LC3A/B
staining pattern throughout the cytoplasm. Autophagosome formation is indicated with
yellow squares. In addition, Pc2 did not localize into autophagosomes and
accumulated on either cell membrane or in nucleus which is also indicated above
(Figure 4.19-4.21); suggesting Pc2 treatment may induce autophagosome formation

but do not directly interact with autophagic lysosomes. On the other hand, Pc3

61



treatment did not lead to autophagosome formation, yet localized mainly in the nucleus
as also indicated (Figure 4.19-4.21).

Pc4 and Pc5 treatment induced autophagy in both cancer cell lines, but not in
HUVECs which can be observed in Figure 4.22. Similar to Pc2, neither Pc4 nor Pc5
did not localize to the autophagosomes, but the cyan colour observed in merged photos
indicate autophagosomes contain nuclear material, which is not present upon Pcl or

Pc2 treatment.

Control

.

HUVEC

MCF-7

MDA-MB-231

Figure 4.21: Micrographs of untreated and Pc2 or Pc3 treated cells indicating
autophagosome formation. Cells were stained with rabbit polyclonal anti-LC3A/B
antibody followed by donkey anti-rabbit Alexa Fluor 488 secondary antibody and

counterstained with DAPI. Puncta formations are indicated in yellow squares
while red squares and white squares indicate nuclear and cytoplasmic/membrane

localization, respectively. Scale bars indicate 20 pm. All images were taken at
63X zoom with immersion oil.
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Figure 4.22: Micrographs of untreated and Pc4 or Pc5 treated cells indicating
autophagosome formation. Cells were stained with rabbit polyclonal anti-LC3A/B
antibody followed by donkey anti-rabbit Alexa Fluor 488 secondary antibody and

counterstained with DAPI. Puncta formations are indicated in yellow squares.

Scale bars indicate 20 pm. All images were taken at 63X zoom with immersion
oil.

4.3.6. Evaluation of Mitochondrial Activity

Both Pc2 (p<0.001 for HUVECs, p<0.0001 for MCF-7 and MDA-MB-231 cells)
and Pc3 (p<0.0001 for all cell lines) treatments significantly increased DHR-123 MFI
in all cell lines (Figure 4.23.b). Comparisons between two compounds indicated Pc3
treatment significantly increased DHR-123 MFI in all cell lines compared to Pc2
treatment (p<0.0001). A similar trend for Pc4 (p<0.0001 for all cell lines) and Pc5
(p<0.001 for HUVECs, p<0.0001 for MCF-7 and MDA-MB-231 cells) was observed
when treatment and control groups were compared (Figure 4.23.c). Contrary to zinc
Pcs, higher DHR-123 MFI values were observed for Pc4 treated HUVECs as well as
MCF-7 cells (p<0.0001 and p<0.05, respectively) in comparison with peripheral Pc5.
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Cell Count

Dihydrorhodamine123

Figure 4.23: Both ZnPc-HDACI and InPc-HDACI derivatives increase
Dihydrorhodamine123 mean fluorescence intensity in all cell lines. a.
Representative flow cytometry histograms. b. Bar graphics indicating
comparisons between cell lines and DHR-123 MFI values for Pc2 and Pc3
treatments. c. Bar graphics indicating comparisons between cell lines and DHR-
123 MFI values for Pc4 and Pc5 treatments. d. Comparisons between Pc2 and
Pc4 treatments in terms of mitochondrial activity for evaluating zinc or indium
as core metals. e. Comparisons between Pc3 and Pc5 treatments in terms of
mitochondrial activity for evaluating zinc or indium as core metals.

Comparisons between non-peripheral substituted Pcs that have either Zn or Iv as
core metals indicated Pc4 increased DHR-123 MFI in all cell lines compared to its
zinc counterpart Pc2 (p<0.0001 for all cell lines) (Figure 4.23.d). A similar
phenomenon was observed when MCF-7 and MDA-MB-231 cells were compared
after Pc3 and Pc5 treatments as peripheral substituted InPc derivative led to
significantly increased MFI values in MCF-7 and MDA-MB-231 cells (p<0.0001 and
p<0.001, respectively), but no difference between HUVECs was observed (p>0.05.)
(Figure 4.23.¢e).

4.3.7. Evaluation of CD44, CXCR4 and CCR7 Levels by Flow
Cytometry

Pc2 did not alter CXCR4 protein levels in cell lines (p>0.05) while decreasing
CD44 and CCRY7 protein levels in HUVECs and MDA-MB-231 cells (p<0.001 and
p<0.0001, respectively) (Figure 4.24.a). Percent decrease in CD44 protein levels did
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not differ between cell lines (p>0.05) though percent decrease in CCR7 levels were
significantly higher in MDA-MB-231 cells when compared to MCF-7 cells (p<0.05),
but not HUVECs (p>0.05). The decrease in CXCR4 levels were slightly but
significantly increased in HUVECSs in comparison with MDA-MB-231 cells (p>0.05)

(Figure 4.24.b). Representative flow cytometry histograms were given on Figure B1.6.
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Figure 4.24: Pc2 decreases CCRY7 protein levels in all cell lines while increasing
CXCR4 in HUVECSs and MCF7 cells. a. CD44, CXCR4, and CCR7 protein
levels in control and treatment groups. * denotes significance between control
and treatment groups. b. Relative changes in the CD44, CXCR4, and CCR7
levels after treatment. Differences between groups were indicated with *.

Pc3 led to a significant decrease in CD44 levels in all cell lines (p<0.0001) while
increasing CXCR4 levels (p<0.0001 for HUVECs and MCF-7 cells, p<0.01 MDA-
MB-231) (Figure 4.25.a). In addition, Pc3 treatment did not alter CCR7 protein levels
in MCF-7 cells while decreasing it both in HUVECs and MDA-MB-231 cells
(p<0.0001). Comparisons between percent alterations indicated that the decrease in the
CD44 levels were slightly but significantly higher in HUVECs and MDA-MB-231
cells compared to MCF-7 cells (p<0.05; Figure 4.25.b). On the other hand, CXCR4
protein levels were increased upon Pc3 treatment in MCF-7 cells at a significantly
higher rate than both HUVECs and MDA-MB-213 cells (p<0.001, Figure 4.25.b). The
decrease in the CCR7 levels in HUVECs and MDA-MB-231 upon Pc3 treatment were
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significantly more pronounced than MCF7 cells (p<0.001 and p<0.0001, respectively,
Figure 4.25.b). On the other hand, the decrease in CCR?7 levels in MDA-MB-231 cells
were slightly but significantly higher than HUVECs (p<0.05, Figure 4.25.b).

Representative flow cytometry histograms were given on Figure B1.7.
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Figure 4.25: Pc3 decreases CD44 protein levels in all cell lines while increasing
CXCR4 in HUVECs and MCF7 cells. a. Percentage of CD44, CXCR4, and
CCRY protein levels in control and treatment groups. * denotes significance

between control and treatment groups. b. Relative changes in the CD44,
CXCR4, and CCRY levels after treatment. Differences between groups were
indicated with *.

Pc4 significantly reduced CD44 protein levels in all cell lines (p<0.0001); CCR7
levels were decreased significantly in MCF-7 and MDA-MB-231 cells (p<0.0001 and
p<0.001, respectively) while HUVECs remain unaffected (p>0.05). On the other hand,
Pc4 significantly increased CXCR4 levels in HUVECs (p<0.0001) and MCF-7 cells
(p<0.01), but not in MDA-MB-231 cells (Figure 4.26.a). The decrease in the CD44
levels was significantly more pronounced in HUVECSs than both MCF-7 and MDA-
MB-213 cells upon Pc4 treatment (p<0.01 and p<0.001, respectively; Figure 4.26.b).
Additionally, the decrease in CD44 levels was significantly lower in MDA-MB-231
cells compared to MCF-7 cells (p<0.05; Figure 4.26.b). Pc4 treatment increased
CXCR4 levels in HUVECs significantly compared to MCF-7 cells (p<0.05, Figure
4.26.b) while decreasing CXCR4 levels significantly in MDA-MB-231 cells, though
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this alteration was not significant. Representative flow cytometry histograms were
given on Figure B1.8.
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Figure 4.26: Pc4 decreases CD44 protein levels in all cell lines while increasing
CXCR4 in HUVECs and MCFT7 cells. a. Percentage of CD44, CXCR4, and
CCRY protein levels in control and treatment groups. * denotes significance

between control and treatment groups. b. Relative changes in the CD44,

CXCR4, and CCRY positivity after treatment. Differences between groups were

indicated with *.

Pc5 altered CD44 and CXCR4 protein levels a similar manner with Pc4 in
HUVECs (p<0.001) while also decreasing CCR7 levels compared to control
(p<0.0001). Also, in MCF-7 cells, Pc5 acted in a similar way with its non-peripheral
counterpart by decreasing CD44 (p<0.0001) and increasing CXCR4 (p<0.0001) levels;
yet, the decrease in CCR7 levels was not significant (p>0.05). In MDA-MB-231 cells,
Pc5 slightly but significantly decreased both CD44 and CCRY7 protein levels (p<0.0001
and p<0.001, respectively), but did not alter CXCR4 levels (Figure 4.27.a). Pc5
treatment led to a significantly higher decrease in both HUVEC and MCF-7 cells than
MDA-MB-231 cells with regards to CD44 levels (p<0.01; Figure 4.27.b). Similar to
Pc4 treatment, CXCR4 protein levels were significantly increased at a higher rate in
HUVECs compared to MCF-7 cells after Pc5 treatment (p<0.001; Figure 4.26.b). On
the other hand, the percent decrease in CXCR4 levels in MDA-MB-231 cells were
significantly different than both HUVECs and MCF-7 cells upon Pc5 treatment
(p<0.0001 and p<0.01, respectively; Figure 4.27.b). Pc5 treatment led to a significantly
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higher decrease in the CCR7 levels in HUVECs compared to MCF-7 and MDA-MB-
231 cells (p<0.0001, Figure 4.27.b), yet no significant difference between MDA-MB-
231 and MCF-7 cells was reported. Representative flow cytometry histograms were

given on Figure B1.9.
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Figure 4.27: Pc5 decreases CD44 protein levels in all cell lines while increasing
CXCR4 levels in HUVECs and MCF7 cells. a. CD44, CXCR4, and CCR7
protein lelvels in control and treatment groups. * denotes significance between
control and treatment groups. b. Relative changes in the CD44, CXCR4, and
CCRY levels after treatment. Differences between groups were indicated with *.

In conclusion, Pc-HDACI derivatives target different cellular compartments,
according to both their core metals and the position of their HDACi moiety; in turn,
they activate different modes of programmed cell death pathways. Among all Pc-
HDACI derivatives evaluated in this study, SiPc-HDACI derivative stands out as the
most promising PDT drug candidate, combining photodynamic action with effective

HDAC downregulation.
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5. DISCUSSION

Small molecule HDACis have successfully altered HDAC activity in pre-clinical
models, introducing them to clinical trials. However, as reviewed by Gryder et al., two
FDA-approved HDACI, Vorinostat and Romidepsin were found inefficient in solid
tumours while exerting toxic side effects [130]. In 2013, Patil et al. were the first to
describe 3-HPT as an alternative to non-hydroxamate zinc-binding groups (ZBGs) for
inhibition of HDAC6 and HDACS [173].

HDACSG6 primarily resides in the cytoplasm to regulate various extra-nuclear
proteins including tubulin, thus, is involved in cell motility and metastasis [130].
Furthermore, it also involves in aggresome formation, which plays an important role
in the elimination of misfolded protein aggregates, and its inhibition has been shown
to increase susceptibility to misfolded protein stress [182]. Located on the X
chromosome, with its co-factor-independent activity, ability to target non-histone
proteins [183] and having lack of C-terminal protein binding domain, HDACS differs
from other class 1| HDACs [184]. HDACS inhibition decreases the deacetylating
activity of HDACS, in turn, promoting many cellular events including cell cycle arrest
and apoptosis [184]. HDACS activity is also related to proliferation and resistance to
apoptosis in various cancer types. As being unresponsive to most common ZBG, the
hydroxamate, HDACS is the least inhibited isoform among Class | HDACs [130].
Balasubramanian et al. developed a specific HDACS8 inhibitor, PCI-34051, that
induces apoptosis effectively on T-cell lymphoma and in leukaemia cell lines in a
calcium-mediated manner; in contrast, same treatment remained ineffective for solid
tumours [185].

Studies regarding PSs in combination with HDACIi for cancer treatment are
limited. In 2014, Ye et al. were the first to report anti-cancer efficiency of four
photosensitive cyclometalated Ir(111)-HDACi complexes that exerted phototoxicity
against human pulmonary carcinoma cell line A549, cisplatin-resistant cell line A549R
and human normal liver cell line LO2 [186]. Mechanistic studies revealed all four
complexes induce apoptosis by increasing ROS production, promoting mitochondrial
damage and downregulating HDAC activity, which are consistent with our findings.
Kasparkova et al. developed a HDACI, suberoyl-bis-hydroxamic acid (SubH)-

conjugated photosensitive platinum(IV) complex [187] and evaluated its anti-cancer
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properties in ovarian carcinoma cell line A2780. This novel SubH-photosensitive PtIV
complex exerted higher cytotoxicity compared to its biologically inactive ligands
bearing counterpart or chemotherapeutic platin analogue cisplatin on both cisplatin
sensitive and resistant cells; suggesting that HDACI substitution may induce a
different cell death mechanism than photosensitive Pt(1V) or cisplatin. Halaburkova et
al. combined a natural photoactive compound, hypericin, with either pan-HDACIis,
SAHA and Trichostatin A, or valproic acid and sodium phenylbutyrate that target
nuclear HDACsS, to evaluate combinatorial effects in two different colorectal cancer
cell lines, HCT116 and HT29, that are known to be resistant to hypericin-mediated
PDT [188]. Authors revealed that HDACI pre-treatment induces cyclin dependent
kinase inhibitor 1A (CDKN1A) expression epigenetically and increases anti-cancer
efficacy of hypericin-mediated PDT. Recently Liu et al. developed a nanogel
containing second-generation PS chlorin-6 (Ce6) that not only acts as a PS but also
facilitates drug delivery to tumour [189]. Hypoxic condition in tumour cells activates
HIF-1a pathway that eventually increases vascular endothelial growth factor (VEGF)
expression to promote angiogenesis and tumour proliferation. Authors further
introduced SAHA that was previously proven to inhibit hypoxia signalling pathway to
the Ce6-containing nanogel and observed increased anti-tumour efficiency that was
accompanied by decreased HIF-1a and VEGF levels. As indicated, studies combining
PS and HDAC.I for anti-cancer treatment are restricted to these studies, and none of
them involves a Pc derivative for PDT.

Recently, many advancements have been made in the management of advanced
or metastatic breast cancer while they are only ideal if their adverse effects are
controlled, and if supportive therapies increase life quality while decreasing long-term
toxicities [190]. Today, the majority of approved PDT protocols target superficial skin
and luminal organ lesions while interstitial and intra-operative approaches are under
investigation for treating solid tumours including breast tumours [191]. Photofrin, a
lipophilic agent that can be intravenously administered was clinically tested for the
treatment of breast cancer skin metastases; the complete and partial response rates
were reported as 13.5% and 35.1% respectively [192]. Phase 1I/111 trials of tin ethyl
etiopurpurin (Purlytin) against recurrent cutaneous metastatic breast cancer revealed
the overall response rate as 92% [193]. When considering HDACI treatment for breast
cancer, according to Rhodes et al., hydroxamic acid-based pan-HDACi Panobinostat

was reported to inhibit metastasis in TNBC [194]. Authors also indicated that
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Panobinostat is more effective compared to Vorinostat (a class | and Il HDACI) and
TMP269 (a class Ila HDACI). Chen et al. suggested that a class I, 11, and 1V HDACI,
Pracinostat treatment prevents cell growth and metastasis in breast cancer by
supressing HDACS5 and HDAC4 [195]. Park et al. reported inhibition of HDAC1, 6
and 8 play roles in metastasis of MDA-MB-231 cells. MCF-7 cells, overexpressing
HDACs mentioned also showed increased invasiveness [196]. On the other hand,
Leslie et al. revealed that HDAC11 inhibition is linked with lymph node metastasis in
breast cancer [197]. Lin et al. screened 30 different HDACi-treated cancer cell lines
and indicated that in addition to activating programmed cell death pathways, treatment
promotes motility in a dose dependent manner by inducing protein kinase C (PKC)
activation, further suggesting PKC inhibition along with HDACs simultaneously
induces cell death pathways while inhibiting metastasis [128]. Altogether, while there
is an agreement on HDACis death-triggering properties on breast cancer cells in vitro
and in vivo, results focusing on their effect on metastasis and invasion capacities
remain controversial.

In this study, we investigated the anti-cancer efficacy of novel HDACi-bearing
Si, Zn and In derivatives on breast cancer cell lines, MCF7 and MDA-MB-231 as well
as a healthy endothelial cell line (HUVEC). Among all Pc derivatives synthesized, Pcl
had the highest singlet oxygen yield which is followed by ZnPcs (Pc2 and Pc3), and
InPcs (Pc4 and Pcb), respectively (data kindly provided by Prof. Dr. Devrim Atilla);
Pc2, Pc3, Pc4 and Pc5 contain four HDACI moieties whereas Pcl had two. When
considering dual activity of the compounds, their localization as well as the abundance
of the target HDACs in the cells would affect the outcome. None of the compounds
did exert any cytotoxic effect under dark while induced cytotoxicity in a dose-
dependent manner in all cell lines. For HUVECs and MDA-MB-231 cells, the lowest
ICso values were calculated after Pc3 treatment while for MCF-7, it was calculated
upon Pcl treatment. This may be a result of the oestrogen-dependent regulation of
HDACG6 and HDACS, suggesting the treatment of the oestrogen-sensitive cell line may
require higher photodynamic activity in combination with HDAC inhibition [183],
[198].

Cellular localization is an important factor that determines the anti-cancer effect
of this dual system; as along with O, generation, the HDACi moieties should interact
with their respective targets to successfully downregulate respective proteins. In our

case, the target proteins can be found both in nucleus and cytoplasm [183], [199]. It is
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previously stated that photosensitizers that target ER or mitochondria promote
apoptosis by inducing oxidative stress while compounds localize to lysosomes or
plasma membranes are reported to initiate necrosis [26]. Induction of autophagy is
reported to be localization independent, and apoptosis was observed in cells already
undergoing autophagy [200]. Role of autophagy upon PDT is controversial since it
may either induce resistance to treatment by promoting recycling damaged organelles,
or initiate death signals [201]. On the other hand, presence of apoptosis along with
autophagy is reported to be crucial for an enhanced cell death response as MCF-7 cells
were shown to develop PDT resistance when the autophagic response is inhibited
[202], [203]. In conclusion, it is still unclear how exactly autophagy affects the
outcome of PDT [200]. We investigated the link between localization of Pc-HDACis
and the mode of cell death and demonstrated that both the core metal of the Pc
derivative as well as the position of the HDACi moiety influence the compounds’
localization, and in turn, the effectivity of the treatment.

Pcl tend to localize to the nuclei and nucleoli in addition to forming fluorescent
deposits (observed as red foci) around nuclear membranes in cancer cells.
Comparisons between Pc2 and Pc3 suggested a possible steric effect as Pc3 localized
to the nuclei while Pc2 treatment resulted in homogenous staining in cancer cells,
indicating the compound’s nuclear penetration is limited, and the staining pattern
suggested cytoplasmic and/or cell membrane localization. This would also explain the
higher 1Cso values of Pc2 compared to Pc3, as well as induction of different
programmed cell death pathways which is discussed below in detail. Compared to Pc3,
the compound-derived signal was slightly higher for Pc2 in HUVECs and MCF-7
cells, while similar in MDA-MB-231 cells, suggesting Pc2 effectively interacts with
cells, but has lower penetration ability and likely to attach to the cell membrane. None
of the compounds mentioned above localized to the mitochondria while they all
disrupted the mitochondrial network as irregular green signal was observed in all cells
compared to their control counterparts. On the other hand, treatment with both InPc
derivatives revealed homogenous staining with additional mitochondrial localization
since the compounds’ green signal overlaps with the mitochondrial network structure.
Due to the absence of a mitochondria-targeting sequence of the compounds, this
overlap suggests that the InPc-HDACI derivatives can target mitochondria themselves.
In®* is known to induce mitochondrial permeability transition by disrupting proton

channels located in the inner mitochondrial membrane, leading to mitochondrial
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oxidative stress, cytochrome c release and eventually apoptosis [204], [205]. Neither
Pc4 nor Pc5 altered mitochondrial network in HUVECs while decreasing the signal in
MDA-MB-231 cells. Pc4 treated MCF-7 cells’ mitochondrial network structure
resembled control cells while Pc5 treatment reduced the signal, similar to MDA-MB-
231 cells. While healthy mitochondria staining result in a stringy structure under
microscope, Pcl, Pc2 and Pc3 treatments disrupted this pattern to form speckles. On
the other hand, Pc4 and Pc5 were the only compounds showing mitochondrial
localization, but their induction of speckle formation (thus disrupting the
mitochondrial network) was less prominent compared to SiPc-HDACi and ZnPc-
HDAC:Is.

As 10, formation depends on the availability of oxygen, mitochondria are
important organelles in PDT due to their high oxygen levels [206]. A previous study
even suggested that low levels of singlet oxygen produced in the mitochondria are two
times more toxic than membrane targeting, and thrice more effective than nuclear
targeting [207]. We evaluated mitROS accumulation by DHR123 staining, and as
anticipated, Pc4 and Pc5 which target mitochondria along with homogenous
localization resulted in higher mitROS accumulation compared to Pc2 and Pc3 (yet,
Pc3 was as effective as Pc5 on HUVECS in terms of mitROS induction). It’s relatively
low DHR123 MFI values (comparable to those observed upon Pc2 treatment) support
Pcl’s distant localization from mitochondria.

Here, one would question the mechanism behind Pc1, Pc2 and Pc3’s disruptive
effect on the mitochondrial network without targeting the mitochondria (observed in
the confocal microscopy as green speckles), and how its’ integrity is preserved after
mitochondria localizing Pc4 and Pc5 treatments. One possible explanation is, this
result may be an outcome of the general cellular damage induced by O formation:
even if the PS localizes to a different site of the cell (such as Pc3 targeting nucleus),
the resulting signalling cascades may alter mitochondrial network. Another possibility
is the partial localization of Pcl, Pc2 and Pc3 to mitochondria-associated membranes
(MAMs), the junctions where ER and mitochondria are physically connected [208].
Several proteins involve in cellular homeostasis reside at MAMs including the ones
take part in programmed cell death mechanisms and tumourigenesis. This also would
explain the red foci around the nuclei observed in Pcl treated cancer cells as the
compound localized closely to the mitochondria, but their signal did not overlap. Yet,

we cannot confirm this hypothesis as it should be validated with nucleus-ER-
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mitochondria-compound quadruple staining. When taken together with compounds’
cellular localizations, differences between ICso values of Pc-HDACI derivatives are
likely to be a result of not only the singlet oxygen yield of the Pc derivative, but also
the target site, as Pc-HDACI derivatives localized to nucleus had lower values while
others had relatively higher ICso values. As mentioned before, this localization is
expected to affect the mode of cell death.

Apoptosis is a tightly regulated cell death mechanism that is essential for the
maintenance of normal cellular homeostasis by either eliminating undesired or
potentially harmful cells. Dysregulations in apoptotic pathways are related to various
pathological conditions including cancer [209]. Apoptosis is considered as the main
cell death pathway in both PDT and HDAC inhibition [186]. Here, Pcl treatment
decreased viability significantly in all cell lines by promoting apoptosis without
initiating a necrotic response. While both Pc2 and Pc3 decrease viability compared to
the control groups, Pc2 was reported to be less effective in initiating apoptosis (likely
to be a result of the poor penetration of the compound) while a prominent difference
was not observed between Pc4 and Pc5, although viability rates were slightly higher
in cancer cells upon Pc4 treatment. Comparisons between non-peripheral Pc-HDACI
derivatives revealed the effect of Pc2 treatment was less prominent compared to Pc4
in terms of decreasing viability and inducing apoptosis (probably as a result of the
membrane localization). Peripheral Pc-HDACIis suggested a similar result with a
difference: Pc3 was reported to be more efficient in MCF-7 cells in contrast to
HUVECs and MDA-MB-231 cells which had better results upon Pc5 treatment. This
finding is consistent with the hypothesis proposed above as destruction of MCF-7 cells
may require higher photodynamic activity along with HDAC inhibition.

In addition, apoptosis was not the only programmed cell death pathway upon
treatment with Pc-HDACI derivatives as Pcl, Pc4 and Pc5 initiated autophagosome
formation in cancer cell lines while not affecting healthy cells. In Pc4 and Pc5 groups,
punctas representing autophagosomes had a unique cyan colour, indicating they
contain nuclear material. Induction of autophagy upon DNA damage is suggested by
various studies [210], [211]. However, the origin of the nuclear material (genomic
DNA, or mitochondrial DNA) inside the autophagosomes remains unknown. When
considering ZnPc-HDACI derivatives, Pc2 treatment resulted in autophagosome
formation in HUVECs and MCF-7 cells but not MDA-MB-231 cells, yet Pc3 was

found ineffective in terms of inducing autophagy in all cell lines, which may be
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attributed to two compounds’ distinct localization sites. However, as stated above,
results of the studies investigating the effect of autophagy on cancer cells remain
controversial. It should be kept in mind that in vitro approaches may fail to represent
the exact role of autophagy in anti-cancer therapy since stromal cells of the tumour
and immune cells have a significant impact on the outcome and response to the
autophagy-based anticancer therapies [203]. Further in vivo studies taking tumour
microenvironment into account should be performed in order to define the therapeutic
relevance of autophagy in PDT.

DNA damage is another factor promoting apoptosis [212] and autophagy [213].
HDAC:Is are reported not to cause DNA breaks directly, but they suppress DNA repair
proteins and induce ROS accumulation leading to DNA damage [214]. PS may
promote DNA damage by generating ROS, oxidizing DNA bases, crosslinking DNA
strands or inducing sister chromatid exchanges [215]. 1O is thought to be not the main
inducer of DNA damage due to its short lifespan and limited range unless it is
generated close to DNA strands [215]. Flow cytometric analyses of DNA content relies
on the differences in DNA amount cells have through cell division stages Go/1 (pre-
replicative cells), S (dividing cells) and G2/M (post replicative plus mitotic cells).
Previously Pcs are shown to induce cell cycle arrest on G1/Go [216], [217], S [218]
and G2/M [219], [220] phases on different cell lines. Similarly, HDACis are reported
to induce cell cycle arrest on Go/G1 [221] - [223] and G2/M [224], [225] phases. When
considering studies mentioned above were conducted with different PS as well as
different HDACIs, their differential effects would be attributed to their unique
mechanism of actions. Testing the same compound in different cell lines would even
result in different outcomes as cell cycle checkpoint proteins are commonly
dysregulated in cancer [226]. In our study, Pc1 led to Go/M phase arrest in all cell lines,
including healthy control cells. On the other hand, comparisons between ZnPc-
HDAC:s indicated that both compounds do not induce cell cycle arrest on HUVECs
while their differential effects on cancer cells were noteworthy: Pc3 promoted G,/M
phase arrest in both cancer cell lines while Pc2, too, led to G2/M accumulation in MCF-
7 cells but not in MDA-MB-231 cells which ended up with Go/G: phase arrest. This
finding reveals that direct nuclear damage caused by the PS may induce G2/M phase
arrest as both Pc3 and Pc1 are shown to localize nucleus, and PS targeting non-nuclear
cellular compartments may tend to lead G1/Go or S phase arrests. In compliance with

this phenomenon, localizing to cytoplasm and mitochondria, treatments with Pc4 and
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Pc5 induced accumulation in S and Go/G1 phases in MCF-7 and MDA-MB-231 cells,
respectively. Data abovementioned also suggests the promotion of the G2/M phase
arrest after Pcl treatment in HUVECs is not observed upon Pc3 treatment. This
observation underlines a possibility for compounds that target the same cell
compartments, compound’s O, generation capacity may determine cytotoxicity
exerted upon healthy cells. According to our observations, the position of the 3-HPT
moieties (non-peripheral vs. peripheral) did not influence DNA content.

All Pc-HDACIs decreased HDACEG levels in cell lines tested, confirming the 3-
HPT moieties’ success on HDAC downregulation. As stated previously, 3-HPT is
reported to be 9.8 folds more selective towards HDAC6 compared to HDACS [173].
Along with HDACS, Pcl decreased HDACS levels in all cell lines while Pc2 and Pc3
were only shown to downregulate it in MDA-MB-231 cells. Pc5 decreased HDAC8
levels in HUVECs and MDA-MB-231 cells, yet Pc4 remained ineffective. Low
penetration of Pc2 due to steric effect was further confirmed with the higher efficacy
of Pc4 on downregulating HDACS levels in MDA-MB-231 cells. Pc3 was reported to
be more effective in terms of downregulating HDACS6 levels in HUVECs, and MDA-
MB-231 cells compared to Pc5.

In contrast to other assays evaluating the combinatorial anti-cancer activity of
compounds, protein levels of HDAC6 and HDACS8 are PDT-independent and only
influenced by the intracellular availability of 3-HPT moieties. To exert its inhibitory
effects, 3-HPT should interact with its respective targets. Thus, membrane or
mitochondrial localization of Pc-HDACis may decrease their ability to inhibit HDACs.
However, our HDAC evaluation strategy is limited to the semi-quantitative analysis
of the protein levels and does not measure proteins’ enzymatic activity. All compounds
may still have disruptive effects on HDAC8 and HDACG6 proteins’ deacetylating
properties while preserving the proteins’ integrity, which is not evaluated as a part of
this study.

Leading cause of the cancer related deaths is the migration of tumour cells to
form secondary lesions in distant organs. Recent studies indicate that chemokine
receptor family belonging to G protein-coupled receptors play important roles in this
process [169]. While preliminary studies suggested CXCR4 and CCR7 expression
facilitates migration of tumour cells towards the chemokine gradient, today it is known
that both chemokine receptors also plays role in cellular growth, endothelial adhesion
and extravagation [227]. Upon binding to its ligand CXCL12, CXCR4 induces various
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signalling pathways that eventually induce gene expression, cellular motility, survival,
and proliferation [228]. CXCR4 has been confirmed to form homo- or hetero- dimers
[229] which activates JAK/STAT signalling pathway that promotes chemotactic
responses [228]. Disruption of CXCL12/CXCR4 interaction significantly impairs
breast cancer cells’ migration towards regional lymph nodes and [168]. Along with
CXCR4, CCR7 is also shown to be highly expressed in certain malignancies including
breast cancer [168]. Aberrant CCR7 expression in cancer was first reported in T cell
leukaemia patients as CCR7 expression levels of T cell leukaemia cells from adult
patients with lymphoid organ infiltration were reported to be higher than normal T
cells or leukaemia cells from patients without lymphoid organ involvement [230].
Additionally, CCR7 expression is regulated by lipid derivatives such as
cyclooxygenase-2, an enzyme that is expressed in response to certain stimuli including
cytokines and tumour enhancers [231] and converts phospholipid-derived arachidonic
acid to prostaglandins that also upregulates CCR7 expression in breast cancer cells,
thus increase their lymphatic invasion [232]. Both CXCR4 and CCR?7 receptors are
shown to be associated with higher grades and weak prognosis in breast cancer patients
[233]. Holland et al. suggested that CXCR4 and CCRY7 levels are directly correlated
with invasive and metastatic phenotype in breast cancer, indicating the potential role
of these proteins in tumour progression [234]. Kochetkova et al. revealed that
functional activation of CXCR4 and CCRY7 has a direct impact on cell death pathways,
and inhibition of these molecules can promote detachment-induced cell death (anoikis)
[169]. CD44, a large protein family that regulates cell-ECM interactions can contribute
to cancer progression including cell growth, angiogenesis, cell migration and invasion
[235], in addition, it also modulates CXCR4-CXCL12 signalling [164].

In our study, all Pc-HDACIs are shown to downregulate either CD44 or CCR7
protein levels, or both, suggesting that PDT along with HDAC inhibition may have an
inhibitory effect on migration. While the effect of PDT on tumour cells’ CCR7
expression is not evaluated previously, the response of immune cells to PDT in cancer,
especially dendritic cells is well studied [236], [237], suggesting PDT promotes
normal function of dendritic cells to possess anti-cancer functions compared to their
untreated, tumour-educated, immunosuppressive counterparts, further underlining the
importance of the presence of immune system while evaluating the efficacy of PDT in

cancer treatment.
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HDACIs are already known to decrease CD44 levels in different cancer cells
[238], [239]. Interestingly PDT alone also shown to decrease CD44 [240] though the
vast majority of the studies focus on CD44 as a target molecule, rather than evaluating
the sole effect of PDT on CD44 [241] - [244]. On the other hand, it should be noted
that CD44 mediated signalling pathways are especially hard to simulate in vitro since
cells tend to express higher levels of CD44 due to culture conditions and CD44
mediated signalling relies on cell-ECM interactions, which is not present in
conventional monolayer cell culture. Yet, the alterations in CD44 levels compared to
their control counterparts would provide insight regarding Pc-HDACIs’ effect on
CDA44 expression [235].

However, treatment-induced alterations in CXCR4 protein levels were not in line
between compounds as both Pcl and Pc3 increased CXCR4 levels in all cell lines,
especially in MCF-7. In a similar manner, Pc4 and Pc5 also induced CXCR4 protein
expression in HUVECs and MCF-7 cells, but not MDA-MB-231 cells. On the other
hand, Pc2 remained ineffective in terms of CXCR4 expression. Effects of various
HDACIis on CXCR4 levels in different cancers were previously investigated by many
groups, and results were conflicting as butyrate and Vorinostat decreased CXCR4
levels in acute lymphoblastic leukaemia (ALL) and chronic lymphocytic leukaemia
(CLL) cells [245,246] whereas VPA increased CXCR4 expression and chemotaxis in
immature CD34-positive AML (acute myelogenous leukaemia) cells while decreasing
in CD34-negative AML cells [247]. In melanoma cells, TSA increased CXCR4 levels
after 24 hours-treatment and downregulated after 48 hours [248]. lerano et al.
hypothesized that HDACI treatment would result in decreased migration capacity due
to HDAC:s role in cellular motility, and revealed that treatment of different cell lines
(including breast, colon, lung and renal cancer) with various HDACIs lead to CXCR4
MRNA expression along with disrupting CXCL12-mediated signalling cascades to
prevent metastasis [249]. According to this study, increased CXCR4 levels upon Pc-
HDACI treatment is an expected outcome and should be evaluated together with the
other components of CXCL12 signalling pathway.

It should be taken into account that this study design involves a 24 hours
incubation of cells with respective compounds (for allowing all cells in the population
to enter division when considering HUVECs, MCF-7 cells and MDA-MB-231 cells’
doubling times are 27, 24 and 25.1 hours [250] - [252], respectively) followed by

irradiation and further 24 hours incubation to enable programmed cell death pathways’
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activation. Longer or shorter incubation periods under dark conditions as well as after
irradiation may result in different outcomes. Similarly, irradiation with higher or lower
optical doses may also show different effects. Another point is the HDACI used in this
study, 3-HPT, is a relatively new compound, and its mechanism of action in cancer is
not as well documented as other HDACIs under preclinical trials, or in clinical use.
More comprehensive studies for discovering anti-cancer efficacy of 3-HPT on cancer

cells are required for this compound to be used as in further studies.

5.1. Challenges and Future Aspects

As mentioned above, PDT has three components: the PS, light, and oxygen [3],
which the latter may decrease below critical levels in solid tumours [253]. While
normal tissue partial Oz (pOz) levels differ between 40-60 mm Hg, this level can drop
less than 10 mm Hg in the hypoxic zone of solid tumours [254]. Adaptation of tumour
cells to the hypoxic conditions are mainly driven by HIF-1a [253], which modulates
tumour microenvironment to promote dysfunctional neovascularization, cell mobility,
metastasis and invasion in addition to facilitating immune escape [254]. Similarly to
radiotherapy, the efficacy of the PDT is directly associated with tissue oxygenation as
without oxygen PDT remains ineffective [255], [256]. Different approaches including
increasing tumour pO2 and modifying tumour microenvironment are being employed
to overcome this drawback. In terms of increasing tumour oxygenation, one example
is the administration of nanoparticles containing perfluorocarbons (PFCs),
organofluorine compounds that are used as oxygen carriers [257] - [259].
Incorporation of tumour-specific molecules to the nanoparticles can further increase
the drug efficacy [260], [261]. Nanoparticles combining PS molecules with
components that react with hydrogen peroxide (H20.), a common by-product present
in the tumour microenvironment due to the high metabolic rate of the malignant cells,
to generate O is another approach to increase the efficacy of PDT under hypoxia
[262], [263] which also can be combined with chemotherapy [264].

The major drawback of our study is to conduct all experiments under standard
cell culture environment with traditional 2-dimensional (monolayer) cell culture
method. While monolayer cell culture is still commonly used during preclinical stages
of drug development, it suffers from the insufficient representation of the cell-cell and
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cell-ECM interactions and nutrient and oxygen gradient naturally present in the tumour
mass [265]. Cell-cell and cell-ECM interactions play an active role in cell growth,
differentiation, gene and protein expressions, and cell death, in addition, they
determine cellular responses to various drugs [266]. Monolayer cancer cell cultures
also lack a hypoxic core, which is observed in up to 60% of solid tumours [267]. When
considering more than half of all drugs fail during clinical phases due to low efficacy
or safety issues [268], the requirement of advanced cell culture methods that represent
tumour microenvironment during preclinical drug testing is clear. Three-dimensional
(3D) cell culture which involves the development of multicellular structures that forms
cell-cell and cell-ECM interactions similar to the tumour mass is an alternative to
monolayer culture. This approach also allows researchers to combine different cell
types, e.g. stromal and epithelial in the same spheroid structure to simulate
heterogenous tumour [269] and stands out as a promising technique between
monolayer culture and animal models [266]. As stated, tissue oxygenation is one of
the key elements for the success of PDT, and testing PDT agents in monolayer cell
culture may lead to overestimating the effect of the drug. Another point is the limited
drug availability in 3D cultures, unlike monolayer cultures where cells have equal
access to the drug that may decrease outcomes’ precision.

Cell-ECM interactions, too, play role in drug resistance. Bulysheva et al.
revealed that cells grown on 3D scaffolds are more resistant to paclitaxel treatment
compared to monolayer counterparts as 1Cqo values obtained from monolayer cultures
are reported to have minimal effect on cells cultured on scaffolds [270]. These findings
are likely to arise from activation of various signalling cascades including chromatin
modifications which are also diminished in 2D cultures, and shown to be related to
radiation resistance [271]. Higher levels of heterochromatin protect DNA against
radiotherapy-induced double strand DNA breaks to a certain extent in cells cultured
on scaffolds, and HDAC inhibition may alleviate this phenomenon. Altogether, these
data suggest that evaluating anti-cancer efficacy of Pc-HDACI derivatives on 3D
culture systems may provide more accurate data compared to monolayer culture, both
in terms of photodynamic activity and HDAC inhibition. However, it should be noted
that there is no consensus on 3D culture protocols while even some systems may not
fulfil the requirements of drug screening, especially when considering, unlike
chemotherapeutics, PDT consists of two stages, drug incubation and irradiation.

Examples include low media volume and difficulties of media exchange in hanging
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drop method, or high lot-to-lot variances in hydrogel-based 3D cultures [272]. On the
other hand, low attachment plates, bioreactors or 3D-printed scaffolds are relatively
expensive approaches. Thus, the proper 3D culture method should be carefully chosen
according to the needs of the study, and it should be kept in mind that a wrong model
may lead to inaccurate results.

Another key point that would affect the clinical outcome is the penetration of the
light to the tissue, which depends on the wavelength and intensity of the light as well
as the optical features of the target [273]. Clinically approved PSs are mostly porphyrin
derivatives and are excited outside the optical therapeutic window (700—-1000 nm). On
the other hand, near infrared (NIR) light has better tissue penetration in addition to its
minimal absorbance by biological components. Thus, the introduction of PSs that
absorb light in the 650-750 nm region to the clinical practice may be more effective
in the treatment of non-superficial tumours. Besides, absorption in higher wavelengths
also enables the utilization of two-photon excitation (TPE), which is generally
provided by pulsed lasers, relies on the absorption of two photons simultaneously
instead of one to reach an excited state. TPE also excites the PS located in a restricted
area (1 mm?®) compared to conventional light sources, hence may increase the precision
of the irradiation process and prevent the healthy tissue. Yet, this technique is
relatively slow as scanning the malignant lesion would be time consuming [274]. This
limitation may be overcome by Temporal Focusing, enabling illumination of several

points at a time.

5.2. Conclusions

e Due to its several advantages over conventional therapeutic options, PDT is
regarded as a favourable treatment alternative for cancer. In this study, we explored
biological effects of a novel 3- hydroxypyridin-2-thione substituted Si, Zn and In
Pc derivatives that combines chemotherapeutic benefit of HDAC6 and HDACS8
downregulation with PDT.

e Our results indicate that Pc-HDACI derivatives deserve further attention for
developing successful PS drug candidates.

e OQur findings also underline the importance of the Pc derivatives’ core metal on

the activity of the molecule, not only for the photodynamic action, but also for
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cellular localization and chemotherapeutic action. Hence, different Pc derivatives
may be combined with various HDACis according to the target cancer types.

e In our study, Pcl is reported to be the most promising Pc-HDACI, due to it’s
high singlet oxygen yield, ability to induce multiple programmed cell death
pathways simultaneously, and HDAC inhibiting action.

¢ In comparison with MCF-7 cells and HUVECs, TNBC cell line MDA-MB-231
gave the most prominent response to Pcl treatment as when treated with their
respective 1Cso values, lowest viable cell rate among highest late apoptotic cell
population and highest DHR123 fluorescence intensity was observed in this cell
line.

e Comparisons between ZnPc-HDACIs revealed that non-peripheral positioning
of HDACI moieties in Pc2 resulted in a steric effect; thus, higher ICso values, weak
penetration into the cell, lower mitROS accumulation, and in turn, relatively lower
anti-cancer activity compared to peripheral Pc3 was reported.

e A steric effect was not observed in Pc4 and Pc5. Both compounds showed a
distinct localization pattern that also targets the mitochondrial network, induced
mitROS accumulation effectively and led to cell cycle arrest in different phases
during cell cycle compared to other Pc-HDACIs.

e The slightly lower response rate of MCF-7 cells to treatment suggests that PS-
chemotherapeutics combinatorial treatments may have to offer higher photoactivity
if the target protein of the chemotherapeutic moiety regulates pathways directly
contribute to respective cancer types’ progression.

e Another interesting result is the preservation of DNA content upon ZnPc- and
InPc-HDACIs treatments in healthy cells, HUVECs as no cell cycle arrest was
observed in this cell line, which possibly indicates that healthy cells can cope with
10,-induced DNA damage to a greater extent in comparison with cancer cells.

e More research is required to develop new PDT agents targeting tumour cells to
increase treatment efficiency. For this purpose, differences between various Pc
derivatives’ cellular impacts including their target programmed cell death pathways
and localizations should be well documented in order to determine right PS for the
photodynamic action according to the respective cancer type. Different positions
for introduced HDACIs (peripheral vs. non-peripheral and/or asymmetrical vs.

symmetrical) may be evaluated in order to achieve optimum cellular penetration.
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o Different HDACIis may be considered according to the targeted cancers’
transcription profiles. Due to the PSs’ oxygen dependency, in vivo models that can
accurately reflect the outcomes of the treatment in humans to be employed for a
complete evaluation of PDT drug candidates is crucial.

e Such evaluations would also provide insight to the compounds’ effects on
different cell types of the tumour, immune system, tumour vasculature, and many
other components play role in cancer progression, and cannot be represented in
vitro. Finally, switchable/changeable light sources may be developed to achieve a
more precise irradiation pattern that would exert minimum harm to neighbouring

healthy tissues for a more effective PDT.
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APPENDICES

APPENDIX A: The Paper Published within the Context of the Thesis

Aru B., Giinay A., Senkuytu E., Yanikkaya Demirel G., Giirek AG., and Atilla D.,
(2020), A Translational Study of a Silicon Phthalocyanine Substituted with a Histone
Deacetylase  Inhibitor ~ for  Photodynamic  Therapy, @ ACS  Omega.
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APPENDIX B: Supporting Information

(02 xA1)—(01x A2)
(02xP1)-(01xP2)

Viability (%) = x 100 (B.1)

* 01 = molar extinction coefficient of oxidized AB at 570 nm (80586)

+ 02 = molar extinction coefficient of oxidized AB at 600 nm (117216)

» Al = absorbance of test wells at 570 nm

» A2 =absorbance of test wells at 600 nm

» P1 =absorbance of positive control well (cells plus Alamar Blue but no test
agent) at 570 nm

» P2 =absorbance of positive control well (cells plus Alamar Blue but no test
agent) at 600 nm
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Figure B1.1: Molecular structures of Pc-C1, Pc-C2 and Pc-C3;
positive controls used in this study.
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Figure B1.2: Dose-dependent viability graphics for Pc-C1, Pc-C2 and
Pc-C3; positive controls used in this study.
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Figure B1.3: Bar graphics comparing a. viability, b. early apoptosis, c.
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Pc2 and Pc4. * denotes difference between control and treatment groups. #
denotes difference between cell lines within the same treatment groups. =
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Figure B1.4: Bar graphics comparing a. viability, b. early apoptosis, c.
necrosis and d. late apoptosis rates between peripheral Pc derivatives Pc3
and Pc5. * denotes difference between control and treatment groups. #
denotes difference between cell lines within the same treatment groups. ¢
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Figure B1.5: Representative flow cytometry histograms
demonstrating CD44, CXCR4 and CCR? protein levels of untreated
and Pcl treated a. HUVECs, b. MCF-7 cells, c. MDA-MB-231 cells.
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Figure B1.6: Representative flow cytometry histograms
demonstrating CD44, CXCR4 and CCRY protein levels of untreated
and Pc2 treated a. HUVECs, b. MCF-7 cells, c. MDA-MB-231 cells.
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Figure B1.7: Representative flow cytometry histograms demonstrating
CD44, CXCR4 and CCRY protein levels of untreated and Pc3 treated

a. HUVECs, b. MCF-7 cells, c. MDA-MB-231 cells.
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Figure B1.8: Representative flow cytometry histograms demonstrating
CD44, CXCR4 and CCRY protein levels of untreated and Pc4 treated
a. HUVECs, b. MCF-7 cells, c. MDA-MB-231 cells.
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Figure B1.9: Representative flow cytometry histograms
demonstrating CD44, CXCR4 and CCRY7 protein levels of untreated
and Pc5 treated a. HUVECs, b. MCF-7 cells, c. MDA-MB-231 cells.
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