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February 2020, 112 pages

Breast cancer (BC) is the second most frequently diagnosed cancer type worldwide. Triple
negative breast cancer (TNBC) type is a considerably aggressive one compared to other
breast cancer subtypes with high metastasis, relapse and mortality rate in patients. Due to
its significant genetic heterogeneity and deficiency of molecular targets such as estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2
(HER2), no effective targeted therapy strategies are available for TNBC. In recent years,
emerging evidence has revealed that short non-coding microRNAs (miRNA) are broadly
involved in various cancer pathophysiological processes including cell cycle, proliferation,
differentiation, migration/invasion and aging, via regulating the expression of the target
genes that are active in those pathways. miRNAs gain an important role as therapeutics by
enabling the degradation of the target mRNA or the inhibition of translation. Therefore,
miRNA-based therapeutics may be a novel therapeutic approach, especially for TNBC
patients. However, safe and efficient delivery systems are required for miRNAs to be

successfully used in clinical trials.



In the presented study, poly-L-lysine (PLL) modified sericin (Ser) coated
superparamagnetic iron oxide nanoparticles (SPIONs) (PLL/Ser-SPIONs) were
synthesized and characterized as miRNA delivery vehicle for TNBC therapy. PLL/Ser-
SPIONs were obtained in a size range of 25-30 nm with a cationic zeta potential value that
is +13 mV. The nanoparticles were interacted with different concentrations of miRNA
(miR) control and the range of the binding efficiencies was found to be as 97-99%.
Transmission electron microscopy (TEM) and confocal microscopy analyses exhibited that
miR-control or control small interfering RNA (siRNA) loaded PLL/Ser-SPIONs were
successfully uptaken by TNBC (MDA-MB-231) cells. miR-329 was chosen as a target
miRNA after analyzing several miRNA databases and discovering that its overexpression
is related to high survival rate in patients with TNBC. It was demonstrated by quantitative
reverse transcription polymerase chain reaction (RT-qPCR) that miR-329 expression level
is significantly reduced in many TNBC cell lines. In vitro delivery of miR-329 either using
PLL/Ser-SPIONs or a commercial transfection reagent inhibited proliferation,
invasion/migration and enhanced apoptosis rate in TNBC cells. The underlying molecular
mechanism of miR-329 based therapy was investigated via a number of target prediction
algorithms and they showed that miR-329 has binding sites at three prime untranslated
region (3’-UTR) of eukaryotic elongation factor-2 kinase (eEF2K) and AXL genes. In
addition, by Western Blot assay, upregulated levels of both eEF2K and AXL were
observed in TNBC cells, and it was also found that these genes are associated with shorter
overall survival in TNBC patients. More important, after miR-329 delivery in TNBC cells,
both eEF2K and AXL expressions were remarkably inhibited. The TNBC cells were also
treated with specific siRNAs for eEF2K and AXL, and silencing these genes recapitulated
the effects of ectopic expression of miR-329 by reducing the cell growth and
invasion/migration. Furthermore, in vivo delivery of miR-329 loaded PLL/Ser-SPIONs led
to a drastic inhibition in tumor growth in TNBC orthotopic xenograft models (MDA-MB-
231 and MDA-MB-436) in mice. A significant knockdown of eEF2K and AXL levels was
also observed in tumor samples by Western Blot analysis. In addition, PLL/Ser-SPIONs-
miR 329 treatment in mice did not cause any detectable side effects. These obtained results
suggest that miR-329 acts as a tumor suppressor (TS) and its reduced expression results in
an increase in eEF2K and AXL expressions that lead to progression of TNBC. Moreover,
this work also suggests PLL/Ser-SPION as a potential theranostic (therapy+diagnostic)
agent with its multifunctional property. Taken all together, this study shows that PLL/Ser-
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SPIONs-miR 329 system may be a promising and novel miR-therapy strategy against

TNBC providing a safe and high antitumor efficacy.

Keywords: triple negative breast cancer, super paramagnetic iron oxide nanoparticles,
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KANSER TEDAVISINDE KULLANILABILIRLIGININ
ARASTIRILMASI

GOKNUR KARA

Doktora, Kimya Boliimii
Tez Damismani: Prof. Dr. Emir Baki DENKBAS

Subat 2020, 112 sayfa

Meme kanseri, diinya ¢apinda ikinci en yaygin goriilen kanserdir. Uglii negatif meme
kanseri, hastalarda yiiksek metastaz, niiks ve mortalite oranina sahiptir ve diger meme
kanseri alt tiplerine kiyasla oldukca agresif bir tiptir. Onemli genetik heterojenlige sahip
olmasi, Ostrojen reseptorii, progesteron reseptorii ve insan epidermal biliylime faktori
reseptOrii 2 gibi tanimlanmis molekiiler hedeflerin bulunmamasi nedeniyle, li¢lii negatif
meme kanseri i¢in etkili bir hedeflenmis tedavi stratejisi yoktur. Son yillarda ortaya ¢ikan
kanitlar, kisa kodlayicit olmayan mikroRNA'larin (miRNA), hiicre dongiisii, proliferasyon,
farklilasma, migrasyon/invazyon ve yaslanma gibi yolaklarda aktif olan hedef genlerin
ekspresyonunu diizenleyerek cesitli kanser patofizyolojik siireclerine genis Olciide dahil
olduklarin1 ortaya koymustur. miRNA'lar, hedef mRNA’nin bozunmasini veya
translasyonun inhibisyonunu saglayarak terapotik olarak 6nemli bir rol kazanir. Bu nedenle

miRNA bazl terapotikler, ozellikle iiclii negatif meme kanseri hastalari i¢cin yeni bir
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terapotik yaklasim olabilir. Bununla birlikte, miRNA'larin klinik ¢alismalarda basarili bir

sekilde kullanilabilmesi i¢in giivenli ve verimli salim sistemleri gerekmektedir.

Sunulan ¢aligsmada, poli-L-lizin (PLL) ile modifiye edilmis serisin kapl1 siiperparamanyetik
demir oksit nanopartikiiller (SPION’lar) (PLL/Ser-SPIONs’lar) li¢lii negatif meme kanseri
tedavisi i¢cin miRNA salim araci olarak sentezlendi ve karakterize edildi. PLL/Ser-
SPION'lar, + 13 mV olan katyonik zeta potansiyel degerine sahip olarak 25-30 nm boyut
araliginda elde edildi. Sentezlenen nanoparcaciklar farkli derisimlerdeki kontrol miRNA
ile etkilestirilmis ve baglanma verimi aralifi %97-99 olarak bulunmustur. Transmisyon
elektron mikroskopisi (TEM) ve konfokal mikroskopi analizleri ile miR-kontrol veya
kontrol-siRNA yiiklii PLL/Ser-SPION'larin ii¢lii negatif meme kanseri (MDA-MB-231)
hiicreleri tarafindan basarili bir sekilde hiicre icine alindig1 ortaya konuldu. miR-329,
birkag¢ miRNA veritaban1 analiz edildikten ve {i¢lii negatif meme kanseri hastalarinda asir1
ekspresyonunun yiiksek sagkalim orani ile iliskili oldugu kesfediltikten sonra hedef
miRNA olarak secildi. Kantitatif ters transkripsiyon polimeraz zincir reaksiyonu (RT-
qPCR) ile miR-329'un ekspresyon seviyesinin bir¢ok ti¢lii negatif meme kanseri hiicre
hattinda 6nemli derecede diisiik oldugu gosterilmistir. miR-329'un hem {iretilen PLL/Ser-
SPION'lar hem de ticari bir transfeksiyon reaktifi kullanilarak in vitro olarak verilmesi ticlii
negatif meme kanseri hiicrelerinde ¢ogalmayi, invazyonu ve migrasyonu inhibe ettigi ve
apoptozu arttirdiglr gézlemlenmistir. miR-329 temelli tedavinin altinda yatan molekiiler
mekanizma, bir dizi hedef tahmin algoritmasi ile arastirilmis ve miR-329'un, okaryotik
uzama faktorii-2 kinaz (eEF2K) ve AXL genlerinin 3'-UTR'sinde baglanma bdlgelerine
sahip oldugu gosterilmistir. Ek olarak, western blot analizi ile ii¢lii negatif meme kanseri
hiicre dizilerinde hem eEF2K hem de AXL'in artmis ekpresyon seviyeleri gozlenmis ve
ayrica bu genlerin liglii negatif meme kanseri hastalarinda daha kisa genel sagkalim ile
iligkili oldugu bulunmustur. Daha da 6nemlisi, ii¢lii negatif meme kanseri hiicrelerinde
miR-329 verilmesinden sonra, hem eEF2K hem de AXL ekpresyonunun 6nemli 6l¢iide
inhibe edildigi ortaya konmustur. Uclii negatif meme kanseri hiicreleri ayrica eEF2K ve
AXL’ye spesifik kiiciik interfere edici RNA'lar (siRNA'lar) ile muamele edilmis ve bu
genlerin susturulmasi hiicre biiylimesini ve invazyon/migrasyonu azaltarak miR-329'un
ektopik ekspresyonunun etkilerini tekrar etmistir. Ayrica, farelerde {i¢lii negatif meme
kanseri ortotopik ksenograft modellerinde (MDA-MB-231 ve MDA-MB-436) miR-329
yiiklii PLL/Ser-SPION'larin in vivo olarak uygulanmasi, timor biiyiimesinin 6nemli

derecede inhibisyonuyla sonuglanmigtir. Western blot analizi ile tiimor Orneklerinde



eEF2K ve AXL seviyelerinin de dnemli Ol¢iide azaldigi gozlenmistir. Ayrica, farelerde
PLL/Ser-SPIONs-miR-329 tedavisinin saptanabilir yan etkilere neden olmadig
gbozlemlenmistir. Bu bulgular, miR-329'un bir tiimo6r baskilayici olarak islev gordiigiinii ve
azaltilmis ekspresyonunun, ii¢lii negatif meme kanserinin ilerlemesine yol agan eEF2K ve
AXL ekspresyonlarinda bir artisla sonuglandigini diisiindiirmektedir. Dahasi, bu ¢aligma
PLL/Ser-SPION'u ¢ok fonksiyonlu 6zelligi ile potansiyel bir theranostik (terapi+teshis)
ajan olarak oOnermektedir. Sonuglar hep birlikte ele alindiginda, bu calisma PLL/Ser-
SPIONs-miR-329 sisteminin {i¢lii negatif meme kanserine karsi giivenli ve yiiksek bir
antitimor etkinligi saglayan umut verici ve yeni bir miR-terapi stratejisi olabilecegini

gostermektedir.

Anahtar Kelimeler: T{¢li negatif meme kanseri, siiperparamanyetik demir oksit

nanopartikiiller, miR-329, eEF2K, AXL
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1. INTRODUCTION

Cancer is an increasingly global problem that affects all human beings. BC is the most
common cancer among women and it accounts for approximately 23% of all cancer
patients [1, 2]. BC is an aggressive cancer type and has a high heterogeneous complex
biological profile. BC is clinically categorized into four subtypes based upon molecular
properties and presence of ER, PR and HER2. These are: basal-like (BL) or TNBC,

HER2 overexpressing, luminal A (ER and/or PR positive and HER2 negative) and
luminal B (ER and/or PR positive and HER2 positive) [3]. TNBC represents around 15-
20% of all cases of BC and is identified by a lack of immunohistochemical expression of
PR, ER and HER2. Due to this reason, hormonal therapies such as tamoxifen (targeting
ER) and trastuzumab (targeting HER2) cannot be applied to the patients with TNBC [4].
Currently, there are several available treatment options for the TNBC patients including
surgery, radiation therapy and chemotherapy [5]. However, TNBC is highly aggressive and
heterogeneous disease with its different subclasses. Besides, the distant recurrence, early
relapses and metastasis, and mortality rate in TNBC is significantly worse comparing to
other subtypes [6]. In addition to its intratumoral heterogeneity, tumor protein 53 (TP53)
gene 1s mutated in 84% of TNBC cases. These unfavorable characteristics of TNBC cause
a poor clinical outcome and short overall survival in patients [7, 8]. Therefore, to identify
the underlying molecular mechanism of TNBC and the specific targets, and to develop
effective and promising therapies are essential to enhance the clinical outcome of TNBC

patients [9-11].

miRNAs having 18-24 nucleotides are one of the members of small non-protein coding
RNAs. Numerous evidences have demonstrated that miRNAs extensively play a critical
role in the key features of cancer cells affecting variety of pathophysiological proccesses
such as cell survival, differentiation, proliferation, migration, angiogenesis and invasion
[12-14]. miRNAs interact with the 3’-UTRs of the target messenger RNAs (mRNAs)
complementarily and simultaneously at post-transcriptional level, and this results in
inhibition in mRNA degradation and/or of translation [15, 16]. Therefore, miRNAs have
emerged as potential therapeutic targets in several cancer types including TNBC [17]. Thus
far, various miRNAs have been identified based on their expression levels in cancer cells.
For instance, miRNAs such as miR-155, miR-21 and miR17-92 are one of the
overexpressed miRNAs, and they are considered as oncogenic miRNAs while miRNAs

such as miR-16-1, miR-15a, miR34 are called as TS miRs with their low or lost
1



expressions in cancer tissues [18]. Within increasing interest in miRNA development over
the years, several studies have revealed that miRNAs are also highly effective in BC
progression, tumorigenesis, metastasis and angiogenesis [19-21]. In various cancer types
such as glioma, lung, melanoma, pancreatic and breast cancer, the expression of miR-
329 was determined to be deregulated and inversely correlated with pathological
charachteristics [22-26]. However, the potential role and molecular mechanism of miR-329

as a miRNA therapeutic were not yet identified for TNBC.

A successful clinical application of miRNA therapy depends on safely delivery of miRNAs
to the target area at a therapeutically efficacious concentration. The systemic use of
unmodified or free miRNA results in insufficient therapeutic effect due to its rapid
degradation in the blood. Therefore, carrier-based systems are necessary for miRNA
delivery to safely and efficaciously accomplish its destination [27, 28]. An ideal delivery
system should protect miRNA from degradation, facilitate cellular uptake, maintain
miRNA at a constant concentration during the treatment, and should not induce an

immunogenic response and side effects [29-31].

Over the years of studies, a large number of viral and non-viral vectors have been
generated to be used as miRNA delivery systems [32]. Although viral vectors enable to
evade the defence mechanism of the body, the attempts of their clinical use have failed
since they induce the immune response [33]. Non-viral vectors exhibit low toxicity and
immunogenicity, and they have been widely studied for gene transfection applications.
Among the other non-viral delivery systems, SPIONs have drawn attention in a variety of
biomedical applications including gene therapy. The unique features of SPIONs such as
low toxicity, biocompatibility and biodegradability make them promising materials not
only for cancer therapy but also in diagnosis via using magnetic resonance imaging (MRI)
[34, 35]. By means of their magnetic characteristics SPIONs can be directed to tumor site
by an external magnetic force and also used for hyperthermia applications [36].
Polysaccharide or protein based natural polymers such as chitosan, alginate, dextran,
albumin, gelatin and synthetic polymers such as polyethylene glycol (PEG) and
polyethylenimine (PEI) have been commonly preffered to cover the surface of the SPION

in order to avoid aggregation of the colloidal suspension [37, 38].

The aim of this presented study is to develop magnetic nanoparticles for the delivery of
miR-329 and to evaluate in vitro and in vivo antitumor efficacy of this novel therapeutic

system in TNBC by identifying the underlying molecular mechanism of miR-329. This



work exhibited for the first time the potential of novel PLL/Ser-SPIONs as miRNA
delivery system, and the tumor suppressive effects of miR-329 in progression of TNBC
regulating eEF2K and AXL genes. The findings showed that PLL/Ser-SPIONs-miR-329
caused a drastic inhibition in tumor growth through inhibition of several oncogenic
pathways. This work suggests PLL/Ser-SPIONs-based miR-329 therapy may be a
promising therapeutic approach for TNBC therapy.



2. GENERAL INFORMATION

2.1. Breast Cancer

BC is the second most common cause of death among women and it is the primary cause
of cancer-related deaths in women worldwide. Annually, 1 million women are diagnosed
with BC around the world [39]. In 2012, this number was 1.7 million, and 521.900 women
were reported to have died from BC [40]. Globally, the highest number of new BC cases
occurred in 2015 [41]. In Turkey, BC is the most common type of cancer in women and
the most deaths were observed in this type of cancer case [42]. According to Health
Ministry data between the years 2007-2012, around 48.000 women are diagnosed with BC
every year in Turkey [43].

The incidence of BC in women has been revealed to be one in eight and the risk of dying
from BC throughout life is 3.4%. It was estimated that 30% of new cancer cases in women
would be BC in 2017. In general, the overall survival rate of BC has increased over the last
decade [44, 45]. This is based on a strong association between survival and diagnostic
stage that is related to tumor size and metastasis. In the US, the 5-year survival rate
between 2001 and 2007 was observed as 98.6% and 83.8% for localized and regional
stages, respectively, whereas for distant stage disease it was recorded as 23.3%. Similar

results were obtained from other countries for BC cases [46].

BC can be grouped as invasive or non-invasive followed by the stage and grade in the
routine clinical practice. Classification is made according to the location of the abnormal
tissues in the patient, the histological features of the breast tissue, and the clinical
symptoms of the patient [47]. Most BCs are invasive. Paget’s disease, colloid
(mucinous) carcinoma, invasive lobular carcinoma, infiltrating ductal carcinoma, tubular
carcinoma, inflammatory carcinoma, medullary carcinoma are grouped as invasive BC.
Non-invasive BCs do not spread to surrounding tissues and they remain localized. In situ

ductal carcinoma and in situ lobular carcinoma are the two main types of non-invasive
BC. BCs can spread to the different parts of the body through the bloodstream and

lymph nodes, and thus may become metastatic [48].

2.1.1. Breast Cancer Subtypes

BC has a high degree of inter- and intratumoral heterogeneity, and is a very complex

disease. For that reason, to identify pathological, clinical and molecular factors, and to



categorize BC to its subtypes at molecular level is essential to select the treatment
modalities and to evince the best outcomes in patients. Histological stratification of BCs on
the basis of the expression of PR, ER and HER2 receptors has been a pioneer in the
categorizing and prognosis of BCs [49, 50].

ER is a transcription factor and steroid hormone receptor and, is expressed in nearly 70%
of invasive BCs. When prompted by estrogen, ER activates the oncogenic pathways in BC
cells. The PR (streroid hormone) expression is also a sign of ERa signaling. Another
molecular target, HER2 is a transmembrane receptor tyrosine kinase (RTK) classified
in the family of epidermal growth factor receptor. HER2 is overexpressed in almost
20% of BCs and shown as HER+. These three proteins are also targets of specific
therapeutics such as tamoxifen (used for hormonal therapy) and HER2-targeted therapies
[49]. Although histological stratification is yet used as a standard practice in treatment, it is

tried to unravel the complexities in subgroups of BC with technological advances [3].

BCs are classified into four major subtypes (BL, HER2 enriched, luminal A and
luminal B) according to the expression levels of PR, HER2 and ER (Table 2.1) [3,
51, 52]. Each of these subtypes is significantly associated with clinical outcomes, disease
progression, histological features and therapeutic response [53]. Ki-67 is a protein and it
has a role as a cellular marker for proliferation. Based on some researchers, it has been
accepted to be the fourth molecular marker for the classification. However, although the
Ki-67 index is effective as a prognostic and predictive biomarker, it is not yet used in the
clinical treatment of BC due to the lack of standard procedures [52, 54]. The genes
expressed in the luminal epithelial layer of the mammary gland is called luminal A and
luminal B cancers. Approximately 70% of BC are hormone receptor positive, and one or
both of ER and PR are expressed in this type of BC [55]. Luminal A cancers possess only
low Ki67, HER2— and ER+ and/or PR+. These types of tumors are often identified as
low-grade, and they respond to the hormonal therapies such as tamoxifen (ER
modulator) and aromatase inhibitors and therefore, they commonly show the best results

among all subtypes [56, 57]. Luminal B tumors which are known as more

aggressive, overexpress all three main receptors; HER2+ and ER+ and/or PR+ or

HER2- and ER+ and/or PR+, high Ki67. Luminal B tumor can be cured via hormonal
therapies, however, because it oftenly relapses, the its clinical responses are poor [58, 59].
HER2 enriched tumors are aggressive in nature and represent 20% of all BC cases. This

tumor overexpresses only HER2 [60]. For ER+ or PR+ BCs, to inhibit ER signaling,



endocrine agents can be used as a primary systemic treatment. Trastuzumab and
pertuzumab as HER2 antibodies, and lapatinib and neratinib as small-molecule tyrosine

kinase inhibitors can be applied to the patients with HER2+ BC [61, 62].

Table 2.1. Molecular subtypes of breast cancer [63]

Molecular Subtypes Profile of Biomarkers Prevalence
(%0)
Luminal A ER+ and/or PR+, HER2-, low Ki67 42-59
Luminal B ER+ and/or PR+, HER2+, or, 6-19
ER+ and/or PR+, HER2—, high Ki67
HER2 enriched ER-, PR—, HER2+ 7-12
BL/Triple Negative ER-, PR—, HER2—- 14-20

The type of cancer based on a distinct gene-determining structure in the basal cells that
regulate the breast canals is BL BC [64]. BL tumors have ER-negative character and are
distinct from ER-positive tumors in a molecular way. TNBCs are similar to BL cancers at
approximately 70%, but both terms are not synonymous because they are clinically and

histopathologically dissimilar [65].

2.2. Triple Negative Breast Cancer

TNBC is characterized by the lack of HER2 overexpression or gene amplification, and
no expression of ER and PR [66]. TNBCs account for about 15 to 20% of all cases of
BC and they are associated with high mortality worldwide. Compared to the other types,
TNBC is a highly aggressive neoplasm with a strong association with distant recurrence,
visceral metastasis and death [67]. It is more common in women under 40 age and among
Hispanic or African-American women [4, 68]. Risk of distant relapse of TNBCs is high in
the first 3 to 5 years after diagnosis. While the survival rate of first 5 year in TNBC is 70%,
it is estimated to be 80% in other subtypes. However, the specific molecular
pathophysiology of TNBCs is not yet fully understood [4, 69]. Approximately 20% of
patients with TNBC have a BC gene mutation in BRCAT1 [70]. Around 70% of TNBCs are
in the BL subtype class, and most BL cancers are TN. BL 1, BL 2, immunomodulatory
(IM), luminal androgen receptor (LAR), mesenchymal stem-like (MSL), mesenchymal-
like (M) and unstable (UNS) are the seven subtypes of TNBC that were identified in a



genomic analysis. Among other types, BL is relevant to the best prognosis. The type of
cancer that has a BRCA mutation is usually included in the basal subtype class and tends to
be triple negative. Tumors without BRCA1/2 mutations but showing the characteristics of

BRCA pathway deficiency are defined as BRCAness [71].

TNBCs are more aggressive types and defined as higher-grade tumors. They mostly found
as invasive ductal carcinomas. Moreover, having a large tumor size, lymph node
involvement at diagnosis, high proliferative capacity, poor differentiation and high
chemosensitivity are the main characteristics of TNBCs. One of the features that
distinguish these tumors from other BC subtypes is that they spread to the lungs and brain
instead of bone and soft tissues [72-74].

2.2.1. Treatment Options for TNBC

Hormonal or trastuzumab-based therapy cannot be applied to the patients with TNBC due
to absence of molecular receptors such as PR, ER and HER2. In addition, the heterogeneity
of the disease has been always a challenge for TNBC therapy. Therefore, the only
treatment methods available for TNBC are surgery and chemotherapy, either individually
or in combination, and radiation therapy. New therapeutic drugs are also being developed

which target specific receptors [39].

2.2.1.1. Surgery

TNBC patients are younger than other BC patients, and have higher-grade and aggressive
tumors. This does not affect the choice of the type of surgical treatment. There are many
studies showing that the possibility of TNBC patients that may choose lumpectomy or
mastectomy procedures for surgery [39]. Lumpectomy is a type of surgery to remove only
a portion of breast having cancer or abnormal tissue. It is also called as breast-conserving
surgery (BCS). On the contrary, mastectomy is a surgical removal of one or both breasts

completely to treat breast cancer patients.

The best local treatment for TNBC is surgical excision. In MRI, TNBC usually appears as
a unifocal mass lesion. Local and regional recurrence risks of TNBC patients have been
reviewed in several reports. It has been shown in some studies that the rate of local
recurrence in TNBC is higher than the HER2-negative and hormone receptor-positive

subtypes [75]. On the contrary, other reports showed that the rate of local recurrence in



TNBC was lower than the non-basal or non-TNBC subtypes. Furthermore, in TNBC, the
regional or locoregional recurrence risk is higher than the other BC subtypes. Despite the
fact that the local or regional relapse powerfully effects the quality of life of patients, their

impact on outcomes remains unclear [76].

2.2.1.2. Radiation Therapy

As for patients with other BC subgroups, TNBC patients have traditionally been given
radiotherapy after mastectomy or BCS. However, there is still controversy [77]. Since
TNBC is a highly aggressive and rapidly growing cancer type, radiotherapy after BCS at
early stage (T1-2N0O) may not have the same effect like mastectomy as in any other BC
types [78]. In spite of this, there are also studies showing that the local recurrence risk is
reduced and overall survival is increased in TNBC patients receiving radiation therapy

after surgery compared to those not receiving radiation therapy [79, 80].

2.2.1.3. Chemotherapy

TNBC is a biologically aggressive cancer type. Although the patients with TNBC respond
to the chemotherapy in a better way comparing to the other BC types, its more aggressive
character in the metastatic environment lead to poor prognosis [81]. The treatment
modalities used for TNBC targets are: taxanes, platinum compunds and anthracycline
containing regimens. [82]. Numerous works indicated the advantage of combining new
chemotherapy agents with conventional chemotherapeutics such as anthracycline,
antimetabolites, platinum agents, new microtubule stabilizing agents and taxanes [83].
Taxanes are the important agents that have activity in TNBC but have not shown a specific
impact compared to non-TNBC [84]. Although all alternatives are offered for first-line
therapy in TNBC, the generality are the taxanes. A platinum-based regimen, single agent
capecitabine, gemcitabine and vinorelbine, and combination of capecitabine and
vinorelbine are often used as second-line treatment options. Platinum-based regimens that
are mostly recommended for first-line treatment option and the second-lines are
carboplatin plus gemcitabine, carboplatin plus paclitaxel and cisplatin plus gemcitabine

[39].

TNBC patients with high visceral metastasis rates have an average survival time of seven

to thirteen months, and tend to have restricted chemotherapy response. Choosing the



therapeutically active reagents that are likely to provide a significant benefit is essential
[85]. Since TNBC is highly heterogeneous, molecular biomarkers need to be identified to
foresee the response to specific chemotherapeutics. Thus, the available chemotherapy
alternatives and their forward combination strategies with targeted treatments can be

developed [86].

2.2.1.4. Targeted Therapy

Approximately 70% of the TNBCs were demonstrated to be BL via identification of gene
expression. Nevertheless, a remarkable amount of BL tumors can express
HER2, PR or ER and at a minimum another basal molecular receptor [87]. Thus,
TNBCs have various mRNA expressions-based subtypes, and they represent a specific
histopathological subtype (Table 2.2). Morphology, signaling profiles and discrepancies in
mutational phenotype among tumors provide TNBC to be clinically heterogeneous [88,

89].

Basically, there are seven subtypes of TNBC based on the data of gene expression
profiling obtained from twenty-one BC data sets [91]. BL1, BL2, LAR, M, MSL and IM
are included into these subclasses. These subclasses show different therapeutic responses.
In addition, they are also well correlated with pathological complete response (pCR) rates

thereafter neoadjuvant chemotherapuetic approach [92].

BL1 tumors have high Ki67 expression and contain DNA-damage response (DDR) and
cell cycle genes. These tumors are sensitive to, and respond well to, taxanes (paclitaxel or
docetaxel) and antimitotic agents such as DNA-damaging agent cisplatin. The genes of
metabolic signaling, proliferation and survival-mediated RTKs are highly found genes in
BL2 tumors. M and MSL tumors are in the group rich in expression of growth factor
signaling pathway and epithelial-mesenchymal transition (EMT) elements. SRC
family kinase and phoshoinositide 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR) inhibitors are potential therapeutic agents for these subclasses [91]. LAR tumors
are characterized by being enriched for androgen receptor (AR) signaling, steroid synthesis
and hormone-regulated signaling pathways. Combination of PI3K and AR (anti-androgen,
bicalutamide) targets is effective in this subclass in preclinical models [93]. Lastly, the

IM subclass is characterized for T cell functions and immune response-mediated cell

signaling with antigen presence. Molecular targeting is very important in TNBC, and



resistance to targeted therapies has to be taken into consideration for an effective TNBC

treatment [53].

Table 2.2. Genomic TNBC subtypes and therapeutic targets [40, 53, 90]

TNBC Genetic Abnormalities Potential Therapeutic
Subtypes Target
BL 1 Proliferation drivers: cell cycle, cell PARP inhibitors
division, DNA damage response (ATR- .
BRCA pathway) Cisplatin
BL 2 Growth factor and metabolic signal mTOR, inhibitors
pathways (MET, EGFR, Wnt/B-catenin)
Growth factor inhibitors
LAR Hormonal-mediated signaling- Anti androgen therapy
androgen receptor gene
PI3K inhibitors
Luminal gene expression pattern
M Immune cell processes PDI/PDLI inhibitorsa
M Cell differentiation mTOR inhibitors
Cell motility Growth factor inhibitors
Growth factor signaling Src inhibitors
EMT
MSL Low proliferation Growth factor inhibitors,
mTOR inhibitors,
Angiogenesis genes PI3K inhibitors,
Antiangiogenic therapy
Src antagonist
(UNS) DNA damage responses and cell PARP inhibitors
proliferation
Cisplatin
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2.3. Small non-coding RNA

With recent studies, it is known that the percentage of the non-protein coding part of
human DNA is 98%. Over the years, researchers regarded to this 98% compartment of the
human genome as "junk DNA". Besides that, there was a prevalent idea that the junk was
not thrown away, but was stacked away to be used potentially. [94, 95]. Considering DNA
discovery milestones, the following developments have been groundbreaking: by J. F.
Miescher, the first nucleic acid isolation and specification in 1869, the hypothesis of 'a
gene, an enzyme' by E. Tatum and G. Beadle in 1941, the DNA structure description in
1953 by J. Watson and F. Crick, and the completion of the human genome sequencing in
2001. However, with the ENCODE project in 2012, in which the 'junk DNA' was deeply
investigated, researchers proved that at a minium 80% part of the human genome is
effective in a biological way [96]. Cis/trans regulatory elements, pseudogens, repeat
sequences, telomeres and introns have been shown to be section of the junk DNA. Thus, a
proper portion of this DNA is transcribed into ncRNA containing functional RNA
molecules. Highly abundant transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small
nucleolar RNAs (snoRNAs), microRNAs (miRNAs), siRNAs, small-nuclear RNAs
(snRNAs), piwi-interacting RNA (piRNAs) and long ncRNAs are the structures that are
included in this class of RNA molecules. In a report, Palazzo and the co-workers
forecasted that ncRNAs are comprised of 99% of the total RNA [97]. ncRNAs can be
categorized based on their function or length (18-200 nt are small; more than 200 nt are
long ncRNA). rRNAs, tRNAs, snoRNAs and snRNAs are called as housekeeping
ncRNAs. rRNAs and tRNAs have essential role in mRNA translation, snoRNAs involved
in rRNA modification whereas snRNA in splicing [98, 99]. According to the results of
studies in the last twenty years, regulatory ncRNA molecules have been shown to play in
almost all biological pathways. It has been reported that deregulation of miRNAs, piRNA
and tRNA-derived RNA fragments (tRFs), e.g. is associated with many metabolic diseases
including cancer [100, 101].

2.3.1. miRNA

Lee, Feinbaum and Ambros described a small ncRNA that regulates mRNA translation
through complimentary RNA-RNA interaction for the first time in early 1993 in

Caenorhabditis elegans [102]. This molecule is the most frequently studied subclass of
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small ncRNA, and it is currently known as miRNA. miRNAs are highly conserved in most
eukaryotes and composed of 18-24 nucleotide sequences [103, 104]. These single-stranded
RNA molecules take part in the regulation of several gene expressions in eukaryotes [15].
The number of human miRNAs that has been identified so far is more than 2500, and they
are available in the miRNA database (miRBase) [105]. About half of the miRNAs are
found in delicate genomic regions which induce the cancer risk [106]. It was revealed that
miRNAs enable to target numerous of genes (for each miRNA family, on average ~500)
and to regulate more than 30% of fundamental gene expressions [107-109].
These genes are involved in several essential biological processes that are programmed

cell death, proliferation, survival, differentiation and invasion [108, 110].

2.3.1.1. Biogenesis of miRNA

miRNAs are highly conserved molecules via evolution, and they are large subtypes of
interference RNAs. The target genes of these molecules are regulated in post-
transcriptional level by mRNA translation inhibition or mRNA induction degradation
as a result of binding of miRNAs to the 3'-UTR of the target mRNAs. This
mechanism initiates with transcription of primary-miRNAs (pri-miRNAs) from the
protein-coding genes by the activation of type II RNA polymerase enzyme. Pri-
miRNAs have a cap at the 5 end and a poly-A tail at the 3’ end, and they are
also like hairpin/stem-loop structures. These pri-miRNAs are transformed to precursor-
miRNA (pre-miRNA) by an enzymatic complex that is consisted of RNAse III (called as
Drosha) and DGCRS (a double-strand binding protein). Then, by
nuclear receptor exportin 5 activity, pre-miRNA is transferred to the cytoplasm.
Double-strand RNA molecule having passenger/guide strands and containing 18-24 base
pair is generated by Dicer enzyme action. After the passenger strand is cleavaged, guide
strand and  argonaute  proteins form a  complex called the RNA-
induced silencing complex (RISC). This complex binds complementarily to the interested
mRNA’s 3'-UTR side. To occur a perfect binding, the miRNA and the related mRNA
sequences should be completely complementary. By this way, the clevage of the target
mRNA will occur. If not so, the translation process will be inhibited. Additionally, each

miRNA may have more than one target mRNA transcripts. [28, 111, 112].
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Figure 2.1. The biological mechanism of miRNA [28§]

2.3.1.2. The Function of miRNA in Cancer

miRNAs possess significant function in large number of cellular pathways such as
differentiation, proliferation, development, cell cycle and apoptosis. Based on a studyj, it
is revealed that miRNAs are commonly found at regions of amplification or heterozygous
loss, delicate region, or break-point sites in human cancer [113]. miRNAs can be
epigenetically silenced by the activation of histone hypoacetylation or DNA promoter

hypermethylation in addition to the genetic and structural alterations. This has been
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previously described in hematological malignancies and solid tumors [114, 115]. Data of
miRNA expression resulted in that abnormal expression of miRNA is a prevalent event in
many tumors [116]. It was concluded by the studies that initiation and progression of many
cancer types were related to deregulation of miRNAs [117]. Considering deregulated
miRNAs affect the basic features of cancer progression, miRNAs can have functions either
as oncogenes (oncogenic miRNAs or oncomiRs) or TS (TS miRNAs). In several cancers,
some miRNAs may have both characteristics [12, 118, 119]. The relation between cancer
and miRNAs was demonstrated for the first time in a study by Calin and his colleagues.
Their group discovered that miR-15 and miR-16 acted as TSs. The miRNAs were deleted
and downregulated at 13q14 region in 69% of chronic lymphocytic leukaemia (CLL)
patients analyzed [120]. The tumor suppression activities of miR-15 and miR-16 were also
proved by further analyses [121]. Various other tumor suppressors including let-7 [122]
and miR-34 [123] were also identified.

2.3.1.3. Approaches of miRNA Therapeutics in Cancer

There are two main  reasons for using miRNAs as  a novel
therapeutic approach in the treatment of cancer. First one is the difference of miRNA
expression between tumor and normal tissues. Second one is by targeting miRNA
expression the cancer phenotype can be altered [124]. The new developments in the field
of genetic gain- or- loss-of-function of specific miRNAs and the in vivo results of
pharmacological modulation of miRNAs, have made miRNAs promising targets as new
generation therapeutics, recently. In miRNA-based therapeutic applications, miRNAs can
enable to target more than one gene. This makes them superior comparing to other
approaches and allows them to be highly potent in regulating certain cellular process and
pathways related to normal and cancerous cell [106]. In most vertebrate species, miRNAs
have short sequences and are found as highly conserved. By this means, miRNAs can be
easily targeted for therapeutic strategies. Additionally, this also allows the same miRNA

compound to be used for preclinical studies and in clinical trials [125, 126].

2.3.1.4. miRNA Replacement Therapy

The function of TS miRNAs is to induce oncogenic protein-coding gene degradation by

targeting it. The cancer cells express low level of TS miRNAs and
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this plays a role in carcinogenesis  or progression of cancer. Therefore, miRNA
replacement therapy has rapidly become a novel and promising therapeutic approach
for the treatment of cancer [127, 128]. In miRNA replacement strategy, the synthetic
oligonucleotides having the same structure and properties with the selected TS miRNA,
known as miRNA mimics, are introduced to the cells to overcome the down regulation or
loss of this TS miRNA. miRNA mimics are double-strand molecules. As they are
administered into the cells, they are converted to a single-strand molecule and regulate
their protein-coding genes in the miRNA-like manner. Therefore, miRNA mimics are
synthesized possessing several chemical modifications to enhance their cellular

internalization and stability [129, 130].

Loss of the Therapeutic
natural tumor delivery of
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Figure 2.2. miRNA replacement therapy in cancer [128].

2.3.1.5. Challenges in Therapuetic Targeting of miRNAs

The difficulties in cellular uptake and specific in vivo delivery of efficient amount of
synthetic miRNA limit the success of the target inhibition by miRNA. Due to rapid
degradation of unmodified or “naked” miRNA by cellular or serum nucleases, stability of
miRNA therapeutics in tissues and body fluids reduces [131]. In addition, when miRNA is
given to systemic administration, it can be easily removed by immune system and excreted
by renal filtration. The negative charge of miRNA restricts its cellular internalization since
cell membrane is also negatively charged. Since miRNA is a water-soluble molecule, cell
penetration becomes difficult by passive diffusion [132]. It was previously reported that
the percentage of the uptaken injected dose by the cells is only approximately 0.7% [133].
These drawbacks must be taken into consideration before using miRNA for its maximum

therapeutic potential.
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2.3.1.6. miRNA Delivery Systems

Because of all these drawbacks in naked miRNA delivery in systemic circulation

mentioned above, a delivery system is necessary for an effective treatment [134]. An ideal

miRNA delivery system should enable to (a) protect miRNA from nuclease degradation

and from being excreted by renal filtration in systemic circulation; (b) accumulate in the

target tissue; (c) pass cellular membrane via endocytosis; (d) escape from endosome and

(e) release safely its therapeutic cargo [135, 136]. At the same time, this delivery system

should be non-toxic, non-immunogenic, biocompatible and biodegradable [137]. Viral

vectors and non-viral vectors are the common carriers to deliver the miRNA.
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Figure 2.3. miRNA delivery via nanoparticles [118].

2.3.1.6.1. Viral Delivery Systems

Viral vectors are one of the first delivery systems for nucleic

acid delivery to the

target cells. Many researchers have been using miRNA encoding and genetically modified
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viruses including lentiviruses [138-140], adenoviruses [141, 142], and adeno-associated
viruses (AAVs) [143-145] in several gene silencing approaches [146]. These viruses have
high ability to effectively transfer the genetic material into the nucleus of the target cells.
Owing to their high transduction efficiency, in almost 70% of the clinical trials in gene
therapy, the application of the viral vectors was shown [33]. However, using viral
vectors limits their clinical applications by being expensive and causing mutagenesis

(especially lentiviruses) and immunogenicity (especially adenoviruses) [147-149].

2.3.1.6.2. Non-viral Delivery Systems

The drawbacks of the viral vectors make the non-viral ones as alternative delivery systems,
although transfection of the non-viral ones is not efficient as the viral ones. Non-viral
vectors have low immunogenicity and cost-effective process with large-scale synthesis.
Although a non-viral delivery system is highly potent in vitro, when it comes to in vivo
because of the problems such as toxicity concerns, non-specific uptake, low
pharmacokinetic profiles and immune responses, this system is generally failed [150].
Therefore, for clinical use, there is an urgent need to develop proper miRNA delivery
systems that can be able to overcome all known issues that previously reported. The

vectors based on lipids, polymers and inorganic particles are the most used non-viral
vectors for in vivo applications [151, 152]. These nano-delivery vehicles can be easily

functionalized with targeting ligands and by (PEG)ylation to enable specific delivery and

to increase safe duration time in serum and body fluids, respectively [33]. T, design an

effective nanoparticle delivery systems, size and surface charge characteristics of the
nanoparticles should be consired [153]. Size is important because the mono-nuclear
phagocyte system can entrap the nano-delivery vehicles larger than 100 nm while the renal
filtration process can eliminate the ones smaller than 5-6 nm [154]. The optimum and ideal
size that nanoparticles should have has been discussed in years by several groups. Bedi et
al. [155] reported that size range between 10-50 nm is the most proper one whereas
according to Wang et al. [154] nanodelivery systems shoud be 10-100 nm. Since cellular
uptake and transfection efficiency are high with the nanoparticles having a size smaller
than 100 nm, some reseraches also suggested that ideal nanoparticle size range should be
20-100 nm [137, 153]. In addition to this, it was also indicated in a study conducted by
Hirota and Terada that the cellular uptake depends on the cell type, and especially for

cancer cells, nanoparticles possessing 50 nm are preferred [156]. At least most of the
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researchers agree that an ideal delivery system should be no larger than 200 nm for a

maximum cellular uptake [157-160].

Another parameter for an efficient delivery system that is important for cellular
internalization is surface charge. The zeta potential value indicates the surface charges of
the particles. It shows the measurement of the magnitude of electrostatic repulsive
interaction between particles. Particles with higher zeta potential value exhibit greater
stability [161]. Positively charged delivery systems are favored since they can be able to
pass more through the negatively charged cellular membrane via electrostatic interactions
in compared to negatively charged ones [160]. A varitery of nanoparticle delivery systems
were developed and characterized for biomedical applications. Figure 2.4 shows several

miRNA delivery systems.
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Figure 2.4. Various vector types for miRNA transfection [28]
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2.4. Superparamagnetic Iron Oxide Nanoparticles

SPIONSs are promising materials in cancer therapy and diagnosis among other nanoparticle
types with their superparamagnetic and surface modification characteristics. I[ONs having
the size range between 1-20 nm tend to become superparamagnetic with a single domain
[162]. When the magnetic field is removed, SPIONs do not show ferromagnetic properties
on the contrary to multiple-domain ferromagnetic structures which keep their magnetism
although the magnetic field is switched off [163]. In recent years, the multifunctional
features of SPIONs have provided them to be used in several application areas of cancer
therapeutics such as MRI [164], drug and gene delivery [165, 166] and hyperthermia [167].
In addition to this, with their biocompatible and biodegradable properties, SPIONs are also
used in magnetofection [168] and cell separation [169]. SPIONs are found mostly in
magnetite form, Fe;O4, and they are converted to maghemite, y-Fe,Os, when they are
interacted with oxygen. In body, the metabolism of SPIONSs is easy. By proteins such as
ferritin, transferritin and hemosiderin they can be transported, and for later use, they can be
stored in iron reserves of the body. The best advantage of SPIONSs for targeted therapies is
that they can be directed to the targeted area by applying an external magnetic field. This
enables to avoid undesired side effects, a decrease in drug wastage, and a reduction in the
drug release frequency [170]. The surface of SPIONs can be functionalized with several
peptides, antibodies, receptors or ligands for specific targeting and to release their

therapeutic payload as a controlled release manner [171].

Besides being non-toxic and stable at physiological pH for biomedical applications, for

especially cancer studies SPIONs should have :

e High magnetization

e Small size and optimized surface charge values

e Proper surface coating to avoid from aggregation and possible toxicity

e (apability to react with various functional groups, receptors and drugs or genes
e High ability of targeting and drug delivery

e Increased high life

¢ Contrast enhancement characteristics for malignant cell and tissue imaging

e Potential to respond to magnetic field, heat or pH [165, 172].
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2.4.1. Surface Modifications of SPIONs

SPIONs without any modification tend to aggregate, and by this way lose their
superparamagnetical behavoirs in biological solutions. In addition, these large sized
aggregates may block the capillary of the body when injected. Therefore, modifying the
surface of SPIONS is essential. In general, to form stable colloids stabilizing the SPIONs
by electrostatic or steric repulsion, organic or inorganic molecules are used. For in vivo use
of SPIONS, the surface coating is also important to enhance the biocompability. There are
researches showing that after cellular uptake of bare SPIONs caused cell death whereas the
cytotoxicity reduced when SPIONs were coated with bovine serum albumin (BSA),
pullulan or dextran [173, 174]. For targeting specific cells or tissues or for binding to
therapeutic drug or genes, functionalization is also crucial. Biomolecules like peptides,
monoclonal antibodies (mAbs), enzymes or oligonucleotides can be used to attach to the

specific functional groups on the coating material [175].

Magnetic Core

Protective Coating

Organic Linker

/

Figure 2.5. A design of the iron oxide nanoparticle for biomedical applications [176]

Active Molecule

A functional ION contains several constituents: a magnetically responsive core, coating
material, and organic linker/active molecule. The active molecule varies according to the
specific application to be used. Figure 2.5 exhibits a typical schema of ION for biomedical
applications [176].
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2.5. miR-329

The location of miR-329 is on 14q32.3. It has been revealed by numerous studies that
variety of cancer types including glioma [23, 177], cervical [178-180], melanoma [22],
neuroblastoma [181], osteosarcoma [182], head and neck squamous cell carcinoma
[183], gastric cancer [184, 185], colorectal [186-188], thyroid cancer [189], pancreatic
cancer [25], bile duct cancer [190] or cholangiocarcinoma [191], hepatocellular cancer
(HCC) [192], non-small cell lung cancer [193] and breast cancer [26, 194] exhibit
dysregulated miR-329 expressing profile and it is inversely correlated with pathological
characteristics. Thus far, these reports indicated that miR-329 suppressed cancer
development by targeting several genes that contribute cancer progression mechanisms.
For instance, in gastric cancer, T lymphoma invasion and metastasis 1 (TIAMI1) gene
was identified as a potential target for miR-329 [184]. In pancreatic cancer, miR-329
mediates anticancer activity regulating growth factor receptor-bound protein 2
(GRB2)/pERK signaling pathway [25]. In 2013, Wang et al. showed an inhibition in
angiogenesis by miR-329 activity through interaction with CD146, which is an entdothelial
biomarker [195]. Thus far, the function of miR-329 was investigated only in PR/ER(+) and
HER2(-) BC by a previous work [26]. In the study, pl30Cas/BC anti-
estrogen resistance 1, which belongs to the Cas (Crk-associated substrate) family of

adaptor proteins was demonstrated to be as a direct target for miR-329 in MCF-7 cells.
p130Cas is a key molecule in tyrosine kinase-based signaling, and thereby it is related with
migration, cell cycle, adhesion, apoptosis, cancer progression and development. The study
concluded that forced expression of miR-329 suppressed the
proliferation/migration/invasion of the «cells and the tumor growth in mice by
inhibiting p130Cas activity. Since in BC, overexpression of pl30Cas is related
to resistance to tamoxifen and poor prognosis, suppressing pl30Cas by miR-329 not
only may be a promising therapeutic approach but also may be a good option for
combination with tamoxifen. However, the role and the mechanism of miR-329 in

TNBC was not elucidated thus far and they still remain unclear.

2.6. eEF2K

eEF2K 1is an atypical, Ca2+/calmodulin-dependent protein, and belongs to the a-kinase
family. eEF2K regulates protein synthesis by phosphorylating and inactivating eEF2 (at
Thr 56), that provides the ribosome go through the mRNAs at the elongation step of
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protein synthesis process [196-198]. The activation of eEF2K occurs in hypoxia, nutrient
deprivation, energy depletion conditions that may be observed in poorly-vascularised
tumors. A number of studies indicate that eEF2K promotes cancer cell survival under such
stress conditions and exhibits cytoprotective effects. Under normal conditions, eEF2K is
not essential for cells and this makes eEF2K as a potential target for solid tumors treatment
[199]. Cancer cells require high levels of protein synthesis and metabolic energy to
enable the cells to grow and proliferate rapidly. However, since tumors have limited
nutrient, the cells thereby adapt to nutrient deprivation for survival. In many cancers, tumor
cells highly express eEF2K, and this makes eEF2K as an advantageous molecule for
cancer cells to survive [199]. eEF2K is related to poor patient survival, and known to
overexpressed in several solid cancers such as  glioblastoma, colon and
pancreatic cancer [200-203]. In recent studies, eEF2K was demonstrated to highly
overexpressed in TNBC and to promote TNBC cell proliferation, migration, invasion
[204]. It was also reported that eEF2K is involved in TNBC progression and tumorigenesis
by regulating c-myc, cyclin DI, PI3K/Akt, Src/Focal Adhesion Kinase
(FAK) and insulin-like growth factor receptor (IGFR) signaling pathways. In addition,
eEF2K plays an important role in chemotherapy resistance in TNBC cells since eEF2K
inhibition by siRNA led to sensitize tumors to doxorubicin [205, 206]. Therefore,
strategies regulating eEF2K activity may contribute to develop novel treatment options for

TNBC since therapeutic suppression of eEF2K results in tumor growth inhibition.
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Figure 2.6. The functions of eEF2K in cancer cells [199]
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2.7. AXL

AXL is a member of the RTK family which is called TAM (TYRO3, AXL, MER). It was
first identified in cells isolated from patients with chronic myelogenous leukemia [207].
Growth arrest specific 6 (GAS6) is the ligand of AXL, and their interaction gives rise to
dimerization of TAM receptors and to activate a  variety of cellular processes that
regulate cell proliferation, survival, migration, invasion, autophagy, drug resistance and
angiogenesis [208-212]. Important functions in cancer cells and high expression levels in
many cancers including ovarian [213], prostate [214], lung [215], pancreas [210] and
breast [212] allow AXL to be considered as oncogenic. Particularly, a remarkable relation
was reported between AXL protein and tumor stage in BC patients [216]. In a study
conducted in 2011, Mackiewicz and co-workers indicated that the expression of miR-34a
was 3-fold low in MDA-MB-231 cells (TNBC cells) than ER(+) MCF-7 cells and
HER2(+) SK-BR-3 breast cancer cells. They identified AXL as a target mRNA of miR-
34a by using multiple miRNA/target prediction algorithms and confirmed binding of miR-
34a to the 3’UTR of AXL by luciferase reporter assays. The studies of miR-34a
overexpression in TNBC cells resulted in an inhibited level of AXL and thereby cell
migration.  An inverse correlation was also obtained between miR-34a and AXL
expression in TNBC cell lines and patients [217]. Taken all together, targeting strategies

against AXL in patients with TNBC holds great promise to achieve an effective outcome.
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3. MATERIALS AND METHODS

3.1. Production of PLL Modified Sericin-Coated SPIONs

3.1.1. Purification of Sericin From Silk Cocoons

2 g of Bombyx mori cocoons and 50 ml of 0.1 M sodium carbonate (Na,COs3) (Sigma-
Aldrich) were mixed. The solution was boiled by autoclaving for 20 min at 110°C. After
that, the solution part was taken and left in dialysis membrane (12 kDa) (Sigma-Aldrich)
for 24 h. Next day, the solution was centrifuged at 14000 rpm for 30 min two times and the
impurities that were deposited at the bottom were removed each time. Thus, sericin

solution was obtained [218].

3.1.2. Production of SPIONSs

SPIONs were produced by a modified procedure using a co-precipitation method [219-
221]. First of all, all glass materials were incubated in aqua regia (65% nitric acid (HNO3)
(Merck) and 37% hydrochloric acid (HCI (Merck) at a molar ratio of 1:3 for 1 h and
washed with deionized water (DI) prior to use. 800 ml of DI water was boiled and stirred
for 1 h to remove all dissolved oxygen, and this oxygen-free water was used during the
entire synthesis. The molar ratio of iron II chloride tetrahydrate (FeCl,.4H,O) (Merck)
and iron III chloride hexahydrate (FeCls.6H,O) (Merck) that were used was 1:2. 1.26 g
and 3.24 g of these chemicals were weighed, respectively, and both were dissolved in 10
ml boiled DI water, separately. Then, two solutions were added simultaneously to the flask
containing 70 ml of boiling DI water. The mixture was stirred for 5 min on a magnetic
stirrer and heated to 85°C. Ammonia (NHj3) solution (Merck) was then added dropwise to
the boiling solution until the pH of the solution reached to 9.3-9.4. The color of the
solution turned to black which indicated the co-precipitation reaction had started. To
complete the reaction, the solution in the flask was refluxed at 90°C for 1 h. Then, to
remove the excess NHj3, the supernatant part of the iron oxide solution was decanted using
a strong magnet, and the particles were washed two times with DI water. 30 ml of 2 M
HNOj solution was added onto the pellet, and the mixture was stirred for 10 min. Then, the
supernatant was removed, and 90 ml of DI water was added onto the pellet. The resulting
solution was dialysed for two days against a 0.01 M HNOj solution. The obtained SPION
solution was then passed through nitrogen gas, and stored at 4°C until use. For further size-
size distributions and zeta potential measurement analyses, the solution was homogenized

for 10 min, and SPIONs were diluted in DI water to eliminate aggregation.
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3.1.3. Modifying SPIONs with APTES

20 ml of SPION solution as forementioned was placed in a flask, and to this solution 2.2
ml of (3-Aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich) was added dropwise
having a final concentration of APTES in the mixture as 10% (v/v). The resulting solution
was then refluxed at 120°C for 3 h under vigorous magnetic stirring. Then, APTES-
modified SPIONs were collected by washing with DI water [222]. Thus, amine-

functionalized SPIONs were synthesized.

3.1.4. Production of Sericin-SPIONs

To activate the -COOH groups of sericin, 20 ul of 50 mM N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC-HCI)  (Applichem  Biochemica  GmbH)
(prepared in 1 ml phosphate-buffered saline (PBS, PAN Biotech)) and 20 pl of 15 mM N-
Hydroxysuccinimide (NHS) (Sigma-Aldrich) (prepared in 1 ml PBS) were added to 2 ml
sericin solution which mentioned as above. At room temperature, the obtained solution
was stirred for 30 min. Then, 1 ml APTES-modified SPION solution was added dropwise
to the sericin solution and the mixture was stirred for 1 h. The resulting
suspension was centrifuged at 12000 rpm for 15 min to remove the unreacted compounds

[223]. Sericin-coated SPIONs were thus obtained.

3.1.5. Production of PLL Modified Sericin-SPIONs

Sericin-coated SPIONs were modified with PLL to gain positive moieties prior to miRNA
interaction. For this, 500 ul PLL solution (0.1% in H,O, Sigma-Aldrich) was added to the
nanoparticles and the mixture was left for stirring for 2 h on a rotator at room
temperature. The resulting suspension was centrifuged at 12000 rpm for 15 min to remove

the unreacted compounds. PLL/Sericin-coated SPIONs were thus obtained.

3.2. Physicochemical Characterizations

3.2.1. FTIR Analysis

Physicochemical characterization analyses of all synthesized samples were performed
using a Nicolet iS 50 Fourier Transform Infrared Spectroscopy (FTIR). All spectra from
500 to 4000 cm™! wave number range in transmission mode were recorded with a 4 cm™!

resolution.
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3.2.2. Dynamic Light Scattering (DLS) and Morphological Characterizations

Size-size distributions and polydispersity index (PDI) of the nanoparticles were analyzed
by DLS using a Zetasizer (Malvern 3000, UK). Surface charge of the nanoparticles was
also measured by using a Zetasizer. Prior to analysis, nanoparticles were diluted with DI
water, and all measurements were carried out at 25°C in triplicate. TEM (JEOL JEM-

1220) was used to determine the precise morphology of the nanoparticles.

3.2.3. Determination of Magnetic Properties of The Nanoparticles

Magnetic properties of SPIONs and PLL/Ser-SPIONs were determined using electron spin
resonance (ESR) method via a Bruker EMX 131 X-band ESR spectrometer. The samples
were placed between the poles of the electromagnet, whose cavity was homogeneous and
whose value could change linearly, forming an external magnetic field. ESR spectra was
drawn as the first derivative of the absorption curve by keeping the microwave frequency

constant at 9.3 GHz and changing the magnetic field.

3.3. Invitro Degradation and Stability of The Nanoparticles

Produced PLL/Ser-SPIONs (MNPs-magnetic nanoparticles) were also tested for their in
vitro degradation profiles. For this purpose, the nanoparticles were placed into 15 ml tubes
with PBS (pH:7.4 and pH:5.5) and lysozyme (0.07 mg/ml), and they were incubated at
37°C with gentle shaking (100 rpm) for two weeks. The turbidity of the nanoparticles was
measured at certain time points using a Lovibond Checkit turbidity meter (Tintometer,
Germany). The lysozyme degradation was reflected as percentage of mass remaining in
nanoparticles [224]. The mass remaining (%) was calculated by comparing the

measurements of initial turbidity and the turbidity at a certain time.

To investigate the stability of the nanoparticles, Ser-SPIONs and PLL/Ser-SPIONs were
placed into 15 ml tubes with PBS at 7.4, and storaged at 4°C. The turbidity measurements
of the nanoparticles were carried out for one month. All measurements were performed in

triplicate.

3.4. Determination of Binding Efficiency (%)

For the binding studies of MNPs and miR-329, firstly 100 png/ml of MNPs in RNAse-free
water and miR-329 (hsa-329-3p, Qiagen) at different concentrations (25 nM, 50 nM and
100 nM) in nuclease-free water were prepared. The solutions were gently mixed and

incubated at room temperature for 1 h.  After incubation, the MNPs-miR 329

26



suspensions ~ were  centrifuged 3 times at 12000 rpm for 10  min.
Supernatants were collected after each centrifuge step to meausure the amount of unbound
miRNA. Collected samples were further analyzed via a fluorometric method using Quant-

1T™ RiboGreen® RNA Assay Kit (Thermo Fisher Scientific) as described below.

The binding efficiency (BE) (%) were calculated according to the following equations:

(the amount of added miRNA—the amounf of free miRNA in supernatant) <100
the amount of added miRNA

BE (%) =

3.5. In vitro Release Kinetics

In vitro release behaviour of miR-329 from MNPs was investigated. MNPs-miR 329
samples were prepared as described above, and placed in mini-centrifuge tubes in PBS
solution (pH 7.4). The tubes were put in a water bath shaker at 37°C. At certain time
intervals, 100 pl of nanoparticle-miR suspensions were collected and same amount of PBS
was added onto the samples each time. Collected samples were further analyzed via a
fluorometric method using Quant-iT™ RiboGreen® RNA Assay Kit as described

below.

3.5.1. Quant-iT™ RiboGreen® RNA Assay

To calculate miRNA binding efficiency and to determine miRNA release kinetics, Quant-
iT™ RiboGreen® RNA Assay Kit was used according to the manufacturer’s instructions.
The Ribogreen fluorescent dye in the kit content allows to bind only RNA samples, and
this structure can be able to be measured by spectrofluorometry. The supernatants,
collected from the assays for the determination of binding efficiency and in vitro release
kinetics, were mixed with the Ribogreen fluorescent dye. The RNA standards, another kit
content, were prepared, and these solutions were also mixed with the dye. The fluorometric
intensity of the all samples was measured by a spectrofluorometer (TECAN, Switzerland)
in 96-well plates for fluorescence-based assays (black walled, clear bottom) (Invitrogen).
Calibration curve was generated based on the fluorometric intensity versus the
concentrations of the standards. The amount of unbound and released miRNA in the

samples was calculated by using the equation obtained from this calibration curve. The
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measurements were conducted at 478 nm excitation wavelenght and 520 nm emission

wavelenght.

3.6. Intracellular Localization of The MNPs

Intracellular uptake and localization of miR-control loaded MNPs were investigated using
aJEM 1010 TEM (JEOL, Peabody, MA, USA). For this purpose, MDA-MB-231 cells (1
x 10° cells/well) were growth in 6-well plates. Next day, miR-control and MNPs were
interacted and added to the wells. Then, the cells were incubated for another 24 h. The
cells were then gently washed three times with PBS and were fixed. Images were taken

using AMT Imaging System (Advanced Microscopy Techniques Corp, USA).

3.7. Confocal Microscopy Analysis

Confocal microscopy analysis was performed in order to monitorize the cellular uptake
of the MNPs. MDA-MB-231 cells (5 x 10* cells/ml) were growth in the chambers of
Nunc™ Lab-Tek™ Chambered Coverglass (Thermo Fisher Scientific) for 24
h. MNPs were interacted with AllStars Negative siRNA labeled with Alexa Flour 555 and
AllStars Negative siRNA without any labeling (Qiagen), for 1 h at dark and room
temperature. Then, the cells and the MNPs were incubated for 3 h at 37°C in 5% CO,-
containing incubator. At the end of 3 h, the cells were gently washed three times with
PBS. Hoechst 33342 solution (Thermo Fisher Scientific) mixed with cell culture media
was added onto cells. After 30 min of incubation, cell images were taken by a Nikon
Eclipse Ti Confocal Microscope. HiPerFect, a commercially available transfection

reagent (Qiagen), treated cells were also used as a positive control.

3.8. Preparation of The Cells

TNBC cell lines; MDA-MB-231, MDA-MB-436 and BT-20 (American Type Culture
Collection (ATCC)  were cultured in Dulbecco's Modified Eagle's Medium
(DMEM/F12) (Corning) supplemented with 10% Fetal Bovine Serum (FBS) (Corning)
and 1% penicillin/streptomycin (Corning) in 75 cm’ sterile flasks. The culture was
maintained in sterile conditions at 37°C in 5% COs.containing incubator. Proliferation of
cells on flask surface was examined microscopically every 24 hours for fungal and
bacterial contamination. When the cells had 80-90% confluency, they were passaged by
treatment with Trypsin-Ethylenediaminetetraacetic acid (EDTA) (0.25%, phenol red,
Thermo-Fisher).
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3.9. Transfection of The Cells with miRNA Mimics and siRNAs

Hsa-miR-329-3p mimic (5’-AACACACCUGGUUAACCUCUUU-3’), miRNA mimic
negative control (Ambion, Life Technologies) and EF2K siRNA, AXL siRNA, negative
control siRNA (Sigma-Aldrich) were received as lyophilized and diluted with nuclease-
free water (Qiagen) reaching a final stock concentration of 50 uM and 100 uM for
miRNAs and siRNAs, respectively. HiPerFect, a transfection reagent consisting of blend of
cationic and neutral lipids, was used as a positive control. Prior to cell transfection, miR-
329, miR-control, eEF2K and AXL siRNA, control siRNA and HiPerFect solutions at
desired concentrations were separately prepared using FBS-free medium. Then, the
solutions were mixed, gently pipetted and then incubated with either MNPs or HiPerFect
solutions at room temperature. After 6 h of transfection, to each well FBS was added

reaching a final percentage as 10% and the medium maintained until the analysis.
3.10. miRNA Reverse Transcription and PCR Analyses

3.10.1. Total RNA Isolation

The expression levels of hsa-miR-329-3p in several non-treated breast cancer cells and in
non-cancerous Human Mammary Epithelial Cells (HMEC) were determined. For gPRC
anaylsis, first, total RNA of all samples was isolated. For this, cells of each sample were
collected into mini centrifuge tubes adding 1 ml Trizol (Ambion, Life Technologies). 200
ul of chloroform (Fisher Scientific) was added and each tube was vigorously vortexed for
15 sec then incubated for 2 min at room temperature. The samples were
then centrifuged at 8800 rpm at 4°C for 15 min. The upper phase of the solution was
placed in a new tube and 500 ul of 100% isopropanol (Fisher Scientific) was added onto it.
After mixing gently, the mixtures were incubated for 10 min at room temperature.
Furthermore, the samples were centrifuged at 8800 rpm at 4°C for 10 min. Supernatants

were removed and only RNA pellets were left in the tubes. The pellet was
washed with 1 ml 75% ethanol (Decon Labs, Inc) and was vortexed briefly, then the
sample was centrifuged at 6500 rpm for 5 min. Supernatant was removed and the
pellet was left for air drying for 5-15 min. Moreover, 50 pl nuclease-free water (Thermo
Fisher Scientific) was added onto the pellet and the sample was incubated at 60°C for 15

min. By this way, total RNA of each sample was isolated.
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3.10.2. cDNA Synthesis

The purity and concentration of the obtained RNA were measured spectrophotometrically
using a Nanodrop (NanoDrop 1000 Thermo Scientific). 1 pg from each sample was
calculated accordingly. qScript microRNA c¢cDNA Synthesis Kit (Quanta BioSciences)
was used based on the supplier’s instructions for converting RNA samples to
complementary DNA (cDNA). For this, first, Poly(A) tailing reaction was followed

as below:

Component Volume

Poly(A) Tailing Buffer (5X) 2 pul

Poly(A) Polymerase 1 ul
RNA (1 pg) up to 7 pl
Final Volume 10 pl

The components were added to a 0.2 ml PCR tube and the mixtures were vortexed
gently and centrifuged briefly. The following reaction conditions were used as: 37°C for
60 min and 70°C for 5 min (T100 Thermal Cycler, Bio-Rad) Then, First-Strand cDNA

synthesis reaction was setup as follows:

Component Volume
Poly(A) Tailing Reaction 10 ul
microRNA cDNA ReactionaMix 9 pl

gScript Reverse Transcriptase I ul

Final Volume 20 pl

30



After gently vortexing and briefly centrifuging the tubes, the samples were allowed the
reaction at following conditions: 42°C for 20 min and 85°C for 5 min. By this way,
cDNA for each sample was obtained and the samples were diluted with 40 ul nuclease-

free water prior to qRT-PCR.

3.10.3. RT-qPCR

Real-time SYBR Green RT-qPCR was carried out using PerfeCta microRNA Assay Kit
(Quanta BioSciences) according to the supplier’s directions. For each RT-qPCR reaction

following components were added to 384-well PCR plates (Fisher Scientific):

Component Volume
PerfeCta SYBR Green SuperMix (2X) 6.25 ul
PerfeCta microRNA Assay Primer (10 uM) 0.3 pl

PerfeCta Universal PCR Primer (10 uM) 0.3 pl

Nuclease-free water 1.65 ul
cDNA 4 pl
Final Volume 12.5 ul

The protocol conditions were followed as: Pre-incubation/activation: 95°C for 2 min,
PCR (40 cycles) Denature: 95°C for 5 sec and Anneal: 60°C for 30 sec. The expression
levels of miR-329 were normalized to the level of an endogenous control, U6 snRNA
(Qiagen). The relative expression levels were determined using the comparative

threshold cycle (2-**“") method via CFX384 Real Time System (Bio-Rad).
3.11.  Cell Proliferation Assays

3.11.1. MTT Test

The biocompatibility of the nanoparticles on L1929 cells was tested via 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For this, L929 cells
were grown in Eagle’s Minimum Essential Medium (EMEM) containing 10% FBS and
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1% penicillin—streptomycin at 37°C and 5% CO; conditions. The cells were seeded in 96-
well plates at a density of 1250 cells per well and incubated for 24 h. Next day, produced
SPIONs, APTES-SPIONs, Ser-SPIONs and PLL/Ser-SPIONs were suspended in EMEM
reaching a final concentration of 5 pg/ml, 25 pug/ml and 100 pg/ml. Cells were treated with
the nanoparticles for 24 and 48 h. At the end of incubation times, the cell medium was
removed and MTT solution (5 mg/ml in PBS) was added onto cells. After 4 h
of incubation at 37°C and 5% CO,, the well content was replaced with isopropanol-HCI
mixture to dissolve the formazan crystals. Absorbance measurement of each well was
conducted by reading the plates at 570 nm using ELISA reader (iMark Microplate
Reader, Bio-Rad).

The cell viabilities were calculated based on the equation below:

A570 (sample) %
A570 (control)

Cell viability (%)= 100

Each group’s cell viability was normalized to the control, which is defined as 100%. Each

sample group was tested in sextuplicate wells.

3.11.2. MTS Test

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) (MTS) cell proliferation assay was also conducted. This is a colorimetric
test for quantification of viable cells. In this method, NAD(P)H-dependent dehydrogenase
enzymes of viable cells reduce MTS tetrazolium compound in the presence of phenazine
methosulfate (PMS) into a colored formazan product that has an absorbance maximum
at 490 nm. For this assay, TNBC cells (1250 cells/well) were seeded into 96-well plates
and incubated overnight. Next day, the cells treated with various concentrations of bare
PLL/Ser-SPIONs and miR-329 (25 nM and 50 nM) loaded PLL/Ser-SPIONs or HiPerFect
for 5 days. At the end of the incubation time, MTS and PMS (19:1 v/v) solutions were
mixed well and 20 pl of the mixture was pipetted onto each well at dark. The absorbance

of each well was measured using Elisa Reader.

3.11.3. Colony Formation Assay

The effect of bare nanoparticles (at various concentrations), miRNA mimics (using

HiPerFect or MNPs) and siRNAs (using HiPerFect) on TNBC cell clonogenicity was
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evaluated via colony formation assay. 300 cells/ml were seeded into 24-well plates and
the plates were incubated for 2 days for cell attachment. The cells were transfected with the
experimental groups and cultured for 12 days. After the incubation time, the colonies in
each well were stained with crystal violet (Sigma-Aldrich) and subsequently washed

with DI

3.12. Wound Healing Assay

To evaluate motility and migration of the cells, a wound healing assay was conducted.
TNBC cells at a density of 1.25 x 10° cells/well were seeded into 6-well plates. After
24 h incubation, the cells were interacted with 100 nM of miRNA mimics or siRNAs
(using MNPs or HiPerFect) for 48 h. Then, the bottom of each well was stracted straightly
using a 200 pl sterile pipette tip (time 0). After replacing the medium with the fresh one,
cell images were taken using a phase contrast microscope (Nikon Eclipse TE-200-U).
The cultures were maintened until time point of 24 h and 48 h, and the images were taken

at those times as well.

3.13. Invasion Assay

The invasion assay was performed in order to analyze the invading capability of the cells
after the miRNA mimics and siRNA treatments. For this purpose, first, TNBC cells (1.25 x
10° cells/well) were plated into 6-well plates for 24 h. The next day, the cells
were treated with 100 nM of miRNA mimics and siRNAs (using MNPs or HiPerFect). At
the end of 72 h, matrigel (Corning) and FBS-free medium (14:1 v/v) were mixed gently
and added carefully onto 24-well transwell inserts (Falcon) avoiding making air bubbles.
The mixture inside the inserts was left incubation for 6 hours to solidify. After 6 h, the
excess of the matrigel in each insert was removed. Meanwhile, 8 x 10* cells of
each experimental group were counted and mixed with FBS-free medium, then added to
the upper chamber of the insert. 500 pl of 10% FBS containing medium was also added
into each well interacting with the lower chamber of the inserts. The cells inside the inserts
were incubated for 48 h in incubator. Furthermore, the cells were fixed and stained using
Hema 3 Stain Set (Fisher Scientific). By using a cotton swab, the cells found in the
upper chamber were removed. Invading cells in the lower chamber were counted using a

light microscope (Nikon Eclipse TE-200-U).
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3.14. Apoptosis Analysis

To evaluate the apoptosis effect of miR-329 on TNBC cells either using HiPerFect or
MNPs as transfecting reagent, FITC Annexin V Apoptosis Detection Kit (BD
Pharmingen) was used according to the supplier’s directions. Briefly, MDA-MB-231 and
MDA-MB-436 cells (5 x 10* cells/well) seeded into 6-well plates and incubated
overnight. Cell were then transfected with HiPerFect-miR 329 and MNPs-miR 329 for 120
h. At the end of the treatments, cells were collected and washed three times with cold
PBS by centrifuging at 1500 rpm for 5 min. Next, 1X Annexin V binding buffer, FITC
Annexin V and PI (Propidium Iodide) staining solutions were added onto cell pellets and
the mixtures were incubated at dark for 15 min at room temperature. Flow cytometry

analysis was performed by using Beckman Coulter Gallios Cell Analyzer.

3.15. Western Blot Assay

For Western blot analysis, TNBC cells were seeded in six-well plates at a density of
5x10* per well. The cells were treated with 100 nM of miRNA mimics or siRNAs (using
MNPs or HiPerFect) for 120 h. At the end of the treatments, the cells were collected from
the wells and were lysed in lysis and extraction buffer (Thermo Fisher Scientific),
protease inhibitor (Sigma-Aldrich), phosphatase inhibitor (Sigma-Aldrich), and sodium
fluoride (NaF) (Gibco Laboratories) solution. The mixtures were centrifuged at 13500 rpm
for 15 min at 4°C, and the total protein of each samples was obtained by collecting the
supernatants. Furthermore, protein amount of each sample was calculated using Pierce
Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific). The samples
were prepared using lysis buffer and 4x Laemmli Sample Buffer (Bio-Rad) reaching a final
protein amount of 60 pg. Prior to electrophoresis step, each sample was incubated at 100°C
for denaturation. For protein separation, pre-stained protein ledder (Thermo Fisher
Scientific) and all samples were subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) with a 4-15% gradient protein gel (Bio-Rad) in running
buffer and electro-transferred to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P, Milipore) in transfer buffer. Expression levels of the proteins to be
analyzed were determined using antibodies for eEF2K, p-EF2, Src, Cyclin DI, (Cell
Signaling Technology), AXL (R&D Systems), p-Src (Santa Cruz Biotechnology), p-FAK,
FAK (BD Biosciences). Rabbit, mouse (Cell Signaling Technology) or goat
(Santa Cruz Biotechnology) horseradish  peroxidase = (HRP)-conjugated secondary
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antibodies were also used for the corresponding antibodies. GAPDH (Cell Signaling
Technology) was used as a house-keeping protein. The visualization of the immunoblots
was carried out by treating the membranes at dark with Western Lightning Plus Enhanced

Chemiluminescence (ECL) Substrate (Perkin Elmer).

Several non-treated breast cancer cells; MCF-7, BT-474, SK-BR-3 (ATCC) and non-
cancerous breast epithelial cells; MCF-10A (ATCC) were also subjected to western blot
protocol as mentioned above to evaluate the expression levels of the specific proteins,

eEF2K and AXL.

3.16. Animal Studies

Prior to in vivo miR-329 delivery, MNPs were suspended in nuclease-free water and gently
mixed either with miR-control or miR-329 solutions at room temperature for 1 h and thus
miR-loaded MNPs were prepared. Athymic nude female mice (4-5 weeks old) were
procured from The University of Texas MD Anderson Cancer Center. The animal studies
were performed with respect to an experimental procedure certified by MD Anderson
Institutional Animal Care and Use Committee. MDA-MB-231 and MDA-MB-436 cells
having a density of 2 x 10° cells/100 ul (20% matrigel + 80% FBS-free medium) were
injected orthotopically into the right middle mammary fat pad of each mouse. In one to
two weeks after cell injection, MNPs-miR 329 and MNPs-miR control
treatments were initiated. Each mouse received miRNAs having a concentration of 8
pug/mouse (0.3 mg/kg), intraperitoneally, once a week in a volume of 200 pul for 4 weeks.
Every week, tumor volumes were measured by wusing an electronic caliper. The
following equation: tumor volume = 1/2 x width®x length was used for the calculation of
the estimated tumor volumes. Mice were euthanized with CO, after 4 weeks of the
treatments. Then, tumor tissues were removed and collected for further

Western Blot analysis.

3.17. Statistical Analysis

All data were expressed as means = standard deviations (SDs). Statistical significance
between groups was determined via one-way Analysis of Variance (ANOVA) for
multiple comparisons and the Student’s t-test by using GraphPad Prism (version

8.0) software. p <0.05 was considered as statistically significant.
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4. RESULTS AND DISCUSSION

4.1. Size-size Distributions and Zeta Potential of The Nanoparticles

The hydrodynamic size, PDI and zeta potential characterizations of SPIONs, APTES-
SPIONSs, Ser-SPIONs and PLL/Ser-SPIONs were carried out by DLS. The results were
summarized in Table 4.1. According to the obtained DLS results, SPIONs were
synthesized at a size of approximately 15-20 nm. The average size of APTES-SPIONs was
found as 22.5 nm. Sericin coating and PLL functionalization led to an increase in size of
the nanoparticles which measured as 102.4 nm and 109.4 nm, respectively. Zeta potential
of the nanoparticles were measured at pH 7.4 and also given in Table 4.1. As seen, without
any modification, the zeta potential of SPIONs were obtained as 20.5 mV. After APTES
modification, gaining —NH3 moieties shifted this value to 33 mV. Sericin addition to the
structure increased negative charges (-9.2 mV) of the samples because of the -COOH
groups. To obtain cationic nanoparticles, PLL was used. As expected, PLL/Ser-SPIONs
had a zeta potential of 15 mV. Moreover, obtained PDI results (range between 0.180—
0.275) indicated that all nanoparticles had a good uniformity.

The size distributions, surface charge and PDI characteristics of miR-control attached
PLL/Ser-SPIONSs are also given in Table 4.1. As seen, after miR-control attachment, no
significant changes were obtained in nanoparticle size. As expected, miRNA addition to
the structure shifted the zeta potential value to negative charge which is -14.80 mV. This

indicated that miRNAs were successfully attached to PLL/Ser-SPIONSs.

Table 4.1. DLS characterizations of the nanoparticles

Hydrodynamic size PDI Zeta Potential (mV)
(nm)
SPIONs 17.23 £ 1.65 0.180 = 0.09 20.50 £0.90
APTES-SPIONs 22.47=0.87 0.243 = 0.06 33.03+1.15
Ser-SPIONs 102.40 £ 1.32 0.164 £0.01 -9.20 = 1.60
PLIL/Ser-SPTONs 109.40 + 0.87 0.276 =0.03 13.10 £0.44
miR-control-PLL/Ser-SPIONs 114.85+0.21 0.227+0.01 -14.80 £ 0.63
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4.2. Morphological Characterizations of The Nanoparticles

TEM micrographs of the nanoparticles were shown in Figure 4.1. As seen in the images,
all nanoparticles exhibit a spherical shape and have narrow size distribution. SPIONs and
APTES-SPIONS had size of approximately 10 nm. (Figure 4.1 A and B). APTES
modification did not change the morphology and the size of the SPIONs significantly.
Figure 4.1 also demonstrates that an around 5 nm surface coating of sericin was observed
for Ser-SPIONs. Core SPIONs were seen as black and coating were seen as light gray that
indicates the coating (Figure 4.1 C). The diameter of Ser-SPIONs was observed as almost
20-30 nm. PLL addition to the structure did not significantly change in size and
morphology of the nanoparticles. As seen in Figure 4.1, the size of PLL/Ser-SPIONs were

observed as 25-30 nm.

Figure 4.1. TEM images of the nanoparticles (A) SPIONs, (B) APTES-SPIONSs, (C) Ser-
SPIONSs, (D) PLL/Ser-SPIONs
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4.3. Physicochemical Characterizations of The Nanoparticles

4.3.1. FTIR analysis

Figure 4.2, 4.3 and 4.4 demonstrate the FTIR spectra of all samples. The results of sericin

isolated from cacoon and commercially available sericin were compared and given in
Figure 4.2. The absorption bands at about 1647 cm_l, 1523 em ™! and 1260 ecm ™! were
detected in both samples, which were the typical bands in sericin protein indicating amide I
(1600-1700 cm™ 1), amide I (1504-1582 cm™l), and amide III (1200-1300 cm™ 1),
respectively. The band located at about 3271 em | represented the stretching vibration of

OH™ and was observed for both sericin structures. 2919 cm™! and 2851 em™! C-H
stretching bands were also observed for isolated sericin and commercial sericin,

respectively [225-227]. These results confirm that sericin was successfully isolated from

coCcoons.

Commercial Sericin
Sericin

Transmittance (%)

Amide

!III

T T T T T T T T

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (%)

Figure 4.2. FTIR spectra of sericin isolated from silk and commercial sericin
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Figure 4.3. FTIR spectra of (A) SPIONs, (B) APTES-SPIONs, (C) Ser-SPIONs and (D)
PLL/Ser-SPIONs

The FTIR spectra of SPIONs, APTES-SPIONSs, Ser-SPIONs and PLL/Ser-SPIONSs are also

given individually in Figure 4.3 and all together in Figure 4.4. These all four structures

have a strong absorption band almost at 560 cm ! that indicates the Fe—O bond of bulk
magnetite [228]. The characteristic peaks of OH groups on SPIONs based samples were at

around 3200 cm~!. When comparing SPIONs and APTES-SPIONSs, the bands around

3000 cm™ ! and 992 cm™! representing C—H stretching and Si—O stretching vibrations,
respectively, were clearly observed for APTES-SPIONs. This confirms the condensation
between the alkoxysilane of APTES and the hydroxyl groups of the SPIONs surface [229,
230]. The addition of sericin and PLL to APTES-SPIONSs structure is clearly obvious when
amide I, amide II and amide III bands are obtained for Ser-SPIONs and PLL/Ser-SPIONS.

All FTIR spectra results proved that all samples were synthesized successfully.
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Figure 4.4. FTIR spectra of all structures synthesized

4.3.2. ESR Analysis of The Nanoparticles

The magnetic characterizations of the nanoparticles were conducted by ESR analysis. The
obtained spectroscopic properties from ESR spectra are given in Figure 4.5, 4.6 and in
Table 4.2. Molecules or parts of molecules with unpaired electrons are analyzed by ESR.
Due to the fact that molecules with unpaired electrons display magnetic properties, it is
possible to determine whether the materials prepared with this method have magnetic
properties. As can be seen in Figure 4.5 and 4.6, the ESR spectra of SPIONs and PLL/Ser-
SPIONs are in the form of an asymmetric resonance curve, respectively. Thus, it is

confirmed that PLL/Ser-SPIONSs synthesized in the studies exhibit magnetic properties.
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Figure 4.5. The ESR spectrum of SPIONs
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Figure 4.6. The ESR spectrum of PLL/Ser-SPIONs
(g) 1s the electroscopic splitting factor and for each substance it is a characteristic feature.

This value for iron was found to be 1.940. According to the results in Table 4.2, the value

of (g) obtained in the analysis complies with the literature.
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Table 4.2. ESR characterizations of SPIONs and PLL/Ser-SPIONs

Spectroscopic splitting factor Peak to peak linewidth
(8) (AHpyp)
SPIONs ~2.785 ~1360 G
PLL/Ser-SPIONs ~2.468 ~1260 G

Table 4.2 also reveals that after coating and functionalizing SPIONs with sericin and PLL,
the (g) factor decreased from 2.785 to 2.468. This indicates that the interaction decreases

due to the introduction of the polymers between the magnetic units. Therefore, there is a

decrease in signal strength.

4.4. In vitro Degradation and Stability of The Nanoparticles

To evaluate in vitro biodegradation behaviours of PLL/Ser-SPIONs at pH 5.5 and 7.4, the
nanoparticles were incubated at 37°C in PBS containing lysozyme. Nanoparticle
degradation was measured based on the principle that intact nanoparticles exhibit high
level of turbidity because of their wide amount of cross-linked structure. When enzymatic
degradation initiates, the turbidity of the particles reduce [231, 232]. The turbidimetric
measurements of the nanoparticles are given in Figure 4.7. The mass remainings (%) of the

nanoparticles in 15 days were 85% and 83% incubated in pH 5.5 and 7.4, respectively.

Non-significant difference was observed between both pH values.
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Figure 4.7. In vitro degradation profiles of PLL/Ser-SPIONs at pH 5.5 and 7.4

Although SPIONSs are promising for several biomedical applications, number of drawbacks
(aggregation, poor water solubility and oxidation) have to be solved for use in clinical
applications. Various polymers are known to stabilize SPIONs and enhance their properties
for further applications. However, in case of using excessively stabilized or non-
degradable polymers, the therapeutic payload release will be limited. SPIONs can be
colloidal stable and biodegradable, and can have high drug delivery capacity after
incorporation with a biodegradable polymer [233]. Degradation of the nanoparticles allow
the release of the encapsulated drug, however, controlled drug delivery is required to avoid
burst release effect. According to the obtained results, PLL/Ser-SPIONs exhibited a
controllable degradation profile, and fulfilled all the requirements for a proper drug

delivery system.
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Figure 4.8. In vitro stability of Ser-SPIONs and PLL/Ser-SPIONS at 4°C

Storage stability of Ser-SPIONs and PLL/Ser-SPIONs was also examined by using a
turbidimeter. As illustrated in Figure 4.8, after four weeks incubation of nanoparticles at
4°C in PBS, the percentage of intact nanoparticle content was found as 92% and 98% for
Ser-SPIONs and PLL/Ser-SPIONSs, respectively. These results suggest that PLL/Ser-

SPIONSs are more stable for long-term storage conditions.

4.5. Determination of Binding Efficiency (%)

PLL/Ser-SPIONs were interacted with miR-controls having concentrations of 25 nM, 50
nM and 100 nM, and the binding efficiencies (%) of each MNPs-miR control formulations
were determined using a fluorometric method. 99.3%, 98.5% and 97.7% binding
efficiencies were achieved when using 25 nM, 50 nM and 100 nM of miR-control,
respectively. Zeta potential values of each sample were also analyzed. -11.34 mV and -
12.75 mV zeta potentials were measured for 25 nM and 50 nM miR-control loaded
PLL/Ser-SPIONS, respectively. For 100 nM miR-control, this value was determined as -
14.80 mV as previously given in Table 4.1. This confirms increasing amount of miRNA
led to a concentration dependent decrease in zeta potential of miRNA loaded nanoparticles.
As a result, miRNAs were successfully loaded to the surface of the MNPs with high
binding ability.
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4.6. In vitro Release Kinetics

The in vitro release of miR-329 from PLL/Ser-SPIONs was evaluated for 7 days in PBS
(pH 7.4) at 37°C. miR-329 at different concentrations (25 nM-50 nM-100 nM) were
interacted with the nanoparticles. The results are demonstrated in Figure 4.9. As illustrated,
in the first 4 h, the nanoparticles exhibited a burst miRNA release which was 15%, 44%
and 55% for 25 nM, 50 nM and 100 nM miRNA concentrations, respectively. The reason
of the quick release may occur due to the attachment of the miR-329 on the surface of the
nanoparticles. After 24 h, 27%, 53% and 59% of miRNA was released from each 25 nM,
50 nM and 100 nM miR-329 loaded PLL/Ser-SPIONSs, respectively. In the following
hours, miR-329 loaded nanoparticles showed a slow and sustained release profile that

contributes to prolonging the effectiveness of the miRNA.
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Figure 4.9. The in vitro release profile of miRNA-loaded PLL/Ser-SPIONs at pH 7.4

4.7. Cytotoxicity and Colony Formation Assays for Bare Nanoparticles

To investigate the cytotoxicity of nanoparticles on L929 cells, MTT assay was performed.
The effects of concentration (5 pg/ml, 25 pg/ml and 100 pg/ml) and incubation time (24
and 48 h) were tested for all produced nanoparticles. The results are given in Figure 4.10.
The results demonstrated that almost no cytotoxicity was observed after 24 h of the

treatment. When the cells were treated with the highest dose of the nanoparticles (100
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ng/ml) for 48 h, the percentages of cell viabilities were 89%, 90%, 96% and 93% for
SPIONs, APTES-SPIONS, Ser-SPIONs and PLL/Ser-SPIONS, respectively.
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Figure 4.10. Cytotoxicity of all nanoparticles against 1.929 cells for (A) 24 h and (B) 48 h

of incubation

The cytotoxicity of PLL/Ser-SPIONs was also evaluated againts TNBC cells. The
nanoparticles possessing various concentrations (5 pg/ml, 25 pg/ml, 50 pg/ml and 100
png/ml) were interacted with the cells for 5 days. As it is seen in Figure 4.11, almost no
significant toxicity was obtained for all concentrations. Only when using the highest
concentration of PLL/Ser-SPIONs (100 pg/ml), in MDA-MB-231 cells 16% of toxicity
was observed. In addition, the percentages of the cell viability were found as 88% and 89%

by using 100 pg/ml nanoparticles in BT-20 and MDA-MB-436 cells, respectively.
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Figure 4.11. Cytotoxicity of PLL/Ser-SPIONs against (A) MDA-MB-231, (B) BT-20 and
(C) MDA-MB-436 cells after 5 days of incubation

MTT and MTS analyses concluded that all nanoparticles were biocompatible and safe

against to non-cancerous and cancer cells.
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Figure 4.12. The effect of PLL/Ser-SPIONs on colony formation in (A) MDA-MB-231,
(B) BT-20 and (C) MDA-MB-436 cells after 12 days of incubation

The effect of PLL/Ser-SPIONs at various concentrations on colony formation in TNBC
cells was examined. The results are given in Figure 4.12. It was observed that all cells
exhibited concentration-dependent colony formation ability. For MDA-MB-231, BT-20
and MDA-MB-436 cells, only the cells treated with 100 pg/ml of nanoparticles had
a significant decrease in colony formation ability (83%, 61% and 71%, respectively).
Since five times less number of cells were seeded into the plates for colony formation

assay, and due to the long incubation time with the nanoparticles comparing to MTS assay,
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cells were observed to be more sensitive against to the highest doses of the nanoparticles in

the colony formation experiment.

4.8. Intracellular Localization of The Nanoparticles

To evaluate the uptake of produced MNPs-miR control by MDA-MB-231 cells, TEM
analysis was conducted. According to the results, incubating the cells with MNPs-miR
control for 24 h led to a successful localization in cell cytoplasm (represented by red
arrows). TEM images were given in Figure 4.13. In addition, it is also clear after 24 h of
incubation, most of the particles were localized in the cytoplasm comparing to extracellular
environment. In Figure 4.13 A, one red arrow shows the MNPs-miR control found in the

extracellular environment.

Figure 4.13. TEM images for intracellular localization of MNPs-miR control at (A) 4000x
(B) 10000x and (C) 25000x magnifications

4.9. Confocal Microscopy

To investigate the delivery of small ncRNA (miRNA or siRNA) by the MNPs via confocal
microscopy analysis, MNPs were interacted with control siRNA-Alexa Flour 555 prior to
the assay. As it is shown in Figure 4.14, treatment of MNPs-control siRNA with MDA-
MB-231 cells for 4 h resulted in high uptake of the particles. Same experiment was also

performed for HiPerFect that was used as a positive control. The results were given in
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Figure 4.15. These obtained results indicated that MNPs are as good as a commercially

available transfection reagent for small ncRNA (miRNA or siRNA) delivery.
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Figure 4.14. Cellular uptake of the nanoparticles by MDA-MB-231 cells
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Figure 4.15. Cellular uptake of HiPerFect by MDA-MB-231 cells
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4.10. The miR-329 Expression in Patient Data

The relation between miR-329 expression levels and the patients with BC was also
investigated. As it is seen in Figure 4.16, in healthy individuals, the miR-329 expression is
higher than the BC patients confirming the tumor suppressor effect of miR-329 (Figure
4.16 A). In addition, remarkably, it was observed that the expression of miR-329 is lower
in TNBC compared to other BC subtypes. Low/or lost miR-329 level in TNBC indicates
its importance among other types of BC (Figure 4.16 B).
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Figure 4.16. (A) Comparison of miR-329 expression between normal tissues and patients
with BC, (B) Comparison of miR-329 expression levels in normal tissues and patients with

various BC types

4.11. Kaplan-Meier Analysis

To reveal the clinical significance of miR-329, The Cancer Genome Atlas Program
(TCGA) database was also analyzed. The results are given in Figure 4.17. As determined
by Kaplan-Meier analysis, it was obtained that the patients having reduced expression of

miR-329 (shown as blue color in Figure) is related to poor overall survival in patients with
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TNBC (p = 0.055). Vice versa, significantly higher miR-329 expression (shown as red
color in Figure) results in higher overall survival rate in patiens confirming the tumor

suppressing effect of miR-329 in TNBC.

miR-329-3p

P=0.0055

Percentage disease free (%)

0 56 112 168 224 280
DFI (months) # at risk

Figure 4.17. Kaplan-Meier analysis of miR-329 expression in patients with TNBC

4.12. RT-qPCR Analysis

The basal expression levels of miR-329 in various BC cells and non-cancerous breast
cells (HMEC) were compared by RT-qPCR. According to the results, miR-329
expression was found to be higher in HMEC cells than all other BC cells (Figure 4.18).
Moreover, it was also observed that miR-329 expression level was the lowest in MDA-

MB-231, BT-20 and MDA-MB-436 cells. This explains the reason of using those cell lines
in this study.
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Figure 4.18. The basal expression levels of miR-329 in various BC cells and non-

cancerous breast cells

4.13. The Protein Expression Levels of eEF2K and AXL in Multiple Cell Lines

The protein expression levels of eEF2K and AXL were investigated by Western Blot in
several breast cancer cell lines including MDA-MB-231, BT-20, MDA-MB-436, MCF-
7, BT-474 and SK-BR-3. As illustrated in in Figure 4.19, eEF2K and AXL are highly
expressed in TNBC cells (MDA-MB-231, BT-20, MBA-MB-436). In addition, in non-
cancerous breast cell epithelium MCF-10A cells, it was observed that there is no AXL
expression (Figure 4.19 B). In a study performed by Bayraktar et al. the researchers
reported that the protein expression level of eEF2K is significantly high in a variety of
breast cancer cells and there is no eEF2K expression in MCF-10A cells [204].
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Figure 4.19. eEF2K and AXL protein expression levels in various breast cell lines

4.14. The Effect of Ectopic miR-329 Expression on ¢eEF2K and AXL Protein Levels

To confirm the miRNA database analysis results showing that miR-329 has binding sites at
3’-UTR primes of eEF2K and AXL, and to identify the underlying molecular mechanisms
of miR 329/eEF2K and miR-329/AXL axis, Western Blot assay was carried out. MDA-
MB-231, BT-20 and MDA-MB-436 cells were transfected ecither with MNPs-miR
control/miR 329 and HiPerFect-miR control/miR 329, and the total protein of each group
was collected. HiPerFect was used as a positive control. According to the results (Figure
4.20), in all cell lines ectopic expression of miR-329 by using MNPs as a delivery agent
remarkably inhibited the protein expression levels of eEF2K and AXL in comparison to
MNPs-miR control treated cells. Similar results were also obtained using HiPerFect as a
transfection agent. These findings reveal that miR-329 is a potential regulator of eEF2K
and AXL expression in TNBC cells.
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Figure 4.20. The protein expression levels of eEF2K and AXL after transfecting the cells
with miR-329 using MNPs or HiPerFect in (A) MDA-MB-231, (B) BT-20 and (C) MDA-
MB-436 cell lines

4.15. The Effect of Ectopic miR-329 Expression on Colony Formation and Cell

Proliferation

MDA-MB-231, BT-20 and MDA-MB-436 cells were transfected either with and MNPs-
miR 329 and HiPerFect-miR 329 to investigate the influence of miR-329 on colony
formation ability. As illustrated in Figure 4.21, miR-329 treatment led to a significant
reduction in colony formation compared to the miR-control treated cells. The colonies %
were found to be as 4% (45% miR-control, ***p < 0.001), 11% (46% miR-control, ***p <
0.001) and 29% (87% miR-control, ****p < 0.0001) for MDA-MB-231, BT-20 and MDA-
MB-436 cells, respectively, after MNPs-miR 329 transfection. The obtained results also
revealed that the produced MNPs performed a similar ability as the commercial
transfection reagent. When the cells were treated with HiperFect-miR 329, the percentage
of the colonies was obtained as 7% (50% miR-control, ***p < 0.001), 13% (49% miR-
control, ***p <0.001) and 45% (90% miR-control, ***p < 0.001) for MDA-MB-231, BT-
20 and MDA-MB-436 cells, respectively. Figure 4.21 also shows that for all cell lines, bare

MNPs and HiperFect have non-significant effect on clonogenicity.
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Figure 4.21. The effect of miR-329 expression on TNBC cell clonogenicity (A) MDA-MB-
231, (B) BT-20 and (C) MDA-MB-436 cell lines

Further, the impact of miR-329 at 25 nM and 50 nM concentrations on TNBC cell
proliferation was also determined via MTS assay. The results are given in Figure 4.22. A
significant inhibition in cell growth was observed for all cell lines for both concentrations.
In addition, as the amount of miR-329 increased for all cell lines, proliferation of the cells
decreased. MNPs-miR 329 (50 nM) transfected MDA-MB-231 cells, BT-20 cells and
MDA-MB-436 cells had 58% (**p < 0.01), 59% (***p < 0.001) and 68% (***p < 0.001)
viability, respectively. In a similar manner, after transfecting the cells with HiperFect-miR
329, significantly decreased cell viability values were obtained as 58% (**p < 0.05), 53%
(***p < 0.001) and 81% (***p < 0.001) for MDA-MB-231, BT-20 and MDA-MB-436
cells, respectively. All data were normalized against to their miR-controls. These results

confirm the inhibiting effects of miR-329 expression in TNBC cells.

58



A (B)

MDA-MB-231 BT-20
150 = 150 =
-~ =% _EE - ok * ok
7
i) & % *xok
= =
2 100- S 100
= =
— Bt
S =
= 2
50 50
s & =0
3 3
) @]
“QQ to&
& & &
& & g & & & &
& S $ 3° 8
& 8 SR
©)
MDA-MB-436
150-
= koK ok sk
2
< * KKK
= o AR
S 100 g
=
ko3
1)
=
2
E 50
T
@]
() =
8 8 M > N M N
o) ) = o) N N e
N MM AP AR
LA SO R R G- S )
RO A VAR S S VA
& &FHFH gy SHSHE
T S S
& & Q@éf ng" & & & \Sq
e P
& & T F NS
/R

Figure 4.22. The effect of miR-329 (25 nM-50 nM) on TNBC cell proliferation (A) MDA-
MB-231, (B) BT-20 and (C) MDA-MB-436 cell lines

4.16. The Effect of Ectopic miR-329 Expression on Cell Migration

To examine whether miR-329 expression suppresses MDA-MB-231, BT-20 and MDA-
MB-436 cell migration, wound healing assay was performed. The obtained results showed
that the number of migrated cells was significantly lower in miR-329 transfected cells
either by using HiPerFect or MNPs comparing to miR-control treated groups. Figure 4.23
A demonstrates that after 48 h, in MDA-MB-231 cells, MNPs-miR 329 transfected cells
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covered almost 57% of the space while MNPs-miR control treated cells covered 84%
(****p < 0.0001). In BT-20 cells, after MNPs-miR 329 treatment, the cells covered 30%
compared to its control (72%, ***p < 0.001) (Figure 4.23 B). Similarly in MDA-MB-436
cells, 58% of space was covered using MNPs-miR 329 compared to MNP-miR control
(78%, **p < 0.01) (Figure 4.23 C). In addition, overexpression of miR-329 via HiperFect
also reduced the number of the migrated cells for all cell lines. 63% (81% miR-control,
*Hxp < 0.001), 43% (69% miR-control, ***p < 0.001) and 61% (77% miR-control, *p <
0.05) of the spaces were covered using HiPerFect-miR 329 in MDA-MB-231, BT-20 and
MDA-MB-436 cells, respectively. Moreover, the results also revealed that bare MNPs had

no effect on cell migration.
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Figure 4.23. The effect of miR-329 expression on TNBC cell migration (A) MDA-MB-
231, (B) BT-20 and (C) MDA-MB-436 cell lines

4.17. The Effect of Ectopic miR-329 Expression on Cell Invasion

In miR-329 treated TNBC cells, a significant decrease in the number of invasive cells was
observed with either using HiPerFect or MNPs as a transfection reagent. The results are
given in Figure 4.24. For MDA-MB-231 cell line, 48% of the cells invaded after
HiPerFect-miR 329 treatment whereas 46% of the cells invaded after using MNPs-miR
329 compared to their controls, HiPerFect-miR control (97%, ****p < 0.0001) and MNPs-
miR control (85%, ***p < 0.001), respectively. Similarly, for BT-20 cells, the percentage
of invaded cells was found to be as 52% for HiPerFect-miR 329 treated group and 45% for
MNPs-miR 329 treated group, in comparison with the control groups (99% and 90%,
respectively, ***p < 0.001). The least number of invaded cells was obtained for MDA-
MB-436 cells incubated with HiPerFect-miR 329 (30%) and MNPs-miR 329 (28%)
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comparing to HiPerFect-miR control (96%, ***p < 0.001) and MNPs-miR control (73%,
*H#%p < 0.001), respectively. Besides, the results also revealed that bare MNPs have no

significant effect on cell invasion.
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Figure 4.24. The effect of miR-329 expression on TNBC cell invasion (A) MDA-MB-231,
(B) BT-20 and (C) MDA-MB-436 cell lines

4.18. The Effect of Ectopic miR-329 Expression on Apoptosis

Apoptosis analysis was carried out to elucidate the effects of miR-329 expression on
apoptosis in MDA-MB-231 and MDA-MB-436 cells by using FITC Annexin V Apoptosis
Detection Kit. The results are given in Figure 4.25 and 4.26. As it is seen, treating MDA-
MB-231 and MDA-MB-436 cells with MNPs-miR 329 increased the number of apoptotic
cells from 8% to 13% and from 5% to 10% comparing to the MNPs-miR control groups
(*p < 0.05), respectively. Correlatively, using HiperFect as a miR-329 delivery reagent
also resulted in an increased apoptosis rate for both cell lines. For example, in MDA-MB-
231 cells, 14% apoptotic cells (comparing to HiPerFect-miR control (6%) **p < 0.01)
were obtained while the percentage of the apoptotic cells was found to be 9% in MDA-
MB-436 cells (comparing to HiPerFect-miR control (6%) *p < 0.05) after the treatments.
These results revealed that miR-329 expression induced apoptosis rates for both used cell

lines.
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Figure 4.25. Flow cytometry results after treating the cells with miR-329 (A) MDA-MB-
231 and (B) MDA-MB-436 cell lines
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Figure 4.26. The apoptotic effect of ectopic miR-329 expression in TNBC cells (A) MDA-
MB-231 and (B) MDA-MB-436 cell lines

4.19. The Effect of Ectopic miR-329 Expression on TNBC Cells at Molecular Level

In Figure 4.20, it was previously demonstrated that miR-329 delivery by MNPs and
HiPerFect in all TNBC cells led to a drastic inhibition in eEF2K and AXL protein levels.
Further, the affected downstream targets and signaling pathways were identified after miR-
329 expression in MDA-MB-231, BT-20 and MDA-MB-436 cells. A remarkable decrease
in TNBC cell migration and invasion was previously showed in Figure 4.23 and 4.24 as a
result of the treatment with miR-329. To elucidate the inhibiting effect of miR-329 in
migration and invasion at molecular level, Src and FAK protein levels in the cells were
examined. Src is a protein that regulates migration, invasion, adhesion and proliferation in
BC cells. FAK is a protein that auto phosphorylated on Tyr-397 and has a key role in
migration and cell adhesion [204]. As demonstrated in Figure 4.27, a significant
knockdown was observed in p-Src and p-FAK after miR-329 overexpression in TNBC
cells while no changes were observed in total Src and total FAK. Moreover, the level of
cyclin D1, which is involved in cell cycle and development/progression of cancer [204],
was also dramatically inhibited after miR-329 treatment in all TNBC cells (Figure 4.27).
Comparing the potential of MNPs and HiPerFect considering inhibition of target proteins,

both nano-carrier systems exhibited almost same powerful effect.
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Figure 4.27. The effect of ectopic miR-329 expression on downstream targets and
signaling pathways in TNBC cells (A) MDA-MB-231 and (B) BT-20 and (C) MDA-MB-
436 cell lines

4.20. The Effect of Suppressed eEF2K and AXL Levels on Clonogenicity

To confirm the reduced cell proliferation, migration and invasion activity that miR-329
expression leads through eEF2K and AXL inhibition, the influence of eEF2K and AXL
knockdown on cell proliferation, migration/invasion in TNBC cells was examined. For this
purpose, MDA-MB-231, BT-20 and MDA-MB-436 cells were also treated with eEF2K
siRNA, AXL siRNA and eEF2K+AXL siRNA by using only HiPerFect as a siRNA

transfection reagent.
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Figure 4.28. The effect of eEF2K and AXL inhibition on TNBC cell clonogenicity (A)
MDA-MB-231, (B) BT-20 and (C) MDA-MB-436 cell lines

As it is seen in Figure 4.28 knockdown of eEF2K and AXL led to a significant reduction in
colony formation of TNBC cells. In MDA-MB-231 cells 2% (***p < 0.001) and 12%
(***p < 0.001) of colonies were formed when the cells interacted with eEF2K and AXL
siRNA (in comparison to control-siRNA treated cells), respectively. Moreover, the
percentages of the colonies formed in BT-20 and MDA-MB-436 cells were found to be as
14% (***p < 0.001) and 17% (***p < 0.001) for eEF2K siRNA treated cells. AXL
downregulation by specific siRNA treatment exhibited a drastic inhibitory effect resulting
in formation of colonies as 18% (***p < 0.001) and 13% (***p < 0.001) for BT-20 and
MDA-MB-436 cells, respectively.

4.21. The Effects of eEF2K and AXL Knockdown on Cell Migration/Invasion

Migration and invasion activities were also analyzed in eEF2K and AXL siRNA treated
TNBC cells. The wound healing assay results are given in Figure 4.29, 4.30 and 4.31. It
was observed that the number of migrated cells was significantly reduced after silencing
eEF2K and AXL in the cells. Figure 4.29 indicates that for MDA-MB-231 cells, 48%, 44%
and 42% of the spaces were covered after eEF2K, AXL and eEF2K+AXL siRNA

treatments, respectively, comparing to the control-siRNA treated cells (****p < 0.0001).
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Figure 4.30 shows that these values were found to be as 67%, 42% and 48% in eEF2K,
AXL and eEF2K+AXL siRNA treated BT-20 cells, respectively, (****p < 0.0001). In
addition, in MDA-MB-436 cells silencing eEF2K, AXL and eEF2K+AXL led to cells to
cover the 52%, 49% and 33% of the spaces, respectively, (****p < 0.0001) (Figure 4.31).
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Figure 4.29. The effect of eEF2K and AXL knockdown on MDA-MB-231 cell migration
(A) Cell images after 0 h, 24 h and 48 h (B) Open area (%) of the space for 24 h and 48 h
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Figure 4.31. The effect of eEF2K and AXL knockdown on MDA-MB-436 cell migration
(A) Cell images after 0 h, 24 h and 48 h (B) Open area (%) of the space for 24 h and 48 h
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Figure 4.32. The effect of eEF2K and AXL knockdown on TNBC cell invasion (A) MDA-
MB-231, (B) BT-20 and (C) MDA-MB-436 cell lines
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In Figure 4.32, it was demonstrated that when the cells were interacted eEF2K, AXL and
eEF2K+AXL siRNA, the number of invaded cells were dramatically decreased. After
knockdown of ¢eEF2K, AXL and eEF2K+AXL in MDA-MB-231 cell line, 26%, 34% and
20% of the cells invaded, respectively, compared to control-siRNA (****p < 0.0001)
(Figure 4.32 A). Similar results were obtained considering the percentage of the invaded
cells for BT-20 (30%, 31% and 30%) after eEF2K, AXL and ¢EF2K+AXL siRNA
treatments, respectively, comparing to control-siRNA (***p < 0.001) (Figure 4.32 B) and
for MDA-MB-436 cells (29%, 33% and 24%) after eEF2K siRNA (***p < 0.001), AXL
siRNA (**p < 0.01) and eEF2K+AXL siRNA (***p < 0.001) treatments, respectively,
comparing to control-siRNA. (Figure 4.32 C).

The results demonstrated in Figures 4.28, 4.29, 4.30, 4.31 and 4.32 reveal that silencing
eEF2K and AXL leads to a remarkable reduction in colony formation, migration and
invasion of TNBC cells. Inhibition of eEF2K and AXL recapitulates the effects of miR-
329 confirming that the effects of miR-329 ectopic expression are mediated through

eEF2K and AXL downregulation.

4.22. The Effect of eEF2K and AXL Knockdown on TNBC Cells at Molecular Level

To confirm that the effect of miR-329 in cells at molecular level is as a result of its
targeting and inhibiting ability to eEF2K and AXL, the cells were also transfected with
eEF2K and AXL siRNA, and the samples were analyzed by Western Blot assay. Figure
4.33 demonstrates that silencing eEF2K and AXL by specific siRNAs markedly
downregulated the expression levels of eEF2K, AXL, p-Src, p-FAK and Cyclin D1
compared to the cells treated with control-siRNA. The expression levels of total Src and
FAK did not change. Observing similar molecular effects after miR-329 mimic or
eEF2K/AXL siRNA treatments in TNBC cells confirms that miR-329 recapitulates the
effects of eEF2K and AXL downregulation.
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Figure 4.33. The effect of eEF2K and AXL knockdown on TNBC cells at molecular level
(A) MDA-MB-231, (B) BT-20 and (C) MDA-MB-436 cell lines

4.23. Animal Studies

To elucidate the role of miR-329 as a therapeutically potential target in TNBC tumor
growth, tumorigenesis and progression, MNPs based miR-329 therapy was
intraperitoneally administrated into MDA-MB-231 and MDA-MB-436 orthotopic
xenograft models in nude mice. About 2 weeks later of implanting the cells into the
mammary fat pad of mice, MNPs-miR 329 and MNPs-miR control groups were injected
weekly during four weeks of treatment. No detectable toxicity was observed in mice at the
end of the treatments. The tumor volumes of each mouse were measured once a week and
the results are given in Figure 4.34 and Figure 4.36 for MDA-MB-231 and MDA-MB-436
tumor model, respectively. The results demonstrate that in both model, the rate of tumor
growth in the mice treated with MNPs-miR 329 is remarkably lower than that the mice
treated with MNPs-miR control. The xenograft tumors were collected and analyzed by
Western Blot assay for eEF2K, AXL and several downstream targets involved in cell
proliferation, migration/invasion. As shown in Figure 4.35 and 4.37, in vivo delivery of

miR-329 via MNPs drastically inhibited the protein levels of eEF2K or p-EF2, AXL, p-
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Src, p-FAK and Cyclin D1 in MDA-MB-231 and MDA-MB-436 xenograft models in nude

mice.
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Figure 4.34. The tumor volumes of MDA-MB-231 orthotopic xenograft model in mice
after MNPs-miR 329 treatment
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Figure 4.35. The molecular effect of MNPs-miR 329 treatment in MDA-MB-231

orthotopic xenograft model in mice
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Figure 4.36. The tumor volumes of MDA-MB-436 orthotopic xenograft model in mice
after MNPs-miR 329 treatment
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Figure 4.37. The molecular effect of MNPs-miR 329 treatment in MDA-MB-436

orthotopic xenograft model in mice.
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This study reported for the first time that miR-329 mimic has a tumor suppressor role in
TNBC by directly inhibiting the expression levels of eEF2K and AXL, and resulting in a
drastic reduction in cell proliferation, invasion/migration and tumorigenesis. Moreover, it
was also demonstrated for the first time that using novel PLL/Ser-SPIONs (in the study it
was abbreviated as ‘MNPs’) as a transfection agent can enable successful delivery of miR-
329 and hence specific downregulation of eEF2K and AXL in vitro and in vivo orthotopic
tumor models, providing a highly potential and safe carrier system to be used for novel

miRNA therapeutics.

Recent studies have revealed that eEF2K is a significant molecule in several cancer types
such as brain, pancreatic and breast cancer [200, 201, 205, 206, 234, 235]. It is a
calcium/calmodulin activated member of o-kinase family and promotes protein
synthesis, induction of autophagy, apoptosis and cell cycle progression in cancer cells
[236, 237]. Phosphorylation and inactivation of eEF2 (at threonine 56) regulate the activity
of eEF2K and thereby protein chain elongation rate [238-240]. eEF2K is also included in
cell survival during nutrient deprivation, DNA damage, metabolic stress and hypoxia via
regulating the translation rate [241, 242]. It was previously reported that eEF2K is
involved in several cellular processes such as cell proliferation, invasion/migration,
progression and tumorigenesis of TNBC as a result of regulation in cyclin DI, c-

myc, PI3K/Akt, Src, FAK signaling pathways [205, 206, 234].

AXL, the ligand of GAS6 and a member of the RTK family, plays an important role in a
number of biological processes that regulate proliferation, migration, survival, invasion,
autophagy, drug resistance and angiogenesis [208, 209]. The numerous studies indicating
the high expression levels of AXL in ovarian, prostate, lung, pancreas and breast cancer
and the remarkable correlation between the AXL expression and the tumor stage made

AXL a potential oncogenic target in patients [216].

Since recent reports suggest that eEF2K and AXL are critical prognostic factors and
potential molecular targets in BC, targeting strategies against those molecules may be a
promising approach for the development of novel treatment options for TNBC. In a work
by Bayraktar et al. [204] eEF2K was reported as highly overexpressed in TNBC cells. In
addition to this, in the current study it was also demonstrated that TNBC cells have high
expression levels of AXL. Furthermore, as a result of an extensive analysis of miR

database, it was found that miR-329 expression is related with significantly longer survival
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in TNBC patients. More important, it was demonstrated that miR-329 expression is lost
or dramatically reduced in the majority of TNBC cell lines comparing to non-cancerous

breast cells.

In various cancer types such as glioma, lung, melanoma, pancreatic and ER/PR(+)
breast cancer, the expression of miR-329 was determined to be deregulated and
inversely correlated with pathological characteristics [22-26]. However, the potential role
and molecular mechanism of miR-329 as a miRNA therapeutic was not identified in

TNBC.

In the present study, it was showed that in vitro and in vivo overexpression of miR-329
recapitulates the effect of eEF2K and AXL knockdown in TNBC that results in
inhibition of cancer cell proliferation, migration/invasion and tumor growth/progression.
Not surprisingly, in vivo delivery of miR-329 in mice elicited Src/FAK and Cyclin D1
inhibition revealing that regulation of these pathways by miR-329 is associated with
eEF2K and AXL suppression. Given that results of inducing miR-329 expression or
silencing eEF2K and AXL by siRNA-based strategies inhibit tumor growth in mice, it can
be suggested that the targeting therapeutic strategies for miR-329/eEF2K and miR-
329/AXL may provide extensive antitumor effects in consequence of inhibition of multiple

oncogenic pathways.

miRNA replacement therapy has emerged as a promising therapeutic option by regulating
specific genes which possess important roles in many pathological processes [243]. The
potential use of therapeutic miRNAs against cancer is being investigated in clinical trials in
the US [244]. The significant antitumor efficacy of ncRNA such as siRNAs and miRNAs
has been proved by several recent studies if RNA molecules are delivered properly into
tumors [244, 245]. Therefore, a safe and clinically feasible delivery tools are required for

efficient cancer treatment.

In the current study, a nano-carrier system was developed to be used as a delivery tool for
miR-329 for the in vitro and in vivo TNBC therapy. miR-329 loaded MNPs were
produced, and the target proteins inhibiting and subsequently resulting cellular effects of
those nano-therapy systems were investigated. MNPs have been used for many years as a
drug/gene delivery tool and MRI agent with their unique properties. Small dimensions that
MNPs have enable them to localize in the narrowest blood vessel and penetrate the cell

membrane. In addition, they can be directed by an external magnetic field in
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the targeted area to deliver their therapeutic drug or gene payload with their ferromagnetic
and superparamagnetic properties [176]. In this work, using MNPs as a transfection
reagent provided a safe and efficient delivery of miR-329 in vitro and in vivo
resulting in a  significant  inhibition of eEF2K and AXL. With the
enhanced permeability and retention (EPR) effect, MNPs may successfully escape the
reticuloendothelial system (RES) and accumulate into the tumor. Taken together, this
MNPs-miR 329 is found to be a promising and useful tool for TNBC cancer therapy. Due
to the multifunctional roles of MNPs in cancer biology such as monitoring, diagnosis,
targeting and therapy [172], it is also suggested that these produced MNPs may also be

useful for imaging applications for cancer detection in further studies.
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5. CONCLUSION

SPIONs, APTES-SPIONs, Ser-SPIONs and PLL/Ser-SPIONs were successfully
synthesized and characterized. The size range of the all produced nanoparticles was
measured as between 10 and 30 nm after TEM analysis. The zeta potential of the
nanoparticles was found to be as 20.50 mV, 33.03 mV, -9.20 mV and 13.10 mV for
SPIONs, APTES-SPIONs, Ser-SPIONs and PLL/Ser-SPIONSs, respectively, by
DLS measurements. After loading PLL/Ser-SPIONs with miR-control at
concentrations of 25 nM, 50 nM and 100 nM, zeta potential values of the obtained

nanoparticles were measured as -11.34 mV, -12.75 mV and -14.80 mV.

FTIR analysis results proved that all samples (Sericin, SPIONs, APTES-SPION:S,
Ser-SPIONs and PLL/Ser-SPIONs) were synthesized successfully.

SPIONs and PLL/Ser-SPIONs synthesized in the studies were found to exhibit
magnetic properties by ESR analysis.

To evaluate the in vitro degradation behaviours of PLL/Ser-SPIONs at pH 7.4 and
5.5, the nanoparticles were incubated at 37°C in PBS containing lysozyme. The
mass remainings (%) of the nanoparticles in 15 days were 85% and 83% incubated
in pH 5.5 and 7.4, respectively. According to the obtained results, PLL/Ser-SPIONs
exhibited a controllable degradation profile and fulfilled all the requirements for a

proper drug delivery system.

For the storage stability of Ser-SPIONs and PLL/Ser-SPIONSs, after four weeks
incubation of nanoparticles at 4°C in PBS, the percentage of intact nanoparticle
content was found as 92% and 98% for Ser-SPIONs and PLL/Ser-SPIONSs,

respectively.

PLL/Ser-SPIONs were interacted with miR-controls having concentrations of 25
nM, 50 nM and 100 nM and the binding efficiencies (%) of each MNPs-miR
control were determined using a fluorometric method. 99.3%, 98.5% and 97.7%
binding efficiencies were achieved when using 25 nM, 50 nM and 100 nM of miR-

control, respectively.
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The in vitro release of miR-329 from PLL/Ser-SPIONs was evaluated using various
miRNA concentrations (25 nM-50 nM-100 nM). All miRNA loaded nanoparticles
showed a slow and sustained release profile that contributes to prolonging miRNA

effectiveness.

The intracellular localization of produced MNPs-miR-control in MDA-MB-231
cells was evaluated via TEM analysis. According to the results, incubating the cells
with the MNPs-miR control systems for 24 h led to a successful localization in cell

cytoplasm.

High uptake of control siRNA-Alexa Flour 555 loaded MNPs by MDA-MB-

231 cells was observed by confocal microscopy analysis.

Non-significant cytotoxicity and reduction in colony formation ability of bare
nanoparticles against non-cancerous (L929) and TNBC cells were observed. Only
very high amount of nanoparticles showed a significant toxic effect and inhibition

in colony formation.

Several miR databases were broadly investigated and showed that miR-329

expression is associated with significantly longer survival in patients with TNBC.

RT-qPCR analysis revealed that in the majority of TNBC cell lines, miR-329

expression level is lost or markedly reduced.

In vitro expression of miR-329 mimic using either MNPs or a commercially
available transfection reagent successfully suppressed cell proliferation, colony
formation, invasion and migration inhibiting the levels of eEF2K and AXL in
TNBC. Downregulation of eEF2K and AXL by using specific siRNAs
recapitulated the effects of ectopic expression of miR-329 and significantly reduced

TNBC cell proliferation, colony formation, invasion and migration.

In vivo delivery of miR-329 by using MNPs into TNBC orthotopic xenograft

mouse models led to a drastic inhibition of tumor growth and knockdown of
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eEF2K and AXL expression. In vivo inhibition of eEF2K and AXL decreased the
expression levels of Src/FAK and cyclin D1 that have key roles in
invasion/migration and cell cycle pathways, respectively. Remarkably, PLL/Ser-
SPIONs based miR-329 therapy in mice did not cause any side effects suggesting

that miR-329 mimic nano-therapy is a safe and clinically feasible approach.

In conclusion, the presented study demonstrated for the first time that miR-329 acts as
a tumor suppressor molecule in TNBC and its expression is associated with
cell proliferation, migration/invasion and tumorigenesis. miR-329 expression in TNBC is
found to have the ability of directly targeting and inhibiting eEF2K and AXL and
subsequently suppress several hallmarks of cancer. Therefore, miR-329 mimic replacement
therapy may be a novel and potential therapeutic approach for TNBC. This study also
revealed that PLL/Ser-SPIONs based miRNA delivery system can effectively inhibit in
vivo tumor tissue growth and the target genes. This novel nano-carrier has a potential for a
useful and safe approach for the delivery of miRNA-based therapeutics for cancer

treatment.
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