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ABSTRACT 
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BIOCHEMICAL STRATEGY IN CANCER THERAPY 
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Supervisor: Prof. Dr. Emir Baki DENKBAŞ 

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.  
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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, 

miR-329, eEF2K, AXL 
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Meme kanseri, dünya çapında ikinci en yaygın görülen kanserdir. Üçlü negatif meme 

kanseri, hastalarda yüksek metastaz, nüks ve mortalite oranına sahiptir ve diğer meme 

kanseri alt tiplerine kıyasla oldukça agresif bir tiptir. Önemli genetik heterojenliğe sahip 

olması, östrojen reseptörü, progesteron reseptörü ve insan epidermal büyüme faktörü 

reseptörü 2 gibi tanımlanmış moleküler hedeflerin bulunmaması nedeniyle, üçlü negatif 

meme kanseri için etkili bir hedeflenmiş tedavi stratejisi yoktur. Son yıllarda ortaya çıkan 

kanıtlar, kısa kodlayıcı olmayan mikroRNA'ların (miRNA), hücre döngüsü, proliferasyon, 

farklılaşma, migrasyon/invazyon ve yaşlanma gibi yolaklarda aktif olan hedef genlerin 

ekspresyonunu düzenleyerek çeşitli kanser patofizyolojik süreçlerine geniş ölçüde dahil 

olduklarını ortaya koymuştur. miRNA'lar, hedef mRNA’nın bozunmasını veya 

translasyonun inhibisyonunu sağlayarak terapötik olarak önemli bir rol kazanır. Bu nedenle 

miRNA bazlı terapötikler, özellikle üçlü negatif meme kanseri hastaları için yeni bir 
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terapötik yaklaşım olabilir. Bununla birlikte, miRNA'ların klinik çalışmalarda başarılı bir 

şekilde kullanılabilmesi için güvenli ve verimli salım sistemleri gerekmektedir. 

Sunulan çalışmada, poli-L-lizin (PLL) ile modifiye edilmiş serisin kaplı süperparamanyetik 

demir oksit nanopartiküller (SPION’lar) (PLL/Ser-SPIONs’lar) üçlü negatif meme kanseri 

tedavisi için miRNA salım aracı olarak sentezlendi ve karakterize edildi. PLL/Ser-

SPION'lar, + 13 mV olan katyonik zeta potansiyel değerine sahip olarak 25-30 nm boyut 

aralığında elde edildi. Sentezlenen nanoparçacıklar farklı derişimlerdeki kontrol miRNA 

ile etkileştirilmiş ve bağlanma verimi aralığı %97-99 olarak bulunmuştur. Transmisyon 

elektron mikroskopisi (TEM) ve konfokal mikroskopi analizleri ile miR-kontrol veya 

kontrol-siRNA yüklü PLL/Ser-SPION'ların üçlü negatif meme kanseri (MDA-MB-231) 

hücreleri tarafından başarılı bir şekilde hücre içine alındığı ortaya konuldu. miR-329, 

birkaç miRNA veritabanı analiz edildikten ve üçlü negatif meme kanseri hastalarında aşırı 

ekspresyonunun yüksek sağkalım oranı ile ilişkili olduğu keşfediltikten sonra hedef 

miRNA olarak seçildi. Kantitatif ters transkripsiyon polimeraz zincir reaksiyonu (RT-

qPCR) ile miR-329'un ekspresyon seviyesinin birçok üçlü negatif meme kanseri hücre 

hattında önemli derecede düşük olduğu gösterilmiştir. miR-329'un hem üretilen PLL/Ser-

SPION'lar hem de ticari bir transfeksiyon reaktifi kullanılarak in vitro olarak verilmesi üçlü 

negatif meme kanseri hücrelerinde çoğalmayı, invazyonu ve migrasyonu inhibe ettiği ve 

apoptozu arttırdığı gözlemlenmiştir. miR-329 temelli tedavinin altında yatan moleküler 

mekanizma, bir dizi hedef tahmin algoritması ile araştırılmış ve miR-329'un, ökaryotik 

uzama faktörü-2 kinaz (eEF2K) ve AXL genlerinin 3'-UTR'sinde bağlanma bölgelerine 

sahip olduğu gösterilmiştir. Ek olarak, western blot analizi ile üçlü negatif meme kanseri 

hücre dizilerinde hem eEF2K hem de AXL'in artmış ekpresyon seviyeleri gözlenmiş ve 

ayrıca bu genlerin üçlü negatif meme kanseri hastalarında daha kısa genel sağkalım ile 

ilişkili olduğu bulunmuştur. Daha da önemlisi, üçlü negatif meme kanseri hücrelerinde 

miR-329 verilmesinden sonra, hem eEF2K hem de AXL ekpresyonunun önemli ölçüde 

inhibe edildiği ortaya konmuştur. Üçlü negatif meme kanseri hücreleri ayrıca eEF2K ve 

AXL’ye spesifik küçük interfere edici RNA'lar (siRNA'lar) ile muamele edilmiş ve bu 

genlerin susturulması hücre büyümesini ve invazyon/migrasyonu azaltarak miR-329'un 

ektopik ekspresyonunun etkilerini tekrar etmiştir. Ayrıca, farelerde üçlü negatif meme 

kanseri ortotopik ksenograft modellerinde (MDA-MB-231 ve MDA-MB-436) miR-329 

yüklü PLL/Ser-SPION'ların in vivo olarak uygulanması, tümör büyümesinin önemli 

derecede inhibisyonuyla sonuçlanmıştır. Western blot analizi ile tümör örneklerinde 
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eEF2K ve AXL seviyelerinin de önemli ölçüde azaldığı gözlenmiştir. Ayrıca, farelerde 

PLL/Ser-SPIONs-miR-329 tedavisinin saptanabilir yan etkilere neden olmadığı 

gözlemlenmiştir. Bu bulgular, miR-329'un bir tümör baskılayıcı olarak işlev gördüğünü ve 

azaltılmış ekspresyonunun, üçlü negatif meme kanserinin ilerlemesine yol açan eEF2K ve 

AXL ekspresyonlarında bir artışla sonuçlandığını düşündürmektedir. Dahası, bu çalışma 

PLL/Ser-SPION'u çok fonksiyonlu özelliği ile potansiyel bir theranostik (terapi+teşhis) 

ajan olarak önermektedir. Sonuçlar hep birlikte ele alındığında, bu çalışma PLL/Ser-

SPIONs-miR-329 sisteminin üçlü negatif meme kanserine karşı güvenli ve yüksek bir 

antitümör etkinliği sağlayan umut verici ve yeni bir miR-terapi stratejisi olabileceğini 

göstermektedir. 

 

 

Anahtar Kelimeler: üçlü negatif meme kanseri, süperparamanyetik demir oksit 

nanopartiküller, 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 is 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 
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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 
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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.  
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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-most9deaths 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)acarcinoma, invasivealobularacarcinoma, infiltrating ductalacarcinoma, 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 

aductal acarcinoma and in asitu lobular carcinoma are the two main types of non-invasive 

BC. BCs can spread to the different aparts aof athe abody 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 
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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 abasis aof the expression aof PR, aER and aHER2 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 ERα signaling. Another 

molecular target, HER2 ais aa transmembrane areceptor atyrosine akinase (RTK) classified 

in the family of aepidermal agrowth afactor areceptor. 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, aHER2 aenriched, aluminal aA and 

luminal aB) aaccording ato athe aexpression alevels 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, aHER2− and aER+ and/or aPR+. These types of tumors are often identified as 

low-grade, and they respond to the ahormonal atherapies asuch as atamoxifen (ER 

modulator) and aaromatase inhibitors and therefore, they commonly show the best results 

aamong aall asubtypes [56, 57]. aLuminal aB atumors which are known as amore 

aaggressive, overexpress all three main receptors; aHER2+ and aER+ and/or aPR+ or 

aHER2– and ER+ aand/or aPR+, ahigh 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, 
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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]. 

 

 

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 aER-negative character and aare 

distinct from aER-positiveatumors 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 

TNBCaisacharacterizedaby the lackaofaHER2 overexpression or gene amplification, and 

no expression of ER and PR [66]. TNBCsaaccountafor about a15 ato a20% of aall 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 BRCA1 [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 

Table 2.1. aMolecular asubtypes aof abreast acancer [63] 
Moleculara Subtypes aProfile of Biomarkers aPrevalence 

(%) 

aLuminalaA aER+aand/oraPR+,aHER2–,alowaKi67 42-59 

aLuminalaB aER+aand/oraPR+,aHER2+,aor, 

aER+aand/or PR+,aHER2–,ahighaKi67 

6-19 

aHER2 enriched aER–,aPR–,aHER2+ 7-12 

aBL/Triple Negative aER–,aPR–,aHER2– 14-20 
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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 
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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 (T1-2N0) 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 
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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 ofaBLatumors can express 

HER2,aPRaoraER and at a minimum another abasal amolecular 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 pathologicalacompletearesponsea(pCR) rates 

thereafter aneoadjuvant 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 

familyakinase and phoshoinositidea3-kinasea(PI3K)/mammalianatargetaofarapamycin 

(mTOR)ainhibitors 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, athe 

aIM asubclass is characterized for T cell functions and aimmune aresponse-mediated acell 

signalinga awith aantigen apresence. Molecular targeting is very important in TNBC, and 
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resistance to targeted therapies has to be taken into consideration for an effective TNBC 

treatment [53]. 

 

Table 2.2. GenomicaTNBCasubtypesaandatherapeuticatargets [40, 53, 90] 

TNBC 
Subtypesa 

GeneticaAbnormalities PotentialaTherapeutic 
Targeta 

BL 1 Proliferation drivers: cell cycle, cell 
division, DNA damage response (ATR-
BRCA pathway) 

PARP inhibitors 

Cisplatin 

BL 2 Growth factor and metabolic signal 
pathways (MET, EGFR, Wnt/β-catenin) 

mTOR, inhibitors 

Growth factor inhibitors 

LAR Hormonal-mediated signaling-
androgenareceptoragene 

Luminalageneaexpressionapattern 

Anti androgen therapy 

PI3K inhibitors 

IM Immune cell processes PDI/PDLI inhibitorsa 

M Celladifferentiation 

Cellamotility 

Growthafactorasignaling 

EMT 

mTORainhibitors 

Growth factor inhibitors 

Src inhibitors 

MSL Low proliferation 

Angiogenesis genes 

Growth factor inhibitors, 
mTOR inhibitors, 
PI3Kainhibitors, 

Antiangiogenicatherapy 

Srcaantagonist 

(UNS) DNA damage responses and cell 
proliferation 

PARP inhibitors 

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 atransfer aRNAs (tRNAs), aribosomal aRNAs (rRNAs), small 

nucleolar aRNAs (snoRNAs), amicroRNAs (miRNAs), siRNAs, asmall-nuclear RNAs 

(snRNAs), apiwi-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 ahalfaof the miRNAsaare 

found in delicate genomicaregions which induce the cancerarisk [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]. 

Theseagenesaareainvolved in severala essential biologicalaprocesses 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 amRNA atranslation ainhibition ora mRNAa induction degradation 

as a result of binding of amiRNAs to the a3′-UTR aof the targetamRNAs. aThis 

mechanism initiates with transcription of primary-miRNAs (pri-miRNAs) from the 

protein-coding genes by the activation of typeaIIaRNAapolymeraseaenzyme. aPri-

miRNAs have a acap aat athe a5′ aend aand a poly-A atail aat athe a3′ 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 

aDrosha) and DGCR8 (aadouble-strandabindingaprotein). Then, by 

nuclearareceptoraexportina5aactivity, apre-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 complexacalled the aRNA-

inducedasilencingacomplex (RISC). This complex binds complementarily toathe 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 suchaas 

differentiation, aproliferation, development, cellacycleaandaapoptosis. Basedaon a study, 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 aanovel 

therapeuticaapproachainatheatreatmentaofacancer. 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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thisaplaysaaaroleainacarcinogenesis oraprogressionaofacancer. Therefore, miRNA 

replacement therapy has rapidly become aanovelaandapromisingatherapeuticaapproach 

forathe treatmentaofacancer [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].  

 

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 

shouldabeanon-toxic,anon-immunogenic, biocompatibleaand biodegradable [137].aViral 

vectors aand anon-viral avectors are the common carriers to deliver the miRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 anucleic aacid adelivery ato athe 

target acells. 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 agene 

therapy, the aapplication aof the aviralavectors 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]. To 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.  

 

 

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

SPIONs are promising materials in cancer therapy and diagnosis among other nanoparticle 

types with their superparamagnetic and surface modification characteristics. IONs 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, Fe3O4, and they are converted to maghemite, -Fe2O3, when they are 

interacted with oxygen. In body, the metabolism of SPIONs 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 SPIONs 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 : 

 High magnetization 

 Small size and optimized surface charge values 

 Proper surface coating to avoid from aggregation and possible toxicity 

 Capability to react with various functional groups, receptors and drugs or genes 

 High ability of targeting and drug delivery 

 Increased high life 

 Contrast enhancement characteristics for malignant cell and tissue imaging 

 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]. 

 

 

 

 

 

 

 

 

 

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

 

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], ahead aand aneck asquamous acell acarcinoma 

[183], gastricacancer [184, 185], colorectal [186-188], thyroid cancer [189], pancreatic 

cancer [25], bile duct cancer [190] or cholangiocarcinoma [191], hepatocellular cancer 

(HCC) [192], anon-smallacellalungacancer [193] and breastacancer [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, Talymphomaainvasionaandametastasisa1a(TIAM1)agene 

was identified as aapotentialatarget for amiR-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, ap130Cas/BCaanti-

estrogenaresistancea1, whichabelongsa toa the Cas (Crk-associatedasubstrate)afamilyaof a 

adaptor aproteins 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 aexpression aof amiR-329 suppressedathe 

proliferation/migration/invasiona ofa the acells and athe tumor growth in mice by 

inhibiting p130Cas activity. Since ain BC, aoverexpressionaof p130Cas is related 

toaresistanceatoatamoxifen andapooraprognosis, suppressing p130Cas by miR-329 not 

only may be a promising therapeutic approach but also may be a good option for 

combination with tamoxifen. However, thearoleaand theamechanismaofamiR-329 in 

TNBC was anot aelucidated thus far and they still remain unclear. 

 

2.6. eEF2K 

eEF2K is an atypical, Ca2+/calmodulin-dependent protein, and belongs to the α-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]. Canceracells require highalevels ofaproteinasynthesis and metabolic energy to 

enableathe acells ato agrow and aproliferate 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 

overexpressedaainaaseveral solidaacancersaasuchaaas glioblastoma, colon and 

pancreaticacancer [200-203]. In recent studies, eEF2K was demonstrated to highly 

overexpressed in TNBC and toapromote TNBC cellaproliferation,amigration,ainvasion 

[204]. It was also reported that eEF2K is involved in TNBC progression and tumorigenesis 

by regulating c-myc, cyclin D1, aPI3K/Akt, aSrc/Focal Adhesion Kinase 

(FAK)aandainsulin-like growthafactorareceptor (IGFR)asignalingapathways. 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.  

 

 

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 aa avariety aof acellular aprocesses that 

regulate cellaproliferation, survival, migration,ainvasion, 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 stageainaBCapatients [216]. Inaaastudy 

conducted in 2011, Mackiewicz and co-workers indicated that the expression of miR-34a 

was 3-fold low in aMDA-MB-231 cells (TNBCacells)athan ER(+) MCF-7 cells and 

HER2(+) aSK-BR-3abreastacanceracells. They identified AXL as a target mRNA of miR-

34a by using multiple miRNA/target prediction algorithms and confirmed binding of miR-

34a toathea3’UTRaof AXL byaluciferaseareporteraassays. The studies of amiR-34a 

overexpression in TNBC cells resulted in an inhibited level of AXL and thereby cell 

migration. aAnainverseacorrelationawas also obtained betweenamiR-34a andaAXL 

expressionain 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 (Na2CO3) (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 SPIONs 

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 (HCl (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 ironaIIachlorideatetrahydratea(FeCl2.4H2O) (Merck) 

and ironaIIIachlorideahexahydratea(FeCl3.6H2O) (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 (NH3) solution (Merck) was then added dropwise to 

the boiling solution untilatheapHaofatheasolutionareachedato 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 NH3, 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 

HNO3 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 HNO3 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 µl of 50 mM N-(3-Dimethylaminopropyl)-

N′-ethylcarbodiimideahydrochloridea(EDC-HCl) (Applichem Biochemica GmbH) 

(prepared in 1 ml phosphate-buffered saline (PBS, PAN Biotech)) and  20 µl of 15 mM N-

Hydroxysuccinimide (NHS) (Sigma-Aldrich) (prepared in 1 ml PBS) were added to 2 ml 

sericin solution which mentioned as above. Ataroomatemperature, the obtained solution 

was stirred for 30 min. Then, 1 ml APTES-modified SPION solution was added dropwise 

to the sericin solution, andatheamixtureawasastirred for 1 h. The resulting 

suspensionawasacentrifuged 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 µl PLL solution (0.1% in H2O, Sigma-Aldrich) was added to the 

nanoparticles andatheamixtureawasaleft for stirringafor 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−1 wave number range in transmission mode were recorded with a 4 cm−1 

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

Size-size distributions andapolydispersityaindexa(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 allameasurementsawereacarriedaout 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. In vitro 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 µg/ml of MNPs in RNAse-free 

water and miR-329 (hsa-329-3p, Qiagen) at differentaconcentrations (25anM, a50 nM aand 

100anM) in nuclease-free water were prepared. The solutions were gently mixed and 

incubatedaataroomatemperatureafor 1ah. Afteraincubation, theaMNPs-miR 329 
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suspensions were centrifuged 3 times at 12000 rpm fora10 min. 

Supernatantsawereacollected after each centrifuge step to meausure the amount of unbound 

miRNA. Collected samples were further analyzed via a fluorometric method using aQuant-

iT™ RiboGreen®aRNAaAssayaKit (ThermoaFisheraScientific) as described below.  

 

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

 

𝐵𝐸(%) =
(𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑚𝑖𝑅𝑁𝐴−𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑓 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑚𝑖𝑅𝑁𝐴 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡) 

𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑚𝑖𝑅𝑁𝐴
x100 

 

3.5. In vitro Release Kinetics  

Inavitroarelease 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 µl 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 aQuant-iT™aRiboGreen® aRNAaAssayaKit as described 

below. 

3.5.1.    Quant-iT™ RiboGreen® RNA Assay  

To calculate miRNA binding efficiency and to determine miRNA release kinetics, Quant-

iTTM RiboGreen® RNA Assay Kit was used according toatheamanufacturer’sainstructions. 

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 

a JEM 1010 TEM (JEOL, Peabody, MA, USA). For this purpose, aMDA-MB-231acells (1 

× 105 acells/well) were growth in 6-wellaplates. Next day, miR-control and MNPs were 

interacted and added to the wells. Then, theacells wereaincubated foraanother 24 h. The 

cells were then gently washed three times with PBS and were fixed. Images were taken 

using aAMT ImagingaSystema(AdvancedaMicroscopy TechniquesaCorp, USA).  

3.7. Confocal Microscopy Analysis 

Confocal microscopy analysis wasaperformedainaorderato monitorize the cellular uptake 

of the MNPs. MDA-MB-231 cells (5 × 104 cells/ml) were growth in the chambers of 

Nunc™aLab-Tek™aChamberedaCoverglassa(ThermoaFisheraScientific) 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 MNPsawereaincubatedafora3 h at 37°C in 5% CO2-

containing incubator. At the end of 3 h, the cells were gentlyawashedathreeatimesawith 

PBS.aHoechst 33342a solution (ThermoaFisheraScientific) mixed with cell culture media 

was added onto cells. After 30 min of incubation, cell images were taken by a aNikon 

EclipseaTi ConfocalaMicroscope. HiPerFect, a commercially available transfection 

reagent (Qiagen), treated cells were alsoausedaasaa apositiveacontrol. 

3.8. Preparation of The Cells 

TNBCacellalines; aMDA-MB-231, aMDA-MB-436 and aBT-20 (AmericanaTypeaCulture 

Collection (ATCC) wereacultured ain aDulbecco'saModifiedaEagle'saMedium 

(DMEM/F12) (Corning) supplemented witha10% FetalaBovineaSerum (FBS) (Corning) 

and 1%apenicillin/streptomycin (Corning) in 75 cm3 sterile flasks. The culture was 

maintained in sterile conditions at 37°C in 5% CO2-containing incubator. Proliferation of 

cells on flask surface was examined microscopically every 24 hours for fungal and 

bacterial contamination. When the cells had a80-90% aconfluency, they were passaged by 

treatment withaTrypsin-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 dilutedawithanuclease-

free water (Qiagen) reaching a final stock concentration of 50 µM and 100 µM for 

miRNAs and siRNAs, respectively. HiPerFect, a transfection reagent consisting of blend of 

cationic and neutral lipids, wasaused as aapositive acontrol. 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 qPCR Analyses 

3.10.1. Total RNA Isolation 

Theaexpression levels of hsa-miR-329-3p in several non-treated breastacanceracells andain 

non-cancerous HumanaMammaryaEpithelialaCellsa(HMEC) were determined. For qPRC 

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 

µl of chloroform (Fisher Scientific) was added and each tube was vigorously vortexed for 

15 sec thenaincubated fora2 min ataroomatemperature. The samplesawere 

thenacentrifuged ata 8800 rpm at 4°C for 15 min. The upper phase of the solution was 

placed in a new tube and 500 µl of 100% isopropanol (Fisher Scientific) was added onto it. 

After mixing gently, the mixtures were incubated for 10 min ataroomatemperature. 

Furthermore, the samples wereacentrifugedaata8800 rpm at 4°C for 10 min. Supernatantsa 

werearemoved and only RNA pellets were left in the tubes. The pelletawas 

washedawitha1aml 75% ethanola(Decon Labs, Inc) and was vortexed briefly, then the 

sample wasacentrifugedaat 6500 rpm fora5 min. Supernatantawasaremovedaandathe 

pelletawas left for air drying for 5-15 min. Moreover, 50 µl 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 aaNanodrop (NanoDrop 1000 ThermoaScientific). 1 µg from each sample was 

calculated accordingly. qScriptamicroRNAacDNAaSynthesis Kita(QuantaaBioSciences) 

was used based on the supplier’s instructions for converting RNA samples to 

complementary DNA (cDNA). For this, first, Poly(A)atailingareaction was followed 

asabelow:  

 

Componenta  Volumea 

Poly(A)aTailingaBuffera(5X) 2 µla 

Poly(A) Polymerase  1 µl 

RNAa (1 µg)  up to 7aµl 

FinalaVolume 10aµl 

The components wereaadded toaa 0.2 aml PCRatube and theamixtures were vortexed 

gently and centrifuged briefly. The following reaction conditionsawereaused as: 37°Cafor 

60amin anda70°Cafor 5amin (T100 Thermal Cycler, Bio-Rad) Then, First-StrandacDNA 

synthesisareaction was setup asafollows:  

 

Componenta  Volumea 

Poly(A)aTailingaReaction 10aµl 

microRNAacDNAaReactionaMix 9aµl 

qScriptaReverseaTranscriptase 1aµl 

FinalaVolume 20aµl 
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After gently vortexing and briefly centrifuging the tubes, the samples were allowed the 

reaction at following conditions: 42°Cafor 20amin anda85°C fora5 min. By this way, 

cDNA for each sample was obtained and the samplesawereadilutedawith 40 µl anuclease-

freeawater 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):  

 

Componenta Volumea 

PerfeCtaaSYBRaGreenaSuperMix (2X) 6.25aµl 

PerfeCtaamicroRNAaAssayaPrimera(10 µM) 0.3aµl 

PerfeCtaaUniversalaPCRaPrimera(10 µM) 0.3aµl 

Nuclease-freeawater 

cDNAa 

FinalaVolume 

1.65aµl 

4aµl 

12.5aµl 

 

The protocol conditions were followed as: aPre-incubation/activation: a95°C fora2 min, 

PCR (40 cycles) Denature: 95°Cafora5 sec and Anneal: 60°Cafora30 sec.aTheaexpressiona 

levelsa of miR-329 wereanormalized to the level of an endogenous control, U6 snRNA 

(Qiagen). The relativeaexpressionalevelsawereadeterminedausingatheacomparative 

thresholdacycle (2-ΔΔCt) methodavia CFX384 Real Time System (Bio-Rad). 

3.11. Cell Proliferation Assays 

3.11.1. MTT Test 

The biocompatibility of the nanoparticles on L929 cells was tested via 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumabromidea(MTT)aassay. For this, L929 cells 

wereagrownainaEagle’s MinimumaEssential Medium (EMEM) containing 10% FBS and 
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1% penicillin–streptomycin at 37°C and 5% CO2 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 µg/ml, 25 µg/ml and 100 µg/ml. Cells were treated with 

the nanoparticles for 24 and 48 h. At theaendaof incubationatimes, the cell medium was 

removed and MTT solution (5 mg/mlainaPBS) was added onto cells.aAfter 4 h 

ofaincubationaata37°C and 5% CO2, the well content was replaced with isopropanol-HCl 

mixture toadissolve theaformazanacrystals. Absorbance measurement of each well was 

conducted by reading the plates ata570anmausing ELISA reader (iMarkaMicroplatea 

Reader, Bio-Rad).  

The cell viabilities wereacalculatedabasedaon the equation below: 

 

Cell viability (%)=  𝐴570 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴570 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
×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)a(MTS)acellaproliferationaassayawas also conducted. This is a colorimetric 

test for quantification of viable cells. In this method, NAD(P)H-dependentadehydrogenase 

enzymesa of viable cells reduce MTS tetrazolium compound inathe presenceaofaphenazine 

methosulfatea(PMS) into a coloredaformazanaproductathatahas anaabsorbanceamaximum 

ata490 nm. For this assay, TNBC cells (1250acells/well) wereaseeded 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 

fora5 days.aAt the endaof the incubationatime, MTS and PMS (19:1 v/v) solutions were 

mixed well and 20 µl of the mixture was pipetted onto each well at dark. The absorbance 

ofaeachawellawas measuredausing ElisaaReader. 

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 wereaseeded into 24-wellaplates 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 wereastainedawithacrystalavioleta(Sigma-Aldrich) and subsequently washed 

with DI. 

3.12. Wound Healing Assay 

To evaluate motility and migrationaofatheacells, a wound healing assay was conducted. 

TNBC cells at a density of 1.25 × 105 cells/well were seeded into 6-wellaplates.aAfter 

24ah 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 

usingaa 200aµl sterileapipette tipa(time 0). After replacing the medium with the fresh one, 

cell images were taken usingaa phaseacontrastamicroscope (NikonaEclipseaTE-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 invasionaassay wasaperformed 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 × 

105 cells/well) were plated into 6-wellaplates fora24 h. The nextaday, theacells 

wereatreated 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 × 104 cells of 

eachaexperimental groupawere counted and mixed with FBS-freeamedium, thenaadded to 

theaupper chamberaof theainsert. 500 µl 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 cellsawere fixedaand stainedausing 

Hema 3aStainaSet (FisheraScientific). By using a cotton swab, the cells found in the 

upperachamber werearemoved. Invadingacells in the lowerachamber were countedausing a 

lightamicroscope (NikonaEclipseaTE-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, FITCaAnnexinaVaApoptosisaDetectionaKita(BD 

Pharmingen) was used according to the supplier’s directions. Briefly, aMDA-MB-231 and 

MDA-MB-436 cellsa (5 × 104 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 washedathreeatimes withacold 

PBS by centrifuging at 1500 rpm for 5 min. Next, 1X AnnexinaVabinding buffer, FITC 

AnnexinaV and PI (PropidiumaIodide) staining solutions were added onto cell pellets and 

the mixtures were incubated at dark for 15 min ataroomatemperature. Flow cytometry 

analysis was performed by using Beckman Coulter Gallios Cell Analyzer. 

3.15. Western Blot Assay 

For Western blot analysis, TNBC cells wereaseededain six-wellaplates at aadensity of 

5x104 per well. The cells were treated with 100 nM of miRNA mimics or siRNAs (using 

MNPs or HiPerFect) for 120 h. Atathe end of theatreatments, the cells were collected from 

the wells and were lysed in lysisaandaextractionabuffer (ThermoaFisheraScientific), 

proteaseainhibitor (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 usingaPierce 

BicinchoninicaAcid (BCA)aProteinaAssayaKit (ThermoaFisheraScientific). The samples 

were prepared using lysis buffer and 4x Laemmli Sample Buffer (Bio-Rad) reaching a final 

protein amount of 60 µg. 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 samplesawereasubjected to sodiumadodecyl sulfate–polyacrylamideagel 

electrophoresisa(SDS-PAGE) withaaa4-15% gradientaprotein gel (Bio-Rad) in running 

buffer and electro-transferred to polyvinylidene difluoride (PVDF) membranes    

(Immobilon-P, Milipore) in transfer buffer. Expressionalevels ofathe proteinsato be 

analyzed were determined usingaantibodies for eEF2K,ap-EF2,aSrc, Cyclin D1, (Cell 

Signaling Technology), AXL (R&D Systems), p-Src (Santa Cruz Biotechnology), p-FAK, 

FAK (BD Biosciences). Rabbit, mouse (Cell Signaling Technology) or goat 

(SantaaCruzaBiotechnology) horseradish peroxidase (HRP)-conjugatedasecondary 
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antibodiesa 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 WesternaLightningaPlusaEnhanced 

Chemiluminescencea(ECL)aSubstratea(Perkin Elmer). 

Several non-treated breastacanceracells; MCF-7,aBT-474,aSK-BR-3a(ATCC) and non-

cancerous breastaepithelialacells; MCF-10Aa(ATCC) were alsoasubjectedatoawesternablot 

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 MDaAndersonaCanceraCenter. The animal studies 

were performed with respect to an experimental procedure certified byaMDaAnderson 

InstitutionalaAnimalaCareaandaUseaCommittee. MDA-MB-231aandaMDA-MB-436 cells 

having a density of 2 × 106 cells/100 µl (20% matrigel + 80% FBS-free medium) were 

injected orthotopically intoathearightamiddle mammaryafatapad of each mouse. In one to 

two weeks after cell injection, MNPs-miR 329 and MNPs-miR control 

treatmentsawereainitiated. Each mouse received miRNAs having a concentration of 8 

µg/mouse (0.3 mg/kg), intraperitoneally, once a week in a volume of 200 µl for 4 weeks. 

Every week,atumor volumesawereameasured by usingaanaelectronicacaliper. The 

following equation: tumor volume = 1/2 × width2× length was used for the calculation of 

the estimated tumor volumes. Mice were euthanized with CO2 after 4 weeks of the 

treatments. Then, tumor tissues were removed and collected for further 

WesternaBlotaanalysis. 

3.17. Statistical Analysis 

Alladata wereaexpressed asameans ±a standardadeviationsa(SDs). Statisticalasignificance 

betweenagroupsawas determined via one-wayaAnalysis ofaVariancea(ANOVA)afor 

multipleacomparisons and the Student’sat-test by using GraphPad Prism (version 

8.0)asoftware. p < 0.05 wasaconsidered as statisticallyasignificant. 
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4. RESULTS AND DISCUSSION 

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

Theahydrodynamicasize,aPDIaandazeta potential characterizations of SPIONs, APTES-

SPIONs, 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-SPIONs 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-SPIONs.  

 

Table 4.1. DLS characterizations of the nanoparticles 
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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 didanotasignificantlyachange inasize and 

morphology ofatheananoparticles. 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-SPIONs, (C) Ser-

SPIONs, (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−1, 1523 cm−1 and 1260 cm−1 were 

detected in both samples, which were the typical bands in sericin protein indicating amide I 

(1600-1700 cm−1), amide II (1504-1582 cm−1), and amide III (1200-1300 cm−1), 

respectively. The band located at about 3271 cm−1 represented the stretching vibration of 

OH− and was observed for both sericin structures. 2919 cm−1 and 2851 cm−1 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 

cocoons. 

 

 

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-SPIONs, Ser-SPIONs and PLL/Ser-SPIONs 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−1 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−1. When comparing SPIONs and APTES-SPIONs, the bands around 

3000 cm−1 and 992 cm−1 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-SPIONs 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-SPIONs synthesized in the studies exhibit magnetic properties.  

 

 

 

 

 

 



41

 

 
Figure 4.5. The ESR spectrum of SPIONs 

 

 
Figure 4.6. The ESR spectrum of PLL/Ser-SPIONs 

 

(g) is 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 

(g) 

Peak to peak linewidth 

(Hpp) 

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 37oC 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 SPIONs 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.  

 

 

 



 44 

 
Figure 4.8. In vitro stability of Ser-SPIONs and PLL/Ser-SPIONs at 4oC 

 

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 

4oC in PBS, the percentage of intact nanoparticle content was found as 92% and 98% for 

Ser-SPIONs and PLL/Ser-SPIONs, respectively. These results suggest that PLL/Ser-

SPIONs 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 

Theainavitroarelease of miR-329 from PLL/Ser-SPIONs was evaluated for 7 days in PBS 

(pH 7.4) at 37oC. 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-SPIONs, 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. 

 

 

 
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 µg/ml, 25 µg/ml and 100 µg/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 cellsawereatreatedawithatheahighestadose of the nanoparticlesa(100 
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µg/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. 

 

 

 

Figure 4.10. Cytotoxicity of all nanoparticles against L929 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 µg/ml, 25 µg/ml, 50 µg/ml and 100 

µg/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 µg/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 µg/ml nanoparticles in BT-20aandaMDA-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 colonyaformation 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,aBT-20 

and MDA-MB-436 cells, only the cells treatedawith 100 µg/ml of nanoparticles had 

aasignificant decreaseainacolony 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-231acells, 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-231acells for 4 h resulted in high uptake of the particles. Same experiment was also 

performed for HiPerFect that wasausedaas aapositive control. Thearesults 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. 

 

 
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 

 

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 wasaobserved that theaexpression ofamiR-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. 

 

 

 

 

 

 

 

 

 

 

 

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

 

4.12. RT-qPCR Analysis 

The basalaexpression levels ofamiR-329 in various BC cells and non-cancerous breast 

cells (HMEC) were compared by RT-qPCR. According to the results, miR-329 

expressionawas found toabeahigher in HMEC cellsathan 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 breastacancer cellalines includingaMDA-MB-231,aBT-20,aMDA-MB-436, MCF-

7, BT-474 and SK-BR-3. As illustrated in in Figure 4.19, eEF2K and AXL are highly 

expressed in TNBCacellsa(MDA-MB-231, aBT-20, aMBA-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. aMDA-

MB-231,aBT-20 andaMDA-MB-436 cellsawereatransfected either with MNPs-miR 

control/miR 329 and HiPerFect-miR control/miR 329, and the total protein of each group 

was collected. HiPerFect wasaused as aapositiveacontrol. 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 aapotentialaregulator 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. 
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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, 

***p < 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%, 

***p < 0.001), respectively. Besides, the results also revealed that bare MNPs have no 

significant effect on cell invasion. 

 

 

A) 

 

 

B) 
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C) 

 

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). 

 

 

 

 

 

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 4.30. The effect of eEF2K and AXL knockdown on BT-20 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 

 



 72 

 

 

 

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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(A) 

 
 

(B) 

 
 

(C) 

 
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 

 



 74 

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 eEF2K+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. 

 

 

 
Figure 4.34. The tumor volumes of MDA-MB-231 orthotopic xenograft model in mice 

after MNPs-miR 329 treatment 

 

 

 
 

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 

 

 

 

 
 

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 forathe firstatime thatamiR-329 mimic has a tumorasuppressor role in 

TNBCabyadirectly inhibiting the expressionalevels 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. 

Recentastudiesahave revealed that eEF2K is a significant molecule in several canceratypes 

such as brain, pancreatic and breast cancer [200, 201, 205, 206, 234, 235]. It is a 

calcium/calmodulinaactivatedamemberaof α-kinase family andapromotes protein 

synthesis, induction of autophagy, apoptosisaandacellacycle progression in canceracells 

[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 processesasuchaasacellaproliferation, ainvasion/migration, 

progression andatumorigenesis ofaTNBC as a result of regulation in acyclin D1,ac-

myc,aPI3K/Akt,aSrc,aFAK signaling pathways [205, 206, 234]. 

AXL, the ligand of GAS6 and aamemberaofatheaRTK family, plays anaimportant roleain 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 thatamiR-329 expressionaisalost 

or dramaticallyareduced inathe majority of TNBC cell lines comparing to non-cancerous 

breast cells. 

In various canceratypesasuchaas glioma,alung, melanoma, pancreatic and ER/PR(+) 

breastacancer, theaexpressionaofamiR-329 was determined toabe deregulated and 

inversely correlatedawith 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 inavitro and inavivo overexpressionaofamiR-329 

recapitulatesatheaeffect ofaeEF2K and AXL knockdown inaTNBC that results in 

inhibitionaof cancer cellaproliferation,amigration/invasionaand tumoragrowth/progression. 

Not surprisingly, in vivo delivery ofamiR-329 inamice elicited Src/FAK and Cyclin D1 

inhibition revealing thataregulation of theseapathways byamiR-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, theyacanabe directed by anaexternalamagneticafield in 
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theatargeted 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 inavitroaandainavivo, 

resultingainaa significant inhibition of eEF2K and AXL. With the 

enhancedapermeabilityaand retentiona(EPR)aeffect, 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-SPIONs, 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-SPIONs, 

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 37oC 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-SPIONs, after four weeks 

incubation of nanoparticles at 4oC in PBS, the percentage of intact nanoparticle 

content was found as 92% and 98% for Ser-SPIONs and PLL/Ser-SPIONs, 

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 miRNAa 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-

231acells wasaobserved by confocal microscopy analysis.   

 

 Non-significant cytotoxicity and reductionainacolonyaformationaability 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 analysisarevealedathat 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 cellaproliferation, colony 

formation,ainvasionaand migration inhibiting the levels ofaeEF2K 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 

TNBCacellaproliferation,acolonyaformation,ainvasionaand migration.  

 

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

mouse models ledato aadrasticainhibitionaof tumor growth and knockdown of 



 84 

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 demonstrateda forathe first time thatamiR-329 actsaas 

aatumorasuppressor molecule in TNBC and its expression isaassociatedawith 

cellaproliferation, migration/invasionaandatumorigenesis. 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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