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ABSTRACT

Breast cancer represents the most common malignancy in women and the second
leading cause of cancer related deaths. Diverse molecular approaches are being
developed to improve existing strategies for diagnosis, prognosis and treatments of

breast cancer and therefore increase survival of patients.

MicroRNAs involved in breast cancer are potential therapeutic targets. Mir-21, declared
as oncomiR, controls almost all aspects of carcinogenesis such as invasion, metastasis,
proliferation, and apoptosis. Due to its role, inhibition of miR-21 presents a potential
biological strategy for breast cancer therapy. The evidence of this treatment effects on
breast cancer cells exist but the effect on the adjacent, normal tissue still needs to be

investigated. Thus, in this study we addressed this issue.

We evaluated the response of non-transformed mammary epithelial cells (MCF-10A)
and breast cancer cells (MDA-MB-361) to anti-miR-21 treatment alone and in
combination with radiation, as radiotherapy presents standard approach for breast
cancer patients. We showed that this combined treatment led to significant increase in
apoptosis, reduced growth, and cell viability of cancer cells compared to normal cells

whose proliferation was not significantly affected.

The proteome of MCF-10A cells was analysed to further extend characterization of this
treatment on normal cells. As a novelty, the absence of JNK1/2 phosphorylation was
observed in this study with lower expression of total JNK1/2 proteins after miR-21
knockdown in MCF-10A cells. Significant changes of ERK1/2 proteins, members of
MAPK signaling pathway, were not detected. Additionally, the variations in protein
expression were detected for Nrf2 transcription factor and its downstream pathway with

central role in oxidative stress regulation.

Our findings encourage the potential use of anti-miR-21 treatment in combination with
radiation, as a novel breast cancer therapeutical strategy as the cellular response to
combined treatment was different between cancer and non-cancer cells. Inhibition of
miR-21 in breast cancer cells might hold a significant therapy improvement for the

breast cancer patients.



ZUSSAMMENFASSUNG

Mammakarzinom ist die haufigste Krebserkrankung der Frau. Zudem sterben an
Brustkrebs mehr Frauen sterben als an irgendeiner anderen Krebsform. Deshalb
werden zahlreiche neue molekulare Therapieansatze entwickelt, um die Diagnose,
Prognose und die Therapie fir Mammakarzinom zu verbessern und damit das

Uberleben der Patienten zu steigern.

MiR-21, die zu der Gruppe der oncomiRs gehort, reguliert viele wichtige Aspekte der
Karzinogenese, wie zum Beispiel Invasion, Metastasierung, Proliferation und Apoptose.
Daher bietet die Inhibition von miR-21 einen interessanten biologischen Ansatz fur die
Therapie von Mammakarzinomen. Ein Beweis fir die effektive Wirkung dieser
Behandlungsform auf Brustkrebszellen existiert bereits. Jedoch gibt es keine
ausreichenden Studien Uber die Wirkung einer anti-miR-21 Therapie auf das

angrenzende gesunde Brustgewebe.

Daher wurde die Wirkung von einer anti-miR-21 Behandlung auf nicht-transformierte
Brustepithelzellen (MCF-10A) und auf Brustkrebszellen (MDA-MB-361) untersucht.
Zudem wurde der Effekt der Therapie in Kombination mit Bestrahlung Uberprift, da
Strahlentherapie in der Regel standardgemald zur Behandlung von Brustkrebs
eingesetzt wird. Unsere Ergebnisse zeigen, dass die kombinierte Behandlung in
Krebszellen zu einem signifikanten Anstieg in Apoptose, reduziertem Wachstum und
Zellvitalitat fihren, wahrend die Proliferation von gesunden Brustzellen nicht signifikant
beeintrachtigt wurde. Zum ersten Mal wurde anschliel3end auch das Proteom von MCF-
10A Zellen nach Inhibition von miR-21 untersucht. Es konnte gezeigt werden, dass
nach Behandlung JNK1/2 nicht nur geringer exprimiert wird, sondern auch nicht mehr
phosphoryliert wird. ERK1/2 Proteine, Mitglieder des MAPK Signalwegs, wurden jedoch

nicht beeintrachtigt.

Zusatzlich konnte eine Veranderung in der Menge an dem Nrf2 Transkriptionsfaktor
festgestellt werden, welcher eine zentrale Rolle in der oxidativen Stressantwort
Ubernimmt. Zusammenfassend erweist sich die kombinierte Therapie von miR-21
Inhibition mit Strahlentherapie als empfehlenswert, da die Brustkrebstherapie signifikant

verbessert werden konnte ohne das normale Brustkrebsgewebe weiter zu schadigen.
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1 INTRODUCTION

1.1 MicroRNAs —regulators of gene expression

Protein-coding genes are probably the most well-studied sequences in the human
genome yet they represent only 2% of the genome. In the last 20 years, two research
consortia ENCODE (Encyclopedia of DNA elements) [1] and FANTOM (Functional
Annotation of the Mammalian Genome) [2, 3] were set in order to identify all functional
elements in the human genome sequence [4]. Their results revealed that the non-
protein coding part of the transcriptome, named ncRNAs, also has important functional
role in biological processes fundamental for normal development and physiology as for

disease also [5].

The classification system of ncRNAs is still evolving, therefore they are generally
described according to their mature length, location and orientation respective to the
nearest protein-coding gene. Besides classic tRNAs and rRNAs, a number of additional
NcRNA types can be classified according to their size into - short ncRNAs (18-200 nt)
and long ncRNAs (200 nt to >100 kb in size). Short ncRNAs are further sub-grouped,
according to their attributes, into: microRNAs (miRNAs) [6], Piwi-interacting RNAs
(PIRNAS) [7], small interfering RNAs (siRNAs) [8], small nuclear (snRNAs) and small
nucleolar RNAs (snoRNAs) [9], enhancer RNAs (eRNAs) [10, 11] and circular RNAs
(circRNAS) [12]. Long ncRNAs (IncRNAS) represent the most prevalent and functionally
quite diverse class of ncRNAs [13, 14]. Unlike well-studied short ncRNAs (such as
MiRNAs and snoRNAs), IncRNAs are poorly conserved across species and are
expressed at low levels. Despite this, it is shown that they also have a significant role in
a wide variety of important biological processes which qualify them as future important

research topic [15].

With ~ 2000 identified human miRNAs [16], they represent today probably the best
studied group of ncRNAs. The miRNAs regulate a large number of essential biological
functions in normal development. It is estimated that 60% of the human genome may be

under regulation of miRNAs [17].
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INTRODUCTION
MiRNAs present a family of short (21-25 nucleotides), endogenously expressed, highly

conserved, single stranded RNA molecules involved in post-transcriptional regulation of
gene expression and therefore have the ability to control diverse cellular and metabolic
pathways. This post-transcriptional regulation is based on miRNA target recognition
according to the sequence complementarity to positions 2—8 at the 5' end of miRNA,
named the seed sequence. Binding of the mature miRNA seed sequence to the 3’
untranslated region (3'UTR) of the messenger RNA (mMRNA), can lead to either mRNA
degradation (by more precise binding) or translation repression (by less precise binding)
mechanism [18-20]. More precise binding presents binding where miRNA and its mRNA
target are extensively base-paired (including seed sequence and positions 10-11 of the
mMiRNA) that leads to mMRNA degradation by Ago2. Less precise binding is present when
imperfect base-pairing at complementary sites occurs, creating bulges that disable
activity of Ago2 and repress translation of the targeted mRNA [21, 22]. Binding sites of
MiRNA targets involved in a translation regulation are mostly located in 3' untranslated
region (3'UTR), but can also be located in 5' untranslated region (5'UTR) and coding
DNA sequence (CDS) regions [23, 24]. One miRNA can regulate several different
MRNA targets but also multiple miRNAs can cooperatively regulate a single mRNA

target creating a complex and dynamic regulative system [18, 25].

In order to undertake this regulative role, the mature miRNAs must be processed from a
precursor transcript. Their biogenesis represents a complex spatial-controlled process
involving two cleavage events performed by ribonuclease Il (RNAse IIl) enyzmes -
Drosha and Dicer [26]. The transcription of miRNA genes is performed by RNA
polymerase Il forming long primary miRNA transcript - pri-miRNA (> 1 kb) with an
internal hairpin structure where the mature miRNA sequences are to be found [27].
Nuclear microprocessor complex, formed by Drosha and its cofactor DGCRS, initiates
initial maturation by precise cropping of the hairpin structure, leading to the release of a
small hairpin RNA — pre-miRNA (~ 65 nt) [27, 28]. Pre-miRNA is then transported into
the cytoplasm by the interaction of exportin-5 and Ran-GTP prior to final maturation
[29]. The pre-miRNA loop is cleaved in the cytoplasm by Dicer, which cuts near to the

13



INTRODUCTION

hairpin loop resulting in a short RNA duplex (~ 22 nt) comprised of mature miRNA guide
strand (5'-3') and the miRNA passenger strand (3'-5') (Figure 1). Nomenclature of
mMiRNAs originating from 5' arm of the pre-miRNA hairpin structure will contain suffix -5p

in their name while the ones originating from 3" arm will be labeled with -3p suffix.

In order to exert their effects, mature miRNAs require formation of a ribonucleoprotein
complex with target mMRNA - the RNA-induced silencing complexes (RISC). For this
purpose, mature single-stranded miRNAs interact with Argonaute proteins (Ago) in
RISC complexes and are now able to bind to the target sequence of their mRNA
targets, while the passenger strand is degraded (Figure 1) [30-32]. Each of the steps in
this process is a potential point of regulation which adds to the complexity of the

miRNA-gene regulation [33, 34].

microRNA gene or intron

5 “BNAPol I/l lTranscnpnon

e pri-microRNA
P

m l Cleavage / ~

, ™
@- G
wuclear export

) pre-microRNA

3 pre-microRNA

3 Ty
microRNA duplex l Degradation
(Aggé) l RISC formation s
- S u C

. SERRLL R S— u qut

Mature microRNA S

A

mRANA target cleavage Translational repression mRNA deadenylation

Figure 1. Canonical pathway of miRNA biogenesis. MiRNA genes are transcribed by RNA polymerase
Il forming long primary miRNA transcript - primary miRNA (pri-miRNA). Nuclear microprocessor complex,
formed by Drosha and its cofactor DGCRS, initiates maturation which leads to the release of precursor
MiRNA (pre-miRNA). They are transported by exportin 5 into the cytoplasm where they are further

processed by Dicer and loaded in RISC complex in order to target mMRNAs.

MIiRNAs in normal cells maintain a balance between cellular processes such as
proliferation, cell signaling, differentiation, stress responses, cell adhesion, cell survival
and cell death. Since individual miRNAs are able to regulate expression of multiple
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INTRODUCTION

genes, any dysregulation of their function could possibly have serious consequences on

maintaining this cellular balance [35].

MiRNAs expression signatures are unique to any cancer type and this feature qualifies
MiRNAs to potentially be used for disease classification as well as both diagnostic and

prognostic therapeutic biomarkers [36, 37].

1.2 Biology of breast cancer and incidence

Breast cancer is the most common malignancy in women and the second leading cause
of cancer related deaths right after lung cancer worldwide in 2016 [38, 39]. Breast
cancers exhibit a group of highly heterogeneous solid tumors of the epithelial tissue with
striking genetic and phenotypic diversity which makes them a challenge to diagnose
and treat. Diverse histopathological and biological features of breast cancer require

considering different therapeutic strategies and treatments [40].

Accurate determination of the breast cancer type is important for selecting the most
effective therapeutic treatment. Immunohistochemistry markers (ER, PR and HER2) are
used, together with clinicopathological characteristics (tumor size, tumor grade and
nodal involvement) for this purpose. At the molecular level, based on gene expression,
six intrinsic subtypes of breast cancers can be defined: luminal A, luminal B, HER2-
enriched, basal-like, claudin-low and normal-like. The most favorable survival prognosis
is for luminal A tumours and the least favorable for HER2 enriched and basal-like breast
cancers [41-43]. Triple-negative breast cancers (lacking the expression of all three
hormone receptors) are particularly difficult to define and treat due to their lack of
response to hormonal therapies and therefore are associated with poor prognosis [44,
45].

Breast tumors arise after the accumulation of somatic mutations in a genetically normal
precursor leading to oncogenesis. These mutations can occur either spontaneously or
be induced by different factors such as radiation, viruses, free radicals, exposure to
toxic environment, chemicals etc. The nature of these genetic mutations or the identities

of the initiating cells are both possible mechanisms that determine the breast cancer
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INTRODUCTION

heterogeneity (cell-of-origin concept) [46]. Recently, the cancer stem cell (CSC) concept

has defined the cell that can maintain tumorigenicity and seed metastases responsible
for the tumor initiation, but not for all tumors can be shown to contain them. Breast
cancer stem cells (BCSCs) were the first isolated cancer stem cells presenting small
population of cells with high proliferation rate able to generate heterogenic types of
cancer cells. They have specific phenotype - CD44%/CD24", where highly expressed
CD44 has important role in adhesion, migration, invasion, cell proliferation and tumor

angiogenesis and low levels of CD24 increase the tumor ability to metastasize [47-49].

1.3 Radiotherapy in treatment of breast cancer

The main therapeutical approaches used for breast cancer are surgery, radiation
therapy (radiotherapy), chemotherapy, hormonal therapy as well as recently introduced
gene therapies that should suppress the expression of oncogenes (like HER2) or
restore the activity of tumor-suppressor genes (p53). In order to increase the chance of

a successful treatment these are usually combined.

Radiation therapy currently presents the most effective treatment available for localized
solid cancers. The goal of this therapy is to depose high energy of radiation into the
cancer cells. High-energy photons (X-rays and y-rays) are mostly used in external beam
treatments. Understanding of various molecular mechanisms involved in the
radiosensitivity and radioresistance of cancer cells improved the radiation therapy over
the past years [50]. Breast conserving surgery followed by external beam radiation
therapy represents the standard of care for the majority of breast cancer patients [51].
Whilst adjuvant radiotherapy can improve the overall survival [52] it may induce
moderate-to-intense skin reaction in 85-95% of patients [53, 54], and less frequently
second cancer development [55]. Prediction of radiotherapy toxicity still represents a
problem and till nowadays no suitable method for the assessment of the patient
radiosensitivity is established [56]. It is estimated that less than 10% of phase | cancer
clinical trials combine chemical and radiation therapy [57] and it is of great importance
to elucidate potential side-effects of new targeted therapies applying comprehensive
preclinical analysis. The challenge of radiotherapy is to maximize radiation doses to
cancer cells while minimizing damage to surrounding healthy tissue [58]. This therapy is

applied in a course of multiple fractions over several weeks in order to diminish normal
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INTRODUCTION

cell toxicity and to reduce or prevent late side effects of the therapy [59]. Modern high-

precision RT techniques are developed (such as FSRT and IMRT) for the delivery of
doses to tumors while minimizing the risk of surrounding tissue toxicity [60]. In
fractionated stereotactic radiotherapy (FSRT) regimen, the total irradiation dose is
fractioned to lower energy doses while in the intensity-modulated radiation therapy
(IMRT) regimen the irradiation dose distributed to the tumor is conformed to its shape.
Both of the techniques are lowering the risk of tissue toxicity compared to the single-

dose radiation regimen.

There is a need for a novel treatment strategy or agent to protect normal tissues from
radiation therapy damage, without compromising or enhancing the killing effect of

radiation on tumours which includes development of radiosensitizers [61].

Strategies that combine radiation and molecular targeting represent future modalities
that will enable increase in cancer cell radiosensitivity and make them prone to effects
of radiation [62].

1.4 MiRNAs as markers for radiation biodosimetry

Radiotherapy, as treatment against cancer, is based on the idea that targeted exposure
to ionizing radiation destroys the cancer cells while the surrounding normal tissue can
stand this exposure and recover from it. Recently, increasing amount of data showed
the changes in expression of miRNAs after radiation exposure in different cell types and
their specific role in cellular radiosensitivity. It has been suggested that several miRNAs
are associated with tumor radioresistance [63-65]. The expression of miR-210, miR-17-
92 cluster, miR-31, miR-221 and miR-222 is usually dysregulated in radioresistant
cancer cells and promote cancer radioresistance. Normal tissue also represent critical
radiotherapy target, therefore few studies on how miRNAs are contributing to the normal
tissue radiation responses were performed. MIRNA expression profile changes in
endothelial cells after irradiation showed that some of the mIRNAs are severely
dysregulated, affecting different cellular processes especially inflammatory ones.
MiRNAs can also contribute to the radioresistance and radiosensitivity of both normal
tissues and cancers, and could potentially predict the risk for normal tissue toxicity.
Radiation effects might be modified or associated with differential regulations of miRNA
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levels and used in anticancer treatments [66]. Despite the great potential of clinical use

of miRNAs, not so many studies have been performed for the establishment of the
connection between miRNAs and ionizing radiation exposure [67, 68].

1.5 Role of miRNASs in breast cancer

MiRNAs participate in the regulation of processes vital for maintaining normal cell
function. Any dysregulation of these pathways, following alteration of mMIRNA
expression, can contribute to the pathogenesis of cancer. Aberrant targeting of miRNAs
may influence translation of several cancer-related genes and lead to cancer initiation,
progression, metastasis or drug resistance [69]. Upregulated expression of mir-21 in
cancers promotes EMT through targeting the tumor suppressor gene — PTEN [70].
Significantly overexpressed miR-10b [71] and miR-373/520c in breast cancers stimulate
cancer cell migration and invasion both in vitro and in vivo and are known as pro-
metastatic miRNAs [72].

In cancers, miRNAs can repress or contribute to its phenotype by inhibition of
oncogenes or expression of tumor suppressors, respectively. Oncogenic miRNAs
(oncomiRs) are mostly overexpressed while tumor suppressor miRNAs are
downregulated in cancers compared to normal tissues. Both reduced and enhanced
mMiRNA expression can promote tumorigenesis depending on their role in this process
[73, 74].

The link between altered miRNA expression profiles and development of breast cancer
is observed either via the loss of tumor suppressor miRNAs (let-7 family, miR-30a, miR-
31, miR-125 family, miR-200 family, miR-342) or the overexpression of oncomiRs (miR-
10b, miR-21, miR-155, miR-221, miR-222, miR-373, and miR-520c) in breast cancer
cells. OncomiRs exert their oncogenic activity by targeting tumor-suppressor genes and
activating oncogenic transcription factors [75, 76]. MIRNA expression profiles can be

used to distinguish the molecular breast cancer subtypes [77, 78].

Expanding knowledge of how miRNAs control gene expression in cancers makes them

ideal candidates for therapeutic applications. Several miRNAs are described as putative
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therapeutic targets in diverse breast cancer therapies: hormone therapies (miR-375
[79], miR-342 [80], miR-221/222 [81]), targeted therapies (miR-210 [82]), therapies
associated with response to chemotherapeutic agents (miR-125b [83], miR-21 [84]) or
radiation therapy (miR-34a [85]).

MiR-221 and miR-222 are two highly homologous miRNAs, overexpressed in some
breast cancers [86], and they have been identified as regulators of epithelial-to-
mesenchymal transition (EMT) and its promoting signaling pathway - RAS-RAF-MEK
[87]. MiR-125a is a miRNA that is significantly downregulated [88, 89] in breast cancer
tissue samples and has been demonstrated to be involved in malignant proliferation and
invasion [90]. MiR-335 has been shown to suppress breast cancer cell migration but its
expression is either lost or severely downregulated in breast cancers and associated
with poor patient prognosis [91]. MiR-1226 is a miRNA with tumor suppressor function
in preventing the malignant phenotype by targeting MUC1. Due to the fact that its

expression is downregulated in breast cancer cells, its function may be revoked [92].

MiR-21 has important biological role in development [93], morphogenesis [94],
differentiation [70] and is overexpressed in breast cancer and positively associated with
tumor size, stage and grade of the tumor [95]. It is associated with invasive and
metastatic breast cancers [96] and correlates with cancers expressing ER- and HER2+
[97]. It also regulates epithelial-to-mesenchymal transition (EMT) and inhibits tumor-
suppressor proteins like PTEN, TPM1, PDCD4 and maspin [98, 99]. Since it is
upregulated in breast cancers, targeting miR-21 can restore the expression of genes
regulated by it which define miR-21 as a potential target in breast cancer therapy.

Functional studies in breast cancer cells in vitro showed that knockdown of miR-21
resulted in reduced proliferation and growth of MCF-7 cells [95] and significantly
reduced invasion and lung metastasis in vivo of MDA-MB-231 cells [99]. It clearly
implicates the importance of miR-21 role in breast cancers and its role in

carcinogenesis.
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1.6 MiR-21 inhibition (anti-miR-21) as a therapeutic approach in breast cancer

treatment

Tumors dependent on overexpression of a miRNA demonstrate oncomiR addiction
[100]. MiRNAs and anti-miRNA constructs are already being tested in couple of clinical
trials [101, 102]. Targeting miRNAs can also be used as a method to enhance other
forms of cancer therapies such as chemotherapy (helping to reduce the drug resistance
properties of cancer cells) [103, 104] or radiotherapy (influencing cellular sensitivity to
radiation) [105, 106].

Using antisense oligomers (anti-miRs) for the inhibition of oncomiRs present a
promising therapeutical strategy [35]. One of the risks of this approach is affecting RNA
species other than the intended miRNA target. The assessment of potential off-target
effects is important for anti-miR-based studies and the development of miRNA
therapeutics. Efficient delivery of anti-miR oligonucleotides is another factor that needs
to be taken into consideration for successful development of miRNA-based therapeutic
modalities [107, 108].

Suppression of miR-21 is linked to reduced cell proliferation and increased apoptosis in
breast cancer cell lines [109]. MiR-21 inhibition studies led to the discovery of candidate
targets of miR-21. Although it clearly represent an important miRNA, only a handful of
targets (PDC4 and maspin [99], TMP1 [110], PTEN [111] and MMP3 [98]) have been
validated, despite in silico predictions revealing hundreds (even thousands) of possible
targets [112, 113].

1.7 Signalling pathways in cancer (MAPK)

Cellular signaling pathways are mutually interconnected and form complex signaling
networks. Regulation of diverse fundamental cellular processes such as growth,
proliferation, differentiation, migration and apoptosis depends on information cells
receive from different growth factor receptors, cell-matrix and cell-cell interactions.
Usually many of the same molecules are engaged in the control of different processes

which makes their regulation even more complex [114, 115].
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MAPK pathways (mitogen-activated protein kinase) are evolutionarily conserved serine-
threonine kinase pathways that respond to extracellular and intracellular stimulations
including peptide growth factors, cytokines, hormones, and various cellular stressors
such as oxidative stress. Their direct or indirect dysregulation is often implicated in the

pathogenesis of cancer [114, 116, 117].

In mammalian cells we can distinguish three branches of the MAPK cascade: the
extracellular signal regulated kinase (ERK), the c-Jun N-terminal kinase (JNK) also
known as stress-activated protein kinase (SAPK) and p38 MAP kinase (Figure 2). ERK
primarily responds to growth factors promoting cell growth while JNK and p38 respond

to different stimuli and thus can have multiple effects [118, 119].

Several isoforms of each of these kinases are detected: ERK1/2, ERK3/4, ERKS5,
ERK?7/8; p38-a, -B, -y (ERK®6), and -8; and JNK 1/2/3 [120, 121]. When the cell receives
the stimulus at the plasma membrane, the activation of MAPK signaling axis starts. This
is followed by activation of a MAP kinase kinase kinase (MAP3K or MEKK), which
activates MAP kinase kinase (MAP2K or MKK) which leads to the final activation of
MAP kinase (MAPK). Activated MAPKs phosphorylate various substrate proteins [122].

. growth factors, hyperosmosis, oxydative stress,
Stimulus mitogenic stimuli UV radiation, inflammatory cytokines
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Figure 2. Overview of ERK1/2, JNK and p38 pathways. ERK1/2, JNK and p38 pathways represent

three branches of important MAPK cascade in mammalians.
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Two MAPK signalling cascades, that are implicated in breast cancer and have function

in mammary epithelial cells, were particularly in our focus of interest: the ERK1/2
pathway and the JNK pathway [123].

1.7.1 The ERK1/2 pathway

The ERK1/2 signaling pathway is highly conserved in all eukaryotes and its deregulation
is often involved in human disease, including cancers. It has been shown that this
pathway is deregulated in 30% of human breast cancers but the nature of the

deregulation varies between tumours and cancer subtypes [124].

Most lesions/mutations leading to constitutive activation of this signaling pathway occur
early in the pathway, such as overexpression of the receptor tyrosine kinases [125,
126]. ERK1/2 is activated upon phosphorylation by MEK (MEK1 and MEK2), which is
itself activated when phosphorylated by Raf. Dysregulatation in ERK1/2 signaling alone
is usually not sufficient for the initiation of carcinogenesis and is often accompanied by
expression changes of the genes coding for HER2 receptor, c-myc or p53 [127]. Higher
ERK1/2 activity can influence metastasis and patient's response to treatment can be
dependent on its activity [125, 128].

1.7.2 Correlative regulation between miR-21 and ERK1/2 signaling pathway

MiRNAs and RNA-binding proteins present two main regulators of ERK1/2 signaling
pathway [129]. Recent data suggested that the mechanism via miR-21 promote
proliferation, migration and inhibition of apoptosis in cancers is performed by activation
of this pathway [130]. In HER2 breast cancer cells miR-21 is being upregulated via
same pathway thus promoting cell invasion [131]. Directly targeting PTEN,
overexpression of miR-21 can lead to the activation of AKT and ERK1/2 pathways and
thus promote tumor growth and metastasis [132]. MiR-21 overexpression, characteristic
of breast cancer cells, may be a common feature of oncogene pathways associated
with activation of ERK1/2 pathway. MiR-21 can regulate and control ERK1/2 signaling
pathway even though ERK1/2 is not the direct target of this miRNA.
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1.7.3 The JNK pathway

Members of the JNK family are activated in response to cellular stresses including heat
shock, ionizing radiation, oxidative stress, DNA-damage, and growth factor deprivation
[133-136]. JNK1/2 are expressed in every tissue including breast, while JNK3 is
primarily localized in neuronal tissues, testis, and cardiac myocytes [137]. The role of
JNKSs is mostly pro-apoptotic [138, 139], but they also support processes involved in
tumorigenesis like enhancement of cell survival and proliferation [140]. The opposing
role of JNKs lies in their ability to activate quite large number of different substrates

depending on the stimuli received.

Activation of JNK requires phosphorylation on tyrosine and threonine residues which is
catalyzed by upstream MEK4 and MEK7 (these are themselves substrates of MAP3KSs).
Following activation, JNK is usually relocated to the nucleus. It is known that JNK
phosphorylates the transcription factor c-Jun which can lead to promotion of cell
proliferation (Figure 3). This has been already reported in a number of breast cancer
cells in vitro. Inhibition of JNK has a result in G2/M cell cycle arrest which led to

decreased proliferation and apoptosis [123, 141].

Persistent activation of INK1/2 is involved in cancer development and progression [139,
142]. JNK has a wide range of opposing functions within cells but is best known for its
role in triggering apoptosis either through the upregulation of pro-apoptotic genes via
activation of transcription factors such as c-Jun or directly modulating the activities of

mitochondrial pro- and anti-apoptotic proteins[139].

Inhibitors of JINK are currently used in clinical trials for different cancers where JNK is

overexpressed [141].

Potential correlation between JNK1/2 and miR-21 is suggested as blocking JNK1 cause
a reduction in the expression of pre-miR-21 which results in decreased cell proliferation.
It is proposed that the JINK-1/miR-21 pathway (via c-jun) contributes to chemoresistance
of ovarian cancer cells [143]. Recent studies showed that one of the mitogen-activated

protein kinase kinases, MAP2K3, is downregulated in breast cancer epithelial cells and
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that its upregulation promotes cell senescence. It has been shown in hepatocellular
carcinoma cells that MAP2K3 is a novel target for miR-21 [144, 145].

a.
MAP3K MEKK1/4, ASK1/2,
MLK1/2/3,
TAK1
AP 7
—
c-Jun, MYC,
Substrates ATF2,
P53, ELK1

Stimuli
(stress, radiation)

proliferation | dmm— — inflammation

| cell survival l transformation
cell death |

Figure 3. Activation of JNK/1/2/3 pathway. Different stimuli can lead to the activation of this pathway

i

and its downstream substrates (a) [146] which can have effect on diverse cellular processes (b) [142].

1.7.4 Integrins - part of signaling pathway activated upon radiation treatment

Integrins represent a family of cell surface-adhesion receptors (composed of a and 3
subunits that are noncovalently associated as transmembrane glycoproteins) [147, 148].
Most integrin receptors have the ability to bind a variety of extracellular matrix (ECM)
proteins (enabling cell adhesion, tissue maintenance and repair) and to transmit a signal
into the cell via association with intracellular kinases (determining cellular responses

such as migration, survival, differentiation and motility) [149].
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Clustering of ligand bound integrins can activate intracellular signaling pathways. Many
of their signaling functions depend on cytoplasmic protein tyrosine kinases named focal
adhesion kinase (FAK). FAK is a cytoplasmic protein tyrosine kinase activated by
integrins or extracellular stimuli, such as growth factors, which regulates the movement,
proliferation and survival of cells (Figure 4). It is recruited to adhesions by intracellular
anchor proteins such as talin or paxillin, where the cross-phosphorylation takes part and
enables further intracellular signal transduction [150]. Integrins and signaling receptors
can activate Ras/MEK/MAPK pathway and enable promotion of cell growth, cell

survival, and cell proliferation [151-153].

FAK is involved in cellular processes important for cancer progression and tumour
angiogenesis (apoptosis, adhesion, migration and invasion). Increased FAK expression
is shown in several solid cancer types (colon, breast, lung and cervical cancer). FAK
promotes tumour progression and metastasis effecting not only cancer cells but also the

cells of the tumour microenvironment [154-156].

Integrins

!

Y

microtubule Cell survival/ Gene cell-cell
stability proliferation expression junction formation
PI3K/AKT, p53,
MAPK MDM2, E-cadherin,
Cyclin D1, p27, MDB2 N cadherin
p21

Figure 4. Schematic overview of FAK cellular functions. FAK is activated by integrin family members

and regulates the movement, proliferation and survival of cells.

Recent data confirmed that modulation of mir-21 activity can alter the phosphorylation of
FAK, established downstream target of PTEN (miR-21 direct target) [157] and

25



INTRODUCTION
expression of further downstream targets - two metalloproteinases with major role in cell
behavior (MMP2 and MMP9) [158, 159].

1.8 Role of reactive oxygen species (ROS) in cancer

Reactive oxygen species (ROS) are highly reactive radicals that can be categorized into
two groups: free (superoxide anion (O, ) and hydroxyl radical (HOe+)) or non-free
(hydrogen peroxide (H,0O,)) radicals of oxygenated molecules. Endogenous levels of
ROS are usually generated in the process of mitochondrial oxidative phosphorylation
while majority of exogenous may arise after exposure to pollutants, drugs, and
xenobiotics [160]. Exposure to ionizing radiation, via radiolysis, also generates ROS

species [161].

Under normal physiological conditions, the intracellular levels of ROS are maintained at
low levels to prevent cellular damage. Detoxification of ROS is facilitated by non-
enzymatic molecules (vitamins A, C and E), endogenous antioxidant molecules
(glutathione, coenzyme Q, ferritin, |-carnitine) or through endogenous antioxidant
enzymes which scavenge specifically for species of ROS (superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidases (GPXs)) [162].

An imbalance of this system, producing elevated levels of ROS, results in oxidative
stress. This results in development of different chronic diseases such as cardiovascular
diseases [163], diabetes [164] and cancer [165]. Oxidative stress leads to direct or
indirect ROS-mediated damage of nucleic acids and proteins [166] and has important
role in the initiation of breast cancer progression [162, 167]. Signaling pathways
influenced by ROS are persistently elevated in cancers where they have important role
in cell growth, proliferation, differentiation, protein synthesis, cell survival, and
inflammation [168].

MAPK/ERK1/2 pathway can be activated by ROS generated as a byproduct during
estrogen metabolism what leads to increased cell proliferation. ROS generated by
estrogens affect pro-proliferative (cyclin D1, Cdc2), prosurvival (AKT), antiapoptotic
(Bcl2) and pro-inflammatory (NF-kB) molecules that lead to the activation of several
signaling pathways involved in the breast cancer cell survival and proliferation, resulting

in the progression of breast cancer. Activation of ERK1/2 through ROS that increases
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cell survival and motility is also shown in various cancers including breast cancer.

Treatment of breast cancer cells with ROS scavangers or inhibitors of ERK1/2 or MEK
promotes apoptosis and cell adhesion [103, 169-171].

Cancer cells usually maintain higher levels of ROS compared to normal cells and this
aspect might make them more susceptible to further accumulation of ROS what can be
used as a promising therapeutic solution to selectively kill these cells [166, 172]. Better
redox status characterization of different breast cancer subtypes are needed in order to
prevent potential side effects of higher ROS presence in normal cells.

1.9 NF-E2-related factor-2 (Nrf2) pathway

This pathway has an important role in cellular redox homeostasis and its activation
represents one of the main defense systems against oxidative stress. It is also
considered as a cell-survival pathway since it represents cellular attempt to defend itself

from stressful conditions [173].

Induction of cytoprotective enzymes require three essential components: (1) antioxidant
responsive elements (AREs), (2) the redox-sensitive transcription factor (Nrf2) that
heterodimerizes with Maf (musculoaponeurotic fiborosarcoma) transcription factors and
enables the transcription machinery for expression of ARE-related genes and (3)
cytosolic repressor protein - Kelch-like ECH-associated protein 1 (Keapl). Keapl
regulates activation by binding to Nrf2 and promoting its proteosomal degradation.
Activation of the pathway leads to production of phase Il detoxifying enzymes such as
glutathione S-transferase (GST), heme oxygenase 1 (HMOX1), NADPH quinine
oxidoreductase 1 (NQO-1), peroxiredoxin (PRX), sulfiredoxin (SRXN), thioredoxin (Trx)
[174]. Under basal conditions, repressor Keapl is bound to Nrf2 promoting its
cytoplasmatic position as well as its ubiquitination. Under stress conditions, such as
oxidative stimulus, Nrf2 is released from Keapl and translocated into the nucleus where
it binds ARE elements in the promotor regions of gene inducing their transcription [175-
177]. The KEAP1-NRF2 complex therefore presents an intracellular sensor able to
detect electrophiles or ROS.
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The expression of more than 500 genes is modulated by this pathway. These include
NQO1, HMOX1, glutamate-cysteine ligase (GCL) and GST, each with important role in

protection against oxidative stress [178].

Protein kinases can also modulate this pathway post-transcriptionally where the role of
each kinase is dependent on the cell type. MAPKs (ERKs and JNKs) have been
proposed to regulate Nrf2 but their role and underlying mechanisms are still poorly
understood. Nrf2 contains many serine, threonine and tyrosine residues, that may be
potential sites for phosphorylation by different kinases such as MAPK cascades,
PI3K/AKT pathway, protein kinase C (PKC), GSK3B pathway, JNK, and ERK signaling
pathways [179, 180] enabling the release of Nrf2 from Keapl and activating its nuclear

translocation (Figure 5).

cytoplasm
PIBK PKC JNK ERK p38

S T
KEAP1) NRF?2

Figure 5. Activation of NRF2 by phosphorylation. Phosphorylation of NRF2 at serine (S) and threonine
(T) residues by PI3K, PKC, JNK and ERK also present the way of NRF2 activation leading to its

dissociation from KEAP1 and translocation to the nucleus. p38 is known to either stimulate and inhibit the

NRF2 nuclear translocation.

Nrf2 is usually considered as a tumor suppressor, where Nrf2-deficient mice are more
sensitive to carcinogenesis [181] and Nrf2 loss is correlated with enhanced metastasis
[182]. Recently, its role as an oncogene is also suggested. Activation of Nrf2 can
promote not only the survival of normal but also cancer cells leading to the promotion of
cancer [183]. Upregulated levels of Nrf2 are observed in different types of malignancies,
such as lung cancer [184], breast cancer, [185] and head and neck cancers [186].

Hyperactivation of Nrf2 can change the tumor surrounding and favor the survival of
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cancer cells (protecting them from excessive oxidative stress by expressing antioxidant
target genes, by direct promotion of survival and proliferation) [187]. Nrf2 can contribute
to the chemoresistance of cancer cells by preventing the intracellular accumulation of
drugs in cancer cells thus protecting them from apoptosis [188]. Inhibition of Nrf2 as
therapeutic approach depends on the type of cancer and factors that contribute to the
activation of Nrf2. Nrf2 represents potential therapeutic cancer target as well as
prognostic molecular marker for the determination of the cancer progression [189].
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1.10 Hypothesis

Main hypothesis of this thesis assumes that treatment with anti-miR-21 will make breast
cancer cells more sensitive (susceptible) to radiation treatment while the non-cancerous

cells will be able to sustain this therapy combination.
In order to test this hypothesis we aim to:

e |dentify the differences in cellular response between non-transformed mammary
epithelial (MCF-10A) and breast cancer (MDA-MB-361) cell lines to the combined

treatment of anti-miR-21 and low (0.25 Gy) and medium (2.5 Gy) dose of irradiation

e Characterize the influence of miR-21 knockdown on MCF-10A proteome, without

and in combination with radiation

e Discover and verify new potential targets of miR-21

30



2 MATERIALS

2.1 Chemicals

2- mercaptoethanol, Sigma-Aldrich, Steinheim, Germany

5x First Strand Buffer, Invitrogen, Darmstadt, Germany

Acid-Phenol:Chloroform, 5:1 Solution pH 4.5, Thermo Fisher Scientific, Darmstadt, Germany

Bovine serum albumin (BSA), Sigma-Aldrich, Steinheim, Germany

Bradford reagent, Sigma-Aldrich, Steinheim, Germany

Bromphenol blue, Roche molecular diagnostics, Mannheim, Germany

Cholera Toxin from Vibrio cholera, Sigma-Aldrich, Steinheim, Germany
di-Sodiumhydrogen-phospate, Merck, Darmstadt, Germany

DMEM, high glucose, GlutaMAX™ Supplement, Gibco, Karlsruhe, Germany
DMEM/F12, Gibco, Karlsruhe, Germany

DMSO (Dimethylsulfoxid), Sigma-Aldrich, Steinheim, Germany

DTT, Invitrogen, Darmstadt, Germany

ECL™ Select Western Blotting Detection Reagent, GE Healthcare, Munich, Germany
EDTA (Ethylenediaminetetraacetic acid), Sigma-Aldrich, Steinheim, Germany
EGF (Animal-Free Recombinant Human EGF), Peprotech, Hamburg, Germany
Ethanol absolute, Merck, Darmstadt, Germany

Ethidium bromide (EtBr), Merck, Darmstadt, Germany

Fetal Calf Serum Gold (FCS), PAA Laboratories GmbH, Célbe, Germany
Glycine, Merck, Darmstadt, Germany

Horse serum, Thermo Fisher Scientific, Darmstadt, Germany
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Hydrocortisone, Sigma-Aldrich, Steinheim, Germany

Hydrogen chloride, 1 mol/l (1 N), Merck, Darmstadt, Germany

Insulin from bovine pancreas, Sigma-Aldrich, Steinheim, Germany

Isopropanol, Merck, Darmstadt, Germany

Lipofectamin™ 2000, Invitrogen, Karlsruhe, Germany

Magnesium chloride, Sigma-Aldrich, Steinheim, Germany

Methanol, Merck, Darmstadt, Germany

NuPAGE® MES SDS Running Buffer (20X), Thermo Fisher Scientific, Darmstadt, Germany
OligodT primers, Invitrogen, Darmstadt, Germany

Opti-MEM medium, Gibco Darmstadt, Germany

Paraformaldehyde, Merck, Darmstadt, Germany

PEG-it™ Virus Precipitation Solution (5X), BioCat GmbH, Heidelberg, Germany
Phenol/chloroform, Sigma-Aldrich, Steinheim, Germany

Phosphate buffered saline (PBS), Invitrogen, Darmstadt, Germany

PhosSTOP (Phosphatase Inhibitor Coctail), Roche Diagnostics, Mannheim, Germany
Ponceau-S-Red, Sigma-Aldrich, Steinheim, Germany

Powdered milk, Carl Roth GmbH, Karlsruhe, Germany

Propidium iodide, Sigma-Aldrich, Steinheim, Germany

Protease inhibitor cocktail tablets, Roche Diagnostics, Mannheim, Germany
Puromycin dihydrochloride, Sigma-Aldrich, Steinheim, Germany

Random primers, Promega. Mannheim, Germany

Reverse transcriptase SuperScript® Il, Invitrogen, Darmstadt, Germany

RNase OUT, Invitrogen, Darmstadt,Germany
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Sodium chloride, Merck, Darmstadt, German

Sodium hydroxide, Merck, Darmstadt, Germany

Soybean Trypsin Inhibitor, Thermo Fisher Scientific, Darmsdtadt, Germany
SYBR Green Master Mix 2x, Applied Biosystems, Darmstadt, Germany
T-PER, Thermo Scientific, Darmstadt, Germany

Tris, Merck, Darmstadt, Germany

Trypsin, Invitrogen, Darmstadt, Germany

Tween 20, Sigma-Aldrich, Steinheim, Germany

X-Gal, Thermoscientific, Darmstadt, Germany

2.2 Instruments and consumables

7900HT Fast Real-Time PCR System, Applied Biosystems, Darmstadt, Germany

96-well plates, Nunclon™ Delta Surface, Thermo Fisher Scientific, Darmsdtadt, Germany
96-well White opaque Tissue Culture Plate, Corning Incorporated, Wiesbaden, Germany
Alpha Innotech Chemilmager System FluorChem HD2, Biozym, Hessisch Oldendorf, Germany
Blotting paper, extra tick, Protean®, Bio-Rad Laboratories, Munich, Germany

Cell culture flasks (T125, T75, T25) Greiner BioOne GmbH, Frickenhausen, Germany
Cell Culture plates multi — wells, Corning Incorporated, Wiesbaden, Germany

Centrifuge Biofuge pico, Heraeus Instruments, Osterode, Germany

Centrifuge Eppendorf 5424R, Eppendorf, Hamburg, Germany

Centrifuge Rotina 420R, Andreas Hettich, Tuttlingen, Germany

Centrifuge tubes (15 ml and 50 ml), Greiner BioOne GmbH, Frickenhausen, Germany
Centrifuge/vortex combi-spin FVL 2400, PeqgLab, Erlangen, Germany

Cryotube™ vials (1 ml), Kisker Biotech GmbH, Steinfurt, Germany
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Cs™®'- y-source, HWM-D 2000 machine, Wélischmiller Engineering, Markdorf, Germany

Dispenser Multipette® plus, Eppendorf, Hamburg, Germany
Electrophoresis Cell, Novex mini cell, Invitrogen, Darmstadt, Germany
Electrophoresis Power Pac Basic, Bio-Rad Laboratories, Munich, Germany
Electrophoresis Transfer Blot, Bio-Rad Laboratories, Munich, Germany
Freezer -20°C, Liebherr, Ehingen(Donau), Germany

Freezer -80 °C, New Brunswick, Nurtingen, Germany

GravityPLUS™ plates, InSphero AG, Schlieren, Switzerland

Giemsa, Merck, Darmstadt, Germany

Heating block, Thermomixer comfort 1.5 ml, Eppendorf, Hamburg, Germany
Heating block, Thermomixer comfort 2ml, Eppendorf, Hamburg, Germany
Incubator, Sanyo, Bad Nenndorf, Germany

LSR Il flow cytometer BD, BD Biosciences, Heidelberg, Germany

Magnet plate, NeoLab, Heidelberg, Germany

Magnets stirrer, NeoLab, Heidelberg, Germany

Microplate reader Infinite® M200, Tecan, Switzerland

Microscope Axiovert 25, Carl Zeiss, Jena, Germany

Microscope KEYENCE BZ-9000 series, Keyence, Frankfurt, Germany
Multiple plate reader, TECAN Infinity M200, Tecan, Crailsheim, Germany

Nalgene Cryo Freezing Container, Sigma-Aldrich, Steinheim, Germany

Nitrocellulose blotting membrane, Amersham™ Protran™ 0.2 um, GE Healthcare, Munich,

Germany
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Nonidet™ P-40, Sigma-Aldrich, Steinheim, Germany

Optical Adhesive Film, MicroAmp, RQ-PCR, Applied Biosystems, Darmstadt, Germany
Parafilm® Carl Roth, Karlsruhe, Germany

Petri dishes, Greiner Labortechnik GmbH, Fickenhausen, Germany

pH meter, InoLab, Walheim,Germany

Pipette tips Graduated Filter Tips, TipOne Starlab, Ahrensburg, Germany

Pipettes 10, 20, 100, 200, 1000ul, Eppendorf, Hamburg, Germany

Reaction tubes 1.5 ml, 2.0ml, Eppendorf, Hamburg, Germany

Reaction tubes 15ml, 50ml, Falcon Blue Max BD Biosciences, Heidelberg, Germany
Sonicator B12, Branson, Ultrasonic, Danbury, USA

StepOnePlus ™ Real-Time PCR System, Applied Biosystems, Darmstadt, Germany
Stericup® 0.45 mm filters, Millipore Merck, Darmstadt, Germany

Sterile laminar flow work bench, BDK Luft und Reinraumtechnik, Sonnenbihl-Genkingen,

Germany

Z1 Coulter Particle counter, Beckman Coulter, Fullerton, USA
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2.3 Buffers and solutions

Laemlli buffer (4x)

Tris-HCI, pH 6.8
SDS

Glycerine
Bromphenolblue
B-mercaptoethanol

TBS-T (10x)

Tris
Tris-HCI
NacCl

miliQ water
Tween 20

Towbin buffer

Tris

Glycine
Destilled water
Ethanol
Destilled water

Ponceau-S-Red solution

Ponceau-S-Red
Acetic acid
Destilled water

Western blot (Blocking buffer)

Powdered milk
TBS-T (1x)

240 mM
8 % wiv
40 % viv
0.08 % wiv
20 % viv

4249

269

80g

900 ml (dissolve the salts)
10 ml

3.03¢g
14.4 g
700 ml
200 ml
up to 1 liter

0.2 % wlv
5% viv
500 ml

89
100 ml
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FACS — Solution |

NacCl
Na-citrate
RNase
Nonidet P-40
PI

FACS - Solution Il

Citric acid
Sucrose
Pl

2.4 Commercial kits

CellTiter-Glo® Luminescent Cell Viability assay
Chemiluminescent Detection Reagents
Lipofectamine® 2000

Megaplex RT primer Human pool A

mirVana"™ miRNA Isolation Kit

Precision Plus Protein™ Standard

Marker Dual Color

Restore™ PLUS Western Stripping Buffer

TagMan Universal PCR Master Mix,
no AmpErase® UNG

TagMan® MicroRNA Assay
TagMan® MicroRNA Reverse Transcription Kit

WST-1 cell proliferation reagent

10 mM

4 mM

10 pg/ml
0.3 % viv
50 pg/ml

70 mM
250 mM
50 pg/ml

Promega, Mannheim, Germany

GE Healthcare, Munich, Germany
Invitrogen, Darmstadt, Germany

Applied Biosystems, Darmstadt, Germany

Thermo Fisher Scientific, Darmsdtadt,
Germany

Bio-Rad Laboratories, Munich, Germany

Thermo Fisher Scientific, Darmsdtadt,
Germany

Applied Biosystems, Darmstadt, Germany

Applied Biosystems, Darmstadt, Germany
Applied Biosystems, Darmstadt, Germany

Roche Diagnostics, Mannheim, Germany
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2.5 Cell lines

2.5.1 Human non-transformed breast epithelial cell line (MCF-10A)

MCF-10A cells derived from a patient with fibrocystic disease and the subline of
immortalized MCF-10A line arose spontaneously in culture with normal calcium levels
(1.05 mM) [190]. This cell line is characterized with a stable, near-diploid karyotype with
genetic modifications typical for culture-adapted breast epithelial cells such is the loss of
the p16 locus [191]. This cell line was purchased from ATCC (ATCC® CRL-10317™)

and maintained in DMEM/F12 medium with supplements as described in Section 3.1.1

2.5.2 Breast cancer cell line (MDA-MB-361)

The MDA-MB-361 cell line was established from a patient with breast adenocarcinoma.
The cell line was purchased from ATCC (ATCC® HTB-27™) and maintained in DMEM
medium (high glucose content) supplemented with 20 % FCS.

2.5.3 Human embryonic kidney cell line (HEK293T)
HEK293T cell line derived from parental HEK293 cells, and they express Large T

antigen important for replicating plasmids with SV40 origin of replication necessary for
the lentiviral production. The cell line was purchased from ATCC (ATCC® CRL-3216™)

and maintained in DMEM medium (high glucose content) supplemented with 10 % FCS.

2.6 Antibodies for Western blot

All primary and respective secondary antibodies with corresponding dilutions used in
Western blot are shown in Table 1. All secondary antibodies were purchased from

Santa Cruz.
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Table 1: List of Antibodies (*present the predicted molecular weight and ** observed one)

Antigen Molecular Source Catalog Company Primary Secondary
weight (kDA) Number antibody antibody
FAK 125 Rabbit 3285 Cell Signalling 1:1000 1:20000
Phospho-FAK 125 Rabbit 8556 Cell Signalling 1:1000 1:20000
ERK1/2 42,44 Rabbit 4695 Cell Signalling 1:1000 1:20000
Phospho-ERK1/2 42,44 Rabbit 9101 Cell Signalling 1:1000 1:20000
JNK1/2 46, 54 Rabbit 9252 Cell Signalling 1:1000 1:20000
Phospho-JNK1/2 46, 54 Mouse 9255 Cell Signalling 1:1000 1:20000
PTEN 54 Rabbit 9559 Cell Signalling 1:1000 1:20000
NRF2 68 Rabbit  ab31163 Abcam 1:1000 1:20000
Phospho-NRF2 68*, 90** Rabbit  ab76026 Abcam 1:1000 1:20000
GAPDH 37 Mouse  sc-47724 Santa Cruz 1:5000 1:50000

2.7 Plasmids and reference DNA/ Nucleic acids

pGreenPuro™ (MZIP000-PA-1-GVO-SBI) and pmiRZIP-21 plasmid (MZIP21-PA-1-
GVO-SBI) are purchased from BioCat GmbH, Heidelberg, Germany.
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2.8 Softwares and databases

Table 2. List of software and databases used for different analyses

Software

Source

Ingenuity Pathway Analysis

TotalLab TL100

Flowing Software 2

PANTHER

STRING

GraphPad Prism 7

microRNA.org

DIANA Tools (microT-CDS)

miRDB

TargetScan Human 7.1

www.ingenuity.com/

TotalLab, Sigma, Steinheim, Germany

Cell Imaging Core, Turku Centre for Biotechnology

www.pantherdb.org

string-db.org

www.graphpad.com/scientific-software/prism/

www.microrna.org/microrna/home.do

diana.imis.athena-

innovation.gr/DianaTools/index.php?r=microT_CDS/index

www.mirdb.org/miRDB/

www.targetscan.org/vert_71
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3 METHODS
3.1 Cell culture

3.1.1 Cell culture maintenance of human non-transformed mammary epithelial
cell line (MCF-10A), human breast adenocarcinoma cell line (MDA-MB-361)
and human embryonic kidney HEK293T cell line

MCF-10A cells were cultured in T75 cell culture flasks in DMEM/F-12 medium
(Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12) supplemented with 5%
horse serum, 0.5 mg/ml hydrocortisone, 20 ng/ml EGF, 10 yg/ml insulin and 100 ng/ml

cholera toxin.

MDA-MB-361 cells were cultured in DMEM (Dulbecco Modified Eagles medium)
supplemented with 20% fetal bovine serum while HEK293T cells were cultured in
DMEM with GlutaMAX (Dulbecco Modified Eagles medium) supplemented with 10%
fetal bovine serum. All cell lines were maintained in culture at 37 °C in a 5% carbon
dioxide (CO,) substituted incubator.

After starting the cell lines from stocks, they were kept in culture for a maximum of 4
weeks. In order to maintain exponential growth phase during this time cells were
passaged at least twice per week. For passaging, medium was aspirated from the cell
culture plates and the cell monolayer was rinsed with 5 ml of pre-warmed PBS. After
removing the PBS, 2 ml of 0.05% Trypsin-EDTA (1x) solution was added and incubated
at 37 °C for up to 10 min. In order to ensure that all cells are detached from the culture
plates the flasks were monitored under the microscope. In the case of MCF-10A cells,
the trypsinisation was stopped by adding 2 ml of Trypsin Soybean inhibitor (1X) which
was followed by the addition of 10 ml of pre-warmed complete medium. For MDA-MB-
361 and HEK293T cells trypsin activity was stopped by adding 5ml of growth medium
containing 20% or 10% serum, respectively. The number of cells was counted with a Z1
Coulter Particle counter® and the cell suspension was briefly centrifuged at 300 x g for 5
min at room temperature. The supernatant was discarded and cell pellet resuspended in
10-15 ml of fresh complete media (depending on the cell number) and split at the ratio

of 1:3 into new flasks.
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3.1.2 Authentication of the cell lines

All cell lines used were authenticated by genetic profiling service (Eurofins MWG
Operon, Ebersberg, Germany). The pellets of 1 x 10° cells of each cell line was made
and frozen to -20 °C before sending to the company. For each sample then the DNA
was isolated and the genetic characteristics were determined by PCR-single-locus-
technology. For this purpose PowerPlex® 21 System was used and it allowed
investigation of 21 independent loci (20 STR loci and Amelogenin). Obtained profiles
were subsequently verified by the online STR matching analysis database (DSMZ,

Heidelberg, Germany).

3.1.3 Cryopreservation

All cell lines were cryopreserved by slowly cooling to -80 °C and then stored at -196 °C
in liquid nitrogen. A cryoprotectant (DMSO) was used to prevent the damage during the
freezing and thawing processes. For all cell lines, ~ 2 x 10° cells at the exponential
phase of growth were harvested by trypsinisation followed by centrifugation at 300 x g
for 5 min. After discarding the supernatant, the cell pellet was resuspended in 1 ml of
growth medium (containing serum, percentage depending on cell line) supplemented
with 10% DMSO. This cell suspension was transferred into a cryogenic storage vial and
placed in a Nalgene Cryo Freezing Container (cooling rate of -1 °C/min) in a -80 °C

freezer overnight. The vials were then stored at -196 °C in liquid nitrogen.

3.1.4 Thawing cryopreserved cells

The procedure of thawing is stressful to frozen cells since they become sensitive to
cryoprotectant (DMSO). Cells were therefore quickly thawed, centrifuged and DMSO
was removed. Cryogenic storage vials with frozen cells were taken out of liquid nitrogen
tank and placed in a 37°C water bath for couple of minutes till the cell suspension is
completely melted. Pre-warmed medium containing serum (9 ml) was placed in a 15 ml
centrifuge tubes and 1 ml of cell suspension from cryogenic storage vial was transferred
to the same centrifuge tube and everything was then centrifuged at 300 x g for 5 min.
The supernatant containing DMSO was discarded and the cell pellet was resuspended
in 10-15 ml of fresh medium and transferred to a T75 culture flask.
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3.1.5 Irradiation of cells

Irradiation of cell cultures was performed with a HWM D-2000 Cs**’

y-source irradiator.
The dose was 0.46 Gy per minute. The irradiator contains a circular shielded irradiation
chamber which is 10cm in height and 33cm in diameter. Cells were irradiated in cell T75
culture flasks (plating efficiency — 5 x 10° cells) or 6-well plates (plating efficiency - 2x
10° cells per well) at room temperature using a single exposure of 0.25 Gy or 2.5 Gy.
Control cells were sham-irradiated (0 Gy) by treating them in the same way as the
irradiated cells, except that the cells were placed outside the lead shielding of the
irradiator. After radiation treatment, both sham-irradiated and irradiated cells were

returned to 37 °C, for indicated time points of analyses (4, 24 or 48 hours).

3.2 Lentivirus transfer vectors

Lentiviruses used in this study are HIV-1 based gene delivery vehicles that are capable
of infecting a wide variety of both dividing and non-dividing mammalian cell types. They
enable the stable integration of DNA into the host genome, which results in long-term

expression of a transgene [192].

In order to downregulate the miRNA expression the miRZip™ shRNA expression
lentivector was used. This vector is based upon improved third generation of SBl's
pGreenPuro™ lentivector (pGP) that was used as vector transduction control and
therefore termed empty vector (EV). For the downregulation of miR-21 pmiRZIP-21
(further named — anti-miR-21) plasmid was used. Both lentiviral vectors (pGP and
pmiRZIP-21) contain copGFP gene and a puromycin resistance gene transcribed from
an internal cytomegalovirus (CMV) promoter. CopGFP gene is a fluorescent reporter
while puromycin is used for stable drug selection of cells that were stably transduced.

3.2.1 Lentivirus production

Replication-defective lentiviral particles were produced by transient transfection of 5 x
10° HEK293T cells in a 10 cm Petri dish as previously described [193-195]. The change
of medium in Petri dishes is done at least 1 hour before transfection. In 500 pl of Opti-
MEM® (1X) reduced serum medium the three packaging plasmids pMDLg/pRRE (16
Mg), pPRSV.Rev (8 ug) and pMD2.G (5 ug) and 10 ug of pGP or pmiRZIP-21 vectors

were combined (Figure 6). A mixture of 20 yl Lipofectamine® 2000 transfection reagent
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and 480 pl Opti-MEM® (1X) medium was prepared and incubated at room temperature

for 5 min.

pmIRZIP-21

or lentivector

3'ALTR H1 WPRE

anti-miR-21
PGP o,
Pmij
Ie""'vec’ffrlp"z 1
Rey
Gag Pol
N

Development of lentiviral vector
for targeted gene therapy

Target cell

Packaging cell - HEK293T

Figure 6. Lentivirus production and transduction of target cells. Production of EV and anti-miR-21
lentiviruses using pGP (upper left) and pmiRZip-21 lentivectors (upper right). Production of replication-
defective lentiviral particles starts (using blue- pMDL/pRRE (expresses HIV gag/pol), yellow - pRSV-Rev
(express HIV REV), red - pMD2.G (express VSV glycoprotein) and green (pGP or pmiRZIP-21) colored
plasmids) by transient transfection of HEK293T for the development of lentiviral vectors. After 48 hours,
virus particles are harvested and concentrated, after which the virus is ready for the lentiviral transduction

of target cells.
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The solutions were mixed together, vortexed vigorously for 15 s and then incubated at

room temperature for 20 min. A final volume of 1 ml of previously mixed solution is then
added to the cells drop-wise across the plate. The plates were incubated at 37 °C for 48
hours after which the virus particles were harvested, cleared of cell debris by low-speed
(100 x g for 5 min) centrifugation and filtered with Stericup® filters. The lentivirus was
concentrated using PEG-it™ Virus Precipitation Solution (5X) according to the

manufacturer’s instructions and stored at -80 °C in aliquots of 50 pl.

3.2.2 Lentivirus titer determination

To titrate lentiviral vector expressing GFP (fluorescent protein) the flow cytometric
method (FACS) was used. The titration was performed in HEK293T, MCF-10A and
MDA-MB-361 cell lines. For titration, 1 x 10° cells were plated in 6-well plates and the
transduction of the cells was performed. Briefly, in the first well 1 ml of medium
containing no virus was used as a control. In the other wells 1 ml of medium with 3 pl of
virus and dilutions (-1, -2, -3 and -4) was used. After 24 hours of incubation the medium
was changed and cells were incubated for an additional 48 hours in medium containing
puromycin. The cells were trypsinized, cell pellets collected and analysed with FACS.
The virus titer (transduction units/ ml) was calculated according to the formula:

TU/ml = (F x N x D x1000)/V

Where F - percentage of fluorescent (GFP) cells, N — starting number of cells at the time
of transduction, D — fold dilution of lentiviral vector used for transduction and V — volume

of diluted vector sample added into each well for transduction [196].

3.2.3 Lentiviral transduction of cell lines

Viral transduction of breast epithelial cells with EV and anti-miR-21 lentiviral vectors was
done according to the protocols previously described [169, 170]. Briefly, 2 x 10° cells
were plated per well in 6-well plates day before the transduction. Cells were infected
with 3 x 10° lentiviral transduction units (TU) according to the virus titer, with the addition
of poloxamer synperonic F108 (100 pg/ml) and polybrene (10 ug/ml) as adjuvants that
further enhance lentiviral transduction rates. After 24 hours of incubation at 37 °C with
5%
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CO2 the medium was changed and cells were incubated for an additional 48 hours in

medium with the inclusion of puromycin (0.3 pg/ml) before further analysis.
3.3 Functional analysis

3.3.1 Clonogenic assay

The clonogenic assay is an in vitro assay of cell survival in radiation biology. It is based
on the ability of single cell to grow into a colony, since only a fraction of cells retains the
capacity to produce colonies after irradiation [197-199]. It is used to assess the
differences in reproductive viability between untreated cells and cells that have been
under different treatments of ionizing radiation and to conclude about the effects of anti-
cancer strategy (knockdown of miR-21) on colony forming ability. The clonogenic assay

consisted of three parts:

e Making the single cell suspensions out of lentiviral treated cells (EV and anti-
miR-21) as well as control cells (without virus) and plating cells at a range of
dilutions (500-12.000 cells per well dependent on the predicted survival at each

radiation dose used) per well in a 6-well plate before treatment.

e After 24 hours the cells in 6-well plates were either sham-irradiated or exposed
to different doses of radiation (0.2, 2, 4, 6 and 8 Gy).

e Colony formation capacity was assessed after 7-21 days depending on the cell
line. Fixation of the colonies was performed with 100% ethanol and subsequently
they were stained with Giemsa (diluted 1:10 in PBS). The colonies with more
than 30 cells were counted with stereo microscope (Olympus SZX12) and the

survival curve was plotted.

All clonogenic assays were performed with at least three biological replicates and

each treatment was performed with two technical replicates.

3.3.2 Cell viability and cell attachment assays

For determining cell viability after the combined treatment with anti-miR-21 and radiation
we used two commercially available assays: CellTiter-Glo® Luminescent Cell Viability

assay and WST-1 colorimetric assay.
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3.3.2.1 CellTiter-Glo® Luminescent Cell Viability assay

CellTiter-Glo® assay is based on quantitation of ATP, a signal of metabolically active
cells that is detected as a luminescent signal. The lentiviral-transduced cells were plated
in technical triplicates 3 days after transduction in opaque-walled 96-well plate. The
number of plated cells was 1000 cells per well for MCF-10A cells and 5000 cells per
well for MDA-MB-361 in a final volume of 100 ul. Culture medium was used as the
background control. The cells were incubated for 72 hours, before radiation, in a
humidified atmosphere at 37 °C with 5% CO,. The cell viability of sham-irradiated and
cells exposed to 0.25 Gy and 2.5 Gy was measured 4, 24 and 48 hours after radiation.
100 pl of CellTiter-Glo® Reagent was added to each well followed by orbital shaking for
2 min for the induction of cell lysis. The plates were incubated for 10 min at room
temperature for stabilization of luminescent signal which was afterwards recorded using
microplate reader Infinite® M200 with integration time of 1 second per well. Assay was

performed for three biological replicates.

3.3.2.2 WST-1 colorimetric assay

The WST-1 colorimetric assay detects the amount of formazan dye formed from WST-1
reagent, which is in correlation with the metabolic activity of the cells. The lentiviral-
transduced cells were plated in technical triplicates 3 days after transduction in flat
bottom transparent polystyrol plate. The number of plated cells was 1000 cells per well
for MCF-10A cells and 5000 cells per well for MDA-MB-361 in a final volume of 100 ul.
Culture medium was used as the background control. The cells were incubated for 72
hours, before radiation, in a humidified atmosphere at 37 °C with 5% CO,. The cell
viability of sham-irradiated and cells exposed to 0.25 Gy and 2.5 Gy was measured 4,
24 and 48 hours after radiation. 10 ul of the WST-1 reagent was added per well and
incubated for 1 hour at 37 °C and 5% CO,. The plates were shaken for 1 minute after
what the absorbance was measured (measurement wavelength — 450 nm; reference
wavelength — 650nm) in microplate reader Infinite® M200. Assay was performed for

three biological replicates.
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3.3.2.3 Cell attachment assay

For detecting if miR-21 knockdown and radiation treatment influenced cell attachment a
cell attachment assay was performed. Lentivirally-transduced MCF-10A and MDA-MB-
361 cells were plated at 1 x 10° per well in 6-well plates 24 hours prior to irradiation.
Cell detachment was monitored by counting the number of cells in the supernatant 24
and 48 hours after exposure to radiation. The number of attached cells was measured
48 hours after irradiation by trypsinizing, collecting and counting the cells using Z1
Coulter Particle counter ®. All assays were performed in biological triplicates, each with
three technical replicates.

3.3.3 Cell cycle analysis
Cell cycle distribution was analysed 24 hours after irradiation of MCF-10A and MDA-

MB-361 cells that were lentivirally transduced. 24 hours prior to radiation, 2 x 10° of
cells were plated per well of 6-well plate. Treated cells were trypsinized and the pellets
were collected by centrifugation at 300 x g for 5 min, after which the supernatant was
carefully removed and washed once with PBS. The cell pellet was resuspended in 500
ul of solution | (10 mM NaCl, 4 mM Na-citrate, 10 ug/ml RNase, 0.3% Nonidet P-40, and
50 pg/ml propidiumiodide (Pl)) and incubated in the dark at room temperature for 60
min. This was followed by the addition of 500 yl of solution Il (70 mM citric acid, 250 mM
sucrose and 50 pg/ml PIl) [195, 200]. Cell cycle distribution analysis were performed
using a FACScan LSR Il (excitation wavelength: 488 nm; emission wavelength: 610 nm
— for PI detection) and the BD FACSDiva™ software (BD Biosciences, Heidelberg,
Germany). All obtained data were afterwards analysed with Flowing software. Cells with
DNA content lower than that of cells in the G1 phase of the cell cycle were defined as
the subG1 fraction and were considered to be apoptotic. All samples were done in

biological triplicates.

3.3.4 3D microtissue analysis

Multicellular 3D spheroid models are suggested to be better representation of the in vivo
situations since they are morphologically and functionally closer to native tissue or
organ structures than 2D. Unlike in 2D, cells in a 3D system produce native extracellular

matrix (ECM) which facilitates an integrated cellular response to environmental stimuli.
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We have used hanging drop 3D-microtissue technology - GravityPLUS™ 3D Culture
and Assay Platform.

The GravityPLUS™ 3D Culture and Assay Platform consists of two steps to form a 3D-
microtissue (Figure 7). Briefly, the first step is seeding the desired number of cells in
GravityPLUS™ plates in which the 3D-microtissues are created in the hanging drop
over 3 days. The resulting 3D-microtissue was then transferred into the GravityTRAP™
plates in which the assays can be performed [201, 202]. The lentivirally transduced cells
(MCF-10A and MDA-MB-361) and corresponding controls were seeded with 2000 cells
per drop into scaffold-free 96-well InSphero culture GravityPLUS™ plates.

SureDrop™

GravityTRAP ™

Cell Seedin Microtissue Microtissue
9 Maturation Culture/Assay

Figure 7. GravityPLUS™ platform design for 3D-microtissue formation. A 4-step process starts with

cells seeding and microtissue maturation (in GravityPLUST"’I plate) for 3 days. On the fourth day
microtissue is transferred to GravityTRAPTM plate where it is further cultured and 3D-microtissue can then

be used for analysis.
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After 24 hours in the GravityTRAP™ plates (defined as day O of treatment), the 3D

microtissues were sham-irradiated (0 Gy) or irradiated with a single dose of radiation

(0.25 Gy or 2.5 Gy). Growth of eight 3D-microtissues per treatment was monitored
every 3 days using a high content screening system Operetta (Perkin EImer, Waltham,
MA) and the maximal area of GFP expressing microtissue (um?) was quantified using

the Harmony analysis Software (Perkin Elmer) [201, 202].

3.4 Semi-quantitative RT-PCR analysis of targeted miRNA expression

Quantitative real-time PCR represent the most sensitive and reproducible method to
qguantify gene expression. The expression levels of individual miRNAs were analysed
using a specific single TagMan™ microRNA assay. The differences in miRNA
expressions between samples were calculated using the 222 method (Section 3.4.5)
[203].

3.4.1 RNA extraction

Cell pellets for the isolation of total RNA were collected 4 and 24 hours after radiation
treatment. Cell monolayer was rinsed with PBS, trypsinized, collected by centrifugation
at 2000 rpm for 5 min, and washed twice with 1 ml of PBS. The pellets were kept either
on ice or were stored at -20 °C for later extraction. Total RNA was isolated from the
cells using the mirVana™ miRNA isolation kit according to the manufacturer’s
instructions. Cell pellets were lysed using 600 pl of Lysis/Binding buffer. The extraction
of RNA was done with 600 ul of Acid-Phenol:Chloroform, vortexed and then centrifuged
at 13 000 x g for 7 min to separate the aqueous and organic phases. To the aqueous
phase containing nucleic acids 1.25 volumes of 100% ethanol was added and mixed,
and afterwards filtered and washed with appropriate solutions provided in a kit. Total
RNA was then eluted from filter cartridge in 50 pl of pre-heated to 95 °C nuclease-free

water.

3.4.2 Quantification of nucleic acids

The concentration of total RNA was determined with the Nanodrop spectrophotometer
(PegLab Biotechnology, Germany). The RNA purity was assessed by using the ratio of
the absorbance at 260 and 280 nm (A260/280). The quality of RNA was accepted when
it was in range 1.8 - 2.0.
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3.4.3 cDNA synthesis for miRNA analysis
cDNA for the TagMan™ microRNA assay was made by using the TagMan® MicroRNA

Reverse Transcription Kit. The RNA concentration of each sample was adjusted to 20
ng/ul and 3 ul was used for the cDNA synthesis (in total 60 ng of each RNA sample was
used in this reaction). 12 ul of reverse transcription mix was prepared according to
Table 3 and was added to the RNA template. The mixture was gently mixed, spun down
briefly and incubated on ice for 5 min before starting the program for reverse
transcription reaction (Table 4). Before further analysis newly synthesized cDNA was
stored at -20 °C. The snoRNA RNU44 was used as endogenous control for all the

reaction with miRNAs.

Table 3: Reverse transcription mix (for 1 reaction)

Component Volume (ul)

dNTP mix (100 mM) 0.15
MultiScribe™ RT enzyme (50U/pL) 0.70
RNase inhibitor (20U/uL) 0.19
10X RT Buffer 1.50
TagMan RT primer (5x) 2.00
Nuclease free water 7.46

Total volume 12

Table 4: Program for cDNA synthesis

Number of cycles Cycle Temperature Time
1 Primer annealing 16 °C 30 min
1 Elongation 42 °C 30 min
1 Inactivation 85 °C 5 min
1 Storage 4°C hold

3.4.4 Real-time PCR

Real-time PCR reactions were performed on reverse transcribed cDNA using the

StepOnePlus™ Real-time PCR System in 96-well plates with a final reaction volume of
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10 pl. Each reaction contained 2 ul of previously synthesized cDNA template and 8 ul of
PCR master mix (Table 5). Each sample was quantified in three technical replicates.
Before starting the real-time PCR reaction, the reaction plate was sealed and spun

down at 1000 rpm for 2 min. The real-time PCR reaction was performed as presented in

Table 6. As a negative control, 2 pl of nuclease - free water was used as template.

Table 5: Real-time PCR Master Mix (for 1 reaction)

Components Volume (ul)
TagMan Universal PCR Master Mix, nho 5.0
TagMan assay specific primer (20x) 0.5
Nuclease free water 25
Total 8

Table 6: Thermal cycler program for real-time PCR reaction

Number of cycles Cycle Temperature Time
1 Activation 50 °C 2 min

1 Initial denaturation 95 °C 10 min

40 Denaturation 95 °C 15 sec
Annealing/elongation 60 °C 1 min

3.4.5 Analysis of real-time PCR amplifications

The amplification of the specific mIRNA in each sample was determined by the
detection of the TagMan® probe fluorescent signal. The initial cycles of PCR with low
change in fluorescence signal were used to establish the baseline. The threshold level
was set in the linear phase of the amplification curve and according to its intersection
with the amplification curve, C; value of individual miRNA can be detected (Figure 8).
The Ct (cycle threshold) is defined as the PCR cycle where the product concentration
exceeds the threshold value. The Ct value for each miRNA target was calculated as the
mean of the 3 technical replicates. The fold changes of target miRNA expression was

2722 method as previously described [203]. Briefly,

calculated and presented using the
for the calculation of MIRNA expression changes following steps were used:
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Amplification Plot
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Figure 8. Graphical presentation of real-time PCR data. Red color presents amplification curve of
selected miRNA and green color amplification curve of endogenous control (both done in technical
duplicates). The threshold for selected miRNA was set at 0.39 within the exponential phase of
amplification curve (ARn — relative fluorescence). The Ct value is detected at 22nd cycle as interception

of threshold and amplification curve.

1. The target miRNA expression level (control or treated cells) was first normalized
to the expression levels of the endogenous control RNU44 and is presented as
ACt

AC, = C, (MiRNA) — C; (RNU44)

2. The difference in expression level between normalized miRNA expressions in
sample of interest (e.g. irradiated cells) relative to the expression level of

normalized miRNA expressions in the control cells
AAC; =AC; (irradiated cells) — AC; (control cells)

3. The change of selected miIRNA expression value between samples was

calculated as the 2722¢

Expression value =2 - (ACt (irradiated cells) — ACt (control cells)) _ 2 - AACt

Statistical analysis was performed as explained in section 3.10.
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3.4.6 RT? Profiler PCR Assay — oxidative stress

This real-time RT-PCR based assay present a highly sensitive method for gene
expression analysis. The Human Oxidative Stress RT? Profiler PCR assays used can
profile the expression of 84 genes related to oxidative stress such as peroxidases and
genes involved in reactive oxygen species (ROS). Five housekeeping genes are
included for control purposes: actin, beta (ACTB), beta-2-microglobulin (B2M),
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), hypoxanthine phosphoribosyl-
transferase 1 (HPRT1) and ribosomal protein, large, PO (RLPO).

The changes in gene expression were monitored in lentivirally transduced MCF-10A
cells 4 and 24 hours after the exposure to a radiation dose of 2.5 Gy. cDNA synthesis
was performed using the RT? First Strand Kit according to the manufacturers’
instructions. Briefly, 500 ng of total RNA from each sample was used for the reverse

transcription. For each sample the genomic elimination mix was prepared (Table 7).

Table 7: Genomic DNA elimination mix (for 1 reaction)

Component Amount
Total RNA 0.5 ug
Buffer GE 2u
Nuclease free water variable
Total volume 10l

The mixture was then incubated at 42 °C for 5 min and then placed on ice for at least 1
min. To a 10 pl volume of genomic DNA elimination mix 10 pl of reverse-transcription

mix (Table 8) was added for each sample. Everything was then incubated at 42 °C for
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15 min and the reaction was immediately stopped by incubation at 95 °C for 5 min. To

each sample 91 pl of nuclease free water was added and stored at -20 °C prior to real-
time PCR.

Table 8: Reverse-transcription mix (for 1 reaction)

Component Volume ()
5x Buffer BC3 4
Control P2 1
RE3 Reverse Transcriptase Mix 2
Nuclease free water 3
Total volume 10

For the real-time PCR procedure the cDNA was mixed with RT?> SYBR Green Mastermix
(Table 9).

Table 9: Real-time PCR mix (per sample)

Component Volume (ul)
2x RT?SYBR Green Mastermix 1350
cDNA 102
Nuclease free water 1248
Total volume 2700

The Real-time PCR mix was then dispensed into the RT? Profiler PCR Assay by adding
25 ul to each well. After sealing with optical adhesive film the plate was centrifuged at
room temperature for 1 min at 1000 x g to remove bubbles. The PCR reaction was
performed using the StepOnePlus™ Real-time PCR System using cycling program
(Table 10).

—AACt

The fold changes of genes on the array were calculated using the 2 method (see

3.4.5) with GAPDH used as endogenous control.
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Table 10: Cycling program for real-time PCR

Number of cycles Temperature Time
1 95 °C 10 min

40 95 °C 15 sec

60°C 1 min

3.4.7 TaqMan® Gene Expression Assay

According to the fold changes of genes detected in Human Oxidative Stress RT? Profiler
PCR Assay, five genes were selected (NRF2, HMOX1, TXNRD1, TXNRD2, HSPA1A)
for validation with the single TagMan® Gene Expression Assays. The first step was
reverse transcription using SuperScript™ || Reverse Transcriptase kit. For each sample
1 pg of total RNA was used. The reverse transcription mix is made by combining
mixture | (blue) and mixture Il (yellow) indicated in Table 11. cDNA synthesis was
started with mixture | for each sample according to cycling program (Table 12). After
finishing the cycling stage at 25 °C the program was stopped and 9 ul of mixture Il was
added for each sample and the program was further continued. The cDNAs of each
sample were then diluted in ratio 1:4 with nuclease-free water. The mix for the real-time

PCR reaction was done according to Table 13.

The real-time PCR reaction was performed on StepOnePlus™ Real-time PCR System

using cycling program according to Table 4. The fold changes of genes were calculated

—-AACt

using the 2 method (see 3.4.5) with TBP as endogenous control.
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Table 11: Reverse transcription mix for TagMan gene expression assay (for 1 reaction)

Component Amount
Total RNA 1 g
Nuclease free water Variable
Oligo(dT)12.45 Primer 1.5 ul
Random Primers 1.5 ul
5X First-Strand Buffer 4 ul
0.1 MDTT 2ul
dNTP Mix 1l
RNaseOUT™ 1u
SuperScript® Il Reverse Transcriptase 1l
Total volume 20 pl
Table 12: Program for cDNA synthesis
Number of cycles Temperature Time
1 70 °C 2 min
1 25°C 10 min
1 42 °C 60 min
1 95 °C 5 min
Table 13: Real-time PCR mix for TagMan® Gene Expression Assay
Component Volume (ul)
cDNA 4
TagMan® probe 1
TagMAnN Universal PCR Master Mix, no 10
Nuclease free water 5
Total volume 20
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3.5 Low density arrays

For detecting which miRNAs are changed 4 and 24 hours after exposure to 0.25 Gy and
2.5 Gy dose of irradiation the TagMan® Low Density Array was used. TagMan® Human
MicroRNA Array A was loaded with 384 unique PCR primer sets, out of which 377 are
specific to human miRNAs and 4 present control assays (3 endogenous templates and
1 negative control assay). With this specific array we set our focus on detecting
changes in highly characterized and well-known miRNAs. These arrays were used in
conjunction with Megaplex™ RT Primer Human Pool A that contain stem-looped
reverse-transcription (RT) primers which enable simultaneous synthesis of cDNA for

mature miRNAS.

3.5.1 cDNA synthesis and loading the Low density arrays

The starting material for the total RNA that was isolated as described in RNA extraction.
For this step the TagMan® MicroRNA Reverse Transcription Kit and Megaplex™ RT
Primers were used to synthesize single-stranded cDNA from the total RNA. The final
volume of 15 pl of reverse transcription (RT) reaction was made of 6 pl of total RNA
(total of 300 ng) and 9 pl of reverse transcription mix (Table 14) for each sample. The
final mixture of RT mix and RNA was gently mixed, spun down briefly and incubated on
ice for 5 min. Program for the cDNA synthesis is shown in Table 15. cDNA was stored
at -20 °C.

Prior to loading, the arrays were brought to on room temperature. The TagMan® Low
density arrays were run on the TagMan 7900HT Real-time PCR system with a final
reaction volume of 900 ul. Each reaction contained 15 pl of previously synthesized
cDNA and 885 pl of master mix (450 upl of TagMan Universal PCR Master Mix, no
AmpErase® UNG and 435 pl of nuclease free water). 100 ul of the mixture was loaded
into each of 8 fill reservoirs on the array. The arrays were centrifuged 2 times for 1 min
at 1200 rpm in order to distribute the cDNA samples into all of the reaction wells. After
verifying that the filling was complete, the array was sealed and the fill reservoirs were

cut off according to the manufacturers' instructions.
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Table 14: Low density array reverse transcription (RT) mix (for 1 reaction)

Component Volume (ul)
MegaPlex RT primers (10X) 1.6
dNTP mix (100 mM) 0.4
MultiScribe™ RT enzyme (50U/pL) 3.0
10X RT Buffer 1.6
RNase inhibitor (20U/pL) 0.2
MgCl, (25 mM) 1.8
Nuclease free water 0.4

Total volume 9

Table 15: Thermal cycler program for Low density array RT reaction

Number of cycles Cycle Temperature Time
Primer annealing 16 °C 2 min

40 Elongation 42 °C 1 min
Elongation 50 °C 1 min

1 Inactivation 85°C 5 min

1 Storage 4°C infinity

SDS v2.4.1 Relative Quantification software was used for storing the data obtained from
real-time PCR reaction and data analysis. The Ct values for each miRNA on array for
biological triplicates were first normalized to the mean Ct value of endogenous control
(RNU44) from all three replicates in order to obtain ACt value. The fold changes in

—AACt method

MiRNA expression profiles after radiation were analysed according to 2
(Section 3.4.5) for each biological replicate, where AACt was calculated by
normalization to the Ct value of sham-irradiated cells. The final fold changes are
presented as mean values of three biological replicates. Fold changes less/equal to
0.90 were considered as downregulated, the ones higher/fequal then 1.10 as

upregulated miRNAs and the rest as not changed ones.
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3.6 Protein immunobloting (Western Blot analysis)

3.6.1 Protein extraction

MCF-10A cells were plated in T75 flasks at a concentration of 2 x 10° cells 24 hours
prior to irradiation. At 4 and 24 hours after irradiation, the cells were trypsinized and cell
pellets for the protein extraction were collected. The pellets were washed twice with
PBS before being lysed with 60 pl of cell lysis buffer - T-PER™ Tissue Protein
Extraction Reagent with Protease Inhibitor Cocktail and PhosSTOP (Phosphatase
Inhibitor Cocktail). Cell lysis was done on ice for 1 hour, afterwards the mixture was
centrifuged at 16 000 rpm for 10 min at 4 °C and supernatant was transferred to a new

eppendorf tube. These protein extracts were stored at -20°C.

3.6.2 Measurement of protein concentration

Concentration of protein samples was measured using the colorimetric Bradford protein
assay with BSA standards. The BSA standards used for the standard curve were: 0.25,
0.5, 1 and 1.4 mg/ml in lysis buffer and the lysis buffer was used as the blank. For each
concentration of BSA standards and each protein sample 5 pl was pipetted in triplicates
in 96 well flat bottom transparent plate and it was followed by adding 150 pl of Bradford
reagent. The plate was covered in aluminium foil (for light protection) and gently mixed
for 10 min to develop the colorimetric reaction. The absorbance at 595 nm was
measured with a TECAN microplate reader. Protein concentrations of samples were
first corrected for the background signal and the concentrations were calculated using

the standard curve linear regression equation.
3.7 SDS gel electrophoresis

3.7.1 Preparation of samples for loading

15 pg of each protein sample was mixed with 4X Laemlli buffer in ratio 4:1 (respectively)
and heated for 5 min at 95 °C. The volume between samples was set to the equal with
lysis buffer. Prior to loading on gel the samples were kept on ice. Proteins were
separated using NUPAGE® Novex® 4-12% Bis-Tris Protein Gels, 1.5 mm.
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3.7.2 Electrophoretic separation of proteins

NUPAGE® Novex® 4-12% Bis-Tris Protein gels were put in the chamber for the gel
electrophoresis that was filled with NUPAGE® MES SDS Running Buffer (1X). On each
gel, beside samples, 5 pl of protein molecular weight marker (Precision Plus Protein™
Standard Marker Dual Color) was used. Electrophoresis was run first at 80V for 30 min
in order to load the proteins in the stacking part of the gels, after which the voltage was
increased to 150V for the next 1 hour for the separation of proteins.

3.7.3 Transfer of separated proteins

The transfer of the electrophoretically separated proteins to nitrocellulose membrane
was done by wet electroblotting. Gels were taken out of their cassettes and rinsed for
15 min while gently shaking in the transfer Towbin buffer. A presoaked nitrocellulose
membrane was placed on the gel and this was placed in between two presoaked
blotting papers and sponges (ensuring that air bubbles were not present). This gel
sandwich was loaded into a support cassette and placed in the transfer chamber filled
with transfer buffer that contained a magnet stirrer. The transfer chamber was placed in
a box filled with ice on a magnet stirrer plate. Transfer was done at 100V for 2 hours.
The efficiency of the transfer to the membrane was visualized using Ponceaus-S-Red
staining, which was documented by scanning the gels. The Ponceaus-S-Red stain was
removed by washing the membrane 3 times for 10 min in TBS-T buffer. Before the
detection of selected proteins, the membrane was blocked for 1 hour at room
temperature using 8% w/v powdered milk dissolved in TBS-T buffer, after which the

membrane was rinsed 3 times in TBS-T.

3.7.4 Antibody detection of target protein

Before incubation with the primary antibody the membrane was cut to contain the region
with the protein of interest. Antibodies were diluted in either 3% BSA or in 3% milk in
TBS-T. The dilutions used for each antibody are shown in section 2.6. Membranes were
incubated with the appropriate primary antibody overnight at 4 °C with continuous
shaking, followed by 3 times 5 min washing in TBS-T while shaking. The relevant HRP

conjugated secondary antibody was applied and the incubation was performed for 1
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hour at room temperature. Excess secondary antibody was removed by washing the

membrane 3 times with TBS-T while shaking.

3.7.5 Detection of immunoblot signals

For the detection of immunoblot signals ECL™ Select Western Blotting Detection
Reagent was used. The ECL solution was prepared according to the manufacture’s
protocol by mixing the luminol and peroxide solution (ratio 1:1). The membranes were
incubated in 2-3 ml of ECL solution for 5 min at room temperature. The luminescent
signal was detected right after the ECL incubation and documented with the Alpha
Innotech Chemi Imager system.

3.7.6 Stripping and re-probing

In order to re-probe the nitrocellulose membranes they were stripped using Restore™
PLUS Western Blot Stripping Buffer. Incubation of membrane with stripping buffer was
done for at least 20 min at room temperature followed by 3 times 5 min washing with
TBS-T while shaking. Antibody detection and development was done as described in
3.6.5.

3.7.7 Quantification of the proteins

Quantification of the detected proteins was performed by TotalLab (TL 100) image
analysis software. In each case the value of detected protein was normalized to levels

of the endogenous control GAPDH.

3.8 In silico mir-21 target predictions

For the purpose of discovering the potential targets of miR-21 four different databases,
providing information about mIRNA in silico target predictions based on
complementarity of miRNA sequence to mRNA (3’'UTR) of targets, were used — miRDB,
Target Scan, DIANA and microRNA.org software. Most of miRNA target prediction tools
are based on four features of the miIRNA:mRNA target interaction - seed match
(Watson-Crick match between a miRNA and its target in the seed sequence (2-8
nucleotides)), conservation (maintenance of a sequence across species), free energy (a
measure of the stability of a biological system) and site accessibility (measure of the
ease with which a miRNA locate and hybridize with an mRNA target) [204]. The
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differences in number of predicted targets are the result of different subsets of features

softwares are based on. In this prediction we have included both miR-21-5p and miR-
21-3p.

3.9 Proteomics

3.9.1 Isotope-Coded Protein Labelling (ICPL)

ICPL presents a method based on stable isotope labelling of the free amino groups of
proteins using amine specific reagents. It was based on a reaction of N-nicotinoyloxy-
succinimide with the e-amino group of lysine. By using different isotope tags the ICPL
method allows high-throughput comparative profiling of proteins in different samples. In
order to check the changes on proteome level of combined radiation and miR-21
knockdown in MCF-10A cells we have used ICPL™ Triplex-Kit (Serva) that enabled the

simultaneous quantitative analysis of three independent proteome samples (Figure 9).

Irradiation &

ICPL_O ICPL_4 ICPL_6

~ |

All samples mixed together, precipitated,
separated by SDS-PAGE

!

Digestion of separated protein bands

!

Relative protein identification and
quantification by tandem mass spectrometry

ICPL labelling

Figure 9. Schematic presentation of ICPL labelling. ICPL_O0, ICPL_4 and ICPL_6 present 3 different
N-nicotinoyloxysuccinimide labels with the mass differences of 0, 4 and 6 Da introduced by different

compositions of **C/**C and hydrogen/deuterium isotopes.
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3.9.2 Isolation of proteins

For the protein isolation cell pellets of control and lentiviral treated MCF-10A cells (EV
and anti-miR-21) were collected 4 and 24 hours after irradiation (0.25 and 2.5 Gy) and
sham-irradiated cells. Cell pellets were centrifuged at 2000 rpm for 5 min, and washed
twice with 1 ml of PBS. Cell pellets were resuspended in 20 pyl of 6 M guanidine
hydrochloride (SERVA) with phosphatase and protease inhibitor cocktails (Roche) and
vortexed and incubated at 25 °C for 20 min. Samples were afterwards sonicated 4 times
for 30 s and again vortexed and incubated for 15 min at 25 °C. As the lest step of lysis,
the samples were centrifuged at 14 000 x g for 4 min at 4 °C and the supernatants
containing proteins were collected. Concentration of each protein sample was
measured using Bradford assay (Section 3.6.2).

3.9.3 ICPL labelling

A triplex set of labels (light - ICPL_O; medium - ICPL_4 and heavy - ICPL_6) was used.
Light label (ICPL_O) was used for labelling of control cells (sham-irradiated or irradiated
ones), medium label (ICPL_4) for EV treated cells (sham-irradiated or irradiated ones)
and heavy label (ICPL_6) for anti-miR-21 treated (shame-irradiated or irradiated ones)
MCF-10A cells.

3.9.4 Separation of ICPL labelled proteins by SDS gel electrophoresis

50 pg of labeled protein from each sample in final volume of 20 ul were all mixed
together, precipitated and dissolved in Laemmli sample buffer. Afterwards the proteins
were separated by 12% SDS gel electrophoresis before staining by Coomassie blue
with 20% ethanol overnight at 4 °C. The excess of the Coomassie was removed by
washing the gel in miliQ water while shaking for at least 2 hours. Three biological

replicates were used for set of samples.

3.9.5 Mass spectrometric analysis

The Commassie blue stained protein lanes were cut in 5 different slices and each slice
was then subjected to in-gel digestion with trypsin after which the ratios of digested
peptides in different proteome states were calculated and analysed by tandem mass

spectrometry. The digested peptides were concentrated on a nanotrap LC column (300
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mm inner diameter 65 mm, packed with Acclaim PepMap100 C18, 5 mm, 100 A® ; LC

Packings) before being separated by reversed phase chromatography (PepMap, 25 cm,
75 mm ID, 2 mm/100 A’ pore size, LC Packings) operated on a nano-HPLC (Ultimate
3000 RSLC, Dionex) with a nonlinear 170 min gradient using 2% CAN/0.1% FA (A) and
70% CAN/ 0.1% FA (B) at a flow rate of 300 nl/min. The gradient settings were as
follows: 0-140 min: 5-50% B, 141-145 min: 50-95% B, 146-150 min: stay at 95% B
and subsequently equilibrate for 20 min to starting conditions as previously published
[205].

The MS/MS spectra were searched against the ENSEMBL Human database (Version:
2.4) using the MASCOT search engine (version 2.3.02). Data processing for protein
identification and quantification of ICPL-labeled proteins was performed with Proteome
Discoverer version 1.3.0.339 (Thermo Scientific).

Proteins were identified by a minimum of two unique peptides detected in at least two
out of the three biological replicates. Proteins whose variability between anti-miR-21
and EV treated samples of MCF-10A cells (ICPL_6/ICPL_4 ratio) was less than 30%
were considered for further evaluation. The individual proteins with measured ratios of
these two labels greater/equal than 1.30-fold or less/equal than 0.77 were considered to
be significantly differentially expressed. The biological significance of this fold change
cut off is in agreement with previously published data [205-208].

3.9.6 Bioinformatic analysis

The signaling networks and protein-protein interactions that could have been influenced
by miR-21 knockdown and exposure to radiation were analysed using Ingenuity
Pathway Analysis (IPA) software and STRING protein database. Network analysis was
performed for significant differentially regulated proteins. The IPA examines proteins in
an uploaded dataset according to curated data on biological function and compares
their direction of change to what is expected from the literature stored in the Ingenuity®
Knowledge Base. IPA scores were used to estimate the significance of the network
predictions. The score for each network was a numerical value to approximate the
degree of relevance and size of a network to the molecules in the given dataset. Score
= 2 indicated a confidence of 99%. Using pathway libraries that are derived from
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scientific literature describing known associations between proteins, IPA also provided

information about canonical signaling events. Ratios of number of proteins detected in
the proteomic analysis and number of total proteins belonging to a certain pathway were

presented as top canonical lists.

The match of observed change and particular predicted activation state of a biological
function is made and expressed as activation z-score. Z-score is used to predict
activation or inhibition of potential regulators by assessing consistency of the pattern
match between changes detected in samples and pattern provided by the network.
According to the statistical significance of this match z-score can determine the most

likely regulators [209].

3.10 Statistical analysis

All graphical data are presented as mean + SEM (Standard Error of Mean). Statistical
data evaluation among compared groups was performed using two-tailed Student t-test.
Statistical significance was considered for following p-values: *p < 0.05, **p < 0.01, ***p
<0.001.
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4 RESULTS

4.1 Array analyses of miRNA expression changes in MCF-10A cells after

irradiation

In order to investigate the effects of low and medium doses of ionizing radiation on
MiRNA expression profiles in non-transformed mammary epithelial cells (MCF-10A) we
performed TagMan® Low Density Arrays. The cells were exposed to 0.25 Gy and 2.5
Gy dose and changes were analysed 4 and 24 hours after radiation. Sham-irradiated
MCF-10A cells were used as controls and data represent biological triplicates. Table 16
summarizes the average number of detected and not detected miRNAs of three

biological replicates for each sample.

Table 16: Average number of detected miRNA assays

0Gy4h 025Gy4h 25Gy4h 0Gy24h 025Gy24h 25Gy24h

detected 158 154 184 206 149 146
not detected 226 230 200 178 235 238

The selection of miRNAs was done according to the fold changes (section 3.5.1). Only
MiRNAs that expressed the same trends of change in at least 2 out of three biological
replicates were taken into further consideration. In Figure 10 each pie chart presents the
number of upregulated, downregulated and not changed miRNAs (compared to levels of

mMiRNAs expression in sham-irradiated MCF-10A cells).

For further investigation only significantly changed miRNAs, whose p-values (calculated

as described in section 3.10) were less/equal then 0.05, were selected.

The final list of miRNAs was narrowed to 4 upregulated and 76 downregulated ones
after 0.25 Gy and to 9 upregulated and 71 downregulated miRNAs after 2.5 Gy 4 hours
after radiation treatment. At 24 hour time point, list was downsized to 33 upregulated
and 32 downregulated after 0.25 Gy and to 32 upregulated and 20 downregulated
MiRNAs after 2.5 Gy (Table 17).
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0.25Gy4h 2.5Gy4h

77

0.25Gy24h 2.5Gy24h

R

Figure 10. Number of changed miRNAs 4 and 24 hours after radiation treatment. Expression profiles

of miRNAs in radiation exposed cells are compared to the sham-irradiated MCF-10A cells. The number of
upregulated (red), downregulated (green) or not changed (blue) miRNAs in three biological replicates are

shown in each section.

Table 17. Number of significantly deregulated miRNAs 4 and 24 hours after radiation treatments.

0.25Gy 4 h 25Gy4h 0.25Gy 24 h 25Gy 24 h
Upregulated 4 9 33 32
Downregulated 76 71 32 20

Lists of significantly upregulated and downregulated miRNAs in MCF-10A cells 4 hours
after exposure to 0.25 Gy and 2.5 Gy dose of radiation and their fold changes, in
comparison to sham-irradiated cells, are presented in Figure 11 and Figure 12. The
changes in miRNA expression profiles 24 hours after 0.25 Gy and 2.5 Gy are displayed
in Figure 13 and Figure 14, respectively.
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Changed miRNA expression profiles 4 h after 0.25 Gy

hsa-miR-324-3p *%
hsa-miR-517b *
hsa-miR-29¢ *
hsa-miR-125b: * %
hsa-miR-181a * k%
hsa-miR-374a *
hsa-miR-29a: *%
hsa-miR-205: *ekk
hsa-miR-324-5p * k%
hsa-miR-197 Jekk
hsa-miR-362-5p **k
hsa-miR-25 *
hsa-miR-103 dek ke
hsa-miR-200c dkk
hsa-let-7g *%
hsa-miR-106b * ke
hsa-miR-130a Feke gk
hsa-let-7e **
hsa-miR-192 dedek
hsa-miR-454 *kk
hsa-miR-200b Fekk
hsa-miR-532-3p *dkk
hsa-miR-186: Fok ke
hsa-miR-138: *kk
hsa-miR-98b: Fok ke
hsa-miR-425 *
hsa-miR-99a *kk
hsa-miR-628-5p *
hsa-miR-509-5p * %k
hsa-miR-100: *kk
hsa-miR-146b-5p *kk
hsa-miR-339-3p Fdkk
hsa-miR-574-3p *kk
hsa-miR-452: *
hsa-miR-17: *kk
hsa-miR-342-3p *kk
hsa-miR-106a Fk ke
hsa-miR-195 *kk
hsa-miR-20b *kk
hsa-miR-484 *kk
hsa-miR-27b *kk
hsa-miR-24 * ek
hsa-miR-183: *kk
hsa-miR-224 * kK
hsa-miR-31 kkk
hsa-miR-222: dekk
hsa-miR-28a: *kk
hsa-miR-590-5p *k*k
hsa-miR-345 *kk
hsa-miR-335 * k%
hsa-let-7d *kk
hsa-miR-508-3p *%
hsa-miR-135b dokdk
hsa-miR-27a Fekk
hsa-miR-26b F* k%
hsa-miR-23b %%
hsa-miR-21 *kk
hsa-miR-20a *kk
hsa-miR-708 *kk
hsa-miR-375 hkk
hsa-miR-194 *kk
hsa-miR-296-5p dkk
hsa-miR-182 *kk
hsa-miR-30c kdek
hsa-miR-30b *kk
hsa-let-7a *k*k
hsa-miR-494 dedek
hsa-miR-365 F*kk
hsa-miR-671-3p *k*k
hsa-miR-132: *dkk
hsa-miR-660 * k%
hsa-miR-15b *k%
hsa-miR-302¢ *dkk
hsa-miR-19a *k%x
hsa-miR-19b *kk
hsa-miR-872 ddkk
hsa-miR-18a *k%k
hsa-miR-532-5p *k%x
hsa-miR-618: kkk
hsa-miR-367 *k%k 1 1 | 1

0,0 05 1.0 1.5 2,0 25

Fold change

Figure 11. Fold changes of significantly changed miRNAs 4 hours after 0.25 Gy. List of significantly
changed miRNA expression profiles compared to control (sham-irradiated) cells 4 hours after exposure to
0.25 Gy dose of radiation. The upregulated miRNAs (red) and the downregulated miRNAs (green) are
shown. Data represent mean values + SEM (n=3). The Student's t-test was used for statistical analysis.
*p <£0.05, *p <0.01, **p < 0.001
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Changed miRNA expression profiles 4 h after 2.5 Gy

N
hsa-miR-367 EENNN—% %4
hsa-miR-628-5p *
hsa-miR-320 ok
hsa-miR-141 *
hsa-miR-618 *
hsa-miR-29a *
hsa-miR-517h *kk
hsa-miR-361-5p *k*k
hsa-miR-200b *k
hsa-miR-31 F* %
hsa-miR-95 *k%k
hsa-miR-24 %%
hsa-miR-422a *
hsa-miR-140-5p *
hsa-miR-196b: *kk
hsa-miR-374a * %k
hsa-miR-128 %%
hsa-miR-135b *kk
hsa-miR-200c )%
hsa-miR-106b * %
hsa-miR-374b: *kk
hsa-miR-193b * %
hsa-miR-186 dedkek
hsa-miR-205 * %
hsa-miR-126 *ekk
hsa-miR-331-3p * %
hsa-miR-17 *
hsa-miR-18a dekdk
hsa-miR-26b *%
hsa-miR-19a *
hsa-miR-339-3p *%*
hsa-miR-301a ok
hsa-miR-744 *%
hsa-miR-532-5p %k ok
hsa-miR-26a k%
hsa-miR-30¢ k%%
hsa-miR-425 **
hsa-miR-103 *
hsa-miR-296-5p *%
hsa-let-7e *%
hsa-miR-106a *k Kk
hsa-miR-20b *kk
hsa-miR-454 k%
hsa-miR-125b *kk
hsa-miR-146b-5p *kk
hsa-miR-376¢ ek
hsa-miR-671-3p dkk
hsa-miR-532-3p *k%k
hsa-miR-16 *kk
hsa-miR-183 *kk
hsa-let-7g sk
hsa-miR-197 *%
hsa-miR-598 *kk
hsa-miR-660 *kk
hsa-miR-340 k%
hsa-let-7h *kk
hsa-miR-342-3p *kk
hsa-miR-484 *kk
hsa-miR-20a * %
hsa-miR-27b *kk
hsa-miR-132 *kk
hsa-miR-328 *kk
hsa-miR-99a *kk
hsa-miR-872 *kk
hsa-miR-574-3p %k
hsa-miR-222 *kk
hsa-miR-19b kkk
hsa-miR-365 *kk
hsa-miR-508-3p Fkk
hsa-miR-30b k%
hsa-miR-324-3p hkk
hsa-miR-182 *kk
hsa-miR-28-5p dedek
hsa-miR-221 *kk
hsa-miR-148a *dede
hsa-miR-888 *kk
hsa-miR-194 *kk
hsa-miR-125a-5p *kk
hsa-miR-500 *dede
hsa-miR-93 *kk | | | | |
AN
N
0 1 2 3 4 12 14

Fold change

Figure 12. Fold changes of significantly changed miRNAs 4 hours after 2.5 Gy. List of significantly
changed miRNA expression profiles compared to control (sham-irradiated) cells 4 hours after exposure to
2.5 Gy dose of radiation. The upregulated miRNAs (red) and the downregulated miRNAs (green) are
shown. Data represent mean values + SEM (n=3). The Student's t-test was used for statistical analysis.
*p <£0.05, **p £ 0.01, ***p <£0.001
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Changed miRNA expression profiles 24 h after 0.25 Gy

hsa-miR-500 *
hsa-miR-324-3p * k%
hsa-miR-509-5p *kk

hsa-let-7d *kk
hsa-miR-574-3p *%
hsa-miR-182 *%k
hsa-let-7f Fkk
hsa-miR-200b *%
hsa-miR-194 *
hsa-miR-20a *k%k
hsa-let-7b dek ke
hsa-miR-125b *%
hsa-miR-374a *%*
hsa-miR-221 *k%k
hsa-miR-196b *%
hsa-let-7¢ *%
hsa-miR-222 *
hsa-miR-192 *
hsa-miR-331-3p *k
hsa-let-7e k%
hsa-let-7g *
hsa-miR-19a *
hsa-miR-30b *k*k
hsa-miR-328 *%k
hsa-miR-484 *
hsa-miR-296-5p *
hsa-miR-146b-5p * %k
hsa-miR-365 %%k
hsa-miR-197 * %k
hsa-miR-28-3p *
hsa-miR-106a *
hsa-miR-342-3p *
hsa-miR-26b dedkek
hsa-miR-100 *%
hsa-miR-106b *%
hsa-miR-218 *
hsa-miR-29¢ *
hsa-miR-24 *%
hsa-miR-16 *kk
hsa-miR-224 *
hsa-miR-301a *%
hsa-miR-138 dkk
hsa-miR-708 de ek
hsa-miR-30c *kk
hsa-miR-191 *
hsa-miR-28-5p hkdk
hsa-let-Ta dkk
hsa-miR-31 **
hsa-miR-135b *kk
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Figure 13. Fold changes of significantly changed miRNAs 24 hours after 0.25 Gy. List of significantly
changed miRNA expression profiles compared to control (sham-irradiated) cells 24 hours after exposure
to 0.25 Gy dose of radiation. The upregulated miRNAs (red) and the downregulated miRNAs (green) are
shown. Data represent mean values + SEM (n=3). The Student's t-test was used for statistical analysis.
*p £0.05, **p <0.01, **p < 0.001
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Changed miRNA expression profiles 24 h after 2.5 Gy
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Figure 14. Fold changes of significantly changed miRNAs 4 hours after 2.5 Gy. List of significantly
changed miRNA expression profiles compared to control (sham-irradiated) cells 24 hours after exposure
to 2.5 Gy dose of radiation. The upregulated miRNAs (red) and the downregulated miRNAs (green) are
shown. Data represent mean values + SEM (n=3). The Student's t-test was used for statistical analysis.
*p <£0.05, *p <0.01, **p < 0.001
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4.2 Selection of miRNAs and verification of changes by single assays

For further validation of the data from TagMan® Low Density Arrays, 8 radiation
regulated miRNAs were chosen due to their role in breast cancer. Validation is
performed by single gRT-PCR assays in non-transformed mammary epithelial cells
(MCF-10A). These 8 miRNAs are hsa-miR-21, hsa-miR-221, hsa-miR-222, hsa-miR-
125-5p, hsa-miR-335, hsa-miR-335*, hsa-miR-494, hsa-miR-891. In addition miRNA -
hsa-miR-1226, not present on the array, was added for the selection. The changes in

MiRNAs expression were followed 4 and 24 hours after irradiation (Figure 15).

The single assays results verified some of the changes obtained with TagMan® Low
Density Arrays in MCF-10A cells (in 4 out of 7 performed single assays (labeled with
red) the expression of miIRNA showed same changes as detected in Low Density
Arrays) (Table 18).

In order to validate the changes in miRNA expression, we examined miRNA levels of
miR-21, miR-221 and miR-1226 at different time points (Figure 16). After 0.25 Gy, miR-
21 was upregulated after 48 hours. MiR-221 changes were mostly not changed and the
pick of miR-1226 expression is noticed after 12 hours. Dose of 2.5 Gy of radiation made
more fluctuations in mMiIRNA expression, where all three miRNAs showed that significant
changes are seen at later time points (30 hours) after exposure to radiation.

The MDA-MB-361 breast cancer cell line was selected for the investigation of changes
in MiIRNA expression profiles of nine pre-selected miRNAs after radiation exposure
(Figure 17). Similar trend in changes of miRNA expression profiles between MCF-10A
and MDA-MB-361 cells was detected for miR-222, miR-335, miR-335*, miR-125a-5p,
mMiR-494 and miR-1226. Mir-222 and miR-1226 expressed similar changes between the
two cell lines 4 hours after 0.25 Gy while miR-335, miR-125a-5p and miR-494 showed
similarities in expression 4 and 24 hours after 2.5 Gy dose. Overview of miRNA
expression changes in MCF-10A and MDA-MB-361 cells is presented in Table 19,
showing that changes of miRNAs to radiation are different between non-tumorigenic
epithelial and breast cancer cells.
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Figure 15. Expression of 9 miRNAs in MCF-10A cells. The expression of 9 miRNAs in MCF-10A cells

detected with single assays 4, 24 and 48 hours after exposure to 0.25 Gy and 2.5 Gy dose of radiation.

The fold changes are calculated compared to control (sham-irradiated cells) set to 1. Data represent

mean values + SEM (n=3). The Student's t-test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p

<0.001
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Table 18: Comparison of Low density array and TagMan single assay analyses in MCF-10A. The

detected changes of 7 listed miRNAs from Low density array analysis and TagMan single assays (down —
downregulated, up — upregulated, nc — not changed compared to sham-irradiated cells, x — not detected,
* significant change in miRNA expression according to p-value; red —single assays that confirmed

changes detected with Low density arrays)

025Gy 25Gy 025Gy 25Gy | 025Gy 25Gy 025Gy 250Gy
4h 4h 24 h 24 h 4h 4h 24 h 24 h

mMiRNA Low density array TagMan single assays
miR-21 Down* Down * nc Up * Up* nc Up* Up*
miR-221 Down * Down * Up * Up * Down Up Up* Down
miR-222 Down* Down * Up* Up * Up nc nc nc
miR-335 Down* Down Up Down Down* Down* Up* Up

miR-125a- Down Down * Up Up * nc nc Down Down
miR-494 Down * Up * Up X Up* nc Up nc
miR-891 X X X X Down* Up* Down* Up

Table 19: Changes of 9 miRNAs in MCF-10A and MDA-MB-361 obtained with TagMan single
assays. Down — downregulated, up — upregulated, nc — not changed compared to sham-irradiated cells ,

* significant change in miIRNA expression according to p-value; red — cases where the miRNAs are

showing the same trend of changes in both cell lines.
025Gy 25Gy 025Gy 25Gy | 025Gy 25Gy 025Gy 250Gy
4h 4h 24 h 24 h 4h 4h 24 h 24 h
miRNA MCF-10A MDA-MB-361
miR-21 Up* Up* nc Up Down* Down Down* nc
miR-221 Down Up* Up Down Up* nc nc Up
miR-222 Up nc Up nc Up Down* Down* nc
miR-335 Down* Up* Down* Up nc Up* Up* Up*
miR-335* Down Up* Down Up Down* nc Up* Up*
miR-125a nc Down nc Down Up* Down* nc Down
miR-494 Up* Up nc nc nc Up* nc Up
miR-891 Down* Up* Down* Up Up nc Up nc
miR-1226 Down* Down* nc Up Down* nc Down* Up
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Figure 16. Timeline expression of 3 miRNAs in MCF-10A cells. Timeline of miR-21 (up), miR-221
(middle) and miR-1226 (down) expression in MCF-10A cells following 0.25 Gy and 2.5 Gy doses of
radiation. Normalization is done to the value of sham-irradiated cells. Data represent mean values + SEM

(n=3). The Student's t-test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 17. Expression of 9 miRNAs in MDA-MB-361 cells. The expression of 9 miRNAs in MDA-MB-
361 cells detected with single assays 4, 24 and 48 hours after exposure to 0.25 and 2.5 Gy dose of
radiation. The fold changes are calculated compared to control (sham-irradiated cells) which value is set
to 1. Data represent mean values + SEM (n=3). The Student's t-test was used for statistical analysis. *p <
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According to the miRNA expression analyses it was not possible to detect highly

significant regulation of any individual miRNA. Therefore, we decided to proceed with
analysis of miR-21 as one of the important miRNAs for cellular development. This
mMiRNA was upregulated in irradiated MCF-10A cells and downregulated in irradiated

cancer cell line MDA-MB-361, indicating miR-21 as a potential biomarker.

4.3 Cellular response of MCF-10A and MDA-MB-361 after combined treatment

with anti-miR-21 and radiation

The endogenous levels of miR-21 in non-irradiated MCF-10A and MDA-MB-361 cells
were determined. In MDA-MB-361 miR-21 levels were 3.99 £ 0.01 fold higher than in
MCF-10A cells (set to 1) (Figure 18). This result correlates with previous observations

indicating that miR-21 is highly expressed in tumour cells.

4.3.1 FACS analysis of GFP expressing cells proved the successful lentiviral
transduction of MCF-10A and MDA-MB-361 cells

The effectiveness of lentiviral transduction was determined using cytofluorimetric
analysis (FACS) to detect GFP expression in the cells. The lentivirus activity was also

check in HEK293T cells as control cells.

MCF-10A cells show 86.34% and 92.76% transduction efficiency with EV and anti-miR-
21, respectively while MDA-MB-361 cells show 98.40% (EV) and 99.37% (anti-miR-21).
In HEK293T cells 94.82% (EV) and 94.64% (anti-miR-21) GFP positive expressing cells
were detected with the same virus concentration used (Figure 20).

4.3.2 Knockdown of miR-21 using lentiviral approach

In order to investigate the effects of miR-21 knockdown in both MCF-10A and MDA-MB-
361 cell lines, the cells were transduced with anti-miR-21 lentivirus as previously
described (Section 3.2.3). The miR-21 knockdown efficiency was analysed 72 hours
after lentiviral transduction with anti-miR-21 (Figure 19) and before using the cells in
further experiments. The fold change of miR-21 expression was decreased to 0.27 +
0.06 in MCF-10A and to 0.34 + 0.01 in MDA-MB-361 cells when compared to control
(EV) (setto 1).
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Figure 18. Endogenous expression of miR-21 in MCF-10A and MDA-MB-361 cells. Relative
expression of endogenous miR-21 presented as fold change after normalization to RNU44 and to non-
transformed mammary epithelial cells MCF-10A (set as 1). Data represent means + SEM (n=3). The

Student's t-test was used for statistical analysis. ***p < 0.001
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Figure 19. MiR-21 expression levels of miR-21 after anti-miR-21 treatment.MiR-21 expression levels
72 hour after lentiviral transduction with anti-miR-21 in MCF-10A (left) and MDA-MB-361 cells (right)
compared to the levels in cells transduced with EV (set to 1). Data represent means + SEM (n=3). The

Student's t-test was used for statistical analysis. ***p < 0.001
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Figure 20. FACS analyses of GFP expressing cells after lentiviral transduction. The FACS analyses
of GFP expressing MDA-MB-361 (up), MCF-10A (middle), and HEK293T (down) cells after lentiviral
transduction. The cells were treated with the EV or anti-miR-21 lentivirus in dilution 1:1000 and the

analysis was done 72 hours after transduction.
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control EV anti-miR-21

Figure 21. Morphology of MCF-10A cells after radiation treatment.Morphology of MCF-10A control
cells (without lentiviral transduction) and cells transduced with EV and anti-miR-21, 24 hours after 0.25

Gy and 2.5 Gy dose of radiation (bright field detection). Scale bar=100um.

control EV anti-miR-21

Figure 22. Morphology of MDA-MB-361 cells after radiation treatment. Morphology of MDA-MB-361
control cells (without lentiviral transduction) and cells transduced with EV and anti-miR-21, 24 hours after
0.25 Gy and 2.5 Gy dose of radiation (bright field detection). Scale bar=100um.
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The morphology of MCF-10A and MDA-MB-361 cells after combined treatment with

anti-miR-21 and radiation was monitored 24 hours post-radiation. No changes in
morphology of between control cells, EV treated and anti-miR-21 treated MCF-10A cells
were noticed. Proliferation of cells after the knockdown of miR-21 was affected, where
fewer cells were noticed compared to EV treated and control cells. Radiation did not

have any effect on the morphology of cells or their proliferation rate (Figure 21).

Unlike MCF-10A, the radiation did affect the proliferation ability of control and EV
treated MDA-MB-361 cells according to less cells detected 24 hours after radiation.
Radiation in combination with miR-21 knockdown had stronger effect on proliferation of
MDA-MB-361 cells (Figure 22).

4.3.3 Colony formation of MCF-10A and MDA-MB-361 cells after knockdown of
miR-21

No significant difference was detected in colony formation between MCF-10A cells

(expressing low levels of miR-21) treated with EV or anti-miR-21 seven days after

radiation treatment. MDA-MB-361 cells, expressing high endogenous miR-21 levels,

had difficulties to form colonies after treatment with anti-miR-21, even without radiation

(Figure 23). MiR-21 knockdown further diminish clonogenic ability of MDA-MB-361 cells.

The clonogenic ability of MCF-10A cells is diminished equally in EV and anti-miR-21
treated cells when radiation dose used was higher than 4 Gy. Dose of 8 Gy was enough
to strongly reduce colony formation characteristic.

EV treated MDA-MB-361 cells also showed that with the exposure to 4 Gy of higher
dose of radiation diminish their clonogenic ability. Unlike EV, breast cancer cells
showed that knockdown of miR-21 alone is enough to significantly decrease their
clonogenic ability. With dose of radiation higher than 2 Gy, ability to form colonies was
further decreased as the number of formed colonies was significantly reduced (number
of detected colonies were less than 5). These findings are based on the results from 4

biological replicates (Figure 24).
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Figure 23. Clonogenic survival assays of MCF-10A and MDA-MB-361 cells.MDA-Clonogenic survival
assay of EV and anti-miR-21 treated MCF-10A (left) and MDA-MB-361 (right) cells after exposure to 0, 2,
4, 6 and 8 Gy dose of irradiation.
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Figure 24. Clonogenic survival fractions of MCF-10A and MDA-MB-361 cells. Clonogenic survival
fraction of EV (green) and anti-miR-21 treated MCF-10A (red) and EV (blue) and anti-miR-21 treated
MDA-MB-361 cells (purple) after treatment with O, 2, 4, 6 and 8 Gy dose of irradiation. Data obtained from

4 independent experiments and graphically presented. Data represent means + SEM (n=4).

4.3.4 MiR-21 downregulation in combination with radiation leads to increase of
apoptosis and reduction of the G2 cell fraction in MDA-MB-361 but not in
MCF-10A cells

MCF-10A (Figure 25) and MDA-MB-361 (Figure 26) cells were analysed for cell cycle
changes 24 hours after 0.25 Gy and 2.5 Gy irradiation after being transduced with EV or
anti-miR-21 as well as for the non lentivirally transduced cells (labelled as control cells).
The analysis was done in three biological replicates and the percentage of cells in each
cell cycle phase is presented for MCF-10A (Table 20) and MDA-MB-361 (Table 21).
Significant changes in cell cycle of MCF-10A cells after radiation were detected only in
S phase while the changes of MDA-MB-361 cells were noticed in all phases after miR-

21 knockdown.

The relative number of cells in each cell cycle is compared between EV and anti-miR-21
treated cells as well as between EV and control cells (normalized to the EV 0 Gy). No

significant differences in cell cycle analysis were detected between control cells and EV
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treated cells in both MCF-10A and MDA-MB-361 cell line, confirming that lentiviral
transduction did not influence the cell cycle phases.

Differences in cell cycle distributions of MCF-10A cells are presented in Figure 27. MiR-
21 knockdown did not significantly change the population of MCF-10A cells in subG1
phase compared to the EV sham-irradiated cells and radiation did not have any effect
on the cell population in this phase. Number of MCF-10A cells in S phase after
knockdown of miR-21 was reduced to 0.78 + 0.10 in sham-irradiated cells. Radiation
dose of 2.5 Gy further reduced this cell population to 0.70 £ 0.03 in EV treated and to
0.46 + 0.06 in anti-miR-21 treated cells. The anti-miR-21 slightly reduced the number of

MCF-10A cells in G2 phase with no further reduction when combined with radiation.

In Figure 28 the differences in cell cycle distributions of MDA-MB-361 cells are
presented. SubG1 cell population number was significantly increased after miR-21
knockdown in sham-irradiated cells (3.45 £ 0.39) and after exposure to 0.25 Gy (3.83
0.19) and 2.5 Gy irradiation (3.59 = 0.07). MDA-MB-361 cells expressed prominent
reduction in number of cells in S and G2 phase following miR-21 knockdown. In S
phase, number of cells is reduced to 0.18 + 0.12 in sham-irradiated cells and radiation
further reduced the number to 0.05 + 0.004 after 0.25 Gy and to 0.12 + 0.02 after 2.5
Gy. Anti-miR-21 treatment led to reduction of MDA-MB-361 cell population in G2 phase
to 0.46 + 0.09 in sham-irradiated cells and exposure to 0.25 Gy (0.41 £+ 0.09) and 2.5
Gy (0.41 + 0.04) did not further decrease the cell number.
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Figure 25. Overview of MCF-10A cells cell cycle analysis. The cell cycle overview of control (green),
EV (black) and anti-miR-21 (blue) treated sham-irradiated MCF-10A cells and 24 hours after exposure to

low (0.25 Gy) and medium dose (2.5 Gy) of radiation.
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Figure 26. Overview of MDA-MB-361 cells cycle analysis. The cell cycle overview of control (green),

EV (black) and anti-miR-21 (blue) treated sham-irradiated MDA-MB-361 cells and 24 hours after

exposure to low (0.25 Gy) and medium dose (2.5 Gy) of radiation.
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Figure 27. Representation of each phase of cell cycle in MCF-10A cells. Relative number of cells in
different phases of cell cycle of MCF-10A cells (24 hours after exposure to radiation). All values are
normalized to the sample of EV 0 Gy. Data represent mean values + SEM (n=3). Black — EV treated cells,

blue — anti-miR-21 treated cells, green — control cells. *p < 0.05, ***p < 0.001
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Figure 28. Representation of each phase of cell cycle in MDA-MB-361 cells. Relative number of cells
in different phases of cell cycle of MDA-MB-361 cells (24 hours after exposure to radiation). All values are
normalized to the sample of EV 0 Gy. Data represent mean values + SEM (n=3). Black — EV treated cells,

blue — anti-miR-21 treated cells, green — control cells. *p < 0.05, ***p < 0.001
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4.3.5 Cell viability of MCF-10A cells is less affected by anti-miR-21 compared to
MDA-MB-361 cells

The cell viability was measured using two different assays, CellTiter-Glo® assay and
WST-1 assay) as described (Sections 3.3.2.1 and 3.3.2.2) that measure metabolic
activity of the cells. Luciferase based assay showed that knockdown of miR-21, without
radiation, reduces the cell viability of MCF-10A cells to 1.29 + 0.09 relative light units
(RLU) compared to EV cells (2.26 £ 0.08 RLU) 24 hours after treatment (Figure 29).
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Figure 29. CellTiter-Glo® viability assay of EV and anti-miR-21 MCF-10A cells. The cell viability of
MCF-10A cells quantified luminescence (relative light units - RLU) of EV (black) and anti-miR-21 (blue)
treated cells measured with CellTiter-Glo® assay. Viability of the cells was measured 4 hours (checker
boxes), 24 hours (solid color boxes) and 48 hours (downward diagonal boxes) after exposure to 0.25 Gy
and 2.5 Gy dose of radiation. Luminescence was quantified and corrected with blank. Data represent
mean values + SEM (n=3). **p < 0.01, ***p < 0.001

Treatment with radiation (0.25 Gy and 2.5 Gy) did not significantly change the viable cell
fraction after 24 hours. Viable cell fraction of MCF-10A showed after 48 hours additional
increase compared to cell viability detected 24 hours after treatment in both EV and
anti-miR-21 treated cells. The dose of 2.5 Gy slightly reduced the number of viable
MCF-10A cells treated with EV (2.70 £ 0.05 RLU) and anti-miR-21 (1.69 + 0.02 RLU)
after 48 hours, in comparison to sham irradiated (3.19 + 0.16 RLU and 1.95 + 0.11 RLU,
respectively) and cells exposed to 0.25 Gy (3.33 £ 0.02 RLU and 2.05 + 0.04 RLU,
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respectively). No differences in cell viability between control and EV treated cells were
detected (Figure 30).
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Figure 30. CellTiter-Glo® viability assay of EV and control MCF-10A cells. The cell viability of MCF-
10A cells quantified luminescence (relative light units - RLU) of EV (black) and control (green) cells
measured with CellTiter-Glo® assay. Viability of the cells was measured 4 hours (checker boxes), 24
hours (solid color boxes) and 48 hours (downward diagonal boxes) after exposure to 0.25 Gy and 2.5 Gy
dose of radiation. Luminescence was quantified and corrected with blank. Data represent mean values +
SEM (n=3). *p < 0.05 **p < 0.01, ***p < 0.001

MDA-MB-361 EV treated cells showed significant increase in viable cell fraction 24
hours (0.83 + 0.01 RLU) and 48 hours (0.95 £ 0.02 RLU) after treatment compared to 4
hour time point (0.47 = 0.01), without additional influence of radiation. Cells treated with
anti-miR-21 did not show changes in cell viability after 24 hours (0.45 + 0.02 RLU) and
48 hours (0.42 + 0.02) compared to 4 hour time point (0.37 £ 0.01 RLU). Treatment of
MDA-MB-361 cells with anti-miR-21 led to the reduction of cell viability - to 0.46 + 0.02
RLU compared to EV cells (0.84 £ 0.01 RLU) 24 hours after treatment. The dose of 2.5
Gy did slightly decrease proliferation capacity of MDA-MB-361 cells to 0.37 + 0.01 RLU
after 48 hours (Figure 31). Low dose irradiation (0.25 Gy) in both cell lines did not show

significant differences when compared to sham-irradiated cells.

No differences in cell viability between control and EV treated MDA-MB-361 cells were
detected (Figure 32). The increase in luminescence, from 4 to 48 hour time point after

radiation of anti-miR-21 treated MCF-10A cells, indicates that cells retain the ability to
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proliferate. Decrease in luminescence of anti-miR-21 treated MDA-MB-361 cells,

compared to EV cells, suggest that this treatment affects their proliferation ability.
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Figure 31. CellTiter-Glo® viability assay of EV and anti-miR-21 MDA-MB-361 cells. The cell viability
of MDA-MB-361 cells quantified luminescence (relative light units - RLU) of EV (black) and anti-miR-
21(blue) treated cells measured with CellTiter-Glo® assay. Viability of the cells was measured 4 hours
(checker boxes), 24 hours (solid color boxes) and 48 hours (downward diagonal boxes) after exposure to
0.25 Gy and 2.5 Gy dose of radiation. Luminescence was quantified and corrected with blank. Data
represent mean values + SEM (n=3). **p < 0.01, ***p < 0.001

Next we have performed colorimetric based cell viability analysis using WST-1 assay
measuring the absorbance units (AU). It confirmed that number of viable EV treated
MCF-10A cells after 24 hours (0.31 + 0.01 AU) and 48 hours (0.58 + 0.03 AU) is
increased compared to 4 hour time point (0.06 £ 0.00 AU). Reduction of viable cells
after miR-21 knockdown without radiation to 0.14 + 0.01 AU compared to EV treated
cells at 24 hour time point was also confirmed. After 48 hours the number of viable cells
was further increased (0.32 £ 0.03 AU). The dose of 2.5 Gy reduced the number of
viable MCF-10A cells treated with EV and anti-miR-21 after 24 and 48 hours in
comparison to sham-irradiated cells. With this assay contribution of 0.25 Gy dose on
lower cellular viability of EV and anti-miR-21 MCF-10A cells 48 hours after radiation was
detected (Figure 33).
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Figure 32. CellTiter-Glo® viability assay of EV and control MDA-MB-361 cells. The cell viability of
MDA-MB-361 cells quantified luminescence (relative light units - RLU) of EV (black) and control (green)
cells measured with CellTiter-Glo® assay. Viability of the cells was measured 4 hours (checker boxes),
24 hours (solid color boxes) and 48 hours (downward diagonal boxes) after exposure to 0.25 Gy and 2.5
Gy dose of radiation. Luminescence was quantified and corrected with blank. Data represent mean
values = SEM (n=3). *p £ 0.05 **p < 0.01, ***p < 0.001
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Figure 33. WST-1 viability assay of EV and anti-miR-21 MCF-10A cells. The cell viability of MCF-10A
cells quantified absorbance (absorbance units (AU)) of EV (black) and anti-miR-21 (blue) treated cells
measured with WST-1 assay. Absorbance was measured 4 hours (checker boxes), 24 hours (solid color
boxes) and 48 hours (downward diagonal boxes) after exposure to 0.25 Gy and 2.5 Gy dose of radiation.
Relative absorbance is quantified as difference between measurement (450 nm) and reference
wavelength (650 nm) at each analysed time point. Data represent mean values + SEM (n=3). *p < 0.05,
**p <0.01, ***p < 0.001
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WST-1 assay also showed the ability of MCF-10A cells to proliferate after treatment with
miR-21 knockdown and radiation. No differences in cell viability between control and EV
treated MCF-10A cells were detected (Figure 34)
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Figure 34. WST-1 viability assay of EV and control MCF-10A cells. The cell viability of MCF-10A cells
quantified absorbance (absorbance units (AU)) of EV (black) and control (green) treated cells measured
with WST-1 assay. Absorbance was measured 4 hours (checker boxes), 24 hours (solid color boxes) and
48 hours (downward diagonal boxes) after exposure to 0.25 Gy and 2.5 Gy dose of radiation. Relative
absorbance is quantified as difference between measurement (450 nm) and reference wavelength (650
nm) at each analysed time point. Data represent mean values + SEM (n=3). *p < 0.05, **p < 0.01, **p <
0.001

Sham-irradiated MDA-MB-361 EV treated cells showed significant increase in cell
viability after 24 (0.54 + 0.01 AU) and 48 hours (0.65 + 0.02 AU) compared to 4 hour
time point (0.18 + 0.01 AU), without additional influence of radiation. Cells treated with
anti-miR-21 did not show significant changes in cells viability after 24 hours (0.20 £+ 0.03
AU) and 48 hours (0.13 = 0.01 AU) compared to 4 hour time point (0.11 = 0.01 AU). The
reduction of MDA-MB-361 cell viability after treatment with anti-miR-21 was also
detected compared to EV cells 24 hours after treatment (Figure 35). Doses of 0.25 Gy
and 2.5 Gy did not have additional effect on the number of viable anti-miR-21 treated
cells. No differences in cell viability between control and EV treated MDA-MB-361 cells

were detected (Figure 36).
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Figure 35. WST-1 viability assay of EV and anti-miR-21 MDA-MB-361 cells. The cell viability of MDA-
MB-361 cells quantified absorbance (absorbance units (AU)) of EV (black) and anti-miR-21 (blue) treated
cells. Absorbance was measured 4 hours (checker boxes), 24 hours (solid color boxes) and 48 hours
(downward diagonal boxes) after exposure to 0.25 Gy and 2.5 Gy dose of radiation. Relative absorbance
is quantified as difference between measurement (450 nm) and reference wavelength (650 nm) at each
analysed time point. Data represent mean values + SEM (n=3). *p <0.05, **p < 0.01, ***p < 0.001
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Figure 36. WST-1 viability assay of EV and control MDA-MB-361 cells. The cell viability of MDA-MB-
361 cells quantified absorbance (absorbance units (AU)) of EV (black) and control (green) treated cells
measured with WST-1 assay. Absorbance was measured 4 hours (checker boxes), 24 hours (solid color
boxes) and 48 hours (downward diagonal boxes) after exposure to 0.25 Gy and 2.5 Gy dose of radiation.
Relative absorbance is quantified as difference between measurement (450 nm) and reference
wavelength (650 nm) at each analysed time point. Data represent mean values £ SEM (n=3). *p < 0.05,
**p <0.01, ***p < 0.001
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4.3.6 Anti-miR-21 is responsible for low attachment ability of MDA-MB-361
compared to MCF-10A cells

Along with the cell viability assays, cell attachment and detachment was also analysed.
The number of detached MCF-10A cells in supernatant between EV and anti-mir-21
cells was not changed 24 hours after exposure to 0.25 Gy and 2.5 Gy. The number of
detached anti-miR-21 treated cells was increased 1.49 £ 0.06 (0 Gy), 1.65 + 0.08 (0.25
Gy) and 1.83 = 0.21 (2.5 Gy) folds 48 hours post-irradiation compared to EV sham-
irradiated cells (24 hours) set as 1. The radiation contributed to the increase of
detached anti-miR-21 cells (Figure 37).
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Figure 37. Detached EV and anti-miR-21 MCF-10A cells detected in supernatant. Fold change of EV
(black) and anti-miR-21 (blue) treated MCF-10A cells detected in supernatant 24 hours (solid color boxes)
and 48 hours (downward diagonal boxes) after radiation. All values were normalized to the value of EV 0

Gy 24 hour sample. Data represent mean values = SEM (n=3).*p < 0.05, **p < 0.01, ***p < 0.001

The EV treated cells showed more detached cells in supernatant compared to control

cells 24 and 48 hours after radiation. Radiation caused increase in number of detached
control cells (Figure 38).
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Figure 38. Detached EV and control MCF-10A cells detected in supernatant. Fold change of EV
(black) and control (green) treated MCF-10A cells detected in supernatant 24 hours (solid color boxes)
and 48 hours (downward diagonal boxes) after radiation. All values were normalized to the value of EV 0O
Gy 24 hour sample. Data represent mean values + SEM (n=3).*p < 0.05, **p < 0.01, ***p < 0.001

In parallel, the analysis of attached cell number 48 hours after exposure to radiation was
performed. In MCF-10A cells miR-21 knockdown did not significantly changed the
number of attached sham-irradiated cells (0.91 + 0.10 fold). Dose of 0.25 Gy influenced
slightly the decrease of anti-miR-21 treated cells (0.75 £ 0.08 fold) but not EV cells. The
medium dose of 2.5 Gy decreased the ability of MCF-10A cells to attach in both EV and
anti-miR-21 cells to 0.81 + 0.10 and 0.54 * 0.04 folds, respectively (Figure 39, left).
Number of attached control cells is higher compared to EV cells in sham-irradiated and
cells exposed to 0.25 Gy, while after 2.5 Gy dose the difference was not detected
(Figure 39, right).

The increased number of detached anti-miR-21 MCF-10A cells 48 hours after radiation,
correlates with the decrease in attached cells at the same time point and same

correlation is detected for control cells.

Sham-irradiated MDA-MB-361 anti-miR-21 treated cells expressed significant increase
of 5.04 + 1.12 fold and 8.58 + 0.66 fold, at 24 and 48 hour time points (respectively)
compared to number of EV treated cells at 24 hour (set to 1). Exposure to radiation

(both doses) did not further influence the cells to detach (Figure 40).
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Figure 39. Fold change of attached MCF-10A cells. Fold change of attached EV (black), anti-miR-21
(blue) treated and control (green) MCF-10A cells measured 48 hours after the radiation treatment. All
values were normalized to the value of EV 0 Gy 48 hour sample. Data represent mean values + SEM
(n=3). **p < 0.01, ***p < 0.001
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Figure 40. Detached EV and anti-miR-21 MDA-MB-361 cells in supernatant. Fold change of EV
(black) and anti-miR-21 (blue) treated MDA-MB-361 cells detected in supernatant 24 hours (solid color
boxes) and 48 hours (downward diagonal boxes) after radiation. All values were normalized to the value
of EV 0 Gy 24 hour sample. Data represent mean values + SEM (n=3).*p < 0.05, **p < 0.01, ***p < 0.001
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No significant differences between control and EV treated MDA-MB-361 cells were
detected (Figure 41).
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Figure 41. Detached EV and control MDA-MB-361 cells in supernatant. Fold change of EV (black)
and control (green) treated MDA-MB-361 cells detected in supernatant 24 hours (solid color boxes) and
48 hours (downward diagonal boxes) after radiation. All values were normalized to the value of EV 0 Gy
24 hour sample. Data represent mean values + SEM (n=3).*p < 0.05, **p < 0.01, ***p < 0.001

Attachment ability of MDA-MB-361 anti-miR-21 treated cells was significantly reduced to
0.42 + 0.05 fold in sham-irradiated cells, 0.39 + 0.04 fold after 0.25 Gy and 0.27 + 0.03
fold after 2.5 Gy, compared to sham-irradiated EV treated cells (set to 1). The dose of
2.5 Gy had effect on both EV and anti-miR-21 treated MDA-MB-361 cells, decreasing
their attachment ability (Figure 42, left). The ability of control MDA-MB-361 cells to
attach was slightly better compared to EV treated cells (Figure 42, right).

The increased number of detached anti-miR-21 MDA-MB-361 cells 48 hours after
radiation, correlates with the decrease of attached cells at the same time point. Number

of attached and detached MDA-MB-361 cells was in mutual correlation.

The effect of miR-21 knockdown on decreased cellular attachment and increased
detachment ability was in general stronger in breast cancer cell line (MDA-MB-361) than

in non-cancer cells (MCF-10A).
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Figure 42. Fold change of attached MDA-MB-361 cells. Fold change of attached EV (black), anti-miR-
21 (blue) treated and control (green) MDA-MB-361 cells measured 48 hours after the radiation treatment.
All values were normalized to the value of EV 0 Gy 48 hour sample. Data represent mean values + SEM
(n=3). **p < 0.01, ***p < 0.001

4.3.7 3D-microtissue growth analysis

Both MCF-10A and MDA-MB-361 cells were able to form 3D-microtissues. The growth

rate of 3D microtissues is followed for 13 days.

EV and anti-miR-21 MCF-10A treated cells showed that the growth is affected by the
dose of 2.5 Gy. This effect was detected at day 6 of cultivation for EV and at day 9 for
anti-miR-21 cells. No difference in the growth rate between microtissues previously
transduced with EV and anti-miR-21 was shown (Figure 43, up).

The growth of MDA-MB-361 3D-microtissues was affected by the dose of 2.5 Gy at day
9 of cultivation for both EV and anti-miR-21 treated cells. MiR-21 knockdown led to
formation of tissues which detected area was smaller compared to EV treated cells

(Figure 43, down).

The day 9 of cultivation of 3D microtissues was in both cell lines the day when the
changes were detected so we decided on this time point to be most suitable for
analysing the changes after radiation treatment.
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Figure 43. Growth of MCF-10A 3D microtissues over 13 days. The growth of MCF-10A (up) and MDA-
MB-361 (down) 3D microtissues during 13 days of cultivation time and after exposure to low (0.25 Gy)
and medium dose (2.5 Gy) of radiation at day 0. Black — sham-irradiated cells treated with EV, dark grey -
cells treated with EV exposed to 0.25 Gy, light grey - cells treated with EV exposed to 2.5 Gy; dark blue —
shame-irradiated cells treated with anti-miR-21, blue - cells treated with anti-miR-21 exposed to 0.25 Gy,
light blue - cells treated with anti-miR-21 exposed to 2.5 Gy. Data represent mean values + SEM (n=3). *p
<0.05, **p £0.001

MCF-10A cells treated with anti-miR-21 do not show growth delay compared to EV cells
In both cases, the smaller microtissue size was detected after the radiation of 2.5 Gy
dose (Figure 44). The size of EV 3D microtissues was reduced from 23568 + 2734 um?
in sham-irradiated cells to 15796 + 2294 pm? while the size of anti-miR-21 3D
microtissues was diminished from 24733 + 1829 um? to 19909 + 2818 pm?.

Growth delay was detected between 3D microtissues of sham-irradiated MDA-MB-361
EV (121407 + 4130 pm?) and anti-mir-21 treated cells (60896 + 4828 um?). Radiation
dose of 2.5 Gy led to smaller size of EV microtissue (100536 + 1486 um?), while
radiation did not have further impact on the size of anti-miR-21 microtissues (Figure 45).
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Figure 44. MCF-10A EV and anti-miR-21 3D microtissues comparison. Presented is comparison of
3D microtissues at the cultivation day 9. Black — cells treated with EV, blue — cells treated with anti-miR-
21. Scale bar — 100 pum. Data represent mean values + SEM (n=3). *p < 0.05, ***p < 0.001
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Figure 45. MDA-MB-361 EV and anti-miR-21 3D microtissues comparison. Presented is comparison
of 3D microtissues at the cultivation day 9. Black — cells treated with EV, blue — cells treated with anti-
miR-21. Scale bar — 100 um. Data represent mean values + SEM (n=3). *p < 0.05, ***p < 0.001

Combined anti-miR-21 and radiation treatment effect is evident for the tumour cells
(MDA-MB-361) using 3D microtissue analysis what is in correlation with results obtained
in 2D cell culture and colony formation assay, where the difference in cellular response
to combined treatment between MCF-10A and MDA-MB-361 cells was identified.
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4.4 MiR-21 target predictions

In order to discover how miR-21 knockdown could influence cell response to radiation, it
was of great importance to investigate potential targets of this miRNA. Using 4 different
in silico analyses (see Section 3.8) we have included both miR-21-5p (sense strand)
and miR-21-3p (antisense strand). Each of the software used showed a different
number of predicted targets as shown in Table 20. It is important to mention that
microRNA.org showed significantly higher number of predicted targets compared to

other 3 databases used.

Table 20. Number of predicted miR-21 targets for miR-21-5p and miR-21-3p according to 4

databases used.

miRDB 240 485
TargetScan Human 7.1 382 3673
microRNA.org 5203 6209

In order to predict possible signaling pathways influenced by miR-21, the top 50 targets
from each database (excluding microRNA.org) were taken into consideration (Figure
46). In the case of miR-21-5p, 10 common targets were predicted to be regulated

among three databases used while for miR-21-3p only one common target was found.
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miR-21-5p miR-21-3p

DIANA TOO __miRDB DIANA TOOLS ___miRDB

TargetScanHuman TargetScanHuman

Figure 46. Mutual targets of miR-21 between 3 databases. Venn diagrams present common targets for

miR-21-5p (left) and miR-21-3p (right) detected in 3 databases according to the top 50 predicted targets.

In the lists of potential targets the members of MAPK signaling pathway were detected
as potential targets of miR-21-5p and miR-21-3p. MiR-21-5p was predicted to bind to
the 3' UTR sequence of MAP3K1 and MAP2K3, whereas the predictions suggest that
miR-21-3p binds to more members of this pathway such as MAP3K1, MAP2KS3,
MAP2K4 and MAP2K6 (Figure 47). MAP2K3, MAP2K4 and MAP2K6 are kinases
responsible for the activation of ERK and JNK members of MAPK cascade (Figure 2).

MAP3K1 have appeared in all datasets as a potential target of not only miR-21-5p but
also miR-21-3p (Figure 47). It is a member of the mitogen-activated protein kinase
kinase kinase (MAP3K) family of serine/threonine kinases and present a part of
important signal transduction cascades such as ERK, JNK kinase pathways and the
NF-kB pathway. MAP3K1 is responsible for the activation of ERK and JNK kinase
pathways by phosphorylation of different MAP2Ks. In this way this kinase can regulate
different cellular functions like cell survival, apoptosis, and cell motility/migration in

normal and tumors cell lines.

107



RESULTS

miR-21-5p miR-21-5p
MAP3K1 ENST00000399503.3 -0,29 MAP3K1 26 93
MAP2K3 ENST00000342679.4 -0,30 MAP2K3 187 57
MAP3K1 ENST00000399503.3 -0,24 MAP3K1 2 99
MAP2K3 ENST00000342679.4 -0,25 MAP2K3 334 61
MAP2K4 ENST00000415385.3 -0,19 MAP2K4 281 65
MAP2K6 ENST00000590474.1 -0,04 MAP2K6

*Cumulative weighted context ++ score

Diana To0LS

miR-21-5p
MAP3K1 ENSG00000095015 0.789949
MAP2K3
MAP3K1 ENSG00000095015 0.900822
MAP2K3 ENSG00000034152 0.864376
MAP2K4 ENSG00000065559 0.895038
MAP2K6

*The prediction score. Higher miTG score — higher is the
probability of targeting

Figure 47. Predictions of miR-21 targeting MAPK family members. In silico predictions of miR-21-5p
and miR-21-3p targeting the members of MAPK signaling pathway according to TargetScan Human 7.1,
miRDB.org and DIANA TOOLS.

For the alignment of miR-21 and MAP3K1, the resource of microRNA target predictions
and expression profiles - microRNA.org was used. Target predictions are based on the
miRanda algorithm that includes current and updated knowledge of targets and miRNAs
[210]. This analysis showed that miR-21 has in total 3 binding sites in 3'UTR sequence
of MAP3K1, one for miR-21-5p at the position 1418 and two for the miR-21-3p at
positions 1972 and 2420. All of these bindings had high miRSVR score (providing
indication how strong is a miRNA's regulatory effect). Binding of miR-21-5p had the
highest miIRSVR score of -1.2518 (Figure 48). This confirms the importance of miR-21
binding to the untranslated region of MAP3K1 and that it could influence its functional

regulation.
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37 agULIJGUAGUCAgACUAUllj(li(‘}E‘Xu 5" miR-21-5p
1418: 5 ucAGGAUAAACUAAAUAAGCUa 3 MAP3K1

miRSVR score: -1.2518
PhastCons: 0.7253

3" ugucgggUAGCUGACCACAAC 5’ mIR-21-3p| 37 ugucGGGUAGCUGACCACAAC 5’ mIR-21-3p|

[l L (Lol L
1972: 5" gougguaAUUG--UGGUGUUU 3’ MAP3K1 | p420: 57 uguaCCUOAUU--UUGGUGUUU 3' MAP3K1

miRSVR score: -0.8845 miRSVR score: -1.1409
PhastCons: 0.7525 PhastCons: 0.8036

Figure 48. Alignment of miR-21 and MAP3KZ1. In silico alignment of miR-21-5p (up) and miR-21-3p

(down) with the 3'UTR sequence of MAP3K1, according to the microRNA.org database. PhastCons score
measures the evolutionary conservation of sequence blocks. MirSVR present the support vector
regression (SVR) approach and it provides the indication of how strong the regulatory effect of certain

mMiRNA is on particular target.
4.5 Proteomic analysis in MCF-10A after miR-21 knockdown and radiation

4.5.1 MCF-10A cell line proteome after radiation and miR-21 knockdown

In order to detect the changes in MCF-10A cells on the protein levels after miR-21
knockdown and radiation ICPL was performed (Section 3.9.1). Triplex set of labels were
used for control cells (ICPL_0), cells treated with EV (ICPL_4) and cells treated with
anti-miR-21 (ICPL_6). Prior to labelling, these cells were exposed to two different doses
of radiation (0.25 Gy or 2.5 Gy) or sham-irradiated. This was done in biological
triplicates. We wanted to track the changes 4 hours and 24 hours after irradiation.
Relative protein identification and quantification was performed and further selection
was done according to the previously explained settings (section 3.9.5). Our focus was
on the comparison between anti-miR-21 and EV treated MCF-10A cells and what
changes are caused by radiation. Proteins whose measured ICPL_6/ICPL_4 ratio was
greater/equal than 1.30-fold or less/equal than 0.77, were considered to be significantly
differentially expressed. The number of significantly deregulated proteins for each

treatment is shown in Table 21.

At 4 hour time point in sham-irradiated cells 66 proteins were deregulated out of which
34 were upregulated and 32 downregulated in anti-miR-21 treated MCF-10A cells
compared to EV cells. After exposure to the radiation the number of differentially
regulated proteins increased to 88 after 0.25 Gy (c) and 125 after 2.5 Gy (93 up- and 32
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downregulated). Increase in number of upregulated proteins was detected after
exposure to 2.5 Gy. Since the number of differentially regulated proteins was smallest in
sham-irradiated cells and was increased with higher dose of radiation we concluded that

these proteomic changes could potentially be dose dependent.

Table 21: Number of significantly deregulated proteins in MCF-10A cells treated with anti-miR-21 4

hours after radiation (compared to EV treated cells)

Dose (Gy) 4 hours after irradiation, anti-miR-21
Number of significantly Number of significantly
upregulated proteins downregulated proteins
0 34 32
0.25 46 42
25 93 32

24 hours after irradiation, the number of significantly deregulated proteins was higher in
sham-irradiated cells (comparted to 4 hour time point) where 123 proteins were
deregulated out of which 92 were upregulated and 31 downregulated. The number of
deregulated proteins detected after 0.25 Gy was 127 (85 up- and 42 downregulated)
and 167 (93 up- and 74 downregulated) after 2.5 Gy as shown in Table 22. More
deregulated proteins were detected 24 hours after radiation treatment, with the highest
number detected after exposure to 2.5 Gy.

Table 22: Number of significantly deregulated proteins in MCF-10A cells treated with anti-miR-21

24 hours after radiation (compared to EV treated cells)

Dose (Gy) 24 hours after irradiation, anti-miR-21
Number of significantly Number of significantly
upregulated proteins downregulated proteins
0 92 31
0.25 85 42
25 93 74
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A number of common deregulated proteins were detected between all three treatments.

Seven proteins (4 upregulated and 3 downregulated) were shared between treatments
4 hours after irradiation (Table 23), including upregulated ANP32A, HNRNPA2B1 and
HNRNPC proteins, with role in pre-mRNA processing and stability and trafficking of

MRNAs, and downregulated HSPA1A protein that stabilizes and mediate the folding of

newly translated polypeptides. PANTHER Classification System and STRING database

were used to classify proteins (as well their genes) and predict protein—protein

interactions of proteins common for all three radiation treatments. The interaction

network of common proteins detected 4 hours after radiation showed that there were no

known interactions between these proteins (Figure 49).

Table 23: List of common significantly deregulated proteins detected 4 hours after exposure to 0,

0.25 and 2.5 Gy dose of radiation.

Common significantly derequlated proteins 4 h post irradiation 0 Gy 0.25 Gy 2.5 Gy
Fold change

SCRIB scribbled homolog (Drosophila) 2,4 1,7 1,9
HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1 13 13 1,6
ANP32A acidic (leucine-rich) nuclear phosphoprotein 32 family 15 15 15
HNRNPC heterogeneous nuclear ribonucleoprotein C (C1/C2) 1.4 1.4 1,6
G3BP2 GTPase activating protein (SH3 domain) binding protein 2 0,6 0,7 0,8
HSPA1A heat shock 70kDa protein 1A 0,7 0,7 0,7
AHNAK AHNAK nucleoprotein 0,5 0,6 0,7
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Figure 49. STRING prediction of protein interactions 4 hours after radiation. Predicted protein—
protein interaction network (using STRING database) of common proteins detected in MCF-10A cells 4

hours after radiation for all three treatments.

The number of common proteins between all three treatments 24 hours after irradiation
was nineteen (13 upregulated and 6 downregulated) listed in Table 24. This list contain
proteins involved in nucleic acid binding, such as H3 histone (H3FB), GTPase activating
protein (G3BP1), histone cluster 1 and 2 (HIST1H3B and HIST2H3D) and ribosomal
protein (RPLPO) which were all upregulated in anti-miR-21 treated cells. Histone
clusters and ribosomal protein were more upregulated after 0.25 Gy in comparison to
shame-irradiated and cells exposed to 2.5 Gy. Proteins such as reticulocalbin 2 (RCN2),
acidic (leucine-rich) nuclear phosphoprotein (ANP32E) are responsible for protein

binding and were downregulated after all three treatments (Figure 50).
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Table 24: List of common significantly deregulated proteins detected 4 hours after exposure to 0,
0.25 and 2.5 Gy dose of radiation.

Common significantly derequlated proteins 24 h post irradiation 0 Gy 0.25 Gy 2.5 Gy
Fold change

HIST1H3B histone cluster 1, H3b 2,1 2,8 1,9
GLUD1 glutamate dehydrogenase 1 1,3 1,3 1.3
CKMT1B creatine kinase, mitochondrial 1B 1,3 1,3 1,2
SFXN1 sideroflexin 1 1,9 2,4 1,7
HIST2H3D histone cluster 2, H3d 2,0 2,6 1,8
PRDX5 peroxiredoxin 5 2,0 2,6 1,8
PTGES prostaglandin E synthase 1,4 1,4 1,3
G3BP1 GTPase activating protein (SH3 domain) binding protein 1 14 14 1,3
HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1 1,3 2,1 1,4
LMNA lamin A/C 2,0 25 1,8
RPLPO ribosomal protein, large, PO 1,4 21 1,4
H3F3B H3 histone, family 3B (H3.3B) 2,1 2,5 1,5
GSTP1 glutathione S-transferase pi 1 15 2,0 1,9
NDUFA5 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 0,7 0,7 1,3
ANP32E acidic (leucine-rich) nuclear phosphoprotein 32 family 0,7 0,6 0,7
HSPA1A heat shock 70kDa protein 1A 0,7 0,7 0,7
AHNAK AHNAK nucleoprotein 0,7 0,6 0,6
RCN2 reticulocalbin 2, EF-hand calcium binding domain 0,7 0,7 0,7
PAICS Phosphoribosylaminoimidazole carboxylase, 0,7 0,7 0,7
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Figure 50. STRING prediction of protein interactions 24 hours after radiation. Predicted protein—
protein interaction network (using STRING database) of common proteins detected in MCF-10A cells 24

hours after radiation for all three treatments.

The prediction of pathways influenced by miR-21-knockdown and radiation was

analysed using Ingenuity Pathway Analysis (IPA).

Upstream analysis was performed for the 4 hour and 24 hour time points in order to
predict upstream regulators (genes) that were possibly influenced by miR-21
knockdown. For this purpose, our datasets from MCF-10A cells treated with different
doses of radiation were used. The activation state of NFE2L2 gene was, according to
the predictions, increased 4 hours after both doses of radiation and was increased after

24 hours even without exposure to radiation after anti-miR-21 treatment (Figure 51).
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Figure 51. IPA prediction of upstream transcriptional regulators after radiation. List of affected
regulators (genes) detected 4 hours (left) or 24 hours (right) after the exposure to low (0.25 Gy) or
medium (2.5 Gy) dose of radiation combined with miR-21 knockdown. Blue — expressing the decreased

activation state and orange — expressing increased activation state of transcriptional regulators according

to the activation z-score (right corner).

Members of the MAPK cascade such as MAPK1, MYC, MAP4K4 were also detected in
the top 30 predictions of both time points and their activation state was decreased at

both time points. NFE2L2 and the MAPK cascade were further selected for the

validation.

In IPA analysis we also searched for changed canonical pathways after combined anti-
miR-21 and radiation treatment in MCF-10A cells. According to the predictions, integrin
signaling pathway was affected at both time points. At 24 hour time point, activation
state of ERK/MAPK and PI3K/AKT signaling pathways were predicted to be decreased
in our MCF-10A samples after exposure to 2.5 Gy.
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The integrin signaling pathway was selected for further validation, since its activation

state was decreased after 4 and 24 hours post-irradiation (Figure 52).

Therefore, in parallel with further validation of NFE2L2 and MAPK cascade, integrin

signaling pathway was also included.

4 h time point

0 Gy

I 0.25 Gy
2.5 Gy

Integrin Signalling

Regulation of Cellular Mechanics by Capain...
Regulation of Actin based Motility by Rho
Clathrin-mediated Endocytosis Signalling
Urea cycling

24 h time point

0 Gy
0.25 Gy
2.5 Gy

EIF2 Signalling

Integrin Signalling [ ]
ERK/MAPK Signalling [ ]
PI3K/AKT Signalling [ ]
ILK Signalling

RhoGDI Signalling

Regulation of Actin based Motility by Rho
Leukocyte Extravasation Signalling
Clathrin-mediated Endocytosis Signalling

Z-Score:  .ose m 3154

Figure 52. IPA prediction of canonical pathways after radiation. Top 10 canonical pathways detected
4 hours (up) or 24 hours (down) after the exposure to low (0.25 Gy) or medium (2.5 Gy) dose of radiation
combined with miR-21 knockdown. Blue — expressing the decreased activation state and orange —
expressing increased activation state of transcriptional regulators according to the activation z-score (right

corner).
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4.5.2 Changes of NFE2L2 and its validation

The NFE2L2 (nuclear factor erythroid 2-related factor 2) also known as Nrf2 is
predicted to be activated 4 hours and 24 hours after radiation. Nrf2 activity is mainly
regulated by Keapl protein. Its activity as response to stress signals, results from a
disruption of Keapl/Nrf2 association, releasing Nrf2 into the nucleus for its

transcriptional activity.

To validate the previous predictions, Nrf2 and its phosphorylated form was examined by
immunoblotting preforming Western blot analysis. Due to the difficulties with the
detection of total Nrf2 protein expression we obtained the data from two biological

replicates.

In sham-irradiated cells treated with anti-miR-21, expression of Nrf2 was upregulated in
one and not changed compared to EV treated cells in other replicate. Phospho-Nrf2 (p-
Nrf2) was significantly upregulated in sham-irradiated cells of both replicates. Radiation
did not have any additional effect to the knockdown of miR-21 on the expression of Nrf2
and phospho-Nrf2 (Figure 53). Changes in its total and phosphorylated form were not
detected (Figure 54). The Western blot analyses obtained from replicates could not
validate activation of NRF2 suggested by IPA prediction due to contrary results and not

enough replicates.

06y 0.25 Gy 2.5Gy 06y 0.25 Gy 2.5Gy
Anti- Anti- Anti- Anti- Anti- Anti-
BV mir21 BV mir21 BV mir-21 BV mir21 BV mir2t BV mir-21
Nrf2 NIrf2 . —
100 144 068 114 087 1.23 1.00 097 181 089 196 097
p-Ner — — —_— = — — p-Nrf2 - — -
e oT2 071 mhso 1.00 121 130 143 141 121
GAPDH S S S— — GAPDH e S ——

Figure 53. Representative blot of Nrf2 and p-Nrf2 changes 24 hours after radiation. The changes in

Nrf2 (68 kDa) and phospho-Nrf2 (90 kDa) proteins in EV and anti-miR-21 MCF-10A cells 24 hours after
0.25 Gy and 2.5 Gy dose of radiation in two biological replicates (n=2). Expressed fold changes are
calculated by normalization to the value of EV 0 Gy sample. GAPDH (37 kDa) is used as endogenous

control.

117



RESULTS

Nrf2 (68 kDa) 24 h phospho-Nrf2 (90 kDa) 24h
c 2.0~ 2.0+
o
/7]
7] 1.5 1.5+ el
g’_ -
Q
s 3 1.0 1.0
° %
2
® 0.5 0.5
<]
&
0.0- 0.0-
A S S S S S
& & & & & &
,b(‘ ,a_(‘ ,b'(‘ ,a_(‘ ,bQ "b(\
0 Gy 0.25 Gy 2.5 Gy 0 Gy 0.25 Gy 2.5 Gy

Figure 54. Western blot analysis of Nrf2 and phospho-Nrf2 protein expression 24 hours after
radiation in MCF-10A cells. Graph represents quantification of proteins relative to GAPDH. Expressed
fold changes are calculated by normalization to the value of EV 0 Gy sample. Mean values and standard

error of mean (SEM) are shown (n=2). The Student's t-test was used for statistical analysis. ***p <0.001

4.5.2.1 Assay for oxidative stress used for validation of Nrf2

NFE2L2 (Nrf2) represent the protein important for regulation of the expression of
antioxidant proteins that protect against oxidative damage. In order to detect the
changes in Nrf2 pathway the RT? Profiler PCR Assay for oxidative stress was
performed. The changes in 84 gene’s expression detected 24 hours after radiation are
shown in Table 25. Fold changes are calculated by normalizing C; values to the GAPDH

(one of five endogenous controls provided).

Table 25: Results of the RT? Profiler PCR Assay for oxidative stress in MCF-10A cells

not changed upregulated downregulated not detected
EV 2.5 Gy 67 4 5 8
anti-miR-21 0 Gy 66 4 7 7
anti-miR-21 2.5 57 4 15 8

The genes having fold change less/equal to 0.5 or greater/equal to 1.5 were considered
to be deregulated. Each gene was normalized to the levels of gene expression in EV

sham-irradiated cells. The number of downregulated genes raise to fifteen in the anti-
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miR-21 treated cells after 2.5 Gy dose of radiation when compared to EV treated cells
(five) and shame-irradiated cells treated with anti-miR-21 (seven). Out of the fifteen,
selected deregulated, 4 genes (Table 28) were selected to be further validated with the

single TagMan® Gene Expression Assay.

Table 26: The fold changes of selected 4 genes in RT? Profiler PCR Assay for oxidative stress in
MCF10A cells

Gene Fold change
HMOX1 0.44
HSPA1A 0.45
TXNRD1 0.19
TXNRD2 0.48

HMOX1, HSPA1A, TXNRD1 and TXNRD2 are genes whose regulation is dependent on
NRF2 and its activation. The expression of 4 selected genes and NRF2 is done as

previously described (Section 3.4.7) using single TagMan® Gene Expression Assays.

The expression of these genes was performed in 4 biological replicates. No significant
changes in expression profiles were detected for TXNRD1 and TXNRD2. NRF2 showed
the tendency to be upregulated in cells treated with anti-miR-21 24 hours after exposure
to 2.5 Gy as well as HMOX1, whose trend of upregulation was also detected in cells
treated with miR-21 knockdown regardless of radiation. HSPA1A did not show any
significant changes in its expression between EV and anti-miR-21 treated cells, without

any effect of radiation exposure (Figure 55).
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Figure 55. Expression of 5 genes in MCF-10A cells after exposure to 2.5 Gy. Expression of NRF2
and 4 selected genes (HSPA1A, TXNRD1, TXNRD2 and HMOX1) in EV (black) and anti-miR-21 (blue)

treated MCF-10A cells 24 hours after exposure to 2.5 Gy dose of radiation. Nrf2 is transcription factor that

regulates the expression of other 4 selected genes. Normalization was done to the value of EV 0 Gy

sample. Mean values and standard error of mean (SEM) are shown (n=4). The Student's t-test was used

for statistical analysis.

120



RESULTS

4.5.3 Integrin signaling pathway changes

Integrins represent cell adhesion receptors and are major mediators of cell adhesion to

extracellular matrix (ECM) and ECM-induced intracellular signaling. IPA predicted that

integrin signaling is less induced with miR-21 knockdown after 0.25 Gy dose at 4 hour

time point and in sham-irradiated and cells exposed to 2.5 Gy 24 hours after radiation

(compared to EV treated cells). While members of B-integrin family are less induced

after miR-21 knockdown irrelevant of exposure to the radiation, the activation state of a-

integrin family members after low dose irradiation is increased and after medium dose

decreased (Figure 56). These predictions we detected in our samples in case of ITG[31,

ITGB4 and ITGa3. The fold changes of all detected members of integrin families are

presented in Table 27.
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Figure 56. IPA predicted changes of integrin family members. Scheme of changes in a- and (-

integrin families in anti-miR-21 treated MCF10A cells 24 hours after irradiation according to the IPA

prediction. Green — less induced, red — more induced members of integrin families 24 hours after

exposure to radiation.

Table 27. Fold changes of detected members of integrin families with ICPL (comparison of anti-
miR-21 and EV (ICPL_6/ICPL_4)) 4 hours and 24 hours after radiation.

Integrins

ITGB1
ITGB4
ITGab6
ITGa3
ITGaV

0 Gy

0.25 Gy

4 hours time point

2.5Gy

0 Gy

0.25 Gy 2.5Gy

24 hours time point

0,63
X
0,52
0,49
0,68

0,74

0,86

1,06
X

0,49

0,98
1,33
1,81
1,74
0,97

1,01
1,19
X
0,75
0,61

0,80
0,81
0,78
1,49
0,61

0,54
0,71
0,33
0,62
0,49
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Members of B- integrin family (ITGB1 and ITGB4) were both downregulated in anti-miR-
21 treated cells 24 hours after radiation and a-integrin members (ITGa6 and ITGa3)
showed increase in fold change after 0.25 Gy and downregulation after 2.5 Gy. All these

results were in correlation with IPA predictions.

Since the IPA predicted that integrin signaling pathway is less induced after miR-21
knockdown, we decided to validate the downstream targets of the pathway by Western
blot.

4.5.3.1 Validation of Integrin signaling pathway changes by Western blots

In order to validate these predictions and the changes in integrin signaling pathway
obtained with IPA, downstream targets of a- and B-integrin family members were
selected for the Western blot analyses as previously described (section 3.7). The
selected targets were — FAK (focal adhesion kinase), MAP kinases ERK1/2
(extracellular signal-regulated kinase 1/2), JNK1/2 (c-Jun N-terminal kinase 1/2) and
their phosphorylated forms. Members of the MAPK pathways showed potential of being
targets of miR-21 according to previously performed in silico analysis. GAPDH was

used as endogenous control in all Western blot experiments.

According to the proposed model of integrin signaling pathway [211], FAK is the direct
target of integrins and is proposed to be dependent on their changes. In sham-irradiated
cells, FAK and phospho-FAK (p-FAK) protein expression was not significantly changed
between EV and anti-miR-21 treated MCF-10A cells. Radiation treatment did not
change the expression of FAK and phospho-FAK at 4 hour time point, between EV and
anti-miR-21 treated cells, except that FAK was reduced in anti-miR-21 treated cells after
exposure to 0.25 Gy. On the other hand, after 24 hours the band intensity of both
proteins, after miR-21 knockdown, had tendency to be diminished comparing to EV but

it was not statistically significant (Figure 57).

This was done for 4 biological replicates and quantification of data is presented in
Figure 58. No significant changes in total FAK protein expression were detected with
Western blot analyses between EV and anti-miR-21 treated MCF-10A cells 4 and 24
hours after radiation treatment.
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Figure 57. Representative blots of FAK and p-FAK protein changes after radiation. Representative
blots of FAK (125 kDa) and p-FAK (125 kDa) changes in EV and anti-miR-21 treated MCF-10A cells after
0.25 Gy and 2.5 Gy dose of radiation 4 hours (left) and 24 hours (right) after radiation. Numbers represent
fold changes calculated by normalization of each band value to the value of EV 0 Gy sample for each
time point. GAPDH (37 kDa) is used as endogenous control.
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Figure 58. Western blot analysis of FAK and phospho-FAK 4 hours and 24 hours after radiation in
MCF-10A cells. Quantification for FAK (upper row) and phospho-FAK (lower row) 4 hours (left) and 24
hours (right) after radiation, relative to GAPDH. Expressed fold changes are calculated by normalization
to the value of EV 0 Gy sample. Mean values and standard error of mean (SEM) are shown (n=4). The

Student's t-test was used for statistical analysis. *p <0.05, *rEp <0.001
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Expression of phospho-FAK was slightly increased at 4 hour time point compared to EV
treated cells and decreased but not significantly after 24 hours which is in correlation

with previously showed results in Figure 57.

Further members of downstream signaling pathway of integrins and FAK were

analysed.

Representative Western blot of changes in ERK1/2 and phospho-ERK1/2 protein
expression after radiation exposure is presented in Figure 59. The expression of total
ERK1 showed that 4 hours after radiation it was either downregulated (in sham-
irradiated and cells exposed to 0.25 Gy) or not changed after 2.5 Gy in anti-miR-21
treated cells, compared to EV cells. After 24 hours only change noticed was in anti-miR-
21 treated cells after exposure to 2.5 Gy where it was upregulated. ERK2 expression
was not changed at 4 hour time point, while after 24 hours its expression showed
tendency to be diminished in anti-miR-21 treated cells in sham-irradiated and ones

exposed to 0.25 Gy and 2.5 Gy dose of radiation.

Phospho-ERK2 (p-ERK2) expression was significantly downregulated in anti-miR-21
treated cells 4 hours after 0.25 Gy and 2.5 Gy, compared to EV treated MCF-10A cells.
The changes in p-ERK1 were following the changes seen in p-ERK2.

0Gy 025Gy 25Gy 06y 025Gy 25Gy

Anti- Anti- Anti- Anti- Anti- Anti-
 omir21 BV mir21 BV mir-21 BV mir2t BV mir21 BV mir-21

100 074 094 055 090 0.91 100 101 104 103 174 277

ERK1/2 ERK1/2

100 099 122 075 093 120 100 045 089 031 072 024

p-ERKZ s s — P-ERK2 wms s S s s o
100 076 065 049 073 041 100 090 120 083 107 0.88

—— T e e eI
GAPDH w—— GAPDH lll WS NS GNP e
Figure 59. Representative blots of ERK1/2 and p-ERK2 proteins after radiation. Representative blots
of ERK1/2 (44 and 42 kDa) and phospho-ERK2 (42 kDa) protein changes in EV and anti-miR-21 treated
MCF-10A cells after low and medium dose of radiation 4 (left) and 24 (right) hours after radiation.
Expressed fold changes are calculated by normalization to the value of EV 0 Gy sample. GAPDH (37

kDa) is used as endogenous control.
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The expression of ERK1/2 and phospho-ERK1/2 was done for 6 biological replicates
and these data are presented in Figure 60. Expression of ERK1 and ERK2 and
phospho-ERK2 confirmed same trend of changes as previously presented and

described in Figure 59.

Second part of integrin pathway is JNK1/2 kinase activity according to the previously
published data [211].

MiR-21 knockdown affected the expression of total JNK1 and JNK2 and also its
phosphorylated forms 4 hours and 24 hours after exposure to radiation. The expression
of JNK1 in anti-miR-21 treated cells was downregulated compared to EV cells, in sham-
irradiated and cells exposed to 0.25 Gy and 2.5 Gy. Total JNK2 was also significantly
downregulated in cells with miR-21 knockdown. Exposure to radiation also contributed
to further downregulation of JNK1/2 protein expressions, compared to the levels in
shame-irradiated anti-miR-21 treated MCF-10A cells.

Expression of phospho-JNK1 and phospho-JNK2 was extremely lowered after miR-21
knockdown compared to EV treated cells, the radiation did have moderate but
significant additional effect on their expression levels (Figure 61). The expression of
JNK1/2 and phospho-JNK1/2 was done for 4 biological replicates and these data are
presented in Figure 62. Data showed that miR-21 knockdown downregulates the
expression of total INK1 and JNK2, 4 hours and 24 hours after radiation while this
effect was more prominent for phospho-JNK1 and phospho-JNK2 at both time points.
Dose of 2.5 Gy had additional effect on phospho-JNK1 after 4 hours and on phospho-

JNK2 24 hours after exposure.

The expected downregulation of the downstream targets of integrin signaling pathway
(according to the predictions) is shown only with INK1/2 and its phosphorylated forms.

Expression of these proteins was significantly downregulated at both time points.

Interestingly, for the first time, it is presented that miR-21 knockdown has the selective
influence on JNK activity, with small changes also seen in ERK1/2 activity. According to
in silico predictions, JNK1/2 and ERK1/2 are not direct targets of miR-21 but the
MAP3K1, as upstream regulator of INK1/2 and ERK1/2, can be. MiR-21 could possibly
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influence the activity of MAPK pathway with the potent selection of JNK1/2 as it is

documented in our work.
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Figure 60. Western blot analysis of ERK1/2 and phospho-ERK2 4 and 24 hours after radiation in
MCF-10A cells. Quantification of Western blots for ERK1/2 (upper and middle row) and phospho-ERK?2

(lower row) protein expression 4 (left) and 24 hours (right) after radiation of MCF-10A cells. Graphs

represent quantification of proteins relative to GAPDH. Expressed fold changes are calculated by

normalization to the value of EV 0 Gy sample. Mean values and standard error of mean (SEM) are shown

(n=6). The Student's t-test was used for statistical analysis.*p <0.05, **p <0.01.
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Figure 61. Representative blots of JNK1/2 and p-JNK1/2 proteins after radiation. Representative
blots of JNK1/2 (54 and 46 kDa) and phospho-JNK1/2 (54 and 46 kDa) in EV and anti-miR-21 treated

MCF-10A cells after low and medium dose of radiation 4 (left) and 24 (right) hours after radiation.

Expressed fold changes are calculated by normalization to the value of EV 0 Gy sample. GAPDH (37

kDa) is used as endogenous control.
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Figure 62. Western blot analysis of JNK1/2 and phospho-JNK1/2 4 and 24 hours after radiation in

MCF-10A cells. Quantification of Western blots for INK1/2 (upper two rows) and phospho-JNK1/2 (lower
two rows) protein expression 4 (left) and 24 hours (right) after radiation of MCF-10A cells. Graphs
represent quantification of proteins relative to GAPDH. Expressed fold changes are calculated by
normalization to the value of EV 0 Gy sample. Mean values and standard error of mean (SEM) are shown

(n= 4). The Student's t-test was used for statistical analysis.*p <0.05, **p <0.01, ***p<0.001.
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5 DISCUSSION

MiRNAs are key molecular components of the cell in both normal and pathologic states
[212]. They regulate the translation of broad set of mMRNAs and therefore hold a great
potential as targets for cancer therapy [213, 214]. At the same time, the dysregulation of
mMiRNAs present an emerging hallmark of cancer, in the tumour itself as well as in the
surrounding microenvironment [215, 216]. Exposure to ionizing radiation may also be
monitored by the changes in expression of certain miRNAs which have been proven in
recent studies in humans and mice (such as members of let-7 family, miR-21, miR-
125a, miR-22, miR-222) but a regulatory role of these miRNAs in the radiation response
still remains unclear [63, 66, 217, 218]. Certain miRNAs, named oncomiRs, play a role
in promoting the onset and growth of cancers when overexpressed [219]. MiR-21, as
one of the first described oncomiRs [34], has a crucial role in tumour cell proliferation
[111], apoptosis [220], invasion, and metastasis [221] as well as also promoting
radioresistance [195, 222, 223]. Inhibition of oncomiRs using antisense oligomers
currently presents an evolving therapeutic strategy [35, 107]. The tissue-specific
delivery of siRNAs to the cancer cells still presents big challenge, therefore it is of great
importance to understand the effects of miR-21 inhibition on healthy tissue surrounding
the cancer.

In the present study we have investigated the hypothesis that exposure to low and
medium dose of radiation will result in miRNA profile changes. We also wanted to
investigate how treatment with anti-miR-21 in combination with radiation might affect
breast cancer (MDA-MB-361) and non-transformed mammary epithelial cells (MCF-
10A).

The goal of this study was therefore to determine whether there are differences in the
response of MCF-10A to radiation after miR-21 inhibition and to elucidate if combination
of anti-miR-21 treatment with radiation is a potential breast cancer therapeutical

strategy without serious side-effects on healthy surrounding tissue.
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5.1 Upregulated miRNAs after low dose and medium dose of irradiation in MCF-
10A cells

The first part of the project was designed to detect changes in miRNAs expression
profiles in MCF-10A cell line 4 hours and 24 hours after exposure to low dose (0.25 Gy)
and medium dose of radiation (2.5 Gy). MiRNA array analyses established that ~ 30 %
of 384 analysed miRNAs was detectable in MCF-10A cells (Table 16). Differences in
MiRNAs expression after radiation were evident. The early response to radiation
exposure is mainly a decrease in miRNA levels after both doses (Figure 11 and Figure
12) followed by the increase in individual miRNA levels 24 hours post-irradiation (Figure
13 and Figure 14). After 24 hours post irradiation, most of detected miRNAs were
upregulated compared to 4 hour time point, which led to conclusion that later time point
might be more suitable for tracking the changes. These obtained data correlate with
previously published data in human fibroblasts where the early response to radiation
exposure was a decrease of miRNA levels followed by increase at later time points
[224].

Seven mMiRNAs were selected for further validation according to their expression
changes obtained with Low density array analyses and their role in breast cancer
(tumorigenesis). Two additional miRNAs (not present on array) were also selected: miR-
335* (added in order to check expression of both miR-335 products) and miR-1226
(according to previously published data [92]). In order to validate changes seen in
arrays, total of nine miRNAs were analysed in details with single gRT-PCR assay
analyses using MCF-10A cells after irradiation. With single assays, we were able to
validate changes detected in Low density arrays of 4 miRNAs: miR-21, miR-221, miR-
335 and miR-494 (Table 18). For 3 miRNAs we have performed the time line analysis
after radiation to investigate if other time points should also be considered for further
experiments (Figure 16). MiR-21 and miR-221 expression was not significantly changed
after low dose (0.25 Gy) radiation but after 2.5 Gy dose changes were more prominent.
Significant changes in MiIRNA expressions were detected at later time points (from 6
hour on). Lower dose did not have such strong impact on miR-21 and miR-221
expression (particular in early time points) as it is detected after exposure to 2.5 Gy.

This observation is not in correlation with published data [217] where miR-21 expression
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was increased 3 and 8 hours after exposure to low dose of 0.1 and 0.4 Gy in fibroblast
(AG1522) cell line. In HUVEC cells [225] miR-221 expression showed transient increase
1 hour after exposure to 0.25 Gy which, at 2 and 4 hour time points, was reduced to

normal levels which is also seen in our data.

To investigate if these miIRNA expression changes are characteristic only for non-
tumorigenic mammary epithelial cells, we had tested expression of the same 9 miRNAs
in breast cancer cell line MDA-MB-361 (Figure 17). Expression profiles of miR-21, miR-
221 and miR-891 were opposite to the changes detected in MCF-10A which suggest
that these miRNAs can potentially be considered as breast cancer markers. Differential
miR-21 response to radiation is detected between MCF-10A and MDA-MB-361 cells
and possible explanation could be dependent on higher endogenous (~ 4 fold) miR-21
expression levels in cancer cells (Figure 18) and correlates with previously published
data that miR-21 is overexpressed in most human cancers [34, 226-229]. Observed
increase in miR-21 expression 24 hours after irradiation in MCF-10A is in correlation
with previous work showing that miR-21 is upregulated in different cell types of
mammalian cells in response to ionizing radiation [66, 230-232]. Over-expression of
miR-21, as consequence of irradiation, can lead to transforming non-tumorigenic cells

into tumorigenic ones as it was proved for hepatocytes [233].

Because miR-21 has a major role in cancer progression [132, 221, 226, 227] it
represents a strong candidate target for cancer therapy and its downregulation is of

promising therapeutic importance.

It has been shown that treatment with anti-miR-21 oligonucleotides reduced breast
cancer growth, decreased the viability of hepatocellular carcinoma (HCC) [228], and
colon cancer cells [229] by inducing apoptosis [234]. The use of antisense based
oligonucleotide (anti-miR-21) in therapy is still challenging due to their suboptimal
delivery and low scalability [235] and there is still no clear evidences for or against a
lack of potentially damaging anti-miR-21 effects on normal, cancer-surrounding tissue.
We decided to investigate these effects in MCF-10A cells which were not described till

now.
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5.2 MiR-21 knockdown does not significantly influence cell viability, 2D or 3D

growth, colony formation ability or the cell cycle of MCF-10A cells

We have detected endogenous levels of miR-21 to be higher in MDA-MB-361 cells
compared to MCF-10a (Figure 18) which is in relation with the data obtained in previous
studies stating that the overexpression of miR-21 is one characteristic of breast cancer

cells compared to normal adjacent cancer tissues [95, 236].

Inhibition of miR-21 is performed using the lentiviral vector-mediated transfer [237] in
order to enable long-term miR-21 downregulation and was successful in both cell lines
(Figure 19). The colony formation assay showed that after anti-miR-21 treatment MCF-
10A cells do not show significant changes in proliferation compared to EV treated cells.
This is unlike the MDA-MB-361 breast cancer cells whose proliferation ability was
tremendously affected by it (Figure 23, Figure 24). Cell viability analyses also showed
that MCF-10A cells express the increase in number of viable cells at later time points
indicating that they still retain the ability to proliferate which was not detected with
cancer cell line. All this indicates that anti-miR-21 treatment has strong effect on breast
cancer cell line MDA-MB-361. The effect of anti-miR-21 mediated cell growth and
proliferation inhibition in cancer cells was also confirmed for MCF-7 [95] and T47D [195]
breast cancer cell line. Therefore, our data suggest the possibility that use of anti-miR-
21 treatment can have strong inhibitory effect on proliferation and growth of breast

cancers with less possibility to damage surrounding normal cells.

Next to noticing the effect of miR-21 inhibition as delayed growth of MDA-MB-361 but
not of MCF-10A cells, we also wanted to see if this is present in a 3D spheroid models
as they mimic better the in vivo conditions [238, 239]. Monitoring the growth of 3D
microtissues over 13 days, we detected that MDA-MB-361 cells after miR-21 inhibition
are smaller in size compared to EV treated cells. The sizes of MCF-10A 3D
microtissues (EV or anti-miR-21) were similar in the beginning, but they show the
tendency to slightly shrink during the period of growth and particular after being
exposed to 2.5 Gy dose of radiation (Figure 43). Anti-miR-21 treated MCF-10A cells
exposed to 0.25 Gy did not show growth delay compared to EV treated cells, but the
dose of 2.5 Gy seemed to influence the growth of EV and anti-miR-21 treated cells 9
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days after treatment (Figure 44). On the other side, the size of anti-miR-21 sham-
irradiated MDA-MB-361 3D microtissues was reduced to half, compared to EV treated
cells. The size of anti-miR-21 3D microtissues did not change from day O to day 13,
possibly due to already strong inhibitory effect of miR-21 knockdown. Dose of 2.5 Gy
had additional effect on growth delay in EV and anti-miR-21 treated cells at day 9
(Figure 45). The growth delay effect of combined anti-miR-21 and radiation treatment in
3D-microtissue analysis of MDA-MB-361 cells is in correlation with results obtained in

2D cell culture.

All above mentioned results for the MDA-MB-361 cell line correlate to the previously
described suppression of cell growth and proliferation after miR-21 knockdown in
another breast cancer cell lines (MCF-7, MDA-MB-231) in vitro as well as suppression
of its xenograft growth [95, 109]. For MDA-MB-231 breast cancer cell line opposing
results exist, showing that their cell growth is not changed with this treatment which
could be explained by efficiency of transfection using siRNA oligonucleotide method
[99].

5.3 Anti-miR-21 treatment increases apoptosis and reduce the G2 cell fraction in
MDA-MB-361 cells but not in MCF-10A cells

Since we have noticed that anti-miR-21 has a strong effect on MDA-MB-361 cells and
that their cell viability was affected, we decided to analyse the cell cycle of both cell
lines. The differences in cell cycle distribution between MCF-10A (Figure 27) and MDA-
MB-361 (Figure 28) after miR-21 inhibition were detected. Significant increase in subG1
population of MDA-MB-361 cells was detected after miR-21 inhibition compared to EV
cells, whereas MCF-10A cells did not show any changes in their subG1 fraction.
Radiation did not influence further fluctuations in the subG1 cell cycle analysis. As a
result of increased subG1 population in breast cancer cell line, prominent reduction in
number of cells in S and G2 phase were noticed while that was not visible with MCF-
10A cells. Previous studies have shown that G2/M cell cycle arrest upon irradiation can
predict the level of radioresistance of tumor cells [213]. Reduced cell viability as well as
induction of apoptosis, as a result of miR-21 knockdown in breast cancer cells, were

also previously described in MDA-MB-231 cell line [240]. The observed reduction in G2
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phase correlates further with observed reduced cell viability of tumour cells. Such effect
resulting in changes of G2 block in cancer cells confirms the results previously reported

for breast cancer, colon cancer and glioblastoma cell lines [109, 195, 241].

Possible explanation why non-tumorigenic mammary epithelial MCF-10A cells react
differently than MDA-MB-361 breast cancer cells to the combined treatment of anti-miR-
21 and radiation could be the oncomiR addiction of cancer cells [100, 242]. Due to the
fact that miR-21 is already overexpressed in the MDA-MB-361 cells and that it may
enable cancerous features [132, 221, 226], its inhibition has potent effect on survival of
cancer cells and exactly this disparity between tumorigenic and non-tumorigenic cells
can further support the idea of using miR-21 inhibitors in future designs of cancer
treatments [163, 234, 243]. MiR-21 represents a potent oncomiR and numerous studies
showed that the miR-21-initiated malignancy can be stopped or reversed, with the
depletion of miR-21. It was published in in vivo mouse model that overexpression of
miR-21 led to a pre-B malignant lymphoid-like phenotype while its inactivation resulted
in the tumours regression as a result of apoptosis [100]. Since miR-21 knockdown had
strong inhibitory effect on proliferation and cell cycle of MDA-MB-361 breast cancer cell
line, but not on the MCF-10A cell line, suggest that this treatment could be used in order

to stop or reverse cancerous features without having negative impact on normal cells.

5.4 Anti-miR-21 treatment in MCF-10A cells results in absence of
phosphorylated JNK1/2 protein

Since the effects of combined anti-miR-21 and radiation treatment are not previously
described in non-cancerous cells, we investigated what kind of changes miR-21
inhibition in MCF-10A cells can trigger on protein level. For this purpose, proteins after
each radiation treatment were isolated, labelled and further analysed using ICPL
labelling. Changes between anti-miR-21 and EV treated cells were detected and
compared amongst samples exposed to low (0.25 Gy) and medium dose (2.5 Gy) of

radiation.

The number of significantly upregulated proteins in anti-miR-21 treated sham-irradiated
and cells exposed to 0.25 Gy dose of radiation after 24 hours (Table 22) is higher than

in group of samples analysed 4 hours post-irradiation (Table 21). After dose of 2.5 Gy,
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the increase in significantly downregulated proteins is noticeable after 24 hours. This
could indicate the importance of this time point for monitoring changes not only on
MiRNA but also on protein level. Using the bioinformatics and Ingenuity pathway
analysis, the changes in MCF-10A proteomes after miR-21 knockdown and radiation
suggest that integrin pathway activation is decreased with radiation and miR-21
inhibition. We have detected 5 integrin subunits, including B1 and p4 that have an
important role in directing polarity and breast non-cancerous tissue structure while its
expressions are usually altered in cancer cells [244]. For the validation of integrin
changes after radiation, we decided to check if the downstream targets are also
influenced and if yes, in which way. The decreased activation of selected downstream
pathway members was expected, according to predictions, after combination of miR-21
knockdown and 2.5 Gy dose of irradiation. We detected changes in total JNK1/2 and
phospho-JNK1/2 in sham-irradiated cells as well as after exposure to radiation where
this was primarily the effect of miR-21 knockdown. Previously it has been described in
prostate cancer that 1 downregulation increases activation of MAP2K4 (upstream
regulator of JNK1), and that as a response to irradiation (in vivo and in vitro) JNK1 is
being activated [245]. Since this effect was only seen in cells treated with anti-miR-21
we concluded that it could be the consequence of miR-21 inhibition (Figure 62).

JNK activation by phosphorylation can have both pro-proliferative and antiproliferative
role in human cancers, dependent on cell type and on crosstalk with other kinases.
Decreased phospho-JNK1/2 expression is shown to be associated with a better overall
survival of patients with breast infiltrating ductal carcinoma [246]. In cancer cells, INKs
can act as “oncokinases” transducing signals that lead to cell survival and proliferation
or as tumor suppressor kinases enabling the apoptosis of cancer cells. Inhibition of
JNKs activity can cause the growth arrest and apoptosis of some cancer cells [137,
247].

Since we postulated that downregulation of phospho-JNK1/2 is a consequence of miR-
21 knockdown and that MAP3K1 is listed as target of miR-21-5p in in silico predictions,
we suggest that miR-21 can affect activation of JNK1/2 via its MAP3K1 upstream
regulator. MAP3K1 is described as the activator of MAP2K4, further activating JNK1/2
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pathway whereas MAP2K3/6 is responsible for p38 activation [248]. This could possibly
be the explanation why we could see changes in JNK but not so prominent changes in
ERK pathway (although the phospho-ERK1 is slightly downregulated 4 hours after
irradiation) in MCF-10A cells after miR-21-5p knockdown.

Previously it has been described that downregulation of miR-21 blocks activation of
JNK/c-jun or ERK/NF-kB pathways in human embryo lung fibroblasts via Pdcd4 and
Spryl (validated targets of miR-21) implying the existence of feedback regulation
between miR-21 and MAPKs [249]. In our project, blocking of JNK pathway (lower
expression of JNK1/2 and its phosphorylated forms in anti-miR-21 treated cells
compared to EV cells) (Figure 62) was more prominent and significant then the control
of ERK pathway.

Further investigations of this mechanism must be performed for the elucidation of how
and if miR-21 is influencing other members of MAPK cascade.

5.5 Predicted changes in Nrf2 after anti-miR-21 treatment in MCF-10A cells

According to detected changes in proteomes, Ingenuity Pathway analysis suggested
that the Nrf2 pathway is important in cell response to radiation (in parallel to detected
p53 changes as standard effect of radiation [250]). Predicted changes in expression of
Nrf2 can be explained as a result of exposure to ionizing radiation, during which ROS is
formed [251]. Nrf2 promotes a prosurvival response in irradiated cells by ROS
detoxification and promotion of DNA repair [252]. Recent studies have demonstrated
that hyperactivation of the Nrf2 pathway favors the survival of not only normal but
malignant cells too, enabling protection against oxidative stress [253] and radiotherapy
[187]. Hyperactivation of this pathway can enable cancer cells to escape oxidative
stress by expressing antioxidant target genes, phase Il detoxifying enzymes and
transporters promoting tumor growth and cell survival [254, 255]. Understanding the
mechanisms of how Nrf2 performs its dual role might be important for developing

effective strategies against cancer.

Nrf2 can be downregulated in a significant number of breast cancer patients which

indicates that its expression can be different between cancer and normal cells [256].
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Increased expression of Nrf2 after miR-21 inhibition in MCF-10A by Western blot
analysis was seen only in one of two biological replicates without significant detected
changes in total Nrf2 or its phosphorylation status (Figure 53, Figure 54). Our data do
not show changes in Nrf2 expression, but due to only two biological replicates method

for better and more sensitive detection of this protein needs to be established.

Nrf2 is the key transcription factor responsible for expression of cytoprotective genes.
The expression of genes that are regulated by Nrf2, has been analysed by RT? Profiler
PCR Assay. The decision to check gene expression only after 2.5 Gy was made since
the low dose of radiation (0.25 Gy) did not show any differences in expression of Nrf2 in
Western blot analyses (compared to sham-irradiated cells). Most of the genes were not
changed in anti-miR-21 treated MCF-10A cells (when compared to EV treated) sham-
irradiated cells at 24 hour time point. After combined treatment of radiation and miR-21
inhibition most dysregulated genes were downregulated, contrary to expected increase
according to the IPA prediction. For the validation with the single assays 4 genes and
Nrf2 were selected. Increase in mMRNA expression levels for Nrf2 and HMOX1 genes
after combined miR-21 inhibition and 2.5 Gy dose of radiation was detected. Both Nrf2
and HMOX-1 have dual role in cells. HMOX-1 may decrease tumor initiation through the
detoxification and ROS scavenging [257] but this system can also have stimulatory
effect on the progression of tumors due to its anti-apoptotic and pro-migratory
modulatory influence [258, 259].

Even though, according the IPA prediction, Nrf2 should be more activated in tumors
after radiation, we only could confirm this tendency at the gene expression levels, but
not on the protein levels, perhaps due to the too early or too late time checkpoint (24

hours) or potentially as effect of miR-21 induced translation blockage.

Till now, many alternative pathways of Nrf2 activation are described and one plausible
reason for this is that all these pathways ensure the proper activation of Nrf2 under
stress conditions or prevention of its constitutive activation that leads to cancer
resistance to different treatments. This is a possible explanation why, after miR-21
knockdown, the absence of phospho-JNK1/2 does not result in reduced activation of

Nrf2, as the other pathways (p38 or ERK1/2) can take over the regulation of Nrf2. Even
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though, JNK is suggested to phosphorylate and therefore activate the Nrf2 it is not the
only kinase able to do this and therefore the lack of activation by JNK can be taken over
by other kinases such as ERK, PI3K, PKC and similar (Figure 5).

5.6 Conclusion

The effects of radiotherapy on the tumor adjacent healthy tissue in combination with
different breast cancer treatments (including novel anti-oncomiRs) are still not well
established. In order to ensure the safety of targeted anti-miR-21 treatment we
designed the study to investigate combined effects using different cellular models in
vitro. One of the goals was to detect how miRNAs expression is changed after radiation
analysing non-tumorigenic mammary epithelial cells (MCF-10A) and breast cancer cells
(MDA-MB-361). The differences in miRNA expressions should qualify them as specific
radiation exposure markers in the future. Human miR-21 is well-known oncomiR that
was differentially expressed between MCF-10A and MDA-MB-361 cells after radiation

and therefore selected for further analysis.

As a novelty, in this study we show the influence of the miR-21 knockdown on 3D
microtissue formation ability with increased apoptosis rate for MDA-MB-361 but not for
MCF-10A cells. Non tumorigenic mammary epithelial cells were not as sensitive to the
combined treatment as cancer cells and were able to overcome any obstacles caused

by miR-21 knockdown and to continue with proliferation.

For the first time, in our study the regulation of INK1/2 phosphorylation is observed after
miR-21 knockdown in MCF-10A cells. We have suggested potentially new way of
regulation of JNK1/2 expression and phosphorylation in mammary epithelial cells.
Upregulation of Nrf2-regulated genes in MCF-10A cells 24 hours after 2.5 Gy dose was
detected as a response to the radiation, which confirms protective cellular role of Nrf2

against oxidative stress.

Inhibition of miR-21 in breast cancer cells could hold a significant value for the breast
cancer patients. Our findings encourage the potential future use of anti-miR-21

treatment in combination with radiation, as a novel breast cancer therapeutical strategy.
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DISCUSSION

5.7 Outlook

Due to its role in cancer biology, miR-21 has a potential of being a diagnostic and
prognostic biomarker for breast cancers and its accurate profiling favors the chances for
future therapies. Benefits of using miRNA inhibitory approach compared to the current
strategies targeting specific genes and proteins are becoming more evident. The
problem of efficient delivery is still a major obstacle and lentiviral approaches could be

beneficial in future.

In this study we have shown that combination of miR-21 knockdown and radiation
induces differential cellular response between non-transformed mammary epithelial
cells and breast cancer cells in 2D and 3D in vitro cellular cultures. Our findings
encourage the potential future use of miR-21 as a main target in novel breast cancer

therapies, in particular when combined with radiation.

Detected absence of phosphorylated forms of JNK1/2 (members of MAPK pathway) in
MCF-10A cells after anti-miR-21 treatment suggests that miR-21 could be potent
regulator of MAPK pathway activity. Further investigations of signaling pathways that
are mediated with miR-21 will help in promotion of using miR-21 in targeted therapy

approach.
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