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Kurzfassung 

Lungenkrebs ist verantwortlich für die meisten Todesfälle aller Krebsarten weltweit. 

Neue diagnostische Verfahren haben Hoffnung zur erfolgreichen Behandlung von 

Krebs wiedererwecken lassen. Die Analyse von sogenannten Biomarkern erlaubt eine 

genauere Charakterisierung des Tumors und somit die Möglichkeit des Einsatzes einer 

gezielteren, effektiveren Therapie zur Behandlung von Lungenkrebs. miRNAs sind ~22 

Nukleotid lange Ribonukleinsäuren und Teil des Gen-regulierenden Netzwerkes in der 

Zelle. Es ist bekannt, dass abnormale Expressionen solcher miRNAs zur Formierung 

eines Tumors beitragen und miRNAs somit ein potenzielles Angriffsziel von 

gerichteten Krebstherapien sein können. In dieser Studie wurde untersucht, ob 

fehlregulierte miRNAs der Lungenkrebszelllinie A549 mit Genen des Sonic Hedgehog 

Signalwegs – ein in Krebs mit der Entwicklung von Krebsstammzellen in Verbindung 

gebrachter Signalweg – in Verbindung stehen. Zu diesem Zwecke wurden die 

Sequenzen der Gene des Signalweges mit Hilfe dreier unterschiedlicher „Target-

Prediction“ – Werkzeuge auf mögliche Bindestellen der fehlregulierten miRNAs 

analysiert und vorhergesagt. Die vier vielversprechendsten vorhergesagten 

Interaktionen von runter- sowie hochregulierten miRNAs, die mit Genen des Sonic 

Hedgehog Signalweges interagieren könnten, wurden weiteren in vitro 

Untersuchungen unterzogen. Dabei wurde versucht den ursprünglichen Status 

einzelner miRNAs mit Hilfe von sogenannten miRNA-Mimics, für runterregulierte 

miRNAs, oder miRNA-Inhibitoren, für hochregulierte miRNAs, wiederherzustellen. Es 

konnte gezeigt werden, dass miR-503-5p die Expression des Sonic Hedgehog - 

Regulatorproteins βTRC in A549 Zellen posttranskriptionell beeinflusst. Weiters 

konnte gezeigt werden, dass jeweilige Inhibierung der hochregulierten miRNAs, miR-

15b-3p und miR-196a-5p, das Wachstum von A549 Lungenkrebszellen stark 

einschränkt. Ob diese beiden hochregulierten miRNAs in Verbindung mit dem Sonic 

Hedgehog Signalweg stehen muss noch weiter untersucht werden.  



  

Abstract 

Lung cancer is the most common cause of cancer deaths for both sexes combined 

worldwide. New diagnostic approaches have raised hope in fighting lung cancer, as 

the analyses of biomarkers can further characterize the tumor. Depending on these 

biomarkers, targeted therapy methods can be applied to cure the patient’s disease 

more efficiently. miRNAs are ~22 nucleotide long ribonucleic acids which are part of 

the gene regulatory network of the cell. Aberrant expression of these miRNAs is known 

to be related to tumor formation in many cancers, and might be targeted in directed 

treatments in the future. In this study, we wanted to investigate if any miRNA, 

deregulated in the lung cancer cell line A549, can be connected to the Sonic hedgehog 

pathway - a pathway known to be linked to cancer stem cell development. For this, a 

set of deregulated miRNAs in A549 cells were analyzed in silico with the help of three 

different miRNA-mRNA target prediction tools, on any connection to one of the Sonic 

hedgehog pathway genes. The four most promising up- as well as downregulated 

miRNAs were chosen for further in vitro characterization. The miRNAs’ aberrant 

expression levels were either complemented by miRNA-mimics for investigating 

downregulated miRNAs, or inhibited by miRNA-inhibitors for investigating upregulated 

miRNAs. Analyzing the predicted interactions of downregulated miRNAs on different 

molecular levels revealed that miR-503-5p specifically affects βTRC, a regulatory 

protein of the Sonic hedgehog pathway, in a posttranscriptional manner in A549 lung 

cancer cells. Moreover, inhibiting the expression of upregulated miR-15b-3p and miR-

196a-5p showed strong inhibiting effects on cell growth of A549 lung cancer cells. If 

miR-15b-3p and miR-196a-5p are regulating one of the Sonic hedgehog pathway 

genes has to be further investigated. 
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Introduction 

Epidemiology of Cancer 

According to the latest press release of WHO`s IARC (International agency for 

research on cancer), the cancer burden is estimated to have risen to 18.1 million new 

cases and 9.6 million deaths in 2018. It is stated that one in five men and one in six 

women develop cancer during their lifetime. Seen from a global perspective, Asia 

accounts for the most, new cancer cases in 2018 worldwide. This can be explained by 

the fact, that Asia holds 60% of the world’s population. In contrast, Europe reports 

23.4% of the worldwide new cases and 20.3% cancer deaths in 2018, although holding 

only 9% of the world’s population. If these approximations of new incidents of cancer 

cases are compared with the regions mentioned above, it can be misleadingly said, 

that cancer is much more prominent in Europe. But it must be considered that parts of 

the world, like Asia and Africa, have a much less effective cancer-screening system 

and, therefore, a higher frequency of certain cancer types with poorer prognosis 

compared to western parts of the world. This also reflects in a higher proportion of 

cancer deaths (57.3%) to cancer incidents (48.4%) in Asia (WHO Press Release 

N°263, 2018). 

Lung cancer and female breast cancer are the most commonly diagnosed types for 

both sexes combined worldwide, with 11.6% of total cases - followed by colorectal 

cancer with 10.2% and prostate cancer with 7.1%. In terms of mortality, lung cancer is 

the leading cause of all cancer deaths (18.4%). Colorectal cancer (8.2%) follows on 

second place, while stomach and liver cancer (both 8.2%) are the third deadliest 

cancers worldwide (Bray et al., 2018). 

 

Lung cancer classification 

The general classification is based on histological characteristics and divides lung 

cancer in two main groups: small cell lung carcinoma (SCLC) and non-small cell lung 

cancer (NSCLC). While SCLC occurs in 20% of all cases, NSCLC accounts more 

frequently, for 80% (Zheng, 2016). NSCLC is further subdivided into adenocarcinoma, 

squamous cell carcinoma and large cell carcinoma.  Improved immunohistochemical 

techniques and genetic testing approaches led to further classifications over the years. 
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In 2015, the WHO published their latest update of the histopathological classification 

of lung cancer, based on new targetable genetic alterations and newly identified 

molecular profiles. The first push for updating the classifications of lung cancer was 

given by the work of Travis et al. in 2011. In their paper, they reviewed the 

classifications of adenocarcinoma and suggested a new approach for organizing the 

different types of this subgroup of NSCLC in a new and revised order. This new 

strategy is based on clinical, molecular, radiologic, and surgical issues, but it is still 

primarily based on histology (Travis et al., 2011). The identification of new driver genes 

supported the groups work, which also led to the decision for updating lung cancer 

classifications (The Cancer Genome Atlas Research Network, 2014).  

In the new WHO classification, Travis et al.’ suggestions were adopted for 

adenocarcinoma. The NSCLC squamous cell carcinoma subgroup was also 

rearranged by abolishing the former “clear cell”, “small cell” and “papillary” subtypes 

and replacing them with the “keratinizing” and “non-keratinizing” subtypes. The large 

cell carcinoma subtypes were removed all together, and only undifferentiated tumors 

comprises this category (Travis et al., 2015).  

 

Molecular profile of lung cancer 

Cancer arises from mutations in the genomic DNA of the cells, mostly triggered by 

mistakes of DNA-Polymerases during replication processes. The error-rate, and 

thereby the mutation rate, of these enzymes can be enhanced by exposing cells to 

cancerogenic or mutagenic substances, like tobacco-smoke. In contrast to other 

cancers, lung tumors carry three to six times more mutations. Genome-wide 

sequencing studies in lung cancer detected, about 200 nonsynonymous mutations per 

tumor, while in tumors derived from colon, breast or pancreas 33 to 66 genes display 

somatic mutations (Vogelstein et al., 2013). Lungs are much more exposed to 

mutagenic substances than other tissue of the body, leading to development of 

malignancies with higher probability.  

These mutations do not occur all at once. Tumors evolve from benign to malignant 

over time. Also, only certain events, so called “Driver-mutations”, open the door for an 

advantage of cancer cells over non-mutated cells.  
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In “Hallmarks of Cancer”, Hanahan and Weinberg broke down different aspects of 

challenges for cancer cells to become persistent. These hallmarks include sustaining 

proliferative signaling, evading growth suppressors, resisting cell death, enabling 

replicative immortality, inducing angiogenesis and activating invasion and metastasis 

(Hanahan and Weinberg, 2000). Later, they modified their proposal by two emerging 

hallmarks - programming of energy metabolism and evading immune destruction 

(Hanahan and Weinberg, 2011).  

Cancer cells achieve these proposed hallmarks by activating oncogenes and 

deactivating tumor suppressors genes - by mutating their primary coding sequence or 

their expression-control systems.  In lung cancer, especially the alterations of various 

tyrosine kinase pathways lead to an aberrant activation of proliferative signaling in the 

cells, therefore acting as oncogenic. In lung adenocarcinoma, 76% of all cases harbor 

mutations in these pathways (The Cancer Genome Atlas Research Network, 2014). In 

lung squamous cell carcinoma, key tumor suppressor genes are mutated more 

frequently. The genomic sequence of TP53 is altered in 90% and CDKNA2 is 

inactivated in 72% of all cases, respectively (The Cancer Genome Atlas Research 

Network, 2012). In the following, a selection of the most prominent lung cancer driver 

genes or pathways, which are discovered and exhaustively investigated in the last 30 

years, will be presented in more detail. 

 

Epidermal growth factor receptor (EGFR) 

Together with HER2, HER3 and HER4, the receptor tyrosine kinase EGFR is part of 

the ERBB- family. These receptors are essential for cell to cell interaction mediation 

by EGF-ligand-depended activation, that is leading in organized embryogenesis (Chia 

et al., 1995) and also organogenesis in adulthood (Burden and Yarden, 1997). After 

binding of ligands, ERBB-family receptor tyrosine kinase (RTK) monomers interact with 

each other, resulting in an active homo- or heterodimerized form. This interplay 

autophosphorylates key cytoplasmic residues of the receptor and recruits different 

adaptor proteins (Figure 1).  EGFR activates at least four major downstream signaling 

pathways including RAS-RAF-MEK (Buday et al., 1993), PI3K-AKT (Bjorge et al., 

1990), PLCγ and some STAT modules (Silvennoinen et al., 1993).  



  

4 
 

Oncogenic mechanisms like gene mutation, protein overexpression and increased 

gene copy number lead to EGFRs deregulated tyrosine kinase activity. Numerous 

studies could show that certain mutations can aberrantly activate EGFR in lung cancer, 

with its most prominent deletion-mutated EGFRvIII variant (Palazzo et al., 1993).  

Others evince tumor formation after EGFR copy number alteration (Wulf et al., 2012).  

 

Figure 1: ERBB signalling network. a) Ligands and possible receptor formations are shown. Numbers 

indicate receptor tyrosine kinase 1 to 4 of the ERBB family. For reasons of simplicity, specificities of 

bindings are only shown for EGF and NRG4. Non-canonical activation of ERBBs, reached by G-protein 

coupled receptors, is indicated by wide arrows. The crossed out cytoplasmic domain of receptor 3 shows 

its enzymatic inability.  b) Signaling cascade after receptor activation is shown only for EGF and NRG4 

pathways. c) Signals are converted in different outputs, depicted in the output layer box. Figure adopted 

from Yarden and Sliwkowski (Yarden and Sliwkowski, 2001) 

 

AKT – PI3K – mTOR 

The AKT – PI3K – mTOR pathway is besides TP53 one of the most frequently targeted 

signaling cascade in a variety of human tumors, with a likelihood of mutations in one 

or more genes of this pathway, estimated with about 30% (Shaw and Cantley, 2006).  

It is triggered by activating PI3K via RTKs and RAS. PI3K phosphorylates the lipid 

second messenger PIP2 to PIP3 for further signaling. This molecule transduces the 
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extrinsic signals to AKT, which is then recruited to the cell membrane for its 

phosphorylation and hence its enzymatic function is turned on. Activated AKT 

promotes cell survival via various mechanisms such as negative regulation of NF-

kappaB, leading to higher expression of antiapoptotic proteins (Duronio, 2008), as well 

as inhibition of BAD and BAX, both proapoptotic factors from the Bcl-2 protein family  

(Cantley, 2002; Engelman et al., 2006). AKT also regulates the nutrient sensor 

mTORC1 and thereby triggers initiation of ribosome biogenesis e.g. (Gentilella et al., 

2015).   

Alterations in the PI3K – AKT – mTOR pathway are described in NSCLC in detail. So 

different studies showed changes in the primary sequence (Rekhtman et al., 2012; 

Stjernström et al., 2014) as well as gene copy number amplifications of PI3K in NSCLC 

(Ji et al., 2011). Interestingly, only the PI3KCA subunit isoform is reported as mutated 

in various studies, while two other main variants PI3KCB and PI3KD, remain 

unchanged in lung tumors. Though AKT activation via mutation is rare, alteration due 

to overexpression is found more frequently (Rekhtman et al., 2012; Scrima et al., 

2012). In addition, mutation or deletion of PTEN, leading to loss of function of this 

important regulatory protein, should be mentioned. The major cause of aberrant 

activation of the PI3K – AKT – mTOR pathway seems to be due to malfunction of PTEN 

in the signal cascade (Yanagawa et al., 2012).  

 

RAS – RAF – MEK – ERK 

RAS not only activates the AKT – PI3K – mTOR cascade described above, it also plays 

an essential role in a handful of signaling pathways. As a member of the small G-

protein family, it is turned on by replacing the bound GDP with GTP by guanine 

nucleotide exchange factors after extrinsic signaling. In this state, it interacts with 

effector-proteins from the MEK/SEK/JNK pathway, the PI3K/AKT/NF-kappaB 

pathway, the p120-GAP/p190-B/RAC/NF-kappaB pathway, and the IKK/I-KappaB/NF-

kappaB pathway, as well as the RAF-MEK- ERK pathway (Wellbrock et al., 2004). 

Binding of GTP induces conformational changes of RAS that lead to RAF activation, 

the first kinase in this signaling pathway. RAS recruits RAF to the cell membrane for 

dimerization. Activated RAF phosphorylates MEK, which in turn phosphorylates the 

effector kinase ERK. ERK phosphorylates several substrates. Among them are 
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transcription factors and other kinases, which accomplish cell cycle progression, 

differentiation and evasion from death (Samatar and Poulikakos, 2014).   

In lung adenocarcinoma, 32% of all cases hold a mutation in K-RAS, one of three RAS 

isoforms, thus activating the pathway in an aberrant way. Within all mutations in lung 

adenocarcinoma, 76% appear to be driven by mutation in one of RAS’ variants 

(McCormick, 2015). In cancer, RAS genes are frequently altered in a point-mutational 

manner. More specifically, mutations frequently occur in the GDP/GTP binding pocket 

in positions 12, 13 and 61 (Quinlan and Settleman, 2009). This sequence motive is 

shared by all three RAS isoforms. Mutations in this gene section effect a permanent 

activation of RAS by highly increasing the binding affinity of GDP/GTP.  

Beside the dominant presence of mutated RAS in lung cancer, RAF distinguished itself 

as an important target for personalized medicine. Even though it is less likely to be 

mutated with a percentage of 4-5% (Sheikine et al., 2018), it has manifested itself as 

a driver gene in lung cancer. To be more precisely, the B-RAF isoform is the most 

common mutated one in lung cancer. Out of the 30 different B-RAF mutations identified 

to date, the constitutively active B-RAFV600E variant is mutated in about 90% of all B-

RAF altered tumor cells (Wan et al., 2004). 

 

Anaplastic lymphoma kinase (ALK) 

ALK is as well as EGFR, part of the transmembrane tyrosine kinase family and is 

activated in a ligand-mediated manner. This protein plays an important role in neuron 

development and is expressed in the brain of adults (Iwahara et al., 1997).  

Pleiotrophin (PTN) and Midkine (MDK), both secreted growth factors (Stoica et al., 

2001, 2002), were originally believed to be ALKs interaction partners and lead to 

downstream activation of the MAPK- and PI3K-pathway (Bowden et al., 2002; Powers 

et al., 2002), due to receptor homodimerization. Follow-up studies showed no direct 

interaction of those two molecules, instead suggested heparin as a ligand (Murray et 

al., 2015).  

In lung cancer, ALK signaling is aberrantly activated due to gene rearrangement. ALK 

most commonly fuses with EML4 in 6.7% of all NSCLC cases (Perner et al., 2008; 

Soda et al., 2007). In these cases, the echinoderm microtubule-associated protein like-
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4 (EML4) replaces the original N-terminally located extracellular and transmembrane 

domain of ALK. The intracellular tyrosine kinase domain of ALK remains unchanged 

and activates downstream pathways in an uncontrolled way (Soda et al., 2007). ALK 

is also activated by other fusion rearrangements (Fang et al., 2014; Takeuchi et al., 

2009; Togashi et al., 2012) and point mutation leading to gain of function (Wang et al., 

2011). Interestingly the EML4-ALK fusion is unique in NSCLCs and is mutually 

exclusive with EGFR and KRAS mutations (Wong et al., 2009). This indicates EML4-

ALK as an important biomarker in lung cancer for personalized and targeted treatment 

with ALK inhibitors.  

 

The Hedgehog Pathway 

The hedgehog signaling pathway was first discovered in 1980 by Nusslein-Volhard and 

Wieschaus during investigations on the fruit fly’s (Drosophila melanogaster) body plan 

(Nüsslein-Volhard and Wieschaus, 1980). In their study, they could identify the HH 

gene, which was mandatory for accurate dorsal-ventral differentiation and polarity of 

different segments in D. melanogaster.  

During the development of the species, the pathway has been conserved (Ingham et 

al., 2011) and can also be found in human in embryogenesis, limb formation and 

central nervous system development (McMahon et al., 2003). Additionally, hedgehog 

pathway maintains homeostatic mechanisms and organ repair in adults (Petrova and 

Joyner, 2014).  

The pathway also participates in lung development and is responsible for bronchial 

budding. Epithelial cells induce hedgehog signaling in mesenchymal cells in a 

paracrine fashion. SHH, GLI2 and GLI3, three main components of the pathway, were 

knocked out in mice, leading to severe lung malformations and non-viable phenotypes 

(Grindley et al., 1997; Motoyama et al., 1998). 

Abnormal activation of the hedgehog pathway conversely leads to tumor formation in 

vivo. For example, PTCH is constitutively mutated in Gorlin syndrome, leading to 

permanent SMO activation and excessive cell proliferation (Johnson et al., 1996). 

Together with the Wingless-type pathway and Notch signaling, the hedgehog pathway 

is frequently associated with the concept of cancer stem cells. These cells are believed 

to initiate tumor formation and proliferation in a potent manner. Cancer stem cells were 



  

8 
 

discovered in 1994 by Lapidot et al. in acute myeloid leukemia patients. In their study 

Lapidot and colleagues described a small population of cancer cells with a tremendous 

tumorigenic ability (Lapidot et al., 1994). Different studies showed that the hedgehog 

pathway is essential for cancer stem cells in hematopoietic cancers as well as in solid 

tumors (Milla et al., 2012). Additionally to its complexity, hedgehog-signaling is able to 

be activated canonically and non-canonically, which will be elucidated below.  

 

Canonical Hedgehog Pathway activation  

Hedgehog signaling pathway consists of four main parts – the ligands, the repressor, 

the activator and the transcription factors. In vertebrates, the pathway localizes near 

the primary cilium of the cell (Rohatgi et al., 2007). In the canonical mode of activation, 

one of hedgehogs three ligands (SHH, DHH, IHH) bind to the main repressor protein, 

Patched (PTCH). Ligand-receptor interaction triggers deactivation of PTCHs 

repressive manner on the activator Smoothened (SMO). SMO activates three 

transcription factors, the zinc-finger proteins GLI (GLI1, GLI2 and GLI3), by releasing 

Suppressor of Fused (SUFU) from the GLI-proteins. 

This canonical activation of hedgehog signaling is fine regulated on different levels. 

For example, ligands need to be modified with cholesterol and palmitic acid after 

autoproteolytic cleavage in the endoplasmic reticulum (Chamoun, 2001; Porter et al., 

1996). After externalization of these proteins, Hedgehog-interaction protein (HHIP) 

sequesters ligands in the extracellular matrix, leading to prevention of activating PTCH 

(Chuang, 2003). In addition, hedgehog co-receptors CDO, BOC, GAS1, and LRP 

promote ligand interaction by PTCH modulation and thereby pathway activation 

(Beachy et al., 2010).  

Not only the hedgehog ligands are tightly regulated by post-translational modification, 

also the pathway effector proteins GLI undergo different steps of controlling. 

Phosphorylation of GLI1, GLI2 and GLI3 in an off-state, facilitates binding of E3 

ubiquitin ligase β-transducing repeat-containing protein (βTRC) leading to proteolytic 

processing via the proteasome into their transcription repressor forms (Bhatia et al., 

2006; Wang and Li, 2006). As mentioned above, SUFU intracellularly sequesters GLI-

proteins and inhibit their migration to the cell nucleus, for regulation of transcription. 

Furthermore, phosphorylation of SMO is required for releasing SUFU from GLI.  Also 
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leading a greater phosphorylation status of SMO to stronger signaling of the pathway 

(Jia et al., 2004). 

 

Non-canonical hedgehog pathway activation  

Modification and therefore activation of GLI proteins independently of ligand and SMO 

is referred to as non-canonical hedgehog signaling and often linked to the development 

of several types of cancer. This form of regulation modifies GLI1 and GLI2 resulting in 

enhanced transcriptional activity, protein stability, nuclear translocation, preventing 

SUFU association and GLI degradation in different cancers through different pathways 

(e.g. Ji et al., 2007; Kasper et al., 2006; Pan et al., 2006; Riobó et al., 2006; Stecca et 

al., 2007; Wang et al., 2012) 

In NSCLC, GLI1 activation is often investigated despite epigenetically silenced SMO 

in cancer stem cells. In this case, GLI1 is phosphorylated by MAPK due to pathway 

activation by VEGFA, the ligand of Neuropilin 2 (Po et al., 2017). Also, PI3K-AKT-

mTOR prevents GLI1 degradation via phosphorylation of GSK3β by S6 kinase and 

leads to elevated expression levels of GLI2 and concerned target genes (Kasiri et al., 

2017; Mizuarai et al., 2009). 

Non-canonical regulation not only results in activation of the hedgehog signaling, but 

also repressive interventions of not pathway-related proteins were investigated by 

different groups. In brain cancer, TP53 inhibits GLI1 transcriptional activity and nuclear 

translocation (Stecca and Ruiz i Altaba, 2009). NUMB, together with ITCH, induces 

GLI1 ubiquitination and proteasome degradation in medulloblastoma (Marcotullio et 

al., 2011). Proteins of the DYRK family regulates non-canonical hedgehog pathway in 

lung cancer, by F-actin-mediated GLI1 degradation (Schneider et al., 2015). 

 

microRNAs 

Generally speaking, microRNAs (miRNAs) are ~22 nucleotide long ribonucleic acids, 

which regulate gene expression in a post transcriptional manner. Beside siRNA and 

piRNA, miRNAs make up the largest group of small regulatory RNAs in the cell.  

Caenorhabditis elegans’ lin-4 was the first discovered miRNA in 1980 and was 

originally believed to be an ordinary protein coding gene. 13 years later, scientist could 
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show that lin-4 is responsible for post transcriptional regulation due to antisense paring 

with the mRNA of lin-14 (Wightman et al., 1993). Because of its specialized role in 

body development limited to C. elegans, this discovery did not raise much attention 

outside the organisms’ community, until the finding of another regulatory miRNA. let-7 

could also be identified as a post transcriptional regulator but with the difference that 

its sequence is much more conserved upon species, conferring miRNAs as serious 

biological regulators. Since then, the research on miRNAs started to grow and different 

diseases could be assigned to misconduct of miRNAs, regarding their expressional 

levels. To date, the miRNA data base “miRBase” holds 1917 entries for human 

miRNAs (Kozomara et al., 2019).  

 

Biogenesis 

miRNAs are transcribed in the nucleus by RNA-polymerase II and are exported to their 

point of action, the cytosol. During this process miRNAs go through different maturation 

steps. Their genes can be coded independently on the genome or are located on intron 

regions of protein-coding genes. If miRNAs transcription is initiated independently by 

their own promotor, their unaltered form is called primary miRNA (pri-miRNA). The first 

maturation step of pri-miRNAs is to be truncated by the RNase III Drosha, before being 

exported into the cytosol. miRNAs, which genes are located on introns, are called 

primary mirtron (pri-mirtron). In the case of mRNA splicing, Drosha is replaced by the 

spliceosome for pri-mirtron maturation. Both types of precursor forms exhibit a 

secondary structured stem-loop. Cleavage of Drosha and the spliceosome occurs 

directly at the basal junction of this stem-loop.  

After exportation by exportin 5, miRNAs are now termed pre-miRNAs. In the cytosol, 

pre-miRNAs are further processed by another RNase III, called Dicer. This enzyme 

performs a cut right in the apical region of the stem-loop, transforming the single 

stranded precursor into its activated double stranded mature miRNA form. In this form, 

one miRNA strand is loaded onto the so-called RNA-induced silencing complex 

(RISC). The other strand, which is not interacting with RISC, is degraded. The decision 

which strand is incorporated into the protein complex depends mostly on their 

thermodynamic stability (Khvorova et al., 2003), but also nucleotide sequence on 

position 1, where uracil is favored for loading (Ha and Kim, 2014), contribute to strand 

choice. These rules are not ultimate for every circumstance. Comparative studies of 
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miRNAs in different parts of the human body, showed different strand selection of the 

same pre-miRNA in various tissues (Chiang et al., 2010). For example, one strand of 

miR-142 is found to be dominant in the brain, while the other strand is preferably active 

in embryonic tissue (Wu et al., 2009). These “arm-switching” phenomena may due to 

alternative processing by Drosha, changing the thermodynamic stability of the later 

generated strands.  

 

Selected strands are incorporated into RISC and directly associated with Argonaut 

proteins. After successful loading, the miRNA-protein complex interacts with the 

homologous mRNA in a sequence specific manner.  The whole miRNA biogenesis 

pathway is indicated in Figure 2. 

 

Figure 2: Pathway of miRNA biogenesis. Canonical pathway is shown in bold drawings, while non-

canonical biogenesis is indicated in subtle shadings. After truncation by Drosha and Dicer, mature 

miRNA is integrated in RISC by interacting with Argonaut proteins (here Ago2). RISC mediated 

deadenylation of the target mRNA by CCR4-NOT via GW182 is shown. An example for non-canonical 

maturation is given by miR-451. In this case, Ago2 replaces Dicer in the final miRNA cleavage steps. 

Figure adopted from Hammond (Hammond 2015). 
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Mode of action 

As mentioned above, miRNAs act as post transcriptional regulators of gene 

expression. They do so by leading the RNA-induced silencing complex to the point of 

action, which are complementary sequences of mRNAs. Most of the time, these areas 

can be found in the 3’UTR, but areas of miRNA pairing were also found in the open 

reading frame of mRNAs (Ott et al., 2011). Although they are present in all kind of 

eukaryotes, their mode of action differs between the subgroups. In plant cells for 

example, nearly all 22 nucleotides need to pair to the  homologous mRNA, in order to  

inhibit the expression of target genes (Jones-Rhoades et al., 2006). In animals, only a 

subregion of the whole sequence, called the seed-region, was identified to interact with 

the miRNA’s corresponding mRNA in animals (Lewis et al., 2003). This region consists 

of six nucleotides, from position 2 to 7, and is located at the 5’ end of the miRNA strand.  

Over time, the concept of seed-region paring was revised. Additional base paring at 

the 8th position, as well as the presence of adenine at the first position of the 5’ end of 

miRNA, led to an increase in the efficiency of inhibiting gene expression (Grimson et 

al., 2007). Overall four canonical types of RNA interaction of miRNA depending gene 

regulation are formulated: 8mer, 7mer-m8, 7mer-A1 and 6mer. As technical options 

and methods for investigating miRNA-mRNA pairing improved, more types of 

interaction were observed, including variants with imperfect or non-Watson-Crick 

pairing. A majority of these non-canonical interactions reveled themselves as false-

positive, due to the poor resolution of CLIP-seq (cross-linked immune precipitation 

combined with next generation sequencing), the method used for investigating miRNA 

pairing. CLIP-seq detects binding sequences via isolating Argonaut bound RNA 

(miRNA-mRNA). In this approach, also unspecific non-functional binding, with no 

repressive effect on the mRNA, was observed. CLIP-seq combined with large-scale 

microarray transcriptome studies could overcome these challenges by not only 

detecting which nucleotides are pairing, but also measuring the amount of targeted 

mRNA left after interaction, serving as a direct control for evaluating false-positive site-

type identification (Kim et al., 2016).  

miRNA research leaped forward as bioinformatics introduced miRNA-mRNA target-

prediction tools. These online available tools make use of principles of site-type 

analyses described above. Among other things, their algorithms are also based on 

information of the site-type surroundings, in terms of secondary structure formation, 
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which can mask miRNA target-site recognition to certain extends. Conservational 

status of target-sites hints the biological relevance and is also incorporated into 

prediction, as well as thermodynamic stabilities of interactions. The most miRNA-

mRNA target-prediction tools algorithms are based on the same parameters but differ 

in their choice of factor weighting, leading to different outcomes. 

As mentioned above, the miRIS-complex can influence gene expression either by 

inhibiting translation, or in a more drastic way, by degrading paired mRNA. In D. 

melanogaster miRNA mediated mRNA decay is basically performed by two 

deadenylase complexes, CCR4-NOT and PAN2-PAN3. Both are incorporated into the 

miRISC by the major adaptor protein GW182.  After cleaving off the poly(A)-tail, 

different factors of the miRISC gets exchanged for 5’-decapping of the mRNA. DCP1 

and DCP2, together with various scaffold proteins, promote removal of 5’m7G-Cap by 

endonuclease cleavage (Behm-Ansmant, 2006). 5’ degradation is induced by recruited 

XRN1 endonuclease for complete mRNA degradation (Braun et al., 2012).   

In comparison to mRNA decay, miRNAs second mode of action, translation inhibition, 

is less well described. Up to now, three different mechanism of inhibition of translation 

have been proposed – PABP displacement, recruitment of translational inhibitors, and 

dissociation of eIF4A by miRISC. 

Although the Poly(A)-binding-protein (PABP) is associated with the poly(A)-tail and, 

therefore, localized at the other end of the mRNA, it activates translation via interaction 

with 5’Cap-proteins. GW182, one of the major mediators of miRNA induced silencing, 

harbors a conserved PABP binding domain, which triggers PABP dissociation from the 

poly(A)-tail (Zekri et al., 2013). PABP is not able to bind to 5’cap-proteins anymore and 

the ring-like structural integrity, which is needed for proper initiation of translation, is 

broken up. 

GW182 is also able to directly inhibit initiation or elongation of translation by recruiting 

different factors, identified on mRNAs which lack a distinct poly(A)-tail (for example 

histone-mRNAs). In this process, DDX6 is recruited to CCR4-NOT and acts as a 

scaffold for 4E-T. Together DDX6 and 4E-T block translation, although on which level 

they intervene is still unclear (Chu and Rana, 2006).  
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Additionally, studies with labeled 5’cap-proteins and translation initiation factors could 

show that the RNA-helicase eIF4A is dissociated from the complex if miRNAs interact 

with mRNAs (Fukaya et al., 2014). How miRISC is able to do so is not known yet.  

 

miRNAs in lung cancer 

Over the last two decades, miRNAs manifested their significance in the development 

of cancer. Hundreds of deregulated miRNAs were identified to promote tumor 

formation. In contrast to protein coding driver-genes, the miRNAs’ seed sequence is 

not mutated in the first place, but rather their expressional abundance in the cell is 

altered. miRNAs, which are downregulated in cancer are often referred as tumor-

suppressor miRNAs, while miRNAs upregulated in cancer are often referred as 

oncomiRs.  

Table 1: Examples of deregulated miRNAs in lung cancer.  

miRNA 

Regulation 

status in 

lung cancer 

Target Effect on host cell Reference 

miR-134-5p down EGFR 
Sustaining proliferative 

signal 

(Qin et al., 

2016) 

miR-449a down E2F3 
Evading growth 

suppressors 

(Ren et 

al., 2014) 

miR-29a 

family 
down 

DNMT3A 

and -3B 

Enabling replicative 

immortality 

(Fabbri et 

al., 2007) 

miR-200 

family 
down ZEB1 Invasion and metastasis 

(Chen et 

al., 2014) 

miR-494-3p up PTEN Inducing angiogenesis 
(Mao et 

al., 2015) 

miR-31-5p up FIH 
Deregulating cellular 

energetics 

(Zhu et al., 

2019) 

miR-197-3p down CKS1B 
Avoiding immune 

destruction 

(Fujita et 

al., 2015) 

miR-130b-3p up PPARγ Resisting cell death 
(Tian et 

al., 2016) 
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Similar to oncogenes, deregulated miRNAs in cancer must facilitate to reach one of 

cancer’s hallmarks, which have been described by Hanahan and Weinberg in 2011. In 

lung cancer, several dozen miRNAs have been described, whose deregulated 

expression status enables tumor formation. Table 1 shows examples of deregulated 

miRNAs in lung cancer and their targets, as well as their expression status and their 

overall effect on the host cell.   

Analyses of miRNAs adopt a specialized role in the treatment of cancer, as profiling 

the tumors miRNAs can indicate subtypes of the tumor (Iqbal et al., 2019), predict the 

patients’ survival and the tumor resistance against chemo- or radiotherapy (Salim et 

al., 2012; Vescovo and Denti, 2015; Wei et al., 2018). Additionally, non-invasive 

methods to record the miRNA profile of individual patients in body fluids, like blood 

plasma, are in development (Zaporozhchenko et al., 2018).  

The fact that miRNAs are able to alter the activity of certain pathways relevant in 

cancer, can be exploited by the use of certain pathway-specific drugs, to fight the 

disease more efficiently. Zhen et al. showed that miR-200a-3p directly targets EGFR 

and c-Met, two genes known to promote tumor progression in lung cancer. They also 

showed that increasing the amount of miR-200a-3p in Gefitinib-resistant lung cancer 

cell lines could reverse tumor resistance and make tumor cells more sensitive against 

the drug again (Zhen et al., 2015).  

This synergy of miRNAome and chemotherapeutics emphasizes how miRNA research 

could rise the number of people cured from lung cancer in general, as already existing 

drugs can be used more efficiently. 
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Aims 

The general aim of this study was to identify regulatory miRNAs of the Hedgehog 

signaling pathway in the lung cancer cell line A549. For accomplishing this objective, 

different sub goals were formulated: 

• Analyzing deregulated miRNAs in lung carcinoma A549 cells in comparison to 

non-malignant bronchial epithelial cells regarding their regulatory targets within 

the Hedgehog pathway. 

 

• Investigating the effects of in vitro manipulated expression-status of potential 

Hedgehog pathway modulating miRNAs on a phenotypical level. 

 

• Investigating predicted miRNA – mRNA interactions on a molecular level.
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Material and Methods 

Overview 

All experiments for this study were performed at the Center of Medical Research 

(ZMFI/II), Medical University of Graz, Austria. The tests mainly followed internally 

optimized manufacturer’s protocols. Figure 3 shows the workflow of investigating 

miRNAs in cancer in a simplified manner.  

For this study, the detection of deregulated miRNAs in A549 was performed in previous 

work by Alexandra Bertsch. At this time, a predefined set of miRNAs were investigated 

in bronchial epithelial cells (BECs) of the lung and in two different cancer cell lines – 

A549 and H460. After detection of the miRNA expression level in each cell line, the 

datasets were compared and deregulation of certain miRNAs in cancer cell lines were 

identified.  

 

  

Figure 3: Workflow for investigating deregulated miRNAs used in this study. After the detection of 

deregulated miRNAs, the workflow splits up into an in silico part (Target-prediction-analysis) and an in 

vitro part. These two parts interact directly in terms of investigating different miRNAs on molecular level. 

Time course of the study is shown by the coloration of the background of the boxes. Darker background 

indicates earlier steps in the workflow, while weaker colors signifies later phases.  

For further experiments, the highest deregulated miRNAs (with a cut-off of 2.8 times 

deregulated) were taken in consideration for investigation and therefore analyzed in 
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silico by different target-gene-prediction-software. In parallel, methods for 

complementing miRNAs in cancer cells back to BEC level were optimized. Detection 

of miRNAs was performed by RT-qPCR. Affecting miRNA-level were reached by 

transfecting tumor cells with certain amounts of miRNA-mimics for downregulated 

miRNAs, and miRNA-hairpin-inhibitors for upregulated miRNAs. All experiments were 

performed 24 h upon cell transfection with one of these two molecular miRNA 

operators. After optimization of transfection conditions, investigations on a phenotypic 

basis as well as on a molecular basis were performed. For metabolic activity and cell 

growth, AlamarBlue™ assay was performed. Wound healing assays was carried out 

for testing the cells motility and therefore metastatic potential. General tumorigenic 

potential was measured by colony assay. Lastly, apoptosis was quantified by flow 

cytometry measuring caspase 3 and caspase 7 activity staining. 

As mentioned above, one of the first steps was to identify the target mRNAs of the 

deregulated miRNAs by in silico analysis. Based on these results, the target as well as 

its corresponding translated protein were investigated after transfection on molecular 

levels via RT-qPCR and Western Blot respectively. For showing the direct interaction 

between the miRNA and its predicted mRNA, luciferase reporter assays were 

performed.  

 

General chemicals and kits 

Table 2: General solutions and kits used in the laboratory. 

Solution/Kit Company 

Acetic acid (glacial) Merck, Darmstad, Germany 

Acrylamid Merck, Darmstad, Germany 

Agarose VWR, Darmstad, Germany 

Alamar Blue® Thermo Fisher Scientific, Fremont, USA 

Ampicillin Sigma Aldrich, Vienna, Austria 

β-Mercaptoethanol Sigma Aldrich, Vienna, Austria 

Biozym Blue S´Green qPCR Kit Biozym, Hessich Oldendorf, Germany 

Bromophenol Blue Sigma Aldrich, Vienna, Austria 

BCA Protein Assay Kit Merck, Darmstadt, Germany 

CASYton OMNI Life Science, Bremen, Germany 
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Collagen I, Rat-Tail, 100 mg  Szabo-Scandic HandelsgmbH & Co KG, 

Vienna, Austria 

Color Prestained Protein Standard, 

Broad Range (11-245 kDa) 

New England BioLabs, Ipswich, USA 

Crystal Violet Sigma Aldrich, Vienna, Austria 

DMEM-F12 Gibco, Paisley, UK 

DMSO Sigma Aldrich, Vienna, Austria 

DPBS PAN Biotech, Aidenbach, Germany 

PeqGOLD® DNase Peqlab, Erlangen, Germany 

Dual-Luciferase® Reporter Assay 

System 

Promega, Mannheim, Germany 

Endo – Free Plasmid DNA Maxi Kit 

E.Z.N.A.® 

Omega Bio-tek, Inc., Norcorss, USA 

Ethanol Merck, Darmstadt, Germany 

Fetal Calf Serum (FCS) Biowest, Nuaillé, France 

GeneRuler 100 bp Plus DNA Ladder Thermo Fisher Scientific, Fremont, USA 

Glycerol Sigma Aldrich, Vienna, Austria 

Glycin Sigma Aldrich, Vienna, Austria 

Isopropanol Merck, Darmstadt, Germany 

Jet Prime® Polypus-transfection, Illkirch-

Graffenstaden, France 

LB-Medium Roth, Karlsruhe, Germany 

LB-Agar Roth, Karlsruhe, Germany 

L-Glutamine 200 nM (100x), liquid Gibco, Paisley, UK 

Methanol Merck, Darmstadt, Germany 

miRCURY LNA™ ExiLENT SYBR-

Green Master MIx 

Exiqon, Vedbaek, Denmark 

miRCURY LNA™ Universal cDNA 

synthesis kit II 

Exiqon, Vedbaek, Denmark 

mirVana™ miRNA Isolation Kit Invitrogen, Lithuania 

Nitrocellulose Membran BioRad Industries, Hercules, USA 

N,N,N’,N’-Tetramethylethylendiamin 

(TEMED) 

Sigma Aldrich, Vienna, Austria 
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PeqGOLD® Plasmid Miniprep Kit II Peqlab, Erlangen, Germany 

PeqGOLD® Taq-DNA-Polymerase ‘all 

inclusive’ 

Peqlab, Erlangen, Germany 

PeqGOLD® Total RNA Kit Peqlab, Erlangen, Germany 

PeqGreen VWR, Radnor, USA 

Pierce protease inhibitor Minitablest Thermo Fisher Scientific, Fermont, USA 

Polyvinylidene Difluoride Membrane GE Healthcare, Little Chalfont, UK 

Ponceau-S Merck, Darmstadt, Germany 

qScript™ cDNA Synthesis Kit Quanta Biosciences, Beverly, USA 

Restore PLUS Western Blot Stripping 

buffer 

Thermo Fisher Scientific, Fremont, USA 

RIPA buffer Sigma Aldrich, Vienna Austria 

RLT Lysis buffer Peqlab, Erlangen, Germany 

RPMI 1640 Gibco, Paisley, UK 

SOC Outgrowth Medium New England BioLabs, Ipswitch,USA 

Sodium Chloride Roth, Karlsruhe, Germany 

Skim Milk Roth, Karlsruhe, Germany 

Sodium Dodecyl Sulfate Sigma Aldrich, Vienna, Austria 

SuperSignal Western Pico 

Chemiluminescent Substrate 

Thermo Fisher Scientific, Fremont, USA 

TAE LKH Graz Apotheke, Graz, Austria 

TOPO® TA Cloning® Kit Invitrogen, Carlsba, California, USA 

Trizma Base Sigma Aldrich, Vienna, Austria 

Trizma HCl Sigma Aldrich, Vienna, Austria 

Trypan blue Sigma Aldrich, Vienna, Austria 

Trypsin Gibco, Paisley, UK 

Tween 20 Sigma Aldrich, Vienna, Austria 

0.025% Trypsin-EDTA Gibco, Paisley, UK 

1000 U/ml Penicillin Gibco, Paisley, UK 

10 000 µg/ml Streptomycin Gibco, Paisley, UK 
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Buffers and solutions 

Table 3: Buffers and solutions for western blotting and DNA gel electrophoresis. 

Buffer Components 

10x TBS 

31.5 g Trizma HCl 

80 g NaCl 

1 L H2O 

pH 7.5  

TBS-T 
1x TBS 

0.1% Tween 20 

10x Running buffer 

30 g Trizma Base 

144 g Glycine 

100 ml SDS 

1 L H2O 

10x Transfer buffer 

56 g Trizma base 

286 g Glycine 

2 L H2O 

1x Transfer buffer 
10x Transfer buffer 

20% Methanol 

5x Laemmli buffer 

30 mM Tris HCl pH 6.8 

2% SDS 

10% Glycerol 

5% β-Mercaptoethanol 

0.01% Bromophenol blue 

Ponceau-S-Red 

0.5 g Ponceau-S 

98.5 ml H2O 

1 ml Acetic acid (glacial) 

10 ml RIPA buffer 

Protein Lysis buffer 
1 Pierce protease inhibitor Minitablet 

10 ml RIPA buffer 

TAE 

40 nM Tris-Acetat 

1 mM EDTA-Na2 

pH 8.5 
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Primer sequences 

RT-qPCR Primer for miRNAs 

Lyophilized miRCURY LNA™ miRNA PCR Assay Primer sets (Qiagen) were 

purchased from Qiagen and resuspended in 220 µl nuclease-free H2O as 

recommended by manufacturer’s protocol. After resuspending, primers were aliquoted 

and stored at -20°C.  

Table 4: Primer for RT-qPCR detection of deregulated miRNAs in A549Par compared to bronchial 

epithelial cells. 

Name Target sequence (5’→ 3’) Cat. number Seq.reference 

hsa-miR-141-3p UAACACUGUCUGGUAAAGAUGG YP00204504 MIMAT0000432 

hsa-miR-135a-5p UAUGGCUUUUUAUUCCUAUGUGA YP00204762 MIMAT0000428 

hsa-miR-503-5p UAGCAGCGGGAACAGUUCUGCAG YP00204334 MIMAT0002874 

hsa-miR-644a-3p AGUGUGGCUUUCUUAGAGC YP00204725 MIMAT0003314 

hsa-miR-92a-3p UAUUGCACUUGUCCCGGCCUGU YP00204258 MIMAT0000092 

hsa-miR-27b-5p AGAGCUUAGCUGAUUGGUGAAC YP00204219 MIMAT0004588 

hsa-miR-15b-3p CGAAUCAUUAUUUGCUGCUCUA YP00205898 MIMAT0004586 

hsa-miR-589-3p UCAGAACAAAUGCCGGUUCCCAGA YP00206048 MIMAT0003256 

hsa-miR-196a-5p UAGGUAGUUUCAUGUUGUUGGG YP00204386 MIMAT0000226 

 

RT-qPCR Primer for mRNA 

Primer were purchased from Eurofins Genomics, Ebersberg, Germany. For 

appropriate usage, forward and reversed primer were diluted 1:10 with H2O and an 

aliquot was mixed at equal parts. After preparation primer mix was stored at -20°C. 

Table 5: Primer for RT-qPCR of potential target genes from the hedgehog pathway. 

Name Primer sequence (5’→ 3’) Tm [°C] mRNA-reference 

h_BTRC_f GTCTACGGACCCTTGTGGAGCAT 64.2 °C 
NM_033637.3 

h_BTRC_r GGGCAGCTGGATCATTTAGGAAGT 62.7 °C 

h_MTSS1_f CTGCGGCCAGTGATTGAAGAA 59.8 °C 

NM_001282971.1 
h_MTSS1_r GGGCAGTTTGTGAGGGTCCAT 61.8 °C 

h_PTCH1_f CCCCTGTACGAAGTGGACACTCTC 66.1 °C 
NM_001083602.2 

h_PTCH1_r AAGGAAGATCACCACTACCTTGGCT 63 °C 

h_FOXA2_f TGGGAGCGGTGAAGATGGAA 59.3 °C 

NM_021784.4 
h_FOXA2_r GAGGAGTAGCCCTCGGGCTCT 65.7 °C 
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miRNA screening and in silico target-prediction analysis 

Regulation status of miRNAs in A549 in contrast to BECs were determined by the work 

of A. Bertsch (A. Bertsch 2016, diploma thesis). Based on these findings, the top 

deregulated miRNAs should be investigated. miRNAs, with a deregulated status of +/- 

2.8-fold compared to BEC cells, as detected by RT-qPCR, were taken into account for 

this investigation. 

After this first discrimination, miRNAs were connected to a set of main Hedgehog-

Pathway genes with the help of miRNA-mRNA-target prediction tools. Only hits present 

in three different tools were accounted as a strong indication for a possible interaction. 

As appropriate tools, Targetscan7.2 (http://www.targetscan.org/vert_72/), 

DIANAmicroT CDS (http://diana.imis.athena-

innovation.gr/DianaTools/index.php?r=microT_CDS/index) and MirWalk v2 

(http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) (Agarwal et al., 2015; Dweep 

and Gretz, 2015; Paraskevopoulou et al., 2013). For not missing any possible 

interactions, tools were chosen on differences in their algorithms for generating a wide 

spectrum of uncovering interactions based on calculations. For instance, MirWalk v2 

also analyzes 5’ untranslated regions, while DIANAmicroT and Targetscan v7.2 

ignores this part as potential binding area for miRNAs.  

Lastly, interaction scores of miRNA-mRNA pairs, predicted in all three tools, were 

analyzed for final selection. Because all scores have different units and different 

meanings in general, they could not be compared in a direct way. Therefore, every 

interaction was compared to each other within the same category (for example: inter-

species conservation score of one target-prediction tool). The interactions with the top 

five highest scores were awarded with points from 5 to 1 (1 point for fifth place – 5 

points for first place). All points from each category were summed up and the top five 

interactions with the most points were nominated for in vitro investigations.  

 

Cultivation of cells 

The human lung adenocarcinoma (LADC) cell line A549 was obtained as a kind gift 

from Dr. Martin Barr (Trinity College, Dublin, Ireland) (Barr et al., 2013). A549 cells 

were cultured in DMEM-F12 medium supplemented with 2 mM L-glutamine, 10% heat-

inactivated FCS, 100 U/ml penicillin, and 100 µg/ml streptomycin. Human embryonic 
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kidney cells (HEK293) were purchased from American Type Culture Collection 

(ATCC®, Manassas, USA) and cultured in DMEM-F12 medium supplemented with 

2mM L-glutamine, 10% heat-inactivated FCS, 100 U/ml penicillin, and 100 µg/ml 

streptomycin. This cell line was used for the luciferase assay experiment due to high 

transfection efficiency.  

All cell lines were grown as monolayer cultures and maintained under 98% humidity 

and 5% CO2 at 37°C. All cell lines were cultured in different flasks (Table 6), depending 

on the amount of cells needed for future experiments. Cells were grown adherently 

and passaged two times per week to prevent 100% confluency. For passaging, cells 

were washed with sterile DPBS and detached by adding Trypsin-EDTA, followed by 5 

minutes incubation at 37°C. Subsequently, trypsin-treatment was stopped by adding 

medium containing 10% FCS. After a 5 minutes centrifugation step at 400 xg, the 

supernatant was removed, and cells were resuspended in fresh media. An aliquot of 

the suspension was used for further cultivation in cell culture flasks.  

For generating back up of A549 cells, two million cells were diverted and suspended 

in media containing 10% DMSO as cryo-protectant. The cells were slowly frozen in 

cryo-tubes at -80°C over night. Then, the cell-suspension was transferred into liquid 

nitrogen to ensure long-term storage.  

Table 6: Flasks/plates used in this study for cell growth maintenance/experiments.  

Flask/Plate Company 

T25 flasks, PE vented cap  SARSTEDT AG & Co. KG, Nürnberg, 

Germany 

CytoOne T-75 Tissue Cult Vented Green 

cap 

STARLAB International GmbH, 

Hamburg, Germany 

6-Well, TC-behandelt (BD) VWR, Darmstadt, Germany 

12-Well, TC-behandelt (BD) VWR, Darmstadt, Germany 

48-Well, TC-behandelt (BD) VWR, Darmstadt, Germany 

96-Well, TC-behandelt (BD) VWR, Darmstadt, Germany 

Nunc-Immuno™ MicroWell™ 96 well 

polystyrene plates BLACK 

Sigma Aldrich, Vienna, Austria 
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Counting cells 

For conducting precise and reproduceable experiments, each assay needed to be 

carried out with a defined number of cells. For this purpose, cells were counted by 

using an electric pulse area analysis method with CASY® cell counter (Innovatis, 

Reutlingen, Germany) after harvesting. A 1:200 cell dilution with Casyton (Innovatis, 

Reutlingen, Germany) was used for measuring. Aggregation factor smaller than “2” 

and viability of over 90% of the cells were considered as practicable for further 

procedure. For cell number evaluating, only the count of living cells was taken into 

calculations.  

 

Transfection of A549 with miRNA-mimics or miRNA-inhibitors 

A549 cells were cultured on cell culture plates with different sizes for different 

purposes. With changes in cell culture plate size, cell number and volume of medium 

varies, but transfection concentrations of miRNA-mimics and miRNA-inhibitors stay 

unchanged.  Different plate sizes and related plating parameters and experimental 

approaches are indicated in Table 7. For transfection, JetPRIME®, a cationic polymer-

based reagent, was used according to manufacturer’s protocol. Transfection-ready 

reaction mix consists of JetPRIME® buffer and DNA, which are mixed primarily, as well 

as JetPRIME® reagent. After a 15 minutes incubation period, the transfection mix were 

dripped into the medium, onto the plated cells. During time of transfection, cells needed 

to reach a confluence of 60%, as recommended by company producing jetPRIME®. 

Media was changed directly before and 24 h after transfection.   

Table 7: Cell culture parameters for different experiments conducted in this study.  

Experiment Cell 

line 

Cell count Plate size 

RNA harvest A549 60 000/Well 12-Well 

Protein harvest A549 150 000/Well 6-Well 

Motility-Assay A549 60 000/Well 12-Well 

Alamar-Assay A549 2 500/Well 96-Well 

Colony-forming-Assay A549 60 000/Well and 300 /Well 12-Well and 6-Well 

Luciferase-Assay HEK293 30 000/Well 48-Well 
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In general, all experiments were performed with a transfection concentration of 5 nM 

for miRNA-mimics and 30 nM for miRNA-Inhibitors, based on results of transfection 

optimization (see below). All miRNA-mimics as well as miRNA-inhibitors were 

purchased from Dharmacon, Lafayett, USA. All product details can be seen in Table 

8. 

Table 8: Product details of miRIDIAN mimics and miRIDIAN hairpin-inhibitors used in this study. 

Micro RNA Type Accession nr. Product nr. 

hsa-miR-141-3p Mimic MIMAT0000432 C-300608-03-0020 

hsa-miR-135a-5p Mimic MIMAT0000428 C-300603-05-0020 

hsa-miR-503-5p Mimic MIMAT0002874 C-300841-05-0020 

hsa-miR-589-3p Hairpin-Inhibitor MIMAT0003256 IH-300911-03-0005 

hsa-miR-15b-3p Hairpin-Inhibitor MIMAT0004586 IH-301146-02-0005 

hsa-miR-27b-5p Hairpin-Inhibitor MIMAT0004588 IH-301154-02-0005 

hsa-miR-196a-5p Hairpin-Inhibitor MIMAT0000226 IH-300529-06-0005 

microRNA MIMIC 

Negative Control #1 
Mimic - CN-001000-01-20 

Mimic Transfection 

Control with Dy547 
Mimic - CP-004500-01-20 

microRNA Hairpin 

Inhibitor Negative 

Control #1 

Hairpin-Inhibitor - IN-001005-01-05 

 

Co-Transfection of HEK293 with miRNA-mimics and Dual Luciferase reporter 

plasmid 

For investigating the physical interaction between miRNAs and the predicted target 

sequence, a Dual Luciferase Assay was performed. For this purpose, 30000 HEK293 

cells were plated and transfected with a concentration of 5/10/20 nM for miRNA-mimics 

and 0.5 µg/ml for pcDNA3.1(+) reporter plasmid. Before plating, all wells were treated 

with collagen for better attachment of HEK293 cells to the well. Changing the medium 

24 h after transfection was dispensed for this experimental approach.  
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AlamarBlue™ assay 

After transfection with miRNA-mimics/-inhibitors AlamarBlue™ assay was performed 

to determine proliferation rate by measuring the cells metabolic activity. The 

experiment was performed 24 h, 48 h and 72 h after transfection by measuring 

fluorescence at CLARIOstar Plus (BMG LABTECH GmbH, Ortenberg, Germany). The 

assay is based on the reducing ability of cells by converting the indigo-colored dye 

resazurin in resorufin. This molecule is highly fluorescent and can be excited at 530 

nm. Emission can be detected at 590 nm.   

Pre-mixed AlamarBlue™ reagent mix was added to cells in complete medium and 

incubated for two hours at 37°C before measuring fluorescence with CLARIOstar 

microplate reader (BMG LABTECH GmbH, Ortenberg, Germany).  

 

Wound-healing assay (motility assay) 

Wound-healing assay was performed to investigate cell migration after transfection 

with miRNA-mimics/-inhibitors. After transfection A549 cells with 5 nM miRNA-mimics 

or 30 nM miRNA-inhibitors for 24 h, media was changed. After reaching nearly 100% 

confluence, a scratch with a pipette tip (size 10-100 µl) was performed on the cell 

monolayer. Then cells were washed with DPBS one times for removing detached and 

dead cells. For investigating their ability to close this gap, pictures were taken at certain 

time points (0 h, 18 h, 24 h, 42 h) and evaluated with ImageJ (Schneider et al., 2012) 

and its “MRI-wound healing tool” – plugin (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Wound_Healing_Tool) by measure the free area in between the cell 

monolayer.  

 

Colony formation assay 

Colony formation assay was performed to determine the tumorigenic ability of 

transfected A549 cells. Cells were seeded out in a 12-well plate and transfected with 

miRNA-mimics/-inhibitors 24 h later. 24 h after transfection, cells were harvested with 

trypsin and counted. 300 cells were then plated out in 6-well-plates and incubated at 

standard conditions. For A549 cells, colony formation took 9 day.  

http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool
http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool
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The experiment was stopped before colonies were merging. Cells were washed with 

DPBS and fixed with Methanol : glacial acetic acid (3:1 ratio) at room temperature for 

10 minute. Fixation mixture was discarded, and plates were air-dried before cell 

colonies were stained with 0.4% crystal violet at RT for 10 minutes. Redundant staining 

solution was aspirated for reuse, cells were washed with H2O three to five times and 

air-dried again. Colonies were counted manually. A cell accumulation was considered 

as a colony, if 50 or more cells were part of it. Additionally to colony number, average 

colony size was determined with ImageJ by using the “colony-area” plug-in (Guzmán 

et al., 2014). 

 

Fluorescent-activated cell sorting (FACS) 

Measuring apoptosis  

For detecting activation of apoptosis after transfecting cells with an amount of 30 nM 

miRNA-inhibitor, fluorescent-activated cell sorting was performed. The CellEvent™ 

Caspase-3/7 Green Flow Cytometry Assay Kit (Invitrogen, Carlsbad CA, USA) was 

used for detecting activate form of caspase 3 and 7 indicating apoptosis. The detection 

reagent consists of a four amino acid peptide (DEVD) conjugated to dye. If caspase 3 

and 7 are activated in the cells, the peptide is cleaved off and the dye binds to the cell’s 

nucleic acid for fluorescent detection.  

For this analysis, 150000 cells/well were plated in a 6 – well plate and transfected with 

30 nM of miRNA-inhibitors the next day. 24 h and 48 h after transfection, adherent and 

floating cells were harvested and washed with DPBS. For measuring apoptosis, 

CellEvent™ solution was diluted 1:125 in medium. Cells were incubated with 62.5 

µl/sample of mixed substrate at 37°C for 45 minutes. After incubation, 140 µl of PBS 

was added and caspase activity/cell was measured by flow cytometry using CytoFLEX 

S (Beckman Coulter, Vienna, Austria). Data were analyzed using CytExpert software.  

 

RNA isolation 

As indicated in Table 7, 60 000 cells/well were plated out in 12-well plates. Cells were 

transfected with standard miRNA-mimics/-inhibitor concentrations the next day. 

Medium was changed 24 h after transfection. RNA was harvested at three different 
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time points after transfection (24h, 48h and 72h). Medium was aspirated, and cells 

were washed once with DPBS. 350 µl of RLT-Lysis buffer (VWR, Darmstadt, Germany) 

was added directly on to the cells for cell lysis.  

RNA was purified by using PeqLab PeqGOLD Total RNA Kit (VWR, Darmstadt, 

Germany). For mRNA isolation, all steps were executed according to manufacturer’s 

protocol. DNA digestion with DNase I was included for higher RNA quality. For 

additional miRNA isolation, the protocol was changed in step two. In this step 100% 

Isopropanol was applied instead of 70% ethanol for proper isolation of small miRNAs. 

RNAs were eluted in RNase free H2O (Sigma Aldrich, Vienna, Austria) and stored at -

20°C.  

 

Measurement of RNA quantity/quality 

To determine quantity and quality of isolated RNAs, all samples were measured on the 

NanoDrop™ 2000c UV-Vis Spectrophotometer (Thermo Fisher Scientific, Fremont, 

USA). For this purpose, RNase free H2O (Sigma Aldrich, Vienna, Austria) was used as 

a blank. RNA was considered as pure, if samples could show 260/280 ratios of about 

2.0 and 260/230 ratios of about 2.0 to 2.2.   

 

cDNA-synthesis 

mRNA 

cDNA-synthesis with mRNA templates were performed using qSricpt cDNA Synthesis 

Kit (Quanta Biosciences). An amount of 1000 ng isolated and purified RNA was used 

as a template. Incubation steps were carried out in the MyCycler thermocycler (Bio-

Rad Laboratories GesmbH, Vienna, Austria) according to the manufacturer’s protocol. 

Exact composition of the reaction mix, as well as the temperature profile for cDNA-

synthesis can be seen in Table 9. 
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Table 9: Temperature profile and reaction mix of mRNA cDNA-synthesis. 

mRNA cDNA-synthesis 

Master mix 

5x qScript reaction mix 4 µl 

Reverse Transcriptase 1 µl 

H2O x µl 

Template RNA [1000 ng] x µl 

 Total 20 µl 

Temperature profile 

22°C 5 minutes 

42°C 30 minutes 

85°C 5 minutes 

4°C hold 

 

miRNA 

For reverse transcription of miRNA into complementary DNA (cDNA), miRCURY 

LNA™ Universal RT microRNA PCR kit (Exiqon, Vedbaek, Denmark) was used. 

Before setting up the reaction, template RNA was dilute to a concentration of 5 ng/µl. 

Incubation steps were conducted using the MyCycler thermocycler (Bio-Rad 

Laboratories GesmbH, Vienna, Austria). All parameters were adjusted according to the 

manufacturer’s protocol. Exact composition of the reaction mix, as well as the 

temperature profile for cDNA-synthesis can be seen in Table 10. 

Table 10: Temperature profile and reaction mix of miRNA cDNA-synthesis. 

miRNA cDNA-synthesis 

Master mix 

5x reaction buffer 2 µl 

Enzyme Mix 1 µl 

H2O 5 µl 

Template RNA [5 ng/µl] 2 µl 

 Total 10 µl 

Temperature profil 

42°C  60 minutes 

95°C 5 minutes 

4°C hold 

 

For long term storage, cDNA was frozen at -20°C. 



  

31 
 

Real-Time qPCR 

For detecting changes in expression patterns of certain genes after cell transfection 

with miRNA-mimics/-inhibitors, RT - qPCRs were performed. All RT - qPCRs were 

SYBR-Green based and applied for semi-quantitative analysis. Sequential incubation 

steps were performed using Light Cycler 480 (Roche, Vienna, Austria). 

mRNA 

For detecting changes on mRNA-level, Blue S’Green qPCR mix (Biozym Scientific 

GmbH, Hessisch Oldendorf, Germany) was used. Primers used in this experiment are 

listed in Table 5. Before added to the reaction mix, primers were dilutes 1:10 with H2O 

and forward and reverse primer were mixed to equal parts. All steps were performed 

according to manufacturer’s protocol. Before use, cDNA was diluted 1:10 for efficient 

reaction. All reactions mRNA-qPCRs were performed using clear 384-well-plates. 

Temperature profiles and reaction mix composition are listed in Table 11.  

 

Table 11: Temperature profile and reaction mix of mRNA RT – qPCR.  

mRNA Real - Time qPCR 

Master mix 

 2x Blue S’Green qPCR mix  2.5 µl 

Primer mix [10 pmol/µl] 0.5 µl 

cDNA template [5 ng/µl] 2 µl 

 Total 5 µl 

Temperature profile 

 95°C 2 minutes 

40x 
95°C 5 seconds 

60°C 30 seconds 

Additional parameters 

• Ramp-rate 4.8°C/s (for 

95°C) and 2.5°C/s (for 

60°C), optical read  

• Melting curve analysis 

activated 

• SYBR Green/HRMDye 

format 
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miRNA 

miRCURY LNA™ Universal RT microRNA PCR kit (Exiqon, Vedbaek, Denmark) was 

used to detect miRNA levels in A549 cells. Primers used in this experiment are listed 

in Table 4. In contrast to RT–qPCRs detecting mRNAs, primers for miRNA detection 

were not diluted in this approach. All steps were performed according to manufacturer’s 

protocol. Before use, cDNA was diluted 1:80 for efficient reaction. All miRNA-qPCRs 

were performed using white 384-well-plates. Temperature profiles and reaction mix 

composition are listed in Table 12.  

 

Table 12: Temperature profile and reaction mix of miRNA RT – qPCR. 

miRNA Real – Time qPCR 

Master mix 

PCR Master mix 5 µl 

PCR Primer mix 1 µl 

cDNA template [125 pg/µl] 4 µl 

 Total 10 µl 

Temperature profile 

 95°C 10 minutes 

45x 
95°C 10 seconds 

60°C 1 minutes 

Additional parameters 

 

• Ramp-rate 4.8°C/s (for 

95°C) and 2.5°C/s (for 

60°C), optical read  

• Melting curve analysis 

activated 

• SYBR Green/HRMDye 

format 

 

 

RT–qPCR data processing and analysis 

Ct–values and melting temperatures of two replicates per sample were analyzed with 

Light Cyclers calculation software (version 1.5.0.39) (Roche, Vienna, Austria). Ct–

values were identified by using 2nd derivative method. This method measures the point, 

where the rate of change of a signal is itself changing. This is reflected in cycle numbers 

where the SYBR-green signal passes a certain threshold, determined by the detection 
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apparatus’ sensitivity. The method is mainly used for absolute quantification. For 

investigating target gene expression, Ct–values greater than 37 for mRNA and 35 for 

miRNAs were considered as false positive signals according to manufacturer’s 

recommendation. 

C–values of the gene or miRNA of interest were subtracted from Ct – values of 

household genes or household miRNAs, resulting in generating ΔCt – values. This 

step is basically a normalization technique, comparable with loading controls in 

western blots. Only ΔCt–values of particular samples can be compared directly. Lastly 

ΔCt–values of two experimental groups can be compared. Mostly treated vs. 

untreated, were subtracted and ΔΔCt–values were generated. This calculation method 

gives relative quantifications of expression levels of certain genes or miRNAs. 

 

ΔCt = Ct of housekeeping gene/miRNA – Ct of gene/miRNA of interest 

(both Cts must be generated from the same sample) 

 

ΔΔCt = ΔCt of treated sample – ΔCt of untreated sample 

 

Light Cycler 480 software also provides melting curve analysis. Data were checked for 

double melting temperatures per sample, mostly indicating DNA-contamination or 

unspecific products. Melting temperatures were also compared to previous RT–qPCR 

runs for product specifity verification. 

 

Protein isolation 

For detecting changes on translational level after miRNA–mimics/-inhibitor 

transfection, cells were harvested, and total proteins were isolated for analysis. For 

this purpose, 150000 A549 cells per well were seeded out on 6-well plates. 48 h after 

transfection, cells were washed with DPBS and 100 µl of RIPA buffer, supplemented 

with a mix of protease inhibitors, were added to the adherent monolayer. Cells were 

detached via scrapping on ice. Final cell disruption and homogenization was achieved 

by sonification (Ultraschall-Desintegrator UP50H ROTH, Carl Roth GMbH+Co.KG 



  

34 
 

Karlsruhe, Germany). Each sample was sonicated two times for 5 seconds on ice 

(cycle 1 at amplitude 80). Homogenate was centrifuged at 13000 rpm for 10 minutes 

at 4°C to remove cell debris and insoluble material. Supernatant was used for further 

analysis. Protein samples were frozen at -20°C for long term storage.  

 

BCA Assay  

For measuring protein yield bicinchoninic acid assay was performed. The assay is 

based on the reduction of Cu2+ ions by peptide bonds and certain amino acids in side 

chains. Reduced Cu+ ions form a complex with bicinchoninic acid, which absorbs light 

at 562 nm and can therefore specifically detected.  

Samples were diluted 1:5 with RIPA buffer and mixed with in copper sulfate, which was 

1:50 diluted with BCA solution. For protein quantification, a standard curve was 

generated with BSA. A 2 mg/ml BSA stock solution was diluted in steps and mingled 

with copper sulfate/BCA mix (1:50). Before measuring absorption at 562 nm, samples 

were incubated at 37°C for 30 minutes. Absorption was measured using CLARIOstar 

Plus (BMG LABTECH GmbH, Ortenberg, Germany). Absorption values of samples 

were compared to absorption values of BSA samples with predefined amount of protein 

for determination of sample concentrations. 

 

SDS-PAGE electrophoresis  

For sample analysis by immunoblotting, proteins had to be separated according to their 

size by SDS-PAGE electrophoresis. 30 µg of total protein were loaded on each line of 

the gel. Before loading, samples were denatured with 5x Lämmli-buffer and incubated 

10 minutes at 95°C on a thermoblock (Thermomixer comfort; Eppendorf, Hamburg, 

Germany). SDS poly-acrylamide gel density was varied, depending on the size of the 

protein of interest. Gel compositions of stacking gel is listed in Table 13, and 

composition of resolving gel is listed in Table 14. 
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Table 13: Composition of stacking gel for SDS – PAGE. 

Stacking gel  4.5% 

H2O 2.05 ml 

Acrylamid stock 30%  0.375 ml 

Stacking gel buffer (0.5 M Tris, 0.4% 

SDS, pH 6.8) 

0.5 ml 

SDS 10% 30 µl 

APS 10% 30 µl 

TEMED 3 µl 

 

 

Table 14: Composition of resolving gel (6% or 8%) for SDS – PAGE. 

Resolving gel 6% 8% 

H2O 5.2 ml 4.6 ml 

Acrylamid stock 30%  2 ml 2.6 ml 

Resolving gel buffer (1.5 

M Tris, 0.4% SDS, pH 8.8) 

2.6 ml 2.6 ml 

SDS 10% 100 µl 100 µl 

APS 10% 100 µl 100 µl 

TEMED 8 µl 8 µl 

 

Electrophoresis itself was performed in running buffer (composition see Table 2) at 

200 V. 

 

Western blotting 

After protein separation in SDS – PAGE electrophoresis, transfer from gel to the 

membrane was performed in transfer buffer (composition see Table 2) at 400 mA for 

2 h. For making sure that transferring was efficient, membrane was stained with 

Ponceau-S solution. Before destaining with H2O, membrane was tailored to protein 

bound area, for more effective antibody interaction. Next, membrane was incubated in 

5% skimmed milk in TBS-T for a minimum for 1 h at room temperature for blocking 
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unoccupied interaction sites of the membrane. Then, membrane was washed three 

times with TBS-T for 5 minutes. Primary antibody was diluted 1:500 in 1% skimmed 

milk in TBS-T and incubated over night at 4°C for specific protein-antibody interaction. 

Secondary antibody was diluted 1:2000 for proteins of interest and 1:10000 for loading 

controls in TBS-T and incubated for 1 h at room temperature. Secondary antibodies 

were labeled with a horseradish peroxidase (HRP) for detection purposes. After three 

washing steps with TBS-T, blots were incubated with Amersham ECL Prime Western 

Blotting Detection Reagent (GE Healthcare Bio-Sciences, Pittsburgh, USA) for 5 

minutes in dark surrounding. Specific interaction shown by enzymatic turnover of the 

HRP-labeled 2nd antibody was detected using ChemiDoc™ Touch Imaging System 

(BioRad Industries, Hercules, USA).  

For detecting further proteins of interest, blots were stripped. For this purpose, 

membrane was washed two times with TBS-T for 5 min and incubated in restore PLUS 

Western Blot stripping buffer (Thermo Fisher Scientific, Fremont, USA). After stripping, 

membrane was washed twice in PBS and one time in TBS-T, before blocking with 5% 

skimmed milk in TBS-T for at least 1 h at room temperature. Then, blot was incubated 

with next antibody cascade for further detection.  

Table 15: List of antibodies used in this study. 

Antibody Conc. Host/Isotype Cat. Nr. Company 

MTSS1 polyclonal  500 µg/ml Rabbit / IgG PA5-23200 Invitrogen 

BTRC monoclonal 500 µg/ml Mouse / IgG 1B1D2 Thermo Fisher 

β-Actin monoclonal 200 µg/ml Mouse / igG SC-47778 Santa Cruz 

Sec. anti-rabbit 

(HRP*-conjugated) 
800 µg/ml Goat / IgG 31460 Invitrogen 

Sec. anti- mouse 

(HRP*-conjugated) 
- Horse / IgG 7076 Cell Signaling 

* Horse Reddish Peroxidase 
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Interaction studies 

For investigating interactions between miRNAs and their predicted target sequence on 

mRNAs, a Luciferase assay was the method of choice. This assay is based on 

luciferases as expression reporter, which catalyzes reactions with emitting light at 

certain wavelengths, depending on the enzyme itself, as a side product. This light can 

be detected and is proportional to the quantity of luciferases in the investigated sample.  

This principle is mainly used for expression studies, like analysis on new identified 

promotors. In this study, regulation at post-transcriptional level was investigated. 

Therefore, the predicted wildtype target sequence of a certain miRNA, was copied from 

a certain mRNA and cloned in the 3’ untranslated region of the mRNA of the luciferase-

reporter gene Renilla. After its transcription, miRNA binds (or binds not) and inhibit 

translation via degrading mRNAs directly or hindering initiation of translation.  

HEK293 cells were chosen as expression system, due to their high transfection 

efficiency. A reporter plasmid containing luciferase reporter gene with the predicted 

target sequence cloned in its 3’ untranslated region and the miRNA expressed via 

plasmids or in the form of miRNA-mimics were transfected into HEK293 cells. As an 

internal control, the reporter gene plasmid also carries a second luciferase called 

Firefly. Detecting the amount of expressed Firefly, data must be normalized, due to 

different transfection efficiencies.   

 

gBlock design 

To generate plasmid constructs described above, miRNA target sequences of certain 

mRNAs were cloned in the plasmid psiCHECK™-2. Target sequence was cloned in 

the 3’ UTR of the Renilla luciferase (hRluc). Most of hRluc 3’UTR was replaced by 

cloned predicted interaction position and their surrounding sequence. Only the last 32 

3’ nucleotides remained from the original 3’UTR. Gibson cloning was chosen for 

cloning desired sequences into the expression vector. This method is based on 

homologue recombination events with overlapped sequences. DNA fragments were 

designed with a 48-nucleotide overhang at 5’ position and 32-nucleotide overhang at 

3’ position. Lengths of overhangs were determined empirically, based on previous 

Gibson clonings with psiCHECK™-2. miRNA target sequences with surrounding 

sequences from the original mRNA are located in between these overhangs. The 
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cloned original mRNA sequence is about 75 nucleotides long for each construct. These 

DNA fragments were synthetically manufactured as gBlocks (Integrated DNA 

Technologies, Coralville, IOWA, USA).  

If one particular miRNA was able to repress the expression of the luciferase target 

genes, the cloned predicted interaction position was verified by mutating these regions. 

Mutating the predicted binding sequence should have led to a recovery of reporter 

gene expression. Therefore, similar gBlocks with mutations in the seed region of 

predicted binding sequence were designed. Constructs used in this study and their 

mutated counterparts are listed below. Overhangs are indicated in italic letters. 

Predicted interaction area is underlined and seed – region of interaction is indicated in 

bold letters. 

Overhangs with 3’UTR mRNA of MTSS1 with predicted hsa-miR-135a-5p interaction 

position: 

5’ – TGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTCGAGTTTCTTCTGGTAGCT 

TCATGGTAAATGCATCCGAATAAGCCATACTGGATTGCAGTGTTTGTTTCTGTAGGGTGTTTAGCGGC

CGCTGGCCGCAATAAAATATCTTATT – 3’ 

 

 

Overhangs with 3’UTR mRNA of MTSS1 with predicted hsa-miR-135a-5p interaction 

position and mutated seed-binding region: 

5’ – TGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTCGAGTTTCTTCTGGTAGCT 

TCATGGTAAATGCATCCGAATGGTAAGCGCTGGATTGCAGTGTTTGTTTCTGTAGGGTGTTTAGCGGC

CGCTGGCCGCAATAAAATATCTTATT – 3’ 

 

 

Overhangs with 3’UTR mRNA of BTRC with predicted hsa-miR-503-5p interaction 

position: 

5’ – TGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTCGAGAGTCGGCCCAGGACGG 

TCTACTCAGCACAACTGACTGCTTCAGTGCTGCTATCAGAAGATGTCTTCTATCTTTTGTGAATGATT

GCGGCCGCTGGCCGCAATAAAATATCTTATT – 3’ 
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Overhangs with 3’UTR mRNA of BTRC with predicted hsa-miR-503-5p interaction 

position and mutated seed-binding region: 

5’ – TGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTCGAGAGTCGGCCCAGGACGG 

TCTACTCAGCACAACTGACTGCTTCAGTTACTACGTCAGAAGATGTCTTCTATCTTTTGTGAATGATT

GCGGCCGCTGGCCGCAATAAAATATCTTATT – 3’ 

 

Overhangs with 3’UTR mRNA of PTCH1 with predicted hsa-miR-141-3p interaction 

position: 

5’ – TGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCTCGAGTGTAAATTACAGCAA 

GGAAAGAAAATGTTTAACAGTGTTAAGAGAGTCAGAGCAGAGTGGATATGCGGCCGCTGGCCGCAATA

AAATATCTTATT – 3’ 

 

Gibson cloning 

As mentioned above, reporter plasmids were cloned by Gibson assembly® using 

NEBuilder HiFi DNA assembly master mix (New England Biolabs, Ipswich, MA, USA). 

Cloning was performed according manufacturer’s protocol with a vector to insert ratio 

of 1:2. 

After cloning, plasmids were transformed in NEB® 5-aplha competent E. coli (New 

England Biolabs, Ipswich, MA, USA) for amplification. Transformed bacteria were 

plated out on LB-agar-plates containing ampicillin [1µg/ml] for selection and incubated 

over night at 37°C.  
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Figure 3: Example of PsiCheck-2 expression vector with integrated 3‘UTR of MTSS1 for 

investigation of has-miR-135a-5p interaction. PsiCheck-2 vectors and mimics were transfected into 

HEK293 cells for 48h. miRNA interaction sequences of potential target genes were cloned in 3’UTR of 

Renilla luciferase for reporter repression under co-transfected conditions (reporter plasmid plus miRNA). 

Plasmid map was generated using Serial Cloner v.2.6.1 (http://serialbasics.free.fr/Home/Home.html) 

 

Plasmid verification and preparation 

For verifying plasmid construction, colonies were picked from LB-agar-plates 

containing ampicillin. 5 ml LB – medium containing ampicillin [1 µg/ml] were inoculated 

with single colonies and incubated over night at 37°C and 180 RPM (rounds per 

minute). Before plasmid isolation, an aliquot of 500 µl cell suspension was mixed with 

500 µl of 50% glycerol and frozen at -80°C for long time storage.  

Overnight culture was centrifuged at 3000 xg for 10 minutes, and plasmids were 

isolated using PeqGOLD® Plasmid Miniprep Kit II (VWR, Radnor, USA) according to 

manufacturer’s protocol. Isolated DNA was analyzed by sequencing. 15 µl of 

recombinant plasmid-DNA with a concentration of 50 to 100 ng/µl were send to 

sequencing (Eurofins Genomics Germany GmbH, TubeSeq service, Ebersberg, 

Germany) with 15 µl Gli_2_mut_total_FWD primer 5’ – 

TGGAGCGCGTGCTGAAGAAC – 3’, 61°C melting temperature, [10 nmol/µl]. 
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Luciferase assay 

Luciferase assay was performed in HEK293, due to their high transfection rate. 0.5 

µg/ml of psiCHECK™-2 with cloned target interaction sequences in the 3’UTR of the 

reporter gene were transfected together with 5 to 20 nM of mimics for 48h. In this 

experimental approach, medium was not changed 24h after transfection. Luciferase 

assay was performed using Dual-Luciferase® Reporter Assay System (DLR™ Assay 

System, Promega, Madison, Wisconsin, USA). All solutions were prepared according 

to manufacturer’s protocol. All steps were performed according to manufacturer’s 

protocol except for cell lysis. Volume of PBL lysis buffer was adapted to 25 µl/well and 

the cell lysate was frozen at -80°C for improved cell disruption. Lysate was then thawed 

on ice and transferred to white 96-well plates for detection 

Luminescence of firefly luciferase was measured at 600 ± 30 nm for normalization 

purposes. Then signal was quenched and luminescence of Renilla luciferase was 

measured at 450 ± 15 nm for detecting miRNA interaction due to repression of 

expression. Luminescence was measured with CLARIOstar microplate reader (BMG 

LABTECH GmbH, Ortenberg, Germany) 36 times over a period of 25.96 seconds. The 

top five highest signals were averaged for final evaluation.  

Statistical analysis 

Data were checked for significances in differences with GraphPad Prism 7 using 

Dunnett’s Multiple Comparison tests. For analysis, treated groups were compared to 

appropriate controls. Number of biological replicates are noted in caption of single 

figure. Number of asterisks indicate p-values smaller than 0.05, considered as 

significant. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Results  

miR-503-5p, miR-135a-5p, miR-141-3p and miR-664a-3p showed the most 

promising actual interaction with a hedgehog–signaling gene after in silico 

target-prediction analysis 

Based on the findings of previous work of our group on miRNA expression, 45 

deregulated miRNAs of A549, with an minimum of 2.8 times fold-difference, were 

analyzed in silico with the help of three online prediction tools, regarding to possible 

interactions with 38 of the most relevant hedgehog pathway genes. For in silico 

analyses, TargetScan 7.2, DIANAmicroT CDS and MirWalk2.0 were chosen, based on 

different foci in their algorithms, predicting miRNA-mRNA interactions.  

 

Figure 4: Quantitative presentation of predicted miRNA-mRNA interactions by TargetScan 

(orange), DIANAmicroT CDS (green) and MirWalk (blue). Numbers in different areas indicate positive 

hits in one, two or three target-prediction tools. 
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Thereby overlapping hits can be claimed as more representative, if a wider spectrum 

of target-prediction approaches is used.   

Based on the quantity of hits, MirWalk (327) showed the least strict terms for possible 

interactions while TargetScan’s (100) and DIANAmicroT CDS’s (107) algorithms 

predicted almost the same number of interactions for the set. DIANAmicroT and 

MirWalk share the most positive hits (69) indicating greater similarities in their 

algorithms compared to overlapping hits with TargetScan. 16 miRNA-mRNA 

interactions were predicted in all three tools and, therefore, assumed as most likely 

possible (Figure 4). 

 

Figure 5: Final scores of miRNA-mRNA interactions after detailed analysis of the target-

prediction tools parameter. 45 points were assigned by TargetScan and DIANAmicroT CDS 

respectively, while 15 points were assigned by MirWalk. 

Detailed analysis of the tool’s parameter scores for each interaction revealed five pairs 

with exact or more than “10” points (Figure 5) (see chapter “miRNA screening and in 

silico target-prediction analysis”). For TargetScan and DIANAmicroT CDS, three 

parameters were chosen to be considered for evaluation, while MirWalk contributed 

one score to overall ranking procedure (Suppl. Figure 1). miR-503-5p/-135a-5p/-141-

3p/-664a-3p showed the most promising interactions with βTRC/MTSS1/PTCH1 as 

well as FOXA2/GLI2, respectively.  
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Among the top five ranked interactions, only miR-135a-5p/MTSS1 could show scorings 

in all three target-prediction tools, while points of the remaining four assembled from 

two tools. Based on those criteria, these top five predicted pairs qualified for further in 

vitro analyses. 

For getting a deeper insight in the process of investigating deregulated miRNAs, and 

the fact that  miR-503-5p, miR-135a-5p, miR-141-3p and miR-644a-3p are all down-

regulated, four additional miRNAs with an upregulated status in A549 cells compared 

to bronchial epithelial cells were included for in vitro studies. These upregulated 

miRNAs were not chosen based on the exact selection procedure described above, 

but rather on studied literature in combination with sonic hedgehog target gene 

prediction results.  

miR-589-3p and miR-27b-5p showed the most hits of potentially regulating sonic 

hedgehog genes, while miR-15b-3p was selected because of its upregulated status 

confirmed also in vivo in lung tissue by a different group (Wang et al., 2017). 

Additionally, miR-196a-5p were picked, due to its highest upregulated status in A549 

compared to bronchial epithelial cells. 

 

Except for miR-664a-3p, the deregulation status of all selected miRNAs can be 

verified in A549 lung cancer cell line 

To clarify starting conditions for further experiments, deregulation status of selected 

miRNAs was verified by RT-qPCR. For miRNAs claimed as downregulated in previous 

panel-based screening, miR-141-3p/-135a-5p/-503-5p could be verified in a directed 

RT-qPCR approach, while miR-664a-3p did not show any differences in its 

expressional status in A549 compared to bronchial epithelial cells, and was therefore 

removed from further analyses (Figure 6 (A)).  

Regulation status of additionally selected upregulated miRNAs were also tested in a 

directed RT-qPCR approach. miR-589-3p/-15b-3p/-27b-5p/-196a-5p expression 

status was upregulated in A549 cells compared to bronchial epithelial cells (Figure 6 

(B)).  
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Expression of downregulated miR-141-3p, miR-135a-5p and miR-503-5p can be 

complemented by transfecting A549 cells with mimics 

For investigating the phenotypic effect of underrepresented miRNAs in A549 cells, 

synthetical miRNAs, called miRNA-mimics, were used to complement their 

expressional level in vitro. miRNA expression levels should not be overrepresented, 

nor too low after transfection with miRNA-mimics. For ideal experimental conditions, 

the amount of transfected mimics should compensate missing miRNAs back to levels 

in bronchial epihelial cells.  

A 

B 

Figure 6:  Expression levels of 

selected miRNAs in A549 

compared to bronchial 

epithelial cells. Deregulation 

status is presented as ΔΔCt 

value, which was calculated by 

a two-step normalizing process. 

First, detection cycles of 

miRNAs were normalized to 

miR-92a-3p, a household-

miRNA, by subtraction. Next, 

normalized cycle numbers for 

desired miRNAs of A549 were 

subtracted from the cycle 

number of the same miRNAs in 

bronchial epithelial cells, 

resulting in ΔΔCt values. (A) 

Regulation status of selected 

downregulated miRNAs, miR-

141-3p/-135a-5p/-503-5p/-664-

3p. (B) Regulation status of the 

additionally selected 

upregulated miRNAs, hsa-miR-

589-3p/-15b-3p/-27b-5p/-196a-

5p. 
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For evaluating the amount of miRNA-mimics needed for appropriate compensation, 

mimic transfection was quantified by RT-qPCR. Also, transfection efficiency was 

checked by detecting DY544 labeld control-mimic via fluorescence microscopy. 

All tested concentrations of transfected miRNA-mimics led to elevated levels of 

investigating miRNAs to all three time points (Figure 7). As expected, the amount of 

miRNA shrinks over time, due to their degradation during biological activity in the cells. 

Also, cell division leads to thinning out of miRNA-mimics over time. The same 

phenomena could have been observed with the help of fluorescence dye (DY544) 

labeled control-mimic based on fluorescence microscopy (Figure 8). 

Figure 7: miRNA expression levels of mimic transfected A549 cells compared to appropriate 

controls. Three different mimic concentrations as well as three different time points were 

investigated after transfection. Expression status is shown in ΔΔCt values. (A) hsa-miR-141-3p 

levels after mimic transfection. (B) hsa-miR-135a-5p levels after mimic transfection. (C) hsa-miR-

503-5p levels after mimic transfection. 

 

A B 

C 
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Figure 8: Testing transfection efficiency by detection of control-mimics tagged with 

DY544 in A549 cells via fluorescence microscopy. A549 cells were transfected with three 

different concentrations of control-mimic and observed 24 h and 48 h after transfection. Nulcei 

of cells transfected with 20 nM of control-mimic were additionally stained with Hoechst 33342. 

24 h

h 

 24h 

48 h 

5 nM 

20 nM 

50 nM 
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After 24 h, transfecting cells with 5 nM of miRNA-mimics induced an increase in 

miRNAs expression of ~416 (2ΔΔCt of miR-503-5p) to ~8335 (2ΔΔCt of miR-141-3p) times 

compared to control-mimic transfected cells. With an expression difference of -308 

times in A549 compared to bronchial epithelial cells, miR-141-3p is the most 

downregulated miRNA of all selected ones and could already be complemented by a 

mimic transfection concentration of 5 nM. Due to this fact, we decided to use 5 nM of 

mimics for all variants. Figure 9 shows concentration of elected miRNAs after 

transfecting A549 cells with 5 nM of mimics as a function of time.  

 

 

 

As mentioned above, the amount of mimics in transfected cells decreases over time. 

Although different mimics share the same starting concentration for transfection, their 

depletion course differ from each other. miR-141-3p mimics show decreasing activity 

at 48 h, but from that point on their concentration remains unaltered until the 72 h time 

point. miR-135a-5p and miR-503-5p mimics share almost the same pattern of 

depletion over time but show differences in overall amounts of detectable mimics 

among all time points (Figure 9).  

Figure 9: Validation of miRNA expression after complementation with miRNA-mimics. A549 

cells were transfected with 5 nM of miRNA mimics and miRNA levels were measured by RT-qPCR 

after 24 h, 48 h and 72 h after transfection. Expression status is shown in ΔΔCt values. n = 3 for all 

samples. 
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Expression level compensation of downregulated miRNAs does not influence 

the A549 cell growth 

Alamar Assay based analysis of proliferation of A549 cells after transfected with 5 nM 

mimics for 24 h, showed no significant differences compared to the control group for 

all investigated miRNAs (Figure 10).  

 

 

 

 

 

 

Similar results were observed by analyzing the tumorigenic ability of A549 cells after 

transfection with 5 nM miRNA-mimics for 24 h (Figure 11) and 48 h (Figure 12). 

Neither in the count of cells, which were able to form colonies on their own, nor their 

colony size were affected by complementing downregulated miRNAs, compared to the 

control group.  

After re-plating 300 cells 48 h upon transfection with miR-141-3p, slight differences in 

colony formation can be observed. These cells tended to form bigger colonies, but data 

were not confirmed as significant due to large standard deviation.  

 

Figure 10: Proliferation/metabolic activity of mimic-transfected A549 cells measured by 

Alamar assay at three different time points. For measuring the cells proliferation rate/metabolic 

activity, pre-mixed Alamar reagent mix were added to cells in complete media and incubated for two 

hours at 37°C. Effects of 5 nM mimics were measured 24 h, 48 h and 72 h after transfection. All data 

were normalized to the control group at every time point. n = 3 for all samples. 
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While investigating the cells proliferation rate and the ability to form colonies did not 

show any differences, testing the metastatic ability of miRNA-mimic-transfected cells 

showed significant differences for miR-141-3p at one time point. 24 h after performing 

a scratch on the cell monolayer, cells transfected with miR-141-3p-mimics showed 

significantly faster closure of the gap, compared to control cells. The same tendency 

can be recognized after 18 h of scratching but were not considered as significant 

(Figure 13). 

A B 

C 

Figure 11: Investigation of A549 tumorigenic ability after transfection with 5 nM of miRNA-

mimics for 24 h. 300 transfected cells were transferred on a fresh plate and incubated under 

standard conditions for 8 days. Cells were fixed, stained with crystal violet, and colonies were 

counted. (A) absolute colony count, (B) colony covered area of a 6-well plate, (C) shows colony-size 

(covered area – colony count) relative to the control group. n = 3 for all samples. 
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C 

Figure 12: Investigation of A549 tumorigenic ability after transfection with 5 nM miRNA-

mimics for 48 h. 300 transfected cells were transferred on a fresh plate and incubated under 

standard conditions for 8 days. Cells were fixed, stained with crystal violet, and colonies were 

counted. (A) absolute colony count, (B) colony covered area of a 6-well plate, (C) colony-size 

(covered area – colony count) relative to the control group. n = 3 for all samples. 
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miR-503-5p-mimic transfection leads to lower βTRC expression in A549 cells 

Due to the fact that miRNAs regulate gene expression in a post-transcriptional manner, 

the mRNA of potential target genes were measured after transfection. Cells were 

transfected with 5 nM of miRNA-mimics for 24 h and RNA was harvested 24 h, 48 h 

and 72 h after transfection. FOXA2 and MTSS1 did not show any significant differences 

in changes of their mRNA at any of the three time points (Figure 14 (A) – (C)). PTCH1 

mRNA levels after miR-141-3p-mimic treatment showed differences after 48 h but were 

considered as significant due to too small sample number. 

Transfection with 5 nM of miR-503-5p-mimics showed a deregulating effect on βTRC 

mRNA, 24 h and 48 h after treatment. The level of mRNA was reduced to 50% at both 

time points. The signal recovers after 72 h of treatment nearly back to the amount of 

βTRC mRNA level in the control group. (Figure 14 (D)).  

 

* 

Figure 13: Metastatic ability of A549 cells transfected with 5 nM mimics for 24 h. Cells were 

cultured and transfected with 5 nM of mimics in 12-well plates. Once the cells reached a confluency 

of 85-95%, an artificial gap were generated by performing a straight scratch on the cell monolayer. 

At different time points, the cells ability of migration as well as their growth rate was observed by 

measuring the width of the gap. All data were normalized to the 0 h time point measurements of 

each construct. n = 3 for all samples.  
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All results from measuring mRNA levels of target genes can be directly connected with 

results from verifying miRNA complementation via 5 nM miRNA-mimic transfection 

(Figure G), since mRNA/miRNA levels were detected from the same samples.  

Furthermore, the effect of cell transfection with miR-135a-5p and miR-503-5p mimics 

on target genes on protein level were analyzed by western blotting.  

MTSS1 was not downregulated on protein level after any time period of transfection 

with 20 nM miRNA-mimics (Figure 15 (A)). Protein expression levels of miR-503-5p-

mimic transfected cells showed the same patterns as recognized on mRNA-level 

before. It seems that for 24 h and 48 h, βTRC is downregulated due to transfection 

with miRNA-mimics. After 72 h, no differences compared to the control-mimic 

transfected cells can be detected anymore. It appears that miR-503-5p-mimic has the 

most impact on protein level of βTRC after 48 h of transfection. This also can be 

misleading due to slightly unequal amount of protein loaded on the gel, if β-Actin 

references are compared.  

 

** ** 

D 

Figure 14: mRNA expression level of target genes after transfection of A549 cells with 

miRNA-mimics. RNA of miRNA-mimic-transfected cells was harvested at three different time points 

(24 h, 48 h and 72h). Transcriptional status of miRNA related target genes was evaluated by RT-

qPCR. (A) and (B) mRNA level of FOXA2 and PTCH1 respectively, after transfection with 5 nM of 

miR-141-3p-mimic. (C) MTSS1 transcriptional level after transfection with 5 nM of miR-135a-5p-

mimic. (D) βTRC transcriptional level after transfection with 5 nM of miR-503-5p-mimic. n =3 for all 

samples. 
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miR-135a-5p inhibits gene expression through binding on predicted target side 

To examine direct interaction between miRNAs and their predicted target genes, 

luciferase assays were performed. For this purpose, the predicted seed sequence of 

miRNA – mRNA interaction was cloned in the 3’UTR of the Renilla reporter gene. If 

there is a real interaction with this cloned sequence, expression of Renilla will be post-

transcriptionally repressed in the presence of the associated miRNA.  

A 

B 

Figure 15: Protein expression analysis of target genes by western blotting after A549 

transfection with miRNA-mimics. (A) A549 cells were transfected with 20 nM of miR-135a-5p-

mimics for three different time points. β-Actin served as loading control for all samples. (B) Cells were 

transfected with 20 nM of miR-503-5p-mimic for three different time points. β-Actin served as loading 

control for all samples.  
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miR-135a-5p-mimic transfection could repress Renilla gene expression by 40% 

compared to the control group. This hints to a true interaction between miR-135a-5p 

and the cloned 3’UTR seed -region of MTSS1. Moreover, “MTSS1 MUT + miR-135a-

5p” confirms the interaction at this particular site by recovering the signal almost back 

to the level of the control group (Figure 16). On the other hand, miR-503-5p-mimics 

could not reduce expression levels of Renilla in a significant way. Although a 

repression of 25% can be detected, the number of experiments was too little too low 

for significance differences. Again, mutating predicted interaction position recovers the 

signal back to the control groups activity (Figure 17).  

Experiments were also performed with different amounts of miRNA-mimics, but the 

same amount of plasmid. 5 nM and 10 nM of MIMICs transfected into HEK293 showed 

less repression of the reporter gene for “MTSS1 WT + miR-135a-5p” and “βTRC WT 

+ miR-503-5p” constructs (data not shown). All other combinations acted with no 

differences when used less mimics. This mimic - concentration depended behavior of 

reporter gene expression indicates further assumptions that the effect originates from 

transfected miRNA-mimics.  
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Figure 16: Dual luciferase interaction assay of miR-135a-5p and 3’UTR of MTSS1. (A) DNA 

sequences with wild-type and mutated predicted interaction position (indicated in bold letters) used 

in luciferase assay. Exact mRNA/miRNA interaction is indicated with dashes.  (B) Relative luciferase 

activity was measured 48 h after transfection in HEK293. Cells were transfected with 0.5 µg/ml of 

dual luciferase reporter plasmid and 20 nM of miR-135a-5p-mimic. Luciferase activity was 

normalized two times for comparison. Firstly, treatment altered expression of the reporter-gene 

Renilla is normalized to firefly, an independent expression/transfection control on the same plasmid. 

Thus, “WT” and “MUT” are not quite the same plasmids and therefore their expressional ability 

cannot compared directly, all data were normalized to the base expression of the target gene to its 

corresponding plasmid as a second normalization step. “WT” indicates wild-type seed region of 

miRNA/mRNA interaction, “MUT” indicates mutated seed region and “mK” stands for control-mimic. 

n = 3 for all samples. 

A 

B 
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Figure 17: Dual luciferase interaction assay of miR-503-5p and 3’UTR of βTRC. (A) DNA 

sequences with wild-type and mutated predicted interaction position (indicated in bold letters) used 

in luciferase assay. Exact mRNA/miRNA interaction is indicated with dashes.  (B) Relative luciferase 

activity was measured 48 h after transfection in HEK293. Cells were transfected with 0.5 µg/ml of 

dual luciferase reporter plasmid and 20 nM of miR-503-5p-mimic. Luciferase activity was normalized 

two times for comparison. Firstly, treatment altered expression of the reporter-gene Renilla is 

normalized to firefly, an independent expression/transfection control on the same plasmid. Thus, 

“WT” and “MUT” are not quite the same plasmids and therefore their expressional ability cannot 

compared directly, all data were normalized to the base expression of the target gene to its 

corresponding plasmid as a second normalization step. “WT” indicates wild-type seed region of 

miRNA/mRNA interaction, “MUT” indicates mutated seed region and “mK” stands for control-mimic. 

n = 3 for all samples. 

A 

B 



  

59 
 

Inhibitors for miR-27b-5p, miR-15b-3p and miR-196a-5p could repress 

overexpression of corresponding miRNAs in A549 cells 

To investigate if the overexpression of certain miRNAs in A549 contribute to their 

cancerous ability, cells were transfected with specific miRNA-hairpin-inhibitors. To 

determine what amount of inhibitor is necessary for efficient miRNA inhibition, A549 

cells were transfected with 10 nM and 30 nM for three different time points. 

 

 

 

 

Figure 18: Validation of inhibition of upregulated miRNAs in A549 cells after transfecting with 

certain miRNA-hairpin-inhibitor. Two different inhibitor concentrations as well as three different 

time points were analyzed after transfection. Expression status is shown in ΔΔCt values. (A) miR-

589-3p levels after mimic transfection. (B) miR-27b-5p levels after mimic transfection. (C) miR-15b-

3p levels after mimic transfection. (D) miR-196a-5p levels after inhibitor transfection. 

A B 

D C 
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Different outcomes of inhibitor transfection can be observed for different miRNAs. miR-

589-3p could not be repressed at any time point, but rather were more expressed after 

transfection. Inhibitors of miR-27b-5p could counteract overexpression in an expected 

way. Transfection with 30 nM of inhibitors led to a greater depletion than with 10 nM. 

Repressive ability of inhibitors subsides from time to time, which could also be 

observed upon cell transfecting with mimics.  Inhibitors of miR-15b-3p and miR-196a-

5p were also able to lower the expression of these miRNAs in A549 at all analyzed 

time point but showed rather unexpected ways of repression. Especially transfection 

of miR-196a-5p-inhibitor increased its effects on the corresponding miRNA over time, 

when compared to miR-27-5p expression course after inhibition (Figure 18).  

Since miR-589-3p could not be repressed after cell transfection with miRNA-inhibitor, 

it was not considered for further investigation. Thus, miR-27b-5p, miR-15b-3p and miR-

196a-5p were considered for further analyzing. We also decided that all follow-up 

experiments should be performed with 30 nM of miRNA-inhibitors. 

   

Inhibition of miR-15b-3p and miR--196a-5p leads to overall suppression of A549 

tumorigenic abilities 

After optimization of the experimental conditions, cells were investigated regarding 

their proliferation, metastatic and tumorigenic abilities. Overall, inhibiting miR-15b-3p 

and miR-196a-5p in A549 cells implied poorer performance in all tests compared to 

the control group. Inhibition of miR-27b-5p on the other hand, showed boosting the 

cells cancerogenic abilities. 

Especially proliferation was enhanced after treatment with 30 nM of miR-27b-5p 

inhibitors by up to 100%. Inhibition of miR-15b-3p led to a significantly lower 

proliferation rate after 72 h. In general, changes in cell proliferation as a consequence 

of transfection with miRNA-inhibitors can only be seen after 48 h. Theses alterations 

gets more drastic over time as it can be seen for 72 h (Figure 19).  

Similar effects can be observed when performing motility assays. After 24 hours after 

scratching the transfected cell monolayer, differences in extents of occupying the free 

space can be observed in the same manner as seen in the proliferation assays. 

Inhibition of miR-27b-5p leads to faster closing of the gap, while cells with inhibited 

miR-15b-3p and miR-196a-5p need more time for sealing (Figure 20).   
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and hsa-miR-196a-5p in A549 cells implied poorer performance in all tests compared 

to the control group. Inhibition of miR-27b-5p on the other hand, showed boosting the 

cells cancerogenic abilities. 

Especially proliferation was enhanced after treatment with 30 nM of miR-27b-5p 

inhibitors by up to 100%. Inhibition of miR-15b-3p led to a significant lower proliferation 

rate after 72 h. In general, changes as a consequence of transfection can only be seen 

after 48 h. Theses alterations gets more drastic over time as it can be seen for 72 h 

(Figure 19). The same effect can be observed when performing motility assays. After 

24 h of scratching the transfected cells monolayer, differences in extents of occupying 

the free space can be observed in the same manner as seen before. Inhibiting miR-

27b-5p leads to faster closing of the gap, while cells with inhibited miR-15b-3p and 

miR-196a-5p need more time for sealing (Figure 20).   

** 

* 

Figure 19: Proliferation/metabolic activity of A549 cells transfected with miRNA-inhibitors as 

measured by Alamar assay. For measuring the cells proliferation rate/metabolic activity, pre-mixed 

alamarBlue™ reagent mix were added to cells in complete media and incubated for two hours at 

37°C. Then, by the cells converted substrate can be measured at a certain wavelength. Effects of 

30 nM miRNA-hairpin-inhibitors were measured 24h, 48h and 72h after transfection. Values are 

shown in relative light units (RLU). n = 3 for all samples.  
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A549 cells show stronger activation of apoptosis after inhibiting miR-15b-3p and 

hsa-miR-196a-5p 

Due to observations of dead cells upon transfection with miR-15b-3p and miR-196a-

5p inhibitors, we decided to analyze their apoptotic status. For the sake of 

completeness, cells transfected with miR-27b-5p inhibitors were also analyzed. Cells 

transfected with miR-15b-3p as well as hsa-miR-196a-5p inhibitors did show higher 

signals for caspase 3 and 7 activities. Inhibiting miR-27b-5p led to lower activities of 

caspases, indicating a decrease of activation of apoptosis.  

Although differences in apoptosis can be detected for all samples, they are relatively 

low – speaking of differences of about 1% in general, compared to the control (Figure 

21).  

Apoptosis could not have been measured for the 72 h time point due to experimental 

difficulties regarding cell density used in this approach. Due to lack of time, only one 

experiment was performed, which was not enough to fully represent the apoptotic 

status of A549 cells after transfection with miRNA-inhibitors in any significant way.  

* 
* 

* 

Figure 20: Metastatic ability of A549 cells after transfection with 30 nM miRNA-inhibitors. 

Cells were cultured and transfected with 30 nM of miRNA-inhibitors                                                                                                                                                                                                                                                                                       

in 12-well plates for 24 h. Once the cells reached a confluence of 85-95%, an artificial gap were 

generated by performing a straight scratch on the cell monolayer. At indicated time points, the cells 

ability of migration as well as their growth rate was analyzed by measuring the width of the gap. Data 

for each construct were normalized to measurements at 0 h time point. n = 3 for all samples. 
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Figure 21: Caspase 3/7 activity at 24 h and 48 h after transfection with 30 nM miRNA-hairpin-

inhibitors. A549 cells were transfected with 30 nM of inhibitors for 24 h and harvested at two 

different time points for analyzing their apoptotic status. Thus, the activities of caspase 3 and 

caspase 7 was measured by FACS. 10 000 events per construct were analyzed. n = 1 for all 

samples. 
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Discussion 

Lung cancer is the most frequently diagnosed of all cancer types combined for both 

sexes. Therefore, fighting lung cancer is of particular interest for society. Especially in 

terms of cancer, methods of treatment rose to the next level over the last years. In this 

process personalized medicine bears big potential to elevate the chances of curing 

diseases. Modern genomic approaches open the door for further analyses individual 

tumors by sequencing their DNA, or detecting so called biomarkers, which define the 

tumors character in more detail. The, miRNAs discovered in 1980 not only act as such 

biomarkers but can, to certain extent, also be the cause of cancer cell malignancy. The 

use of miRNAs in diagnostic approaches opens up new opportunities for cancer 

treatment in general.   

In the last two decades, the sonic hedgehog pathway (SHH) became prominent in 

cancer research as a driver pathway of cancer stem cells. Because relatively little is 

known about the SHH-pathway’s regulation by miRNAs, we wanted to investigate if 

some miRNAs deregulated in the A549 cancer cell line can be connected to the most 

important sonic hedgehog pathway genes. 

We used three different miRNA-mRNA in silico prediction tools to investigate, if a set 

of previously found deregulated miRNAs can be connected to the SHH pathway. 

Analysis of the top deregulated miRNAs with these web-based bioinformatic tools 

predicted that miR-141-3p regulates FOXA2 and PTCH1, miR-135a-5p regulates 

MTSS1, and miR-503-5p regulates βTRC.  

A549 cells showed no significant phenotypic differences after complementing the 

expression of these downregulated miRNAs by transfecting cells with miRNA-mimics. 

That contradicts published results from other groups, who are working with the same 

miRNAs in A549 cells, though different miRNA-mimics concentrations were used. 

In 2019, Li et al. showed that transfection of A549 cells with miR-141-3p-mimics could 

reduce cell proliferation, cell migration/invasion and the ability to form colonies. Due to 

the fact that miR-141-3p was also downregulated in their A549 cells and observing 

strong effects after mimic transfection, they concluded that miR-141-3p functions as a 

tumor suppressor in lung cancer cell lines (Li et al., 2019). The same effects showed 

Wei et al., after complementing the downregulated status of miR-503-5p in A549 (Wei 
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et al., 2019). It was also reported that transfection of A549 cells with miR-135a-5p-

mimics led to reduced cancerous abilities (Zhou et al., 2017). 

These results might suggest that we were not able to perform A549 cell transfection 

with mimics in an appropriate way. Although miRNA abundance after mimic 

transfection were verified by RT-qPCR and fluorescence microscopy, we cannot be 

sure that all of these detected miRNAs are located on the inside of the cell, nor that all 

are actually functional.   

Since miRNA-mimics are affordable and fast solutions to investigate the role of 

particular miRNAs in different cell lines, they are frequently used in the last decade. 

Thereby, one problem can be observed throughout the field. Researchers use different 

amounts of mimics for their studies, commonly ranging from 25 nM to 100 nM. 

Considering our results in this study, transfecting A549 cells with 20 nM of specific 

miRNA- mimic led in average to a 1000-fold expression increase of particular miRNA. 

These amounts of transfected mimic are very high and probably cannot be set in a 

physiological context anymore. In 2015, Jin et al. investigated the effects of cell-

transfection with different amounts of mimics commonly used and described 

throughout the literature, on cell survival and target specificity (Jin et al., 2015). They 

could show that cell growth is significantly retarded after transfecting cells upon 5 nM 

of cel-miR-67, a miRNA which can only be found in C. elegans and often used as a 

negative control in miRNA studies. They could also show that 100 nM of cel-miR-67 is 

able to repress the same targets on protein level as a mix of 100 nM of specific hsa-

miR-15~92. This leads to the statement that high concentrations of miRNA-mimics can 

produce off-target effects, leading to false-positive results regarding phenotypical and 

molecular changes. This important work by Jin et al. questions all research on miRNAs, 

where mimics were used.  

To overcome these concerns regarding transfection efficiency and unspecific effects, 

miRNAs should be expressed via plasmid-based transfection of the cells. Doubts about 

the proper cell transfection can be dismissed by detecting an increase of the 

expression level of specific miRNA via RT-qPCR, considering, that only inside the cell, 

miRNAs can be expressed from the plasmid. In addition, endogenous promotors 

decrease the chances for overloading the cell with miRNAs of one kind and therefore 

minimizes the possibility to observe unspecific effects. 
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Although transfecting A549 cells with 5 nM of miRNA-mimics did not show any 

phenotypical effects, it cannot be excluded that the predicted interactions are false. 

miR-503-5p-mimic could repress mRNA level of βTRC down to 50% after 24 h and 48 

h. Immunoblots after cell transfection with 20 nM of miR-503-5p-mimic showed 

decreased expression of βTRC. These results indicate a true interaction of miR-503-

5p with βTRC mRNA. A luciferase assay could not fully confirm this assumption, as 20 

nM of miR-503-5p-mimics did not significantly decrease the expression of Renilla. 

Transfecting A549 cells with miR-135a-5p-mimics showed exactly the inverse results. 

miR-135a-5p-mimics could neither reduce mRNA level nor protein level of MTSS1, but 

on the other hand was able to inhibit the expression of Renilla in a much greater extent.  

Despite the fact that the results of the luciferase assay for miR-503-5p/βTRC was not 

significant, miR-503-5p-mimics somehow affect βTRC expression. As mentioned 

before, 3’UTRs can often form secondary structures and therefore expose or mask 

potential miRNA-binding-sites. This is not considered into the experimental design of 

these luciferase assays, because not the whole 3’UTR of the target gene was cloned, 

but rather a sequence containing seed area. Therefore, this does not fully reflect the 

repressive extent of each miRNA in situ in this experimental approach. This could also 

explain our results concerning the interaction of miR-135a-5p with MTSS1. The 

predicted target sequence of MTSS1 might not be accessible for miR-135a-5p in the 

cell but is exposed for miRNA/mRNA interaction in our luciferase assay approach. 

Nevertheless, miR-503-5p-mimics show inhibition of βTRC on protein level, however, 

whether this inhibition is happening in a direct or indirect way needs to be further 

analyzed.  

The beta-transducin repeat containing protein (βTRC) is a member of the F-box protein 

family which is involved in protein degradation by the proteasome. βTRC is a part of 

the E3 ubiquitin-ligase complex and forms together with the E1 ubiquitin-activating 

enzymes, the E2 ubiquitin-conjugating enzymes and the 26S proteasome the ubiquitin-

proteasome-system. The E3 ubiquitin-ligase complex is responsible for substrate 

recognition. Several proteins are known to be regulated in a βTRC dependent manner, 

including different cell cycle proteins. It has been shown, that βTRC is overexpressed 

in certain cancer cell lines and tumor samples (Koch, 2005; Ougolkov et al., 2004). 

Additionally, the overexpression of βTRC in mice leads to tumor development in certain 

tissues (Belaïdouni et al., 2005).  
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Hence, the question arises, why we could not observe any phenotypical changes after 

cell transfection with miR-503-5p-mimic, which resulted in depletion of βTRC in A549 

cells. This may be due to the fact, that mammals carry a paralog form of βTRC in their 

genome, called FBXW11 (βTRC2). FBXW11 is suggested to be mainly functional 

redundant to βTRC and can, therefore, compensate the loss of its related form. 

Additionally, while βTRC is only known in mammals, FBXW11 is highly conserved and 

can also be found in invertebrates, indicating a more fundamental role of FBXW11 than 

βTRC in general. Howsoever, a recent study questions the redundancy of the paralogs 

to each other, invalidating this explanations  to a certain extant (Cui et al., 2019).  

In contrast to investigation of downregulated miRNAs, lowering the expression status 

of selected upregulated miRNAs by transfecting A549 cells with specific miRNA-

inhibitors, resulted in phenotypical effects for each miRNA. While transfecting cells with 

30 nM of miR-15b-3p- and miR-196a-5p-inhibitors repressed cell growth, transfecting 

A549 cells with the same concentration of miR-27b-5p-inhibitors resulted in an 

increased cell growth.   

Following our hypothesis that deregulated miRNAs lead to cancerous abilities (like 

enhanced growth rate), miR-15b-3p and miR-196a-5p are of great interest. Analyzing 

these miRNAs by searching for overlapping predictions in the top 100 hits of three 

target-prediction tools (DIANAmicroT CDS, MirWalkV3 and TargetScan 7.1) revealed 

interesting targets (data not shown). For example, it is predicted that miR-15b-3p 

targets TOPORS, a E3 ubiquitin ligase/E3 SUMO1-protein ligase, which is known to 

regulate cell growth by interacting with p53 (Lin et al., 2005), one of the most mutated 

proteins in all cancers combined. In addition, miR-15b-3p may regulate COMMD10, 

which is associated with the NF-kappaB pathway, acting as an inhibitor of the pathway 

and potentially as a tumor suppressor (Burstein et al., 2005). 

For miR-196a-5p, among other hits, overlaps occurred for a possible interaction with 

RSPO2. RSPO2 acts as enhancer of the canonical Wnt-pathway by acting as a ligand 

for LGR4, LGR5 and LGR6 and inhibiting ZNRF3, another Wnt regulator (de Lau et al., 

2011; Szenker-Ravi et al., 2018). 

In a general perspective on this study, it has been observed that, in contrast to 

investigating downregulated miRNAs, changing the expression status of upregulated 

miRNAs has a much greater impact on the cells cancerous abilities. Whereas not one 

single downregulated miRNA showed any phenotypical effect when complemented, 
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individual inhibition of upregulated miRNAs resulted in severe alterations of cell growth. 

A precise explanation is still a matter of discussion and speculation. An idea would be, 

that complementing downregulated miRNAs have no effects, because their main 

targets also disappeared during cancer development. Therefore, changes in miRNA 

level would have no point of attack. Due to the small number of downregulated miRNAs 

investigated, this assumption remains speculative.  

In fact, it has been observed that during cancer development, miRNA expression in 

general is downregulated, which will emerge as a common hallmark of cancer over the 

next years (Lin and Gregory, 2015). This was also indicated by our previous results, 

as 27 of 44 (~60%) miRNAs, deregulated in A549 cells compared to bronchial epithelial 

cells, are downregulated. 

In summary, we managed to identify βTRC as a target of miR-503-5p, a significantly 

downregulated miRNA in the lung cancer cell line A549 compared to bronchial 

epithelial cells. This connection has never been shown before. Although, no 

differences in the cells cancerous abilities were identified on phenotypical level after 

transfection with 5 nM of miR-503-5p-mimics, on molecular levels these findings levels 

contribute to better a better understanding of the fine tuning of βTRCs expression 

network in tumor cells. Furthermore, we identified miR-15b-3p and miR-196a-5p as 

potential oncogenic miRNAs, as inhibiting their upregulated expression level led to 

severe growth defects of A549 cells in different experiments. Based on these promising 

results, future work will focus on identifying possible target genes of miR-15b-3p and 

miR-196a-5p, since these miRNAs or their target genes might play a role as possible 

drug targets in personalized medicine for lung cancer patients. 
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Supplementary 

Figure 1: Detailed 

evaluation of all 

miRNAs, which 

possibly interact 

with one or more 

Hedgehog 

pathway genes, 

predicted in 

TargetsScan 7.1, 

DIANAmicroT 

CDS and MirWalk 

2v. Hits in all three 

target-prediction 

tools were further 

analyzed by 

ranking their 

individual scores, 

originally assigned 

by the algorithm of 

the target-

prediction tool. 

Five predicted 

miRNA-mRNA 

pairs with the top 

scores within a 

category were 

rewarded with 

points, indicated at 

the bottom right. 

Each miRNA-

mRNA pairs’ points 

were summed up 

and the top five 

predicted 

interactions were 

picked for further 

characterization.  
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Abbreviations 

 

ALK   Anaplastic lymphoma kinase 

AKT   Protein kinase B 

APS   Ammonium persulfate 

BAD   Bcl2 associated agonist of cell death 

BAX   Bcl-2-associated X protein 

BCA   Bicinchoninc acid 

BCL-2   B-cell lymphoma 2 

BOC   Brother of CDO 

BSA   Bovine serum albumin 

CCR4-NOT  Multisubunit complex, that regulates gene expression 

CDKNA2  Cyclin-dependent kinase Inhibitor 2A 

CDO   Cell adhesion molecule-related 

CKS1B  Cyclin-dependent kinases regulatory subunit 1 

CLIP-seq  cross-linked immune precipitation – sequencing 

COMMD10  COMM domain-containing protein 10 

DPBS   Dulbecco's phosphate-buffered saline 

DCP2   m7GpppN-mRNA hydrolase 

DDX6   Probable ATP-dependent RNA helicase DDX6 

DHH   Desert hedgehog ligand 

DMSO  Dimethylsulfoxid 

DNA   Deoxyribonucleic acid 

DNMT3A  DNA (cytosine-5)-methyltransferase 3A 

DNMT3B  DNA (cytosine-5)-methyltransferase 3B 

DYRK   Dual specificity tyrosine-phosphorylation-regulated kinase 

EIF4A   Eukaryotic initiation factor 4A 

EGF   Epidermal growth factor 

EGFR   Epidermal growth factor receptor 

EML4   Echinoderm microtubule-associated protein like-4 
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E2F3   Transcription factor E2F3 

FBXW11  beta-transducin repeat containing protein 2 

FCS   Fetal calf serum 

FIH   Hypoxia-inducible factor 1-alpha inhibitor 

FOXA2  Hepatocyte nuclear factor 3-beta 

GAS1   Growth arrest-specific protein 1 

GDP   Guanosine diphosphate 

GLI1   Zinc finger protein GLI1 

GLI2   Zinc finger protein GLI2 

GLI3   Zinc finger protein GLI3 

GTP   Guanosine triphosphate 

GSK3β  Glycogen synthase kinase-3 beta   

HER2-4  Human epidermal growth factor receptor 2-4 

HH   Hedgehog ligand 

HHIP   Hedgehog-interaction protein 

IHH   Indian hedgehog ligand 

IKK   I-kappaB Kinase komplex 

I-kappaB Nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor 

ITCH E3 ubiquitin-protein ligase Itchy homolog 

JNK   c-Jun N-terminal kinase 

LRP   Prolow-density lipoprotein receptor-related protein 

LGR4   Leucine-rich repeat-containing G-protein coupled receptor 4 

LGR5   Leucine-rich repeat-containing G-protein coupled receptor 5 

LGR6   Leucine-rich repeat-containing G-protein coupled receptor 6 

MAPK   Mitogen-activated protein kinase 

MDK   Midkine 

MEK   Mitogen-activated protein kinase kinase 

miR/miRNA  micro RNA 

mTOR   Mechanistic target of rapamycin 

mTORC1  mTOR Complex 1 
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MTSS1  Missing in metastasis 1 

NF-kappaB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NRG4   Pro-neuregulin-4 

NSCLC  Non-small cell lung cancer 

NUMB   Protein numb homolog 

PABP   Polyadenylate-binding protein 1 

PAN2   PAN2-PAN3 deadenylation complex catalytic subunit PAN2 

PAN3   PAN2-PAN3 deadenylation complex subunit PAN3 

PI3K   Phosphoinositol-3-Kinase-AKT 

PLCγ   Phospholipase Cγ 

PPARγ  Peroxisome proliferator-activated receptor γ 

PIP2   Phosphatidylinositol 4,5-bisphosphate 

PIP3   Phosphatidylinositol 3,4,5-trisphosphate 

PTCH   Protein patched homolog 

PTEN   Phosphatase and tensin homolog 

PTN   Pleiotrophin 

p120-GAP  GTPase activating protein p120 

p190-B  GTPase activating protein p190-B 

RAC   RAS-related C3 botulinum toxin substrate 1 

RAF   Rapidly accelerated fibrosarcoma  

RAS   Rat sarcoma 

RNA   Ribonucleic acid 

RSPO2  R-spondin-2 

RTK   Receptor tyrosine kinase 

SCLC   Small cell lung carcinoma 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SHH   Sonic hedgehog ligand 

SMO   Smoothened homolog 

STAT   Signal transducer and activators of transcription 

SUFU   Suppressor of fused homolog 

TEMED  Tetramethylethylenediamine 
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TP53   Tumor protein p53 

TOPORS  E3 ubiquitin-protein ligase Topors 

UTR   Untranslated region 

VEGFA  Vascular endothelial growth factor A 

WHO   World health organization 

XRN1   5'-3' exoribonuclease 1 

ZEB1   Zinc finger E-box-binding homeobox 1 

ZNRF3  E3 ubiquitin-protein ligase ZNRF3 

 

βTRC   β-transducing repeat-containing protein 

4E-T   Eukaryotic translation initiation factor 4E transporter 


