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Abstract 

Recent developments in mRNA vaccines have opened up new therapeutic opportunities for 

diseases that remain a global health concern. One of these is neuroblastoma, the most common 

solid cancer in childhood, with numerous high-risk cases every year. Neuroblastoma-associated 

transcript 1 (NBAT1) is a long noncoding RNA associated with tumour suppressor functions, and 

its low expression correlates with higher pathological grade. This study aimed to optimise a 

procedure for synthesising NBAT1 long non-coding RNA and further investigate if exogenous 

delivery would restore tumour suppressor function in the neuroblastoma cell line SH-SY5Y. 

NBAT1 and p53 upregulated modulator of apoptosis (PUMA) expression was profiled by real-time 

qPCR in SH-SY5Y and BE(2)-C cell lines. NBAT1 and PUMA sequences were cloned into an mRNA 

expression vector using cloning based on restriction enzymes, with insert identity confirmed by 

Sanger sequencing. In vitro transcription was performed to generate RNA, which was used to 

transfect SH-SY5Y cells. Overexpression following transfection was assessed by real-time qPCR, 

and an apoptosis assay was performed to evaluate downstream effects. NBAT1 and PUMA 

expression seemed to be higher in the SH-SY5Y cell line than in the BE(2)-C cell line, consistent 

with the genes’ relation to the p53 pathway and p53 mutation in the BE(2)-C cell line. NBAT1 

insert identity was confirmed, though suboptimal plasmid preparation was noted. PUMA cloning 

was unsuccessful due to an off-target amplification. In vitro transcription reaction yielded RNA, 

but poor plasmid quality influenced RNA yield and transfection outcomes. Transfections of SH-

SY5Y cells with NBAT1 constructs did not result in confirmed overexpression. The apoptosis assay 

suggested elevated apoptosis in transfected cells, though insufficient replicates did not allow for 

appropriate statistical analysis. The project represents a first step towards a therapeutic approach 

based on RNA targeting NBAT1 in neuroblastoma, providing a basis for future optimisation of the 

procedure setup.   
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Popular Scientific Summary  

Cancer affects people of all ages, including children. Neuroblastoma is a type of cancer that 

develops in the peripheral nervous system tissue, and it is one of the most common cancer types 

in children. Despite years of research, it remains extremely hard to treat, with many high-risk 

cases that face poor outcomes. This creates a strong demand for new research areas that would 

address novel treatment options. In recent years, during the COVID-19 pandemic, RNA vaccines 

were placed in the spotlight, opening the door to a new approach in medicine. The vaccines’ 

technology is based on delivering genetic material in the form of RNA, which causes the recipient 

cells to create specific molecules or proteins that can help fight a disease. This study was based on 

exploring the technology being used in the treatment of neuroblastoma. In this approach, a long 

non-coding RNA (lncRNA) molecule called NBAT1 was picked as a target. The decision was made 

based on the fact that NBAT1 lncRNA is commonly present in healthy cells, where it acts as a sort 

of brake for incorrect growth, but its low levels were discovered in some tumours, especially 

neuroblastoma. So, this study tested the idea that delivering NBAT1 to neuroblastoma cells would 

restore its function and help fight cancer cells. An issue with RNA is its stability; it has to be 

synthesised in a laboratory in a way that would allow it to be delivered without losing its 

structure. For this reason, there are many optimising procedures that allow the scientists to 

synthesise the wanted RNA molecule and safely deliver it to the cells. Unfortunately, these 

procedures are a series of trial and error. Throughout the study, numerous experiments took place 

in order to figure out which way of creating the RNA molecule would be the most appropriate. At 

the end, such a method was identified, but unfortunately, it still did not give perfect quality, 

resulting in problems in testing whether the NBAT1 prepared molecule would give the desired 

effect on tumour cells. The tests performed delivered the synthesised RNA into neuroblastoma 

cells and observed whether it would cause the cells to die. As mentioned before, this could not be 

definitely stated due to the insufficient quality of the NBAT1 molecule. The study is a first step 

that, with further refinement, could one day contribute to a new generation of cancer treatment, 

bringing hope to the patients.  

 

 

 

  



 

List of Abbreviations  

A260/A230              Absorbance ratio at 260 nm and 230 nm 

A260/A280              Absorbance ratio at 260 nm and 280 nm 

ATRA                          All-trans retinoic acid  

bp                                Base pairs  

Cq                                 Cycle threshold  

DMEM                        Dulbecco’s Modified Eagle Medium  

DMEM/F-12             Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 

DMSO                         Dimethyl sulfoxide 

DNase I                      Deoxyribonuclease I  

dsRNA                        Double-stranded RNA 

E. coli                          Escherichia coli  

EDTA                          Ethylenediaminetetraacetic acid  

FBS                              Foetal bovine serum  

GAPDH                       Glyceraldehyde-3-phosphate dehydrogenase 

GFP                              Green fluorescent protein  

IVT                               In vitro transcription  

LB                                 Lysogeny broth  

lncRNA                        Long non-coding RNA  

m1Ψ                             N1-methylpseudouridine  

MHC                             Major histocompatibility complex 

NBAT1                         Neuroblastoma-associated transcript 1 

OE                                 Overexpressed   

ORF                              Open reading frame 

PCR                               Polymerase chain reaction  

PUMA                           p53 upregulated modulator of apoptosis  

rpm                               Revolutions per minute  



 

RT                                 Reverse transcriptase  

TAA                               Tumour-associated antigen  

TAE                               Tris-acetate-EDTA 

TIMM13                       Translocase of inner mitochondrial membrane 13  

TSA                                Tumour-specific antigen  

UTR                               Untranslated region  

WT                                 Wild type  
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1 Introduction 

Cancer remains one of the most significant global health challenges, with neuroblastoma 

representing the most common extracranial solid tumour in childhood (Pandey et al., 2014; 

Paraboschi et al., 2021). The aggressive nature of neuroblastoma, particularly in high-risk cases, 

creates a strong need for the development of novel therapeutic approaches that will effectively 

target tumour cells while minimising systemic toxicity (Paraboschi et al., 2021). Current standard-

of-care strategies, including chemotherapy, radiation, and surgery, remain insufficient for high-

risk cases, highlighting the need for novel approaches (Chakraborty et al., 2021). 

1.1 mRNA Vaccines  

One promising direction is the application of nucleic acid-based therapeutic strategies, including 

mRNA technology. Vaccines have progressed through three generations; the third-generation 

vaccines are those based on nucleic acids (Chakraborty et al., 2021). Their general mechanism of 

action is to deliver genetic instructions for the organism's cells and not the antigens themselves. 

This generation of vaccines contains, among others, mRNA vaccines, whose major development 

occurred during the COVID-19 pandemic, where they demonstrated great performance 

(Chakraborty et al., 2021; Lorentzen et al., 2022). Novel mRNA vaccine technology has been 

applied in the treatment of cancer, with vaccines for melanoma, non-small cell lung cancer, 

pancreatic cancer, colorectal cancer and breast cancer currently in clinical trials (Chakraborty et 

al., 2021; Lorentzen et al., 2022). mRNA vaccines, therefore, create a promising opportunity for 

neuroblastoma treatment. 

Therapeutic mRNA cancer vaccines are designed to encode tumour-specific antigens (TSAs), 

which are unique to cancer cells, or tumour-associated antigens (TAAs), which are overexpressed 

in tumours. After injection, these mRNA complexes are taken up by antigen-presenting cells, 

particularly dendritic cells. Inside the cells, the mRNA reaches the cytoplasm, where it is 

translated and presented by major histocompatibility complex (MHC) molecules, mainly MHC I, 

to T cells. This antigen presentation on the cell surface triggers an immune response. For cancer, 

cellular immunity matters the most. CD8+ cytotoxic T lymphocytes are the critical effector cells 

that recognise and kill tumour cells expressing those antigens. mRNA vaccines fall into the 

category of therapeutic vaccines designed to treat existing cancer by stimulating cell-mediated 

immunity against tumour antigens more prevalent in cancerous cells (Chakraborty et al., 2021; 

Whitley et al., 2022). 

1.2 Challenges and Delivery Methods for mRNA Vaccines  

Despite this potential, the design of mRNA therapeutics must overcome several challenges. First 

are the delivery barriers. mRNA molecules have a large molecular weight and carry a negative 

charge, which creates electrostatic repulsion, preventing them from crossing cell membranes 

(Whitley et al., 2022). Second, stability issues are also a problem. mRNA undergoes rapid 

clearance from circulation and is susceptible to enzymatic degradation (Whitley et al., 2022). 

Lastly, is immunogenicity control. mRNA vaccines trigger strong innate immune activation 

through pattern recognition receptors (Whitley et al., 2022). However, the balance needs to be 

controlled, as enough immune activation is needed to generate an effective anti-tumour response, 

but the level cannot be too high, as it may cause toxicity and adverse effects. To overcome the 

problem of delivery barriers, there are a few delivery methods available for mRNA vaccines, 
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including lipid nanoparticles, cationic polymers, polyplexes, lipopolyplexes, ex vivo dendritic cell 

loading and inorganic nanoparticles (Lu et al., 2025). Lipofection, also known as lipid-mediated 

transfection, is one of the most widely used methods; it relies on cationic lipid particles that form 

complexes with the negatively charged nucleic acids (Lu et al., 2025). Lipofection suits RNA 

delivery due to its relatively high efficiency and low toxicity in many cell types (Whitley et al., 

2022). 

1.3 Transient and Stable Transfection 

An important distinction within transfection strategies is between transient and stable 

transfection. In transient transfection, the introduced nucleic acid is expressed temporarily 

without being integrated into the host genome (Kim & Eberwine, 2010). As cells divide, the foreign 

genetic material is diluted and eventually lost, making the gene expression have a short life. This 

approach is preferred in experiments where only a brief expression of a gene or RNA molecule is 

required, for example, to test whether a specific molecule has a functional effect on cell behaviour. 

In stable transfection, on the other hand, the introduced DNA is integrated into the host genome, 

resulting in a long-term and heritable expression across cell generations (Kim & Eberwine, 2010). 

For this reason, this method is used for studies evaluating long-term expression patterns.  

1.4 DNA vs RNA in a Therapeutic Context  

The difference between DNA and RNA is important to fully grasp the rationale behind therapeutics 

based on mRNA. DNA is the cell’s permanent genetic template for most organisms, and while DNA 

stores genetic information for a long time, RNA usually holds genetic information in a less stable, 

more transient way. In a therapeutic context, the approaches based on DNA require the delivered 

genetic material to reach the nucleus, and in some cases, risk integration into the host genome 

(Kim & Eberwine, 2010). RNA and specifically mRNA is generally considered a safer therapeutic 

approach, as it tends to remain and act in the cytoplasm following transfection, avoiding direct 

contact with genomic DNA (Kim & Eberwine, 2010). This makes mRNA a safer and more transient 

option for therapeutic delivery. However, this distinction becomes less clear when looking more 

specifically at different RNA species. Many noncoding RNAs act in the nucleus and interact with 

DNA throught for example, R-loop formation or epigenetic silencing by chromatin remodelling 

(Saxena & Carninci, 2011). It remains unclear, however, whether exogenously delivered RNAs 

reach the nucleus in the same way as the endogenous transcripts.  

1.5 Long Non-Coding RNA as Therapeutic Targets  

Unlike conventional mRNA vaccines, which encode foreign antigens, the same delivery technology 

can be applied to express endogenous non-coding RNA sequences with inherent therapeutic 

potential. Long non-coding RNAs (lncRNAs) are RNA sequences exceeding 200 base pairs (bp) 

that generally do not code for proteins (Pandey & Kanduri, 2022). lncRNAs show tissue-specific 

expression patterns. Their promoters show high conservation, and current studies suggest that 

lncRNA conservation is diverse, consisting of secondary and tertiary structures, protein-binding 

motifs, functional features, and genomic positioning (Pandey & Kanduri, 2022). In cancer, 

lncRNAs are frequently altered and, depending on their mechanisms of action and effectors 

involved, can function either as oncogenes or tumour suppressors (Poliseno et al., 2024). They 

exhibit regulatory functions in cell differentiation and development, but also participate in 

physiological processes like cytokine expression, class switch in immune cells and inflammation 

(Mattick et al., 2023). lncRNAs have recently become a subject in oncology research, contributing 
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to cancer development, progression, diagnosis, and treatment (Pandey & Kanduri, 2022). In 

particular, oncogenic lncRNAs, whose elevated expression is associated with unfavourable clinical 

outcomes, are ideal candidates for prognostic markers and attractive therapeutic targets, as 

demonstrated by siRNA nanoparticle targeting of Differentiation Antagonising Non-Protein 

Coding RNA, which showed tumour suppression in breast cancer mouse models (Pandey & 

Kanduri, 2022). However, despite over a decade of intensive research and significant advances in 

understanding lncRNA roles in tumour biology, only Prostate Cancer Antigen 3 has received Food 

and Drug Administration approval for clinical diagnostic use, raising questions about whether 

these molecules can effectively improve patient outcomes (Pandey & Kanduri, 2022). 

Some non-coding RNAs, including certain lncRNAs, present a dual therapeutic strategy as they 

have been classified as non-coding but, after examination, they seem to produce protein aside 

from their standard non-coding function (Poliseno et al., 2024). Artificially engineering lncRNAs 

by adding a 5' cap, 5' untranslated region (UTR) with a Kozak sequence, 3' UTR, and Poly(A) tail 

can switch monofunctional lncRNA loci into bifunctional, enabling both original RNA regulatory 

functions and protein translation for potential TSA generation. Additionally, lncRNAs encoding 

tumour-specific antigens can be exploited as cancer vaccines, representing a novel therapeutic 

approach (Poliseno et al., 2024). To deliver such constructs effectively, careful sequence design is 

required. An optimised mRNA sequence contains a 5' Cap, 5' UTR, the selected antigens; if multiple 

antigens are included, they should be separated by glycine-serine linkers, 3' UTR, and Poly(A) Tail 

(Lu et al., 2025). The designed sequence should also contain restriction sites for Type IIS enzymes. 

These enzymes cut outside their recognition sequence, typically 1-20 base pairs away from where 

they bind, allowing complete removal of the enzyme's recognition site from the final linearised 

plasmid, leaving only the designed sequence (Lu et al., 2025). This is crucial because even a few 

unwanted nucleotides could create cryptic regulatory elements, affect mRNA folding, or reduce 

translation efficiency (Lu et al., 2025). Additionally, Type IIS enzymes provide clean overhangs 

ideal for in vitro transcription (IVT) (Lu et al., 2025). Another optional modification is the use of 

modified nucleotides, where every uridine in the mRNA sequence is replaced with N1-

methylpseudouridine (m1Ψ), a naturally occurring RNA modification found in ribosomal RNA and 

transfer RNA (Lu et al., 2025). m1Ψ dramatically reduces pattern recognition receptor activation, 

with studies showing that m1Ψ-modified mRNA can produce 10-fold or even 100-fold more 

protein than unmodified mRNA in certain cell types (Lu et al., 2025). 

1.6 NBAT1 and PUMA in Neuroblastoma  

Among lncRNAs with tumour suppressor potential in neuroblastoma, Neuroblastoma-associated 

transcript 1 (NBAT1) is a particularly promising candidate. NBAT1 is a lncRNA gene located at 

chromosome 6p22.3; its low expression is associated with higher pathological grade, and NBAT1 

was recognised as a tumour suppressor for neuroblastoma (Pandey et al., 2014). Its functions are 

a result of epigenetic silencing of genes such as SOX9, VCAN, and OSMR (Pandey & Kanduri, 2022). 

This makes it a promising candidate for an RNA-based therapeutic for neuroblastoma, as its 

overexpression reduces cell viability and invasion. When transfected into neuroblastoma cell lines 

like SH-SY5Y and BE(2)-C, NBAT1 upregulation should result in reduced cell growth and 

potentially apoptosis. This approach remains theoretical, and its success depends on proper 

plasmid design that allows for RNA stability and translation, and successful transfection. 

Incorporating a control such as p53 upregulated modulator of apoptosis (PUMA), known for 

inducing apoptosis, would confirm that the vector was optimised, the transfection protocol, and 

the apoptosis assay are functioning correctly. This technical validation would strengthen 

confidence in the interpretation of the NBAT1 transfection results, helping to distinguish a 
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genuine absence of tumour-suppressor activity from a failure of the experimental system itself 

(Tat et al., 2025). 

2 Aim 

The primary aim of this research was to optimise a procedure for synthesising mRNA encoding 

the lncRNA tumour suppressor NBAT1. The secondary aim was to use the synthesised mRNA to 

develop and validate a novel RNA therapeutics approach for neuroblastoma by investigating 

whether exogenous delivery of NBAT1 mRNA can restore tumour suppressor function and induce 

apoptosis or suppress cell growth in neuroblastoma cell lines.    

2.1 Objectives  

• Design and optimise PCR primers for amplification of NBAT1 and PUMA sequences for 

cloning into mRNA-CleanCap entry vector #188249.   

• Clone NBAT1 and PUMA sequences into the plasmid backbone using Type IIS restriction 

enzyme BsaI-based cloning. 

• Perform IVT of both linearised NBAT1 and PUMA plasmid constructs 

• Transfection of NBAT1 and PUMA mRNAs into SH-SY5Y neuroblastoma cell line 

• Assess the stability of NBAT1 and PUMA mRNAs post-transfection  

• Evaluate the ability of tumour suppressive function of NBAT1 and PUMA mRNAs.   
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3 Methods 

Unless otherwise stated, all reagents from kits were used according to the manufacturer’s 

protocol. 

3.1 Cell Culture and Maintenance  

SH-SY5Y and BE(2)-C neuroblastoma cells (American Type Culture Collection) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) (1x) with GlutaMAX-I supplement (4.5 g/L D-glucose, 

pyruvate) (Gibco) and Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (1x) (DMEM/F-

12) (Ham) (1:1), with GlutaMAX-I (Gibco), respectively, supplemented with 10 % foetal bovine 

serum (FBS) and 1 % penicillin-streptomycin, at 37 °C in 5 % CO₂. Cells were passaged and split 

at 70–80 % confluence using 0.05 % trypsin-ethylenediaminetetraacetic acid and counted by 

trypan blue (Invitrogen) exclusion on a Countless II cell counter (ThermoFisher Scientific) before 

seeding. For differentiation, cells were treated with 10 µM all-trans retinoic acid (ATRA) for seven 

days for SH-SY5Y and four days for BE(2)-C, with medium changed every 48 hours. For genotoxic 

stress, cells were treated with 1 µM doxorubicin for 24 hours. 

3.2 PCR Amplification of NBAT1 and PUMA mRNA sequences 

3.2.1 RNA Extraction and Reverse Transcription  

RNA was extracted from SH-SY5Y and BE(2)-C cells under three conditions: wild type (WT), ATRA 

differentiated, and doxorubicin treated, using the ReliaPrep RNA Miniprep Systems (Promega), 

with a cell input of 2 − 5 × 106 cells. Concentrations and purity (A260/A280, A260/A230) were 

measured by NanoDrop 2000/2000c Spectrophotometer (ThermoFisher Scientific). This method 

of quantification was used throughout the whole experiment. Reverse transcription was 

performed using the ImProm-II Reverse Transcription System (Promega). Two cDNA protocols 

were used: a standard (1 µL random primers, 1 µg RNA template) and an optimised (1 µL random 

primers, 0.5 µL of Oligo(dT)15 (Sigma Aldrich), 2 µg RNA template). Both reactions were run in a 

20 µL total volume with 3 mM MgCl₂ and 0.6 µL of Recombinant RNasin Ribonuclease Inhibitor 

(Promega). A control with no reverse transcriptase (-RT) was performed for the standard 

protocol.  

3.2.2 Primer Design  

Three primer sets were designed for each target (PUMA and NBAT1), two for amplification, one 

for Real-Time qPCR. One amplification set included Gibson assembly overhangs designed in 

NEBuilder (New England BioLabs), the other was designed for restriction digestion assembly with 

the BsaI-HF (New England BioLabs) using the Golden Gate Assembly Tool (New England BioLabs). 

The primers for Real-Time qPCR were designed using PrimerQuest (Integrated DNA 

Technologies). Sequences are listed in Appendix 1.  

3.2.3  PCR Amplification of Target Fragments   

Optimisation and thermocycling parameters are shown in Appendix 2. Optimal cDNA templates 

were assessed by real-time qPCR (see below). NBAT1 was amplified from doxorubicin-treated SH-

SY5Y cDNA (standard protocol) using restriction digestion NBAT1 primers with GoTaq Long PCR 

Master Mix (Promega): 10 µL reaction, 5 µL master mix, final concentration for each primer of 1 
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µM, and 0.5 µg of cDNA. PUMA was amplified from day-7 differentiated with ATRA SH-SY5Y cDNA 

(optimised protocol) using restriction digestion PUMA primers with Q5 High-Fidelity DNA 

Polymerase (New England Biolabs): 25 µL reaction, 1 µM of each primer, 0.5 µg of cDNA.  

3.2.4 Gel Electrophoresis  

PCR products and checkpoints in further experiments were run on 1 % agarose gel in 0.5x TAE 

buffer, with SYBR Safe DNA Gel Stain (Invitrogen), GeneRuler DNA Ladder Mix (ThermoFisher 

Scientific) and 1x Gel Loading Dye, Purple (6x) (New England BioLabs), at 150 voltage for 

approximately 45 min.  

3.3 Plasmid Construction and Assembly  

The mRNA-CleanCap entry vector (#188249, Addgene) was purified by the Plasmid Midi Kit 

(Qiagen), linearised by BsaI-HF.v2 (5 units/µg DNA, New England BioLabs), the reaction followed 

the manufacturer’s instructions (5 units/1 µg DNA), and dephosphorylated using Quick CIP (New 

England BioLabs). The backbone was purified from gel using Wizard SV Gel and PCR Clean-up 

System (Promega). The PUMA and NBAT1 fragments from the PCR reactions were also digested 

with BsaI-HF.v2 (New England BioLabs), (5 units/1 µg DNA). Samples were later purified using 

Wizard SV Gel and PCR Clean-up System (Promega). 

Ligation used vector:insert molar ratios of 1:3 and 1:5 (27 fmol vector), calculated using 

NEBioCalculator,  with T4 DNA Ligase (Promega), following the manufacturer’s instructions, with 

a reaction volume of 20 µL, an incubation time of three hours at room temperature. 5 µL of ligation 

products were transformed into 100 µL of Stable Competent Escherichia coli (E. coli) (New 

England BioLabs) following the protocol High Efficiency Transformation for NEB Stable 

Competent E. coli (New England BioLabs). The cells were plated on Lysogeny Broth (LB) agar (50 

µg/mL kanamycin), grown overnight at 37 °C. 

3.3.1 Plasmid extraction  

Eight colonies for each construct were cultured overnight in LB broth (50 µg/mL kanamycin, 37 

°C, 180 rpm) and extracted using the PureYield Plasmid Miniprep System (Promega), using 3 mL 

of culture. Insert integration was confirmed by NotI.HF (New England BioLabs) digestion (1 µg of 

plasmid, 1 hour at 37 °C), followed by gel electrophoresis. Confirmed clones were submitted for 

LightRun Sanger sequencing (Eurofins), using vector primer 5’-

GGCCAGTGAATTGTAATACGACTCACTATAAG-3’, analysed by Basic Local Alignment Search Tool 

(nucleotides, BLASTn)(NCBI), and, where required, the Human BLAST-like alignment tool (BLAT) 

(UCSC).  

3.4 In Vitro Transcription of RNA Templates 

Plasmids were linearised with NotI.HF (New England BioLabs) for fragment excision, or NheI.HF 

(New England BioLabs) for linearisation. Both of the reactions used 5 units/µg DNA and were 

incubated for 1 h at 37 °C. RNA was synthesised using HiScribe T7 ARCA mRNA with Tailing (New 

England BioLabs), incorporating m1Ψ-uridine (final concentration 1 mM), total reaction volume 

20 µL, 1 µg of DNA, initial incubation extended to three hours. IVT was followed by DNase I 

treatment, tailing and LiCl Precipitation (New England BioLabs).  
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3.5 Transient Transfections of Mammalian Cells  

SH-SY5Y cells were trypsinised, counted, and seeded into 12-well plates at 0,1 𝑥 106  cells per well 

24 h prior to transfection, reaching 50-80 % confluence at the time of transfection. SH-SY5Y was 

selected based on the expression pattern of NBAT1 (see Results 4.1). 

3.5.1 DNA transfection of NBAT1 

The transfection procedure for DNA was performed using Lipofectamine 3000 (ThermoFisher 

Scientific) following the manufacturer’s instructions and using 1 µg of prepared NBAT1 DNA 

plasmid. Conditions: untreated cell control (WT) and NBAT1-transfected. Cells collected by 

trypsinisation 48 hours after transfection. 

3.5.2 RNA transfection of NBAT1 

For RNA transfection, the Lipofectamine MessengerMAX (ThermoFisher Scientific) protocol was 

followed using 500 ng of NBAT1 RNA per well. Conditions: WT and NBAT1-transfected. Cells 

collected by trypsinisation 48 hours after transfection. 

3.6 Functional Assays  

3.6.1 Real-Time qPCR 

Real-time qPCR was performed to assess NBAT1 and PUMA expression levels before and following 

transfection. The reactions were set up to a final volume of 15 µL, using 12 ng of cDNA template, 

1 µL of mixed forward and reverse primers for real-time qPCR (10 µM each, Appendix 1) and 7.5 

µL of the PowerUp SYBR Green Master Mix (Applied Biosystems), following the manufacturer’s 

instructions on a ViiA 7 real-time PCR System (Applied Biosystems). The reactions used cDNA 

prepared with the standard protocol. The primers used are shown in Appendix 1. The cycling 

conditions were: uracil-DNA glycosylase activation at 50 °C for 2 minutes; polymerase activation 

at 95 °C for 2 minutes; followed by 40 cycles of denaturation at 95 °C for 15 seconds and combined 

annealing/extension at 60 °C for 1 minute.  

For expression profiling, conditions tested were WT, doxorubicin-treated after 24 hours, and day 

7 ATRA-differentiated cells in both SH-SY5Y and BE(2)-C lines. There was also a control reaction 

performed for each sample using the cDNA sample with -RT. For transfection validation, WT SH-

SY5Y cells were compared against the transfected conditions (OE). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a housekeeping reference gene for normalisation, and each 

sample was measured in triplicate. The relative gene expression was calculated using 2-ΔCq, and 

the fold change was calculated using 2-ΔΔCq, where Cq is the cycle threshold, with the equations 

below: 

∆𝐶𝑞 = 𝐶𝑞(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙) − 𝐶𝑞(𝐺𝐴𝑃𝐷𝐻) 

∆∆𝐶𝑞 = ∆𝐶𝑞(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙) − ∆𝐶𝑞(𝑤𝑖𝑙𝑑 𝑡𝑦𝑝𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−∆∆𝐶𝑞  
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For each sample, the Cq(experimental) and Cq(GAPDH) above refer to the mean Cq calculated from three 

technical replicates. Due to a lack of time and resources, only one biological replicate was available 

at each condition; no statistical tests were performed.  

3.6.2 Apoptosis assay 

Cell viability was estimated by using a Leica DMi8 inverted phase-contrast microscope (Leica 

Microsystems) equipped with a digital camera to assess a sufficient cell amount for performing 

further analysis. The externalisation of phosphatidylserine was measured following the Annexin 

V Assay using the NucleoCounter NC-3000 System (ChemoMetec) protocol using the Annexin V-

CF488A conjugate (Biotium). The quadrant gates for the dot plots for both conditions were set 

based on the WT control sample, keeping the lower left quadrant as the live cells. 

3.7 AI declaration  

During this project, the Artificial Intelligence (AI) program Claude Sonnet 4.6 (Anthropic, 2025) 

was used to improve specific literature searches by identifying sources or improving search 

phrases, and for help in the use of the program Excel. It was also used as an assist with writing, 

when it was used for rephrasing, grammar and spelling checks.  

4 Results 

4.1 Expression of NBAT1 and PUMA across cell lines  

The results of real-time qPCR for the relative expression calculated by the 2−ΔCq of PUMA and 

NBAT1 are shown in Figures 1A and 1B, respectively. They represent single time point readings. 

The raw data are provided in Appendix 3. Expression levels were normalised to the housekeeping 

gene GAPDH. GAPDH cycle threshold (Cq) values had a broad range across all conditions in both 

cell lines, ranging from 15.75–26.40 in SH-SY5Y and 15.33–23.91 in BE(2)-C. It is worth noting 

that the SH-SY5Y −RT control had undetermined Cq values; however, the −RT controls for BE(2)-

C produced a detectable Cq value of 37.27.  

PUMA and NBAT1 relative expression appeared higher in SH-SY5Y cells compared to BE(2)-C cells 

across most conditions. As only technical replicates were available, no statistical testing could be 

performed on those differences. This means these differences should be interpreted as observed 

differences rather than confirmed effects.  

Fold change analysis (2−ΔΔCq) is presented for both cell lines. The results are shown for SH-SY5Y in 

Figure 1C for PUMA and Figure 1D for NBAT1, and for BE(2)-C in Figure 1E for PUMA and Figure 

1F for NBAT1; the data is available in Appendix 3. PUMA in SH-SY5Y, fold change relative to 

untreated WT for doxorubicin, corresponded to a 4.57-fold increase and a 12.96-fold increase for 

the ATRA day 7 condition, whereas in BE(2)-C, fold change relative to untreated WT for 

doxorubicin was estimated at a 1.41-fold increase and a 3.64-fold increase for the ATRA day 7 

condition. NBAT1 fold change in SH-SY5Y was calculated as a 9.86-fold increase for the 

doxorubicin condition and a 6.98-fold increase in ATRA day 7. In BE(2)-C, NBAT1 reached a 3.07-

fold increase for the doxorubicin condition and a 1.80-fold increase in ATRA day 7. As these values 

are derived from a single biological replicate per condition, they represent single time-point 

estimates that cannot be taken as statistically supported differences.  
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Figure 1. The relative PUMA (Figure 1A) and NBAT1 (Figure 1B) expression in two cell lines (SH-SY5Y and 

BE(2)-C) in three conditions (WT), treated with doxorubicin for 24 h and ATRA differentiated day 7 for SH-

SY5Y or day 4 for BE(2)-C, normalised to GAPDH and calculated using the 2−ΔCq method. Figures 1C, 1D, 1E 

and 1F show the fold change in expression of PUMA (Figures 1C and 1E) and NBAT1 (Figures 1D and 1F), 

normalised to GAPDH and calculated using the 2−ΔΔCq method. Figures 1C and 1D represent data from the 

SH-SY5Y cell line, whereas Figures 1E and 1F represent data from the BE(2)-C cell line. The tested 
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conditions were WT, treated with doxorubicin for 24 h, and ATRA differentiated on day 7 for SH-SY5Y and 

day 4 for BE(2)-C. All figures show data from three technical replicates of a single biological replicate (n=1).  

4.2 Amplification of desired fragments  

The optimisation of the amplification of targeted sequences was not successful with the first set 

of primers, designed for Gibson assembly. All of the optimisation methods with different annealing 

temperatures, usage of different polymerases or addition of DMSO in different concentrations, did 

not yield any significantly visible bands at the expected fragment length. The only clearly visible 

bands had a length of less than 100 bp and were cohesive throughout all of the experimental 

conditions. After the change in primers to the restriction digest-based design, the optimisation for 

both PUMA and NBAT1 fragments was successful. The gel electrophoresis result from the NBAT1 

amplification optimisation with visible bands at the approximate sizes of 1300 bp and 2300 bp is 

shown in Appendix 2. The gel image from PUMA amplification optimisation, where clear repetitive 

bands were visible at around 400 bp, is shown in Appendix 2.  

4.3 Plasmid assembly  

4.3.1 Bacterial growth  

The transformation of bacteria was checked by using selective plates with LB agar supplemented 

with kanamycin 50 µg/mL as the selective medium. After overnight incubation, the plates 

containing clones with NBAT1 and PUMA plasmids had growth of around 100 colonies per plate, 

the negative control had no growth, and the control consisting of self-ligated plasmid contained 5 

colonies.  

4.3.2 Restriction Digestion Verification of Plasmid Constructs  

Restriction digest analysis of recombinant clones is shown in Figure 2A (NBAT1) and Figure 2B 

(PUMA). In Figure 2A, all four clones (lanes 1–4) display two distinct bands following digestion 

with NotI.HF (New England BioLabs), an upper band of approximately 5000 bp corresponding to 

the linearised vector backbone, and a lower band of approximately 1400 bp consistent with the 

expected NBAT1 insert size. In Figure 2B, the upper band at approximately 5000 bp is present 

across all four lanes, with a faint lower band visible at approximately 600 bp, consistent with the 

expected PUMA insert size.  
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Figure 2. Restriction digestion verification of recombinant clones containing plasmid #188249 with NBAT1 

(Figure 2A) and PUMA (Figure 2B) insert. The images show all the digested clones. Four individual clones 

(lanes 1-4) were digested with NotI.HF (New England BioLabs) for 1 h at 37 °C using 1 µg of plasmid DNA. 

Digested samples were separated by gel electrophoresis with gel prepared with SYBR Safe DNA Gel Stain 

(Invitrogen) according to the manufacturer’s instructions and visualised under UV illumination using a gel 

imaging system. Lane L contained GeneRuler DNA Ladder Mix (ThermoFisher Scientific). Samples were 

prepared with 1x Gel Loading Dye Purple (New England BioLabs). 

4.4 Sanger Sequencing  

A total of three rounds of Sanger sequencing were performed throughout the cloning process. In 

the first round, four possible PUMA clones were submitted for sequencing. BLASTn analysis 

revealed no significant similarity to the PUMA reference transcript (ENST00000439096.3) in any 

of the four clones. BLAT analysis against the human genome likewise returned no significant 

match, and all four clones were therefore identified as negative. The second round included both 

NBAT1 and PUMA presumed clones from plasmid miniprep isolation. Sequence reads obtained in 

this round were of insufficient quality for further analysis, with all samples yielding fewer than 30 

bp. This did not allow for meaningful BLASTn and BLAT analysis. The third round, including 

assumed NBAT1 and PUMA clones from plasmid midiprep isolation, yielded reads of sufficient 

quality for alignment analysis, although sequence quality was not optimal across all samples. 

BLASTn analysis, in which sequences obtained from Sanger sequencing were aligned against their 

respective reference transcripts, confirmed that the NBAT1 clone showed high sequence 

similarity to the reference transcript (ENST00000566912.2), with 90 % query coverage, 97.68 % 

nucleotide identity, and an E-value of 0.0. The graphic alignment summary and sequencing 

chromatogram for the NBAT1 clone are presented in Appendix 4. In contrast, no significant 

similarity to the PUMA reference transcript (ENST00000439096.3) was identified in the PUMA 

clone. Further BLAT analysis against the human genome revealed significant similarity to the 

TIMM13 gene (ENSG00000099800), with 99.6 % nucleotide identity. As the correct insertion of 

PUMA into the vector was not confirmed, PUMA was excluded from the downstream experiment, 

and only the nbat1 construct was carried forward into IVT and functional assays.  

4.5 In Vitro Transcription and RNA Quality  

Following confirmation of NBAT1 insert identity by Sanger sequencing, the NBAT1 construct was 
used for IVT. The initial attempts at IVT were unsuccessful, yielding RNA concentrations of 2–10 
ng/µL. Following optimisation, the final reaction yielded approximately 2 µg of RNA. 
Spectrophotometric analysis showed A260/A280 ratios falling between 1.8 and 2.1. To assess 
transcription success, the RNA sample was run on a standard agarose gel alongside the DNA 
template. The RNA lane showed two distinct bands, while the DNA lane showed a single band 
migrating to a higher position than both RNA bands. No band was observed in the RNA lane at the 
same position as the DNA template band. 

4.6 Microscope assessment of cell viability  

Transfection experiments were performed in the SH-SY5Y cell line only, with the NBAT1 

construct, based on higher baseline NBAT1 expression in SH-SY5Y relative to BE(2)-C. Before the 

apoptosis assay, the cells’ viability was assessed by Leica DMi8 inverted phase-contrast 

microscope observations, connected to a digital camera. The images acquired after the 

transfection procedure are shown in Figure 3. The WT condition (Figure 3A) and NBAT1 DNA-

transfection condition (Figure 3C) showed a visibly healthy population of cells, with typical 
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adherent morphology. In contrast, NBAT1 RNA-transfected cells (Figure 3B) showed cell 

detachment with close to no visible adhered cells, consistent with extensive cell death.  

 

Figure 3. Phase-contrast images of SH-SY5Y cells after transfection, including three conditions: WT cells that 

did not go through the transfection procedure (Figure 3A), cells transfected with NBAT1 RNA (Figure 3B), 

and cells transfected with NBAT1 DNA (Figure 3C). The images are representative. The images were 

acquired using the Leica DMi8 inverted phase-contrast microscope (Leica Microsystems) at  10x  

magnification.  

4.7 Functional assays  

4.7.1 Apoptosis 

Due to a low cell count observed during a microscope examination performed before the assay, 

combined with experimental setup errors, only two replicates were obtained for the WT condition 

and one replicate for the experimental NBAT1 OE with DNA transfection condition, with no 

samples collected from the RNA transfection due to excessive cell death. As a result, statistical 

analysis could not be performed. Apoptosis data are therefore presented for the WT and NBAT1 

DNA-transfected conditions only. The obtained data from the apoptosis assay, representing the 

percentage of live, early apoptotic, late apoptotic and dead cells, are presented in Figure 4. In the 

WT condition Figure 4A, 27 % of cells were identified as alive (Q1ll), with a total apoptotic 

population of 73 % (48 % early apoptosis Q1lr, 24 % late apoptosis Q1ur) and 1 % necrotic (Q1ul). 

In the NBAT1 condition Figure 4B, 23 % of cells were identified as alive (Q1ll), with a total 
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apoptotic population of 76 % (50 % early apoptosis Q1lr, 26 % late apoptosis Q1ur), and 1 % 

necrotic (Q1ul). No statistical analysis could be performed due to insufficient replicates. 

 

Figure 4. Dot plots from apoptosis assay, showing Annexin V/PI staining of SH-SY5Y cells after transfection. 

WT condition (Figure 4A) and NBAT1 OE (Figure 4B). The apoptosis assay was performed once, and the dot 

plots shown represent the complete data set. Quadrant gates were based on the WT control. Q1ll= live cells 

(Annexin V-/PI -), Q1lr= early apoptotic cells (Annexin V+/PI -), Q1ur= late apoptotic cells (Annexin V+/PI 

+), Q1ul= necrotic cells (Annexin V-/PI +). The percentage represents the proportion of cells in each 

quadrant.  

4.7.2 Validation of NBAT1 Overexpression 

As RNA-transfected cells did not yield sufficient material for further analysis, real-time qPCR 

validation of successful overexpression of NBAT1 was performed only for the cells transfected 

with the NBAT1 DNA. The data from the real-time qPCR performed after transfection are shown 

in Appendix 3. The fold change of NBAT1 expression in the OE condition, normalised to the 

housekeeping gene GAPDH, is shown in Figure 5. The 2−ΔΔCq value for the fold change of NBAT1 in 

the NBAT1-transfected cells appeared lower than that of WT cells. NBAT1 expression in the OE 

condition did not seem to increase in relation to the WT control; a potential decrease was 

observed, with a fold change of 0.035. All of these cannot be stated for certain, as they represent 

values from one biological replicate, without any statistical confirmation.  
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Figure 5. Represents the fold change in NBAT1 expression following transfection, normalised to GAPDH and 

calculated using the 2−ΔΔCq method. The tested conditions were SH-SY5Y WT and SH-SY5Y NBAT1 OE after 

DNA transfection. The figure shows data from three technical replicates of a single biological replicate (n=1).  

5 Discussion 

5.1 NBAT1 and PUMA Expression Profiling  

Due to time and resource limitations within this project, the real-time qPCR expression profiling 

lacked biological replicates needed for statistical analysis; all of the results should be read as 

possible explanations and not verified findings. They may indicate that NBAT1 and PUMA 

expression were higher in most conditions in the SH-SY5Y than in the BE(2)-C cell line. This was 

expected, as BE(2)-C carries a mutation in the p53 gene (Carr et al., 2006). PUMA is a direct p53-

downstream target, so p53 pathway activation induces its expression (Carr et al., 2006). NBAT1 

is a p53-responsive target acting through regulation of p53 protein accumulation in the cytoplasm 

(Mitra et al., 2021). The suggested lower expression of both genes in BE(2)-C is therefore 

consistent with the loss of p53-driven transcriptional activity in this cell line. 

Within SH-SY5Y, NBAT1 expression seemed to be highest after 24 hours of doxorubicin treatment, 

consistent with p53 pathway activation following DNA damage (Li, 2021). In addition, an increase 

in NBAT1 expression caused by genotoxic drugs like doxorubicin has previously been reported in 

the SH-SY5Y cell line (Mitra et al.,2021), as this specific effect was already established within the 

same research group; replicating it was not prioritised within this project scope, adding to the 

resource and time constraints that resulted in no biological replicates. ATRA day 7 cells also 

appeared to show elevated NBAT1, consistent with its role in promoting neuronal differentiation 

through the suppression of neuronal-specific transcription factor NRSF/REST (Pandey et al., 

2014). PUMA expression seemed to be highest in the differentiated condition, which may reflect 

the p53-independent PUMA pathway (Li, 2021), as ATRA has been reported to influence p53 

nuclear accumulation and reduce the sensitivity to apoptotic stimuli dependent on p53 (Ronca et 

al., 1999). 
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GAPDH's reliability as a reference gene is also worth considering. Cq values for GAPDH varied both 

between technical replicates within the same sample and between the mean Cq values of different 

samples. The differences within the same sample would be expected to represent technical noise, 

like pipetting errors. On the other hand, the variations in mean Cq values in different samples 

could indicate a change in GAPDH expression across conditions. This cannot be stated for certain, 

as it would require consistent technical execution, which was not confirmed. Because relative 

expression is calculated by subtracting the reference gene Cq from experimental Cq, an unstable 

reference introduces a moving baseline, meaning fold-changes for NBAT1 and PUMA may not 

accurately reflect their true underlying expression. Another issue with the real-time qPCR 

experimental design is a lack of proper validation of the primers’ specificity and efficiency, which 

may bias these results.  

5.2 Preparations of the NBAT1 construct  

Because complementary DNA (cDNA) rather than a synthesised plasmid was used as template, 

optimising amplification of the target fragments was critical for downstream cloning needed to 

meet the project’s first aim. The initial Gibson assembly primers failed, as their long overhangs 

formed strong secondary structures that outcompeted template binding, even with hot start 

conditions (Yang et al., 2020). The design was therefore revised to a strategy based on restriction 

enzymes, which, while less flexible, was effective. 

Both PUMA and NBAT1 fragments consistently ran shorter than expected, suggesting a 

reproducible but unconfirmed product. That was confirmed only later for NBAT1 by Sanger 

sequencing. The size difference from expected transcripts may have reflected alternative splicing. 

PUMA, in particular, is known to produce multiple transcript isoforms (Tat et al., 2025), and cDNA 

prepared from cell lines would reflect the splice variants expressed under specific conditions 

(Sharma et al., 2025). 

After preparing the construct, successful bacterial transformation was confirmed using selective 

LB agar plates. The plates containing bacteria transformed with NBAT1 and PUMA constructs 

yielded approximately 100 colonies per plate. The negative control plate with bacteria that 

received no DNA showed no growth, confirming the integrity of the kanamycin. The control with 

the self-ligated vector showed only 5 colonies. Restriction digestion of selected colonies yielded 

two bands at the expected sizes for both targets, further suggesting most transformants carried 

the insert. At this point, the correct clones were not fully confirmed; for that reason, sequencing 

of the fragments was performed.  

The successful confirmation of the NBAT1 clone, with 90 % query coverage, 97.68 % nucleotide 

identity and an E-value of 0.0 against the reference transcript ENST00000566912.2, provides 

strong evidence for successful cloning of the NBAT1 fragment. The less than 100 % nucleotide 

identity may be attributed to the suboptimal sequencing quality, or the inclusion of additional 5’ 

UTR, 3’ UTR, and poly(A) tail sequence elements from the vector. This confirmation allowed 

NBAT1 to proceed to mRNA synthesis, which was the basis of the project’s first aim. 

Of concern was the failure to confirm the PUMA clone. BLASTn analysis revealed no similarity to 

the PUMA reference transcript, and BLAT analysis against the human genome instead identified 

high similarity to the TIMM13 gene, with a 99.9 % nucleotide identity. A 99.9% match to a specific 

gene is unlikely to result from degraded sequencing. One explanation is non-specific amplification 

during the PCR optimisation, a known risk of off-target amplification when primer design is not 

optimal (Bustin & Huggett, 2017). Notably, unclipped sequencing data was required for alignment, 
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as the automatically clipped output was unreadable. This strongly suggests an issue with the 

quality of the plasmid preparation. Contaminants such as residual salts, proteins, or RNA are 

known to affect sequencing quality, despite miniprep purification aiming to reduce them (Kim et 

al., 2020). Suboptimal execution of such plasmid extraction can still result in supercoiled DNA 

contaminants, which have been directly associated with poor sequencing chromatogram quality 

(Thompson et al., 2008).  

5.3 In Vitro Transcription and RNA Quality Limitations 

The suboptimal RNA yields are consistent with the known sensitivity of T7 RNA polymerase to 

template quality and reaction conditions (Sari et al., 2024). The RNA synthesis efficiency is 

strongly dependent on the linearised plasmid template, and byproducts, including double-

stranded RNA (dsRNA), can form based on reaction conditions (Mu & Hur, 2021). The poor 

plasmid quality noted throughout this project may have been a strong reason for this issue. 

Optimising the T7 promoter and downstream elements has shown an increase in yields and 

minimised immunogenicity caused by dsRNA byproducts and should be included in future IVT 

reactions (Sari et al., 2024). 

The project followed the commonly suggested improvements, which included the addition of a 5’ 

cap and poly(A) tail during the IVT (Shi et al., 2024), consistent with recent lncRNA synthesis 

standards (Pang et al., 2026). One optimisation not performed but recommended is deliberate 

NBAT1 isoform selection, as the effect of lncRNA was shown to be isoform-specific (Pang et al., 

2026). Including these modifications in future experiments, with improved plasmid preparation 

quality, would be required to improve RNA quality and transfection outcomes.  

The RNA quality assessed by spectrophotometry and agarose gel electrophoresis was insufficient 

to fully characterise the RNA preparation. In particular, the presence of dsRNA contaminants 

could not be excluded. Cellular innate immune response to dsRNA can lead to cell death (Mu & 

Hur, 2021). Dot blot analysis should have been used prior to transfection, as it is a standard quality 

control for synthesised RNA (Luo et al., 2023). These RNA quality concerns may have directly 

influenced the transfection outcomes.  

The mRNA expression vector used allows ribosomes to translate the construct with NBAT1 if it 

contains any open reading frames (ORF). Under investigation of the NBAT1 sequence, only a short 

ORF was identified, which does not fully rule out translation, as lncRNAs have been shown to 

encode functional micropeptides as small as 17 amino acids (Niu et al., 2020). If translated, this 

could lead to premature termination and sequence decay, for which a functional validation would 

be needed to rule it out.  

5.4 Transfection Outcomes 

Cell death after RNA transfection is consistent with suboptimal transfection conditions and dsRNA 

contamination, causing an off-target immune response and reagent cytotoxicity (Mu & Hur, 2021; 

Wang et al., 2018). DNA transformation was used alongside RNA transfection due to low RNA 

yield, since transfected cells possess the nuclear machinery to transcribe DNA into RNA (Kim & 

Eberwine, 2010). Future in vivo work would require RNA transfection instead, given the genomic 

integration risk of DNA transfection, creating a demand for further optimisations (Kim & 

Eberwine, 2010). 
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A more fundamental limitation concerns subcellular localisation, as Lipofectamine delivers the 

construct to the cytoplasm, but the suggested epigenetic silencing of genes by NBAT1 places its 

functioning in the nucleus. That in mind, specific nuclear import would have to be engaged, as 

lncRNAs rely on specific signals that the experimental design did not consider. Although 

important to note, this does not undermine the experiment’s rationale, since NBAT1’s localisation-

specific mechanism is still not completely defined and testing whether overexpression can restore 

its function addresses the project’s second aim.  

The Lipofectamine 3000 reagent was recognised to show the best transfection efficiency of 47.17 

% among the tested variants, but at the same time, quite low cell viability of 61.01 % for the SH-

SY5Y cell line (Wang et al., 2018). This may have caused the high percentage of apoptotic cells 

after the transfection, though unconfirmed by replicates. The WT control also showed high 

apoptosis, suggesting an underlying issue with the cell maintenance independent of transfection. 

The observed increase in apoptosis after NBAT1 overexpression would, if supported by 

appropriate replicates and a negative control such as green fluorescent protein (GFP) 

overexpression, suggest that NBAT1 functions were restored. Although at this point, with the 

experimental design limitations in mind, such a conclusion cannot be taken from the results of 

increased apoptosis after transfection with the construct.  

A strong limitation of the transfection experiments was the absence of appropriate controls. A 

negative control expressing GFP was not included due to time constraints, despite being a 

standard practice in transfection studies that allows for verifying transfection efficiency (Sari et 

al., 2024). Furthermore, a positive control confirming successful overexpression could not be 

included due to the PUMA cloning failure and the off-target TIMM13 amplification. The inclusion 

of such controls would be essential for the correct interpretation of such experiments.  

5.5 Post Transfection Real-Time qPCR 

When it comes to the real-time qPCR final analysis, the results once again could not be stated for 

certain, as a limited number of surviving cells prevented running biological replicates. This did 

not allow for statistical assays, creating an issue in the credibility of the results. The OE condition 

seemed to show lower expression of NBAT1 in comparison to the WT sample. The most probable 

explanation for this result is the mismatch between the published NBAT1 transcript, which was 

the basis for designing the primers and the cloned variant. However, something worth noting is 

the lack of proper validation for primer specificity, reducing confidence in the result. Another 

explanation is poor plasmid preparation, which, due to its quality, did not seem to result in 

overexpression. Such a result is not fully unexpected, as over 60 % of overexpression studies have 

been reported to fail to deliver reproducible overexpression, highlighting further the need for 

quality control (Munkácsy et al., 2019). Taken together, these results left the project’s second aim 

unresolved. 

5.6 Conclusions  

In conclusion, this project partially achieved its primary aim of optimising a procedure for the in 

vitro synthesis of mRNA encoding NBAT1. However, suboptimal plasmid preparation quality 

likely limited sequencing reliability, RNA synthesis yields, and transfection outcomes. As a result, 

the secondary aim of validating the therapeutic potential of NBAT1 overexpression was not 

achieved. The emerged complications with PUMA cloning due to off-target amplification caused a 

lack of a positive control in the transfection experiments, making them more difficult to analyse 
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correctly. Across all experiments, the absence of biological replicates, caused by time and resource 

limitations, did not allow to draw statistically supported conclusions; the findings should be 

considered as preliminary. Despite these limitations, this project represents a first step towards 

establishing an RNA-based therapeutic approach targeting NBAT1 in neuroblastoma, and the 

findings provide a clear foundation for the methodological improvements that can result in the 

progression of this research further.  

6 Ethical considerations  

This project considered standard ethical considerations for molecular biology research that 

include molecular cloning and cell lines derived from humans. The neuroblastoma cell lines SH-

SY5Y and BE(2)-C are established and commercially available, minimising the direct ethical risks. 

No primary human samples or personal data were collected during this research. Potential 

harmful applications of RNA constructs were considered; however, the sequence was designed to 

suppress tumour growth with high specificity, minimising off-target effects. No in vivo models 

were performed, also reducing potentially harmful effects. All experimental work was performed 

under standard Biosafety Level 2 (BSL-2) laboratory considerations, supervised by qualified 

personnel, and it was done according to Swedish biosafety regulations and institutional 

guidelines. Appropriate waste disposal and decontamination procedures were followed. The 

bacteria used in this project were a standard, non-pathogenic cloning strain, creating minimal 

biosafety risk. No ethical approval was required for this project. This is because the study used 

only commercially available, established cell lines and did not involve primary human tissue, 

patient data, animal models, or any procedures that fall under Swedish ethical review legislation 

(SFS 2003:460). 

From a gender equality perspective, neuroblastoma affects both male and female children, and 

the project used both female-derived (SH-SY5Y) and male-derived (BE(2)-C) cell lines; however, 

transfection experiments were only performed on SH-SY5Y, meaning that the findings may not be 

the same for both genders and should be validated in BE(2)-C as well. Regarding social 

contributions, if successfully developed, this overexpression of lncRNAs approach could represent 

a novel treatment strategy for high-risk neuroblastoma, which currently has limited therapeutic 

options and a poor prognosis. This project is in a highly preliminary stage and did not show clear 

results in the overexpression of NBAT1; therefore, these social contributions remain long-term.  

7 Future perspectives  

Future perspectives of this project are based on optimising the synthesis of stable, non-

immunogenic RNA. This should start with retransforming bacteria with the confirmed plasmid, 

followed by a more meticulous midi prep plasmid purification, aiming for a higher concentration 

and purity. This should address the study’s biggest limitation, low plasmid purity, which limited 

all the steps afterwards, including IVT. If this alone does not improve the IVT yield, raising Mg2+ 

concentration up to around 10 mM higher than the concentration of the ribonucleoside 

triphosphates has been shown to improve the RNA yield (Zhao et al., 2026). A second issue is the 

immunogenicity, as the RNA transfection in this project likely caused cell death related to dsRNA 

contamination, which is consistent with activation of the innate immune response by such 

byproducts. One way to reduce immunogenicity is an additional purification step after IVT, such 

as cellulose-based purification (Baiersdörfer et al., 2019). Optimised lipid nanoparticles described 

by Kim et al. (2025). could prove helpful in further reduction of immunogenicity and transfection 
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efficiency. Another future perspective is improving the transfection protocol, in which case it 

could be used not only to properly investigate the effect of overexpression of NBAT1 on 

neuroblastoma cells, but could also be used as a basis for creating protocols for overexpressing 

other lncRNAs. Possible improvements are testing different RNA to MessengerMax ratios or 

adjusting the cell seeding density. This is an important branch of novel therapeutics with potential 

impact beyond cancer. Recently, there have been some studies that investigated similar topics, 

including the study by Pang et al. (2026) that showed that the correct preparation of three specific 

lncRNAs reduced lipopolysaccharide-induced inflammation. The variety of identified functions of 

lncRNAs in a variety of diseases further highlights the potential of lncRNA research in the 

development of novel therapeutics.  
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9 Appendices  

9.1 Appendix 1  

The exact nucleotide sequences of the primers used throughout the project are shown in Table 1. 

Table 1. Sequences of the primers used in the study. Lowercase letters indicate overlaps specific to the 

vector used and for the assembly type added for cloning purposes. Uppercase letters indicate the annealing 

region specific to the target gene.  

Primer name Sequence  5’ (overlap/ANNEAL) 3’ 

PUMA for Gibson assembly 

forward primer 

5’-gaagaaatataagagccaccATGGCCCGCGCACGCCAG-3’ 

PUMA for Gibson assembly 

reverse primer 

5’-caccgaggctccagctcattCTAATTGGGCTCCATCTCGGGGGC-3’ 

PUMA for restriction 

digestion forward primer 

5’-ggctacggtctctATGGCCCGCGCACGCCAG-3’ 

PUMA for restriction 

digestion reverse  primer 

5’-ggctacggtctcgaCTAATTGGGCTCCATCTCGGGGGC-3’ 

 

NBAT1 for Gibson 

assembly forward primer 

5’-gaagaaatataagagccaccACTCTCTCTTTCCTCTTTTC-3’  

NBAT1 for Gibson 

assembly reverse primer 

5’-

caccgaggctccagctcattTCCATTAAAAATTTCTTTATTGTGTTAG-

3’ 

NBAT1 for restriction 

digestion forward primer  

5’-ggctacggtctcgatggCTAGAATGAGAATGCACAGC-3’ 

NBAT1 for restriction  

digestion reverse primer 

5’-

caccgaggctccagctcattTCCATTAAAAATTTCTTTATTGTGTTAG-

3’ 

PUMA forward primer for 

real-time qPCR 

5’-CGACCTCAACGCACAGTACGA -3’ 

PUMA reverse primer for 

real-time qPCR 

5’-AGGCACCTAATTGGGCTCCAT-3’ 

NBAT1  forward primer 

for real-time qPCR 

5’-ACGGCAGGAGCAGCTCAG-3’ 

NBAT1  reverse primer for 

real-time qPCR 

5’-TGTACTATGACTGTAATTCCAAGAGCA-3’ 
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9.2 Appendix 2 

Before optimisation of the amplification of the desired PUMA and NBAT1 fragments began, the 

relative expression of PUMA and NBAT1 was assessed across two neuroblastoma cell lines under 

different conditions. Real-time qPCR was performed using GAPDH as a housekeeping reference 

gene for normalisation via the 2-ΔΔCq method. The protocol and reagents used were from the 

PowerUp SYBR Green Master Mix (Applied Biosystems), and the machine used for the experiment 

was the ViiA 7 real-time PCR System (Applied Biosystems). The conditions tested were untreated 

wild-type (WT), doxorubicin-treated for 24 hours (Dox), and retinoic acid-differentiated at day 7 

(ATRA-Day 7), in both SH-SY5Y and BE(2)-C cell lines. 

After deciding the appropriate cDNA to be used, a series of PCR optimisations for each fragment 

were performed. The procedures differ in enzymes used, including Phusion Hot Start Flex 2x 

Master Mix (New England BioLabs), Q5 High Fidelity DNA Polymerase (New England BioLabs) 

and GoTaq Long PCR Master Mix (Promega). In each case, the procedure was based on the 

manufacturer’s instructions. The deviations from the protocols included annealing temperature 

gradients, addition of DMSO 3% and 5%, and changes in cDNA concentration ranging from 50 ng 

to 150 ng per reaction, as well as the type of cDNA used. The last change included switching from 

the set of NBAT1 and  PUMA primers for Gibson assembly to the corresponding set of primers for 

restriction digestion, which were, in all cases, used in a concentration of 1 µM. The results showing 

the final optimisation are shown in Figure 6 for the NBAT1 fragment and Figure 7 for the PUMA 

fragment.  

 

Figure 6. Gel electrophoresis with SYBR Safe DNA Gel Stain (Invitrogen), visualised under UV illumination 

using a gel imaging system, representing PCR optimisation results for NBAT1 amplification (2340 bp). All 

samples were prepared using the same mix of 5 µL master mix for long fragments PCR, 1 µL of each primer, 

and 1 µL of cDNA from SH-SY5Y doxorubicin-treated cells, according to the standard protocol. The samples 

were then placed under this reaction set-up: initial denaturation at 94 °C for 2 min, then 35 cycles of  94 °C 

- 30 s, annealing at (54.3 °C (lane 2), 56.2 °C (lane 3), 58.3 °C (lane 4), 60.2 °C (lane 5), 62 °C (lane 6), 63.5 

°C (lane 7), 64.6 °C (lane 8), 65.1 °C (lane 9)) for 30 s and extension at 72 °C for 2 min, with a final extension 

at 72 °C for 5 min and 4 °C hold. Lane 1 contained GeneRuler DNA Ladder Mix (ThermoFisher Scientific). 

Samples were prepared with 1x Gel Loading Dye Purple (New England BioLabs). 
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Figure 7. Gel electrophoresis with SYBR Safe DNA Gel Stain (Invitrogen), visualised under UV illumination 

using a gel imaging system, representing PCR optimisation results for the PUMA fragment. The 25 µL PCR 

reaction contained 2.5 µL of each PUMA primer designed for subsequent restriction cloning, 1 µL of cDNA 

template, and Q5 High‑Fidelity DNA Polymerase (New England Biolabs) with buffer and dNTPs according 

to the manufacturer’s instructions. Lanes 2-6 used cDNA from SH-SY5Y ATRA differentiated day 7, prepared 

with the optimised protocol; Lanes 7-11 used cDNA from SH-SY5Y WT, prepared with the optimised 

protocol. Lanes 12-16 used SH-SY5Y doxorubicin-treated cells prepared with the standard protocol. PCR 

was carried out with an initial denaturation at 98 °C for 30 s, followed by 40 cycles of 98 °C for 10 s, 

annealing at (69.6 °C (lanes 2,7,12), 67.2 °C (lanes 3,8,13), 64.5 °C (lanes 4,9,14), 62.4 °C (lanes 5,10,15), 

60.9 °C (lanes 6,11,16)) for 30 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for 2 min 

and a hold at 4 °C. Lane 1 contained GeneRuler DNA Ladder Mix (ThermoFisher Scientific). Samples were 

prepared with 1x Gel Loading Dye Purple (New England BioLabs). 

The final PCR thermocycling conditions for the NBAT1 fragment were as follows: initial 

denaturation at 94 °C for 2 minutes; 35 cycles of denaturation at 94 °C for 30 seconds, annealing 

at 58 °C for 30 seconds, and elongation at 72 °C for 2 minutes; followed by a final extension at 72 

°C for 5 minutes. The thermal cycling conditions for amplifying the PUMA fragment were as 

follows: initial denaturation at 98 °C for 30 seconds; 40 cycles of denaturation at 94 °C for 15 

seconds, annealing at 63 °C for 30 seconds, and extension at 72 °C for 1 minute. 

9.3 Appendix 3  

Cq values obtained from the Real-time qPCR are presented in Tables 2, 4 and 6 for PUMA 

expression profiling, NBAT1 expression profiling, and NBAT1 expression after transfection with 

NBAT1, respectively. Relative expression values, calculated using the 2-ΔCq method and normalised 

to GAPDH and fold change values, calculated using the 2-ΔΔCq method in relation to the respective 

WT condition, are shown in Tables 3, 5, and 7.  

Table 2. Raw Cq values for PUMA and GAPDH, used as a housekeeping reference, across all conditions. Each 

measurement was taken in replicates (rep1-3), with the mean Cq of three technical replicates shown for 

both GAPDH and PUMA.  Real-time qPCR was performed as described in section 3.6.1.  

Sample GAPDH 

Cq rep1 

GAPDH 

Cq rep2 

GAPDH 

Cq rep3 

GAPDH 

Cq 

Mean 

PUMA 

Cq rep1 

PUMA 

Cq rep2 

PUMA 

Cq rep3 

PUMA 

Cq 

Mean 
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SH-SY5Y WT 16.426 16.453 16.516 16.465 27.265 27.381 27.281 27.309 

SH-SY5Y 

doxorubicin  

17.178 16.040 15.746 16.321 24.116 25.202 25.605 24.974 

SH-SY5Y 

ATRA day 7 

21.654 21.682 21.610 21.649 28.599 28.785 29.005 28.796 

BE(2)-C WT 16.431 14.755 14.798 15.328 28.837 28.344 28.280 28.487 

BE(2)-C 

doxorubicin 

16.444 15.071 16.004 15.840 28.393 28.608 28.519 28.507 

BE(2)-C 

ATRA day 7 

16.829 16.965 17.034 16.943 28.464 27.984 28.261 28.236 

 

Table 3. Relative expression values for PUMA were calculated using the 2-ΔCq method from the mean Cq of 

technical replicates (Table 2), normalised to GAPDH and fold change in PUMA expression was calculated 

using the 2-ΔΔCq method relative to the respective wild-type control.  

Sample ΔCq    2-ΔCq   ΔΔCq  2-ΔΔCq  

SH-SY5Y 

WT 

10.8440 0.0005 0.0000 1.0000 

SH-SY5Y 

doxorubic

in  

8.6530 0.0025 -2.1910 4.5662 

SH-SY5Y 

ATRA day 

7 

7.1477 0.0071 -3.6963 12.963

1 

BE(2)-C 

WT 

13.1590 0.0001 0.0000 1.0000 

BE(2)-C 

doxorubic

in 

12.6670 0.0002 -0.4920 1.4064 

BE(2)-C 

ATRA day 

7 

11.2937 0.0004 -1.8653 3.6435 

 

Table 4. Raw Cq values for NBAT1 and GAPDH, used as a housekeeping reference, across all conditions. Each 

measurement was taken in replicates (rep1-3), with the mean Cq of three technical replicates shown for 

both GAPDH and NBAT1. Real-time qPCR was performed as described in section 3.6.1.  
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Sample GAPDH 

Cq 

rep1 

GAPDH 

Cq 

rep2 

GAPDH 

Cq 

rep3 

GAPDH 

Cq 

Mean 

NBAT1 

Cq 

rep1 

NBAT1 

Cq 

rep2 

NBAT1    

Cq 

rep3 

NBAT1 

Cq 

Mean 

SH-SY5Y 

WT 

16.426 16.453 16.516 16.465 27.435 27.654 27.771 27.620 

SH-SY5Y 

doxorubicin  

17.178 16.040 15.746 16.321 24.839 23.412 24.273 24.174 

SH-SY5Y 

ATRA day 7 

21.654 21.682 21.610 21.649 30.134 30.118 29.749 30.000 

BE(2)-C WT 16.431 14.755 14.798 15.328 26.746 26.633 26.883 26.754 

BE(2)-C 

doxorubicin 

16.444 15.071 16.004 15.840 25.331 25.551 26.054 25.645 

BE(2)-C 

ATRA day 7 

16.829 16.965 17.034 16.943 27.447 27.324 27.799 27.523 

 

Table 5. Relative expression values for NBAT1 were calculated using the 2-ΔCq method from the mean Cq of 

technical replicates (Table 4), normalised to GAPDH and fold change in NBAT1 expression was calculated 

using the 2-ΔΔCq method relative to the respective wild-type control.  

Sample ΔCq  2-ΔCq  ΔΔCq  2-ΔΔCq 

SH-SY5Y 

WT 

11.1550 0.0004 0.0000 1.0000 

SH-SY5Y 

doxorubicin  

7.8533 0.0043 -3.3017 9.8605 

SH-SY5Y 

ATRA day 7 

8.3517 0.0031 -2.8033 6.9805 

BE(2)-C WT 11.4260 0.0004 0.0000 1.0000 

BE(2)-C 

doxorubicin 

9.8057 0.0011 -1.6203 3.0745 

BE(2)-C 

ATRA day 7 

10.5807 0.0007 -0.8453 1.7967 

 

Table 6. Raw Cq values for NBAT1 and GAPDH, used as a housekeeping reference, following transfection 

with NBAT1, in SH-SY5Y WT and SH-SY5Y OE. Each measurement was taken in replicates (rep1-3), with the 

mean Cq of three technical replicates shown for both GAPDH and NBAT1.  Real-time qPCR was performed 

as described in section 3.6.1.  
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Sample GAPDH 

Cq rep1 

GAPDH 

Cq rep2 

GAPDH 

Cq rep3 

GAPDH 

Cq 

Mean 

NBAT1 

Cq rep1 

NBAT1 

Cq rep2 

NBAT1 

Cq rep3 

NBAT1 

Cq 

Mean 

SH-SY5Y 

WT 

19.987 19.473 19.284 19.581 32.796 32.804 31.815 32.471 

SH-SY5Y 

OE 

19.849 19.617 20.085 19.851 37.117 37.770 37.801 37.562 

 

Table 7. Relative expression values for NBAT1 after transfection with NBAT1 were calculated using the 2-

ΔCq method from the mean Cq of technical replicates (Table 6), normalised to GAPDH and the fold change in 

NBAT1 expression after transfection with NBAT1 was calculated using the 2-ΔΔCq method relative to the wild-

type control.  

Sample ΔCq  2-ΔCq  

 
ΔΔCq  2-ΔΔCq  

SH-

SY5Y 

WT 

12.8903 0.0001 0.0000 1.0000 

SH-

SY5Y 

OE 

17.7123 0.0000 4.8220 0.0354 

 

9.4 Appendix 4 

The graphic alignment summary and sequencing chromatogram for NBAT1 are presented in 

Figures 8 and 9. The graphic alignment was performed using the BLASTn (Figure 8) tool, and the 

sequencing chromatogram was supplied by the Sanger sequencing provider (Figure 9).  

 

 

Figure 8. Graphic alignment summary for NBAT1 clone and its respective transcript performed in the 

BLASTn online tool. The turquoise line labelled “Query” represents the whole targeted transcript 

ENST00000566912.2. The red line represents alignment coverage of the sequence from the Sanger 

sequencing results to the query, and the black mark within its boundary marks the boundary between the 

two Blast Hits found for the subject sequence.  
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Figure 9. Sequencing chromatogram supplied with the Sanger sequencing result from the NBAT1 clone 

extracted with midiprep plasmid preparation.  
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