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Abstract

A large portion of the mammalian genome comprises non-coding sequences, such
as B2 SINEs, which play a role in gene regulation during stress. Despite their
significance, the regulatory mechanisms governing SINEs remain unclear. This study
explores the relationship between sense and antisense B2 SINE transcripts in a
mouse cell line model exposed to heat shock and other stress conditions, including
transfection with locked nucleic acids and in vitro transcribed B2. The results of
qPCR and sequencing data analysis demonstrate an inverse relationship between
the expression levels of sense and antisense B2 SINEs, with these effects being
transient and diminishing over time. This indicates a complex, dynamic regulatory
network that likely involves additional factors or feedback loops.
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Chapter 1. Introduction

1.1 Non-coding RNAs

The human genome comprises both protein-coding genes and non-protein-coding
DNA sequences, the latter of which do not encode proteins. Notably, up to 80% of
the human genome is transcribed into RNA molecules, although only approximately
2% of the genome directly encodes proteins (de Koning et al., 2011). The RNA
transcripts that are not translated into proteins are termed non-coding RNAs
(ncRNAs). Historically, ncRNAs were perceived as non-functional byproducts of a
non-coding genome, devoid of significant biological function. Nevertheless, recent
research on the biological roles of ncRNAs has expanded rapidly, revealing that
these RNAs are associated with various crucial biological processes, such as
chromatin modification and transcription regulation. Moreover, they can act as
epigenetic regulators of gene expression, influencing which genes are turned on or
off (Palazzo et al., 2014); (Fernandes et al., 2019). Furthermore, studies of various
classes of ncRNAs have demonstrated their potential as therapeutic agents and
biomarkers for diagnosing diseases, offering new ways for medical treatment and
diagnosis (Winkle et al., 2021).

ncRNAs are classified into two principal categories: structural ncRNAs and
regulatory ncRNAs. The structural ncRNAs include ribosomal RNA (rRNA) and
transfer RNA (tRNA). rRNA forms the main structural component of ribosomes,
which are essential for protein biosynthesis, making it one of the most abundant
molecules in cells (Kobayashi et al., 2014); (Hori et al., 2023). In addition, recent
studies indicate that rRNA plays a vital role in maintaining genome stability, which is
crucial for preventing mutations and ensuring proper cell function (Li and Yu, 2024);
(Fleurier et al., 2022). The role of tRNA in cellular processes has also been
extensively studied. tRNA serves as a crucial link between messenger RNA (mRNA)
and the growing polypeptide chain during protein synthesis, facilitating the translation
of genetic information into functional proteins (Fernandez-Millan et al., 2016).
Additionally, the relationship of the presence of rRNA modifications with the
development of diseases such as diabetes or cancer is known (Cui et al., 2023);
(Wang et al., 2023); (Zhou et al., 2019).

The second category of ncRNAs includes a diverse group of molecules such as long
non-coding RNAs (lncRNA), small interfering RNAs (siRNA), microRNAs (miRNA),
and small-interspersed nuclear elements RNAs (SINE RNA), among many others
(Quinn et al., 2015). This group is classified as regulatory RNAs due to their role in
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regulating numerous cellular pathways. Regulatory RNAs are involved in a wide
range of cellular processes, including gene silencing, post-transcriptional regulation,
and chromatin remodeling (Zong et al., 2023). For example, by attracting
chromatin-reconstructing complexes to specific genomic loci, long ncRNAs are able
to mediate epigenetic changes (Mercer et al., 2009).

Small regulatory RNAs are further divided into two main classes: 1) small nucleolar
RNAs (snoRNAs), which are primarily responsible for the chemical modification and
processing of rRNA, ensuring the proper assembly and function of ribosomes
(Bratkovic et al., 2019); (Filipowicz et al., 1999) as well as for guiding the
spliceosome machinery; and 2) miRNA and siRNA, which play crucial roles in gene
regulation by targeting messenger RNA (mRNA) for degradation or translational
repression, thereby controlling the levels of proteins produced within the cell (Fabian
et al., 2010); (Wang et al., 2021); (Zovoilis et al., 2010); (Liao et al., 2011).
Additionally, small RNAs can be used as predictive biomarkers to determine the
status of cancer (Zovoilis et al., 2014), and studies show they can be considered
potential targets in the treatment of dementia (Zovoilis et al., 2011).

1.2 Transposable elements

Some non-coding RNAs (ncRNAs) are derived from transposable elements, which
are sequences of non-protein-coding DNA capable of inserting themselves into
various locations within the genome. Based on their transposition mechanisms,
transposable elements can be classified into two major classes (Wells and
Feschotte, 2020). Class 1 elements, also known as retrotransposons, utilize a "copy
and paste" mechanism. This process involves transcription from DNA to RNA,
followed by reverse transcription of the RNA intermediate into complementary DNA
(cDNA), which is then reinserted into the genome. It is known that retrotransposons
are one of the main sources of genome instability, which can cause and contribute to
the development of cancer, as well as many other serious diseases (Wu et al.,
2021); (Payer and Burns, 2019); (Sargurupremraj and Wjst, 2013).

Retrotransposons are further categorized into two subgroups based on the presence
of long terminal repeats (LTRs) at their ends: LTR retrotransposons and non-LTR
retrotransposons (Hayward et al., 2022). Class 2 elements, also referred to as DNA
transposons, transpose using a "cut and paste" mechanism that directly involves a
DNA intermediate (Pace and Feschotte, 2007).

Non-LTR transposons are composed of long interspersed nuclear elements (LINEs)
and short interspersed nuclear elements (SINEs). Both LINEs and SINEs have
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significantly impacted the evolution of the mammalian genome due to their inherent
retrotransposon activity (Richardson et al., 2015). LINEs are autonomous
retrotransposons capable of moving within the genome and encoding the reverse
transcriptase enzyme necessary for their own transposition. Conversely, SINEs are
non-autonomous retrotransposons that rely on the enzymatic machinery provided by
LINEs. SINEs mimic the 3’-ends of LINEs to ensure their propagation (Szafranski et
al., 2004).

Recent research has highlighted the involvement of non-LTR transposons in various
disease processes and immune responses (Terry and Devine, 2022). For example,
the increase in the LINE copy amount leads to genome instability and is associated
with the development of severe diseases such as cancer (Scarfò et al., 2016).
Beyond this, LINEs are known to be involved in the development of systemic
autoimmune diseases (Crow, 2010) and severe health conditions like ataraxia
(Takahashi et al., 2022). Although at the same time, they have been proven to play
an important role in brain development by regulating the rate of differentiation of
neurons in both humans and mice (Toda et al., 2024).

1.3 SINEs

Although SINE elements have a reduced capacity for retrotransposition and are
generally less autonomous compared to other transposable elements, they
constitute a significant portion of the genome. In both human and murine genomes,
SINEs occur in millions of copies (Zhang et al., 2021). The retrotransposon activity of
L1 LINEs has facilitated the increased representation of SINEs over time (Stenz et
al., 2021). Additionally, SINEs contribute to exonization within the genome through
the insertion of internal exons (Schmitz et al., 2011). Unlike other transposable
elements that are transcribed by RNA polymerase II (Pol II), SINEs rely on RNA
polymerase III (Pol III), with transcription initiated at an internal promoter. This
transcription mechanism enables the generation of short non-coding RNAs known as
SINE RNAs (Dunker et al., 2017). SINE-encoded ncRNAs typically range in length
from 100 to 500 base pairs (bp). A typical SINE is composed of three distinct parts:
the 5′-terminal ‘head’, the ‘body’, and the 3′-terminal ‘tail’ (Sharma et al., 2023). The
heads of all SINEs exhibit a clear similarity to one of the three types of cellular RNAs
synthesized by Pol III: tRNA, 7SL RNA, or 5S rRNA (Pe'llissier et al., 2004).

A major family of SINE elements is derived from the 7SL RNA, which evolved
independently in certain eukaryotes and gave rise to a branch in mammals. In
rodents, this evolution resulted in the B1 SINE elements (Nikaido et al., 2022).
Rodent genomes also contain transfer RNA-derived SINE elements known as B2
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elements (Karijolich et al., 2017). In primates, including humans, the 7SL
RNA-derived SINE elements evolved into the Alu family of SINE elements (Kriegs et
al., 2007). The B2 and Alu retrotransposons represent two of the most prevalent
subclasses of SINEs, with millions of copies present in mice and humans,
respectively.

Moreover, SINE RNAs in different ways control gene expression by participating in
processes such as mRNA transcriptional control, adenosine to inosine conversions
(A-to-I editing) by deamination, alternative splicing and nuclear retention (Walters et
al., 2009); (Maquat et al., 2020).

1.4 B2 elements

B2 elements are classified into several subfamilies based on their evolutionary
history and sequence variations (Figure 1.1). For example, B2Mm2 is the oldest
subfamily, B2Mm1o is intermediate, while B2Mm1a and B2Mm1t are the youngest
subfamilies (Ichiyanagi et al., 2021). Among these, the Mm1a subfamily is the most
widely distributed in mice and rats (Vassetzky et al., 2021).

B2 RNAs have been known for years to be up-regulated in response to various types
of cellular stress (Tatosyan and Kramerov, 2016). However, the underlying
mechanisms remained unclear until a series of studies revealed that SINE B2 RNA
levels increase under stress conditions, suppressing mRNA transcription by binding
to RNA polymerase II (Figure 1.2, Ichiyanagi et al., 2021); (Espinoza et al., 2007).
This genome-wide transcriptional repression during cellular stress results in the
suppression of housekeeping genes, potentially allowing the redistribution of cellular
energy resources to support survival (Allen et al., 2004). Housekeeping genes -
genes that are necessary for the existence of cells, regardless of their specific
function. Which are also expressed relatively stably regardless of the external signal
(Joshi et al., 2022).

Besides transcriptional repression, B2 as well as Alu RNAs have been shown to form
intermolecular RNA-RNA interactions with complementary mRNAs, which leads to
retention of the target mRNA in the nucleus (Karijolich et al., 2017); (Khan et al.,
2023).

Further research from my lab demonstrated that SINE RNAs can also mediate
cellular stress responses through another mechanism. Specifically, it was shown that
SINE B2 RNAs in mice exhibit protein-accelerated self-cleavage activity (Zovoilis et
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al., 2016), leading to their fragmentation and subsequent inability to bind to and
suppress RNA polymerase II (Hernandez et al., 2020).

In general, during stress responses, SINE RNAs in mice function as transcriptional
switches. They bind to RNA polymerase II at several stress response genes, thereby
suppressing their transcription. Such binding to Pol II is possible due to the features
of the structure of B2 RNA, which is why Pol II is released during the fragmentation
of B2 (Ponicsan et al., 2015).

Figure 1.1: The alignment of the consensus sequences of B2 subfamilies.
Nucleotides that are different between the subfamilies are highlighted.

(Figure adapted from Tomoko Ichiyanagi et al., 2021).

Upon exposure to stress, B2 RNAs are processed, which results in the release of the
delayed or stalled RNA polymerase at these stress response genes, allowing their
transcription to proceed (Zovoilis et al., 2016). Recent studies have indicated that
increased levels of B2 RNA processing enhance the expression of B2 RNA-targeted
genes during the cellular stress response. For example, this pathway has been
identified as being deregulated in amyloid-beta pathology in the mouse hippocampus
(Cheng et al., 2020).
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1.5 Alu elements

Full-length human Alu elements are typically about 300 base pairs (bp) in length and
exhibit a dimeric structure. Individual Alu elements exert diverse influences on gene
expression, including effects on polyadenylation, splicing, and adenosine deaminase
editing (Deininger, 2011). Similar to B2 elements, Alu elements are categorized into
specific subfamilies based on sequence variations. Several Alu subfamilies are
currently active within human populations (Konkel et al., 2015); (Hadjiargyrou and
Delihas, 2013).

Recent studies have demonstrated that, much like B2 RNAs, Alu RNAs are
self-cleaving and can become destabilized in vitro (Hernandez et al., 2020).
Additionally, Alu RNAs are up-regulated in response to stress stimuli, with a
mechanism of action similar to that of B2 RNAs: they inhibit mRNA transcription by
binding to Pol II (Shankar et al., 2004) (Mariner et al., 2008); (Yakovchuk et al.,
2009).

Figure 1.2: The mode of action of SINE RNAs in response to cellular stress.
(Figure adapted from Cheng et al., 2021).
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Alu RNAs have been known to help selectively inhibit translation by binding the 40S
subunit of the ribosome with the SRP9/14 protein, which prevents 48S complex
formation. In addition, Alu RNAs are able to inhibit the translation of mRNAs,
resuming it after stress (Ivanova et al., 2015).

1.6 Biological significance of SINE RNA

The epitranscriptome (all the biochemical modifications of ribonucleotides within a
cell) response is a modulating force of SINE RNA function. One of the most widely
spread modifications is A-to-I editing facilitated by ADAR (Adenosine Deaminase
Acting on RNA) family proteins (Nossent, 2023). They act post-transcriptionally,
changing the nucleotide content of RNA (Witman et al., 2013). In more detail, Alu
elements can form double-stranded RNAs because of their repetitive structure. The
formation of duplex structures leads to A-to-I editing by the ADAR enzymes (Chen et
al., 2008). Another type of modification within RNA is N6-methylation of adenosine
(Rottman et al., 1994) facilitated by the Mettl3/14 complex (Liu et al., 2014), along
with pseudouridylation, facilitated by pseudouridine synthases (Schwartz et al.,
2014); (Ketele et al., 2016). All this is only a small part of all the modifications that
can possibly occur with RNA.

The modifications of RNA affect gene expression and regulate a lot of different
pathways within a cell. Many studies have shown that the loss of Alu RNA A-to-I
editing is associated with diverse human diseases including viral and autoimmune
diseases. For example, reduced A-to-I editing correlates with the increased severity
of COVID-19 (Crooke et al., 2021) and the incidence of systemic diseases such as
multiple sclerosis (Tossberg et al., 2020), rheumatoid arthritis (Vlachogiannis et al.,
2020). Additionally, recent research revealed that the loss of A-to-I editing is also
associated with inflammatory bowel diseases (Aune et al., 2022). Because of such a
close association of A-to-I editing with many serious diseases, it can be a good
therapeutic target or biomarker, as has been shown in many studies (Datta et al.,
2023); (Liao et al., 2020); (Rodriguez Morales et al., 2023).

SINE in both humans and mice plays a critical role in various diseases. For instance,
a significant relationship has been established between SINE recombination,
mutation, or amplification events and human cancers (Hancks et al., 2012); (Jiang et
al., 2019). SINEs were found to contribute the majority of transposable
element-generated alternative splice sites in cancer genes. A number of
cancer-associated genes, including CANT1, MYH11, and WHSC1, were shown to
have overexpressed transposable element-derived isoforms across a range of
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cancer types (Clayton et al., 2020). Plenty of different insertions of Alu elements
have been associated with diseases. The predominant mechanisms through which
this occurs are alterations to normal splicing patterns, exonic insertions causing
loss-of-function mutations, and large genomic deletions (Pfaff et al., 2022).
Additionally, Alu RNA accumulation induces epithelial-to-mesenchymal transition.
Moreover, this process is associated with the progression of cancer (Ruocco et al.,
2018). In addition, an increase in the level of Alu insertions leads to impaired
functioning of blood cells (Roos et al., 2018).

Experiments on mouse models have shown that an increased number of B2
insertions leads to disruption of molecular processes in cells (Leong et al., 2012).
Another striking example, is studies of rat models have shown, that in the juvenile
brain of maternal immune activation exposed rat offspring the dysregulation of B2
SINE expression in the prefrontal cortex as a response to stress (Richter et al.,
2023). Also, the processing of B2 is considered dysfunctional during amyloid beta
toxicity and pathology in the mouse hippocampus due to increased levels of B2 RNA
processing, leading to constitutively elevated B2 RNA target gene expression, as
shown in the mouse model of Alzheimer’s disease. In amyloid beta pathology, this
could be a potential pathway contributing to the deregulation of many processes
within the cell (Cheng et al., 2020).

In addition, an increased presence of SINE RNA was found in neurons obtained from
patients with Parkinson's disease. This finding may shed light on new disease
mechanisms and provide insight into the epigenetic landscape of sporadic
Parkinson's disease, which is particularly regulated by small RNAs (Schulze et al.,
2018); (Zhang et al., 2023); (Tshilenge et al., 2024). Generally, transposable
elements are involved in the progression of Alzheimer's disease, and SINEs are
known to participate in disease pathogenesis (Mustafin and Khusnutdinova, 2024).
Furthermore, a recent study revealed that in Alzheimer's disease, the rate of Alu
RNA processing is elevated. While increased levels of intact Alu RNA correlate with
downregulated gene expression in Alzheimer's disease patients, enhanced Alu RNA
processing correlates with the activation of upregulated genes in these patients
(Cheng et al., 2021).

Also, many studies have shown that Alu elements are modulating the progression of
macular degeneration of retinal pigmented epithelium (Kaneko et al., 2011). In more
detail, the accumulation of Alu RNAs due to DICER1 deficiency leads to cytotoxicity
by activating the NLRP3 inflammasome and triggering toll-like receptor-independent
MyD88 signaling in the cell (Tarallo et al., 2012). DICER is a large multi-domain
protein, which not only is involved in the cleavage of pre-miRNAs but also has many
other different functions (Vergani-Junior et al., 2021). Moreover, the same pattern
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was revealed in the mouse model, where B2 accumulation leads to cytotoxicity
(Sundermeier et al., 2017). In addition, the activation of the NLRP3 inflammasome
facilitated by Alu elements is also one of the mechanisms of colorectal cancer
progression (Magliacane Trotta et al., 2024).

1.7 Role of antisense SINEs in the cell

An intriguing but relatively unexplored feature of SINE RNAs is the activity of their
often-transcribed antisense analogs, which can potentially support cellular
homeostasis. For example, a recent study demonstrated that Alu repeats harbor
heat shock factor (HSF) binding sites in heat shock-responsive transcripts. Also, it
was shown that more ofter HSF binding sites are located in antisense Alu transcripts.
This finding underlies an antisense-mediated mechanism, representing a novel
component of Alu and HSF involvement in the heat shock response (Pandey et al.,
2011); (Vourc'h et al., 2022).

Additionally, antisense-containing sequences can play a role in mediating various
diseases. For instance, a natural long non-coding RNA antisense to the Parkinson’s
disease-associated gene Ubiquitin carboxyl-terminal esterase L1 (Uchl1) has been
shown to enhance UchL1 protein synthesis at the post-transcriptional level in mouse
(Zucchelli et al., 2015). This lncRNA requires an embedded inverted SINE B2
sequence to increase translation and the overlapping region to target its sense
mRNA (Zucchelli et al., 2015). A similar mechanism was shown to occur with Tspo
(translocator protein), whose transcription is regulated via a SINE B2- natural
antisense transcript (Fan and   Papadopoulos, 2012).

Another example is the gene Brca1 (BReast CAncer gene 1), which is a potent
inhibitor of Pol III transcription during stress. However, upon inactivation of Brca1,
SINE RNA activation occurs (De Brakeleer et al., 2013); (Wang et al., 2019). Given
the high intronic representation of Alu sequences in Brca1 pre-mRNA, Brca1 can be
post-transcriptionally repressed by activated Pol II antisense Alu transcripts, thereby
returning cells to the transcriptional homeostasis of Pol III.

Investigation of these examples gave rise to a new breakthrough therapeutic
strategy based on antisense long noncoding RNAs as an activator of translation of
target genes (Arnoldi et al., 2022). These molecules were named SINEUPs, as they
require an embedded inverted SINE B2 element for their UP-regulation of translation
(Podbevšek et al., 2018). They have been shown to increase the translation of
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different target genes both in mice and humans (Espinoza et al., 2021); (Schein et
al., 2016); (Takahashi et al., 2018).

Moreover, many other cellular processes are regulated by antisense SINEs. For
example, Staufen1 (encoded by the STAU1 gene) mediates mRNA decay, an
RNA-guided protein mechanism for post-transcriptional nonsense-mediated decay
(Park and Maquat, 2013). Staufen1-mediated decay is often directed by antisense
SINE RNAs to the intronic and 3’ UTR regions of pre-mRNAs (LeGendre et al.,
2013); (Heber et al., 2019).

Investigating how SINE RNAs and their antisense analogs self-regulate to balance
the cell's response to stress and return to homeostasis will uncover a novel negative
feedback loop with broad implications for transcriptome and cellular regulation.

1.8 Rationale

1.8.1 Hypothesis

Despite extensive research efforts, our understanding of SINE RNAs remains limited
beyond their established roles in regulating cellular responses to stress stimuli and
their associations with various diseases. SINE RNAs have been implicated in a
range of cellular functions, yet the full scope of their regulatory capabilities and
mechanisms is not entirely understood. Specifically, while it is known that antisense
SINE RNAs are also produced within cells and may participate in critical biological
processes (Kaneko et al., 2011), the potential interactions between sense and
antisense SINE RNAs have not been thoroughly investigated. This aspect of SINE
RNA biology represents a significant knowledge gap in the field.

Addressing this gap is crucial as it could substantially enhance our understanding of
the regulatory networks involving SINE RNAs. Our working hypothesis suggests a
model in which sense SINE RNAs might inhibit the transcriptional activity of RNA
polymerase II on antisense SINE RNAs. Conversely, it is posited that antisense
SINE RNAs might regulate the expression of sense SINE RNAs. These bidirectional
regulatory interactions between sense and antisense SINE RNAs could constitute a
novel layer of gene regulation, with implications for understanding cellular
homeostasis and responses to environmental changes.
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Figure 1.3: Hypothesis of sense/antisense SINE RNA regulation.

Therefore, the overarching goal of this project is to identify and characterize the
reciprocal effects of sense and antisense SINE RNA expression (see aims section
below). By clarifying these regulatory functions, I hope to gain a deeper
understanding of SINE RNAs' role in cellular physiology and their potential
contribution to disease development. Such insights could pave the way for novel
therapeutic strategies targeting SINE RNA pathways, offering new avenues for
treating diseases associated with their dysregulation.

1.8.2 Aims

• Aim 1: To identify if changes in the expression of the antisense B2 RNA can affect
the expression of sense B2 RNA.

• Aim 2: To identify if changes in the expression of the sense B2 RNA can affect the
expression of antisense B2 RNA.
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Chapter 2. Methods

2.1 Cell culture

For cell culture, I utilized NIH-3T3 cells, a well-established fibroblast cell line
originally derived from the tissue of an NIH Swiss mouse embryo. These cells are
widely used in research due to their robust growth characteristics. The NIH-3T3 cells
were cultured in a high-glucose Dulbecco's Modified Eagle Medium (DMEM, Sigma),
which was carefully formulated to support optimal cell growth and metabolism. The
medium was supplemented with 1% penicillin-streptomycin (5,000 U/mL, Gibco) to
provide broad-spectrum antibiotic protection, minimizing the risk of bacterial
contamination. Additionally, 10% fetal calf serum (FCS, Sigma) was added to supply
essential growth factors, hormones, and nutrients necessary for cell proliferation. To
further support cell growth, 1% L-glutamine (200 mM; Gibco) was included as a vital
source of amino acids and as an energy substrate.

The cells were maintained in T75 flasks, each containing 10 ml of the complete
medium, and incubated at 37°C in a humidified atmosphere with 5% CO2. This
controlled environment ensured the cells remained healthy and proliferative.

Cell passaging, a procedure to prevent over-confluency and maintain cell health,
was carried out at approximately 70-80% confluency. To detach the adherent cells, 5
ml of Trypsin-EDTA (0.25%, Gibco) was added to the flask, followed by incubation at
37°C for 5 minutes. The trypsin enzymatically cleaved the proteins anchoring the
cells to the flask surface. To neutralize the trypsin and prevent over-digestion, an
equal volume of fresh medium was added immediately. The cells were then collected
by centrifugation at 1000 rpm for 5 minutes. The resulting cell pellet was gently
resuspended in fresh medium and transferred to new T75 flasks for continued
culture. Before conducting any experimental assays, total RNA was extracted from
the cells using the Trizol reagent (Thermo Fisher), following the supplier's protocol.
This method is well-known for its efficiency in isolating high-quality RNA.

For this study's cell culture experiments, four biological replicates were used,
consistent with previous studies (Zovoilis et al., 2016); (Cheng et al., 2020).
However, in cases with big standard deviations, the use of four biological replicates
may not always satisfy the normal distribution assumption of the t-test.
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2.2 Heat shock experiment

In preparation for the heat shock experiments, the concentration of fetal calf serum in
the medium was reduced from 10% to 5% during the final cell split. This reduction
was implemented to ensure a more uniform stress response. Following this
adjustment, the cells were collected from the T75 flasks, pelleted by centrifugation at
1000 rpm for 5 minutes, and the resulting pellet was resuspended in fresh medium,
ready for the subsequent heat shock treatment.

To induce heat shock stress, the cell cultures were exposed to a high temperature of
45°C for a precise duration of 15 minutes. This temperature is known to induce a
robust cellular stress response, including the activation of heat shock proteins and
other protective mechanisms. Following the heat shock induction, the samples were
promptly transferred back to the standard incubator conditions (37°C with 5% CO2)
to allow the cells to recover. The recovery process was carefully monitored at
specific time points: immediately (0 minutes), 5 minutes, 15 minutes, 30 minutes, 45
minutes, 1 hour, and 3 hours post-heat shock. For each time point, four biological
replicates were prepared, ensuring the collection of statistically reliable data.

At each designated recovery time point, the cells were harvested by centrifugation at
1600 rpm for 5 minutes. The cell pellets were then immediately resuspended in 1 ml
of Trizol reagent per sample to facilitate RNA extraction. The samples were
subsequently stored at -80°C, ensuring the preservation of RNA integrity until further
analysis.

2.3 Transfection of locked nucleic acids (LNAs)

To allow the NIH-3T3 cells to recover from cryopreservation, they were carefully
thawed and cultured in appropriate conditions for a minimum of three days before
proceeding with the transfection experiments. Cryopreservation is a method whereby
cells are frozen to maintain their viability, allowing them to be stored for months or
even years and then defrosted for future use. This technique is crucial for minimizing
genetic changes and preventing loss through contamination. During this critical
recovery period, the cells were maintained in a medium containing 5% fetal calf
serum. This lower serum concentration was selected to reduce the potential
variability in gene expression and ensure consistent conditions across experiments.

After the recovery phase, the cells were gently pelleted by centrifugation at 1600 rpm
for 5 minutes. The pelleted cells were then resuspended in a fresh medium, following
the previously described protocol. This process ensured that the cells were
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adequately nourished and ready for subsequent experimental manipulations. The
cells were subsequently transferred to a 6-well plate, with 1 ml of cell suspension
added to each well, in preparation for the transfection procedures. This setup
allowed for efficient handling and ensured uniform exposure to transfection reagents.

2.3.1 Transfection of anti-B2 sense LNAs

For the knockdown of sense B2 RNA, a specific pool of two anti-B2 sense locked
nucleic acids (LNAs) was utilized. The sequences of these LNAs were carefully
designed to target the B2 sense transcripts effectively. The sequences were as
follows:

1. +G*+T*+T*+ACGGATGGT+T+G*+T*+G
2. +T*+A*+TAGCTGTCTT+C+A*+G*

In these sequences, the asterisk (*) denotes a phosphorothioate bond, which
provides increased stability and resistance to nucleases, while + indicates an LNA
modification, enhancing the binding affinity to the target RNA. These modifications
were crucial for achieving efficient and specific knockdown of the target transcripts.
LNAs allow for the silencing of short targets with high specificity. They are
complementary to the target sequence and contain modified ribose residues,
enabling them to bind to the target region. This binding leads to the degradation of
the target RNA via cleavage by RNase H, an enzyme that recognizes RNA-DNA
hybrids and catalyzes the cleavage of the RNA strand (Beane et al., 2007).

To serve as a negative control for the knockdown experiments, a scrambled LNA
sequence was employed. This sequence, referred to as "Scramble," was designed
as follows: +C*+C*+T*+CAATTTTA+T+C*+A*+C*. The scrambled LNA was chosen
because it does not specifically interfere with gene expression, thereby serving as a
control to differentiate the specific effects of the anti-B2 sense LNAs from
non-specific effects.

The transfection procedure involved mixing the two anti-B2 sense LNAs with the
HiPerfect transfection reagent (Qiagen) and water to a final volume of 20 µl per
sample. This mixture was carefully prepared to achieve a final concentration of 500
nM for each LNA. Similarly, the scrambled LNA was combined with water and the
HiPerfect transfection agent to the same final volume and concentration. The
mixtures were then incubated at room temperature for 20 minutes, allowing for
proper complex formation between the LNAs and the transfection reagent. This step
was crucial to ensure efficient delivery of the LNAs into the cells.
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Following the incubation, the LNA-reagent complexes were added drop-wise to the
cells in the 6-well plates. The cells were then incubated under standard conditions
(37°C with 5% CO2) to facilitate LNA uptake. Samples were collected at specific time
points - 0 minutes (no transfection), 30 minutes, 1 hour, 3 hours, 12 hours, and 24
hours post-transfection. At each time point, four biological replicates were performed
to ensure the reliability and reproducibility of the data. After the designated
incubation periods, the cells were harvested by centrifugation, and the cell pellets
were stored in Trizol reagent, as previously described.

2.3.2 Transfection of anti-B2 antisense LNAs

For the knockdown of antisense B2 RNA, a different pool of three anti-B2 antisense
LNAs was used. These LNAs were specifically designed to target the antisense B2
transcripts, with sequences as follows:

1. +A*+G*+T*+TCAAATCCC+A+G*+C*+A*
2. +A*+G*+T*+TCAATTCC+C+A*+G*+C*
3. +A*+G*+T*+TCAAATCC+C+A*+G*+C*

Here, the asterisk (*) represents a phosphorothioate bond, and the plus sign (+)
indicates an LNA modification. These modifications were essential for the specificity
and stability of the LNAs, enabling effective targeting of the antisense transcripts.

A scrambled LNA sequence, identical to the one used for the sense B2 knockdown
experiments (+C*+C*+T*+CAATTTTA+T+C*+A*+C*), was also employed as a
negative control. This control was vital to confirm that any observed effects were
specific to the targeted antisense B2 RNA and not due to off-target interactions.

The transfection process for the anti-B2 antisense LNAs followed a similar protocol
to that of the sense LNAs. The HiPerfect reagent was mixed with the three anti-B2
antisense LNAs and water, achieving a final concentration of 500 nM for each LNA
and a total volume of 30 µl per sample. The preparation, incubation, and addition of
the complexes to the cells were carried out as described previously, ensuring
consistency across all transfection experiments.

The cells were incubated under standard conditions post-transfection, and samples
were collected at the specified time points to monitor the effects of the knockdown.
This included careful harvesting, RNA extraction, and storage, all following
standardized protocols to maintain data integrity.
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This comprehensive approach allowed for the detailed investigation of the roles of
sense and antisense B2 RNAs in the cellular context, providing valuable insights into
their regulatory mechanisms. The use of LNAs, with their high specificity and
stability, ensured the accuracy and reliability of the knockdown experiments, while
the inclusion of scrambled controls validated the specificity of the observed effects.

2.4 B2 RNA synthesis and transfection

2.4.1. RNA in vitro trascription

A Mm1a B2 g-block was ordered from IDT for the purpose of in vitro transcription.
The g-block had the following sequence:
5’-
taatacgactcactataGGGGCTGGTGAGATGGCTCAGTGGGTAAGAGCACCCGACTG
CTCTTCCGAAGGTCCGGAGTTCAAATCCCAGCAACCACATGGTGGCTCACAACC
ATCCGTAACGAGATCTGACTCCCTCTTCTGGAGTGTCTGAAGACAGCTACAGTG
TACTTACATATAATAAATAAATAAA TCTTTAAAAAAAAA -3’.

In this sequence, the lowercase letters represent the T7 promoter sequence, which
is a crucial component for initiating transcription. The T7 promoter sequence serves
as a binding site for the T7 RNA polymerase, enabling the transcription of the
downstream DNA sequence into RNA. This promoter is commonly used in molecular
biology for the high-yield production of RNA in vitro. The design of the g-block
ensured that the promoter was positioned at the 5' end, facilitating efficient
transcription initiation.

The template was subsequently amplified by polymerase chain reaction (PCR), a
standard technique for amplifying specific DNA sequences. The amplification utilized
the T7 promoter as the forward primer and a B2-specific reverse primer, as detailed
in Table 2.1. The primers were designed to flank the region of interest, ensuring the
accurate amplification of the target sequence. For this process, the Q5 High-Fidelity
DNA polymerase kit (NEB) was used, chosen for its high accuracy and fidelity, which
are essential for minimizing errors during amplification.

The reaction mixture for the PCR included primers diluted to a final concentration of
20 mM, 5x Q5 Buffer, 10 mM dNTPs, and Q5 DNA polymerase, along with the
B2-template. The PCR conditions were optimized to achieve efficient amplification:
an initial denaturation step at 98°C for 30 seconds to separate the DNA strands,
followed by 35 cycles of denaturation at 98°C for 5 seconds, annealing at 58°C for
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10 seconds, and extension at 72°C for 10 seconds. A final extension step at 72°C for
10 minutes ensured the complete synthesis of the PCR products. These conditions
were carefully selected to maximize yield and specificity while minimizing
non-specific amplification.

The resulting PCR product was verified using agarose gel electrophoresis, a
technique that separates DNA fragments based on size. The samples were loaded
onto an agarose gel and subjected to an electric field, causing the DNA fragments to
migrate through the gel matrix. The bands corresponding to the expected length of
the amplified product were excised from the gel. The DNA was then purified using
the BioBasic EZ-10 gel extraction kit, which efficiently removes impurities and
concentrates the DNA. This purified DNA served as the template for subsequent
PCR amplifications, ensuring a high-quality starting material for further experiments.

To further purify and concentrate the PCR products, the Oligo Clean and
Concentrator kit (Zymo Research) was employed. This step was crucial for removing
any remaining contaminants and concentrating the DNA to a suitable level for in vitro
transcription. The purified DNA was quantified and verified for quality before
proceeding to the transcription step.

For the in vitro transcription, the Hiscribe T7 High Yield RNA Synthesis Kit (NEB)
was utilized. This kit is designed for the efficient synthesis of RNA using the T7 RNA
polymerase. The reaction setup included 1 µg of template DNA, 10x Reaction Buffer,
10 mM DTT (a reducing agent that helps maintain the stability of the enzyme), 1.5 µl
of each NTP (ATP, CTP, GTP, and UTP), and T7 RNA Polymerase Mix. The reaction
mixture was brought to a final volume of 20 µl with water. The samples were
incubated at 37°C for 2 hours, allowing for the transcription of the DNA template into
RNA. This incubation period was optimized to ensure maximum yield of RNA.

Following transcription, the synthesized RNA was purified using the 'Zymo Research
RNA Clean and Concentrator - 25' kit. This purification step is essential for removing
any residual DNA, proteins, or other impurities that may interfere with downstream
applications. The purified RNA was then subjected to quality control analyses to
assess its integrity and concentration.

To evaluate the quality of the synthesized RNA, the samples were analyzed by
polyacrylamide gel electrophoresis (PAGE) using a 10-15% gel. PAGE allows for the
resolution of RNA molecules based on their size, providing a detailed analysis of the
RNA products. The gel was stained with SYBR II (Invitrogen), a nucleic acid stain
that binds to RNA and fluoresces under UV light. The stained gel was examined
under UV light to visualize the RNA bands. The appearance of distinct, sharp bands
indicated the successful synthesis of high-quality RNA.
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Table 2.1 Primers for in-vitro transcription

Primer name Sequence

T7 promoter 5’- TAATACGACTCACTATAG -3’

B2 reverse 5’- TTTTTTTTTAAAGATTTATTTATTTATTATATGTAAGTACA -3’

3.4.2 Transfection of full-length B2 RNA

For the transfection experiments involving full-length B2 RNA, a precisely measured
amount of 16 pmol of B2 RNA was utilized per sample. This RNA amount was
carefully chosen to ensure adequate delivery into the cells while minimizing potential
toxicity. The RNA was initially combined with 2 µl of enhancer (QIAGEN) and EC
Buffer (QIAGEN), with the final volume adjusted to 100 µl. The purpose of the
enhancer and buffer combination is to facilitate the efficient formation of transfection
complexes. The mixture was incubated for 5 minutes at room temperature to allow
proper complex formation, which is a crucial step in ensuring the RNA is adequately
packaged and protected for cellular delivery.

Following this initial incubation, 8 µl of TransMessenger Transfection Reagent
(QIAGEN) was added to the mixture. This reagent is specifically designed to mediate
the delivery of RNA into mammalian cells. Another 10-minute incubation at room
temperature was performed to further facilitate the formation of transfection
complexes. This step ensures that the RNA is efficiently bound to the transfection
reagent, forming stable complexes capable of being taken up by the cells.

The NIH-3T3 cells were prepared for transfection. These cells had been cultured in a
medium containing 5% serum for at least two days prior to the experiment. The
reduced serum concentration helps to prime the cells for transfection, as serum
components can sometimes interfere with transfection efficiency. The cells were
harvested by pelleting, a process that involves centrifugation to collect the cells at
the bottom of the tube. They were then resuspended in a serum-free (0%) medium to
remove any residual serum that could affect the transfection process.

The cells were subsequently seeded into 6-well plates, with 500 µl of the cell
suspension carefully added to each well. This seeding was done immediately before
the transfection process to ensure that the cells were evenly distributed and in
optimal condition for uptake of the RNA complexes. The use of serum-free medium
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at this stage is critical, as serum can inhibit the transfection efficiency of certain
reagents, including TransMessenger reagent.

Each time point in the experiment was conducted with three biological replicates,
ensuring the reliability and reproducibility of the results. Biological replicates are
essential in experimental biology as they account for biological variability and help to
validate the findings. The prepared transfection mixture was added drop-wise to the
cells, a method that facilitates uniform distribution of the transfection complexes
across the cell culture. The cells were then incubated at 37°C in a 5% CO2
atmosphere for 30 minutes. This controlled environment is standard for maintaining
mammalian cell cultures and provides the necessary conditions for cellular uptake of
the transfection complexes.

After this initial incubation period, which allowed for sufficient uptake of the RNA, 500
µl of medium containing 10% fetal calf serum was added to each well. The addition
of serum serves to terminate the transfection process, stabilizing the cellular
environment and providing essential nutrients for cell recovery and growth. This step
is crucial as it helps to minimize any potential cytotoxic effects from the transfection
reagents and ensures the cells can continue to proliferate and function normally.

The cells were then further incubated under the same conditions (37°C in a 5% CO2
atmosphere) for subsequent time points: 0 minutes, 6 hours, and 24 hours
post-transfection. These specific time points were chosen to monitor the immediate
and longer-term effects of the RNA transfection, providing a comprehensive
overview of the cellular response over time.

As a negative control for the transfection experiments, Tet150 RNA was utilized. The
use of a negative control is essential in experiments to establish a baseline and to
ensure that any observed effects are due to the transfection of the target RNA (in
this case, full-length B2 RNA) rather than non-specific effects. Tet150 RNA does not
interfere with gene expression, thus serving as a baseline for comparison.

The sequence of the Tet150 RNA is as follows: 5’-
TAATACGACTCACTATAGGGTTACCGTACGTACCTCAACAGGTGATGACACAATG
TGATTTCTGCCCAGTGCTCTGAATGTCAAAGTGACGCAATTCAACCAAGCGCGG
GTAAACGGCGGGGAGTAACTATGACTCTCTAAATAGCA -3’.

The Tet150 RNA sequence is specifically chosen to not target or interfere with any
known cellular processes, ensuring that any experimental effects observed with the
full-length B2 RNA are not due to off-target interactions or other non-specific factors.
The integrity and efficacy of the transfection process were confirmed by careful
monitoring and analysis of the transfected cells at each designated time point.
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2.5 Reverse transcription and quantitative PCR

Before reverse transcription, RNA quality was assessed using a Bioanalyzer, and
RNAs with an RIN score of less than two were excluded.

To accurately quantify the levels of B2 RNA, extracted RNA samples underwent
reverse transcription, utilizing the Superscript IV reverse transcriptase (Invitrogen).
The reverse transcription process is crucial for converting RNA into complementary
DNA, enabling subsequent quantitative PCR (qPCR) analysis.

For each reverse transcription reaction, 50 ng of total RNA was used. This RNA was
initially combined with 1 µl of 10 mM random primers (New England Biolabs) and 1
µl of 10 mM dNTPs. Random primers are short sequences that anneal at random
locations along the RNA, providing a starting point for cDNA synthesis. The mixture
was then heated to 65°C for 5 minutes. This denaturation step is critical as it breaks
the hydrogen bonds between RNA strands, ensuring the RNA is single-stranded and
accessible for primer binding. Immediately after heating, the mixture was placed on
ice to quickly cool the reaction, preventing the RNA from re-annealing.

Following this denaturation step, several components were added to the reaction
mixture to initiate the reverse transcription. These included 4 µl of 5x First Strand
Buffer (Invitrogen), which provides the necessary ionic strength and optimal
conditions for the enzyme, 1 µl of 0.1 M DTT (Invitrogen), a reducing agent that
helps maintain the stability and activity of the reverse transcriptase, and 1 µl of
Superscript IV reverse transcriptase. The inclusion of DTT is particularly important as
it prevents oxidation of the enzyme's sulfhydryl groups, preserving its catalytic
function.

The reaction mixture was then incubated at 23°C for 10 minutes. This temperature is
optimal for the annealing of random primers to the RNA template, allowing for
efficient priming of the reverse transcription process. Following primer annealing, the
reaction was incubated at 55°C for 10 minutes. This step facilitates the synthesis of
cDNA by the reverse transcriptase, as the enzyme synthesizes a complementary
DNA strand by extending from the annealed primer. The reaction was then
terminated by heating at 80°C for 10 minutes, a step that inactivates the reverse
transcriptase and ensures the reaction does not continue indefinitely.

To specifically quantify the sense and antisense B2 RNAs, gene-specific primers
were employed instead of random primers. Gene-specific primers bind to specific
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sequences within the target RNA, allowing for precise quantification of particular
RNA species. The sequences and details of these primers are outlined in Table 2.2.

Following the reverse transcription, the resulting cDNA was subjected to qPCR using
the Luna Universal qPCR mix (NEB). qPCR is a highly sensitive technique that
quantifies nucleic acids in real-time, providing accurate measurements of gene
expression levels. The cDNA generated was diluted 1:10 in water, ensuring that the
concentration was within the optimal range for accurate quantification. Each qPCR
reaction contained 5 µl of Luna master mix, which includes DNA polymerase,
dNTPs, and other components necessary for the amplification reaction. Additionally,
0.5 µl of 10 mM gene-specific primers (each) was included in the reaction, along with
the diluted cDNA. The reaction volume was adjusted to a final volume of 10 µl with
water.

To facilitate the accurate quantification of target gene expression, standard dilution
pools for qPCR were generated. These pools consist of serially diluted cDNA
samples, creating a series of known concentrations that are used to generate a
standard curve. The standard curves enable the precise determination of unknown
sample concentrations by comparing their qPCR signals to the signals from the
standards. The qPCR reactions were performed and analyzed using the Bio-Rad
CFX384 Real-Time Detection System, a robust platform for high-throughput gene
expression analysis.

The thermocycler conditions for the qPCR were as follows: an initial denaturation
step at 95°C for 3 minutes, which activates the DNA polymerase and denatures the
cDNA, followed by 40 cycles of amplification. Each cycle consisted of denaturation at
95°C for 15 seconds, annealing at 54°C for 30 seconds, and extension at 66°C for
30 seconds. These specific temperatures and times were optimized for the primers
used, ensuring efficient and specific amplification of the target sequences.

To determine relative gene expression levels, standard curve analysis was
performed. Standard curves were prepared by serially diluting a mixture of cDNA
samples into a series of dilutions (SD1:1:2, SD2:1:4, SD3:1:8, SD4:1:16, SD5:1:32).
This dilution series allows for the creation of a standard curve that relates the cycle
threshold (Ct) values obtained during qPCR to the concentration of the target gene,
enabling precise quantification.

To ensure the accuracy and reliability of the qPCR results, housekeeping genes
GAPDH and HPRT, along with the Pol-III transcribed gene 7SK, were used as
normalization controls. These genes are commonly used as internal controls
because their expression levels remain relatively constant across different
experimental conditions. The use of these controls allows for the normalization of
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gene expression data, accounting for any variations in RNA quantity and quality. For
each qPCR assay, three technical replicates were performed per sample, ensuring
the reproducibility and robustness of the data.

Table 2.2 Primers for reverse transcription of B2 and qPCR

Primer name Sequence

B2 forward 5’- GGGGCTGGTGAGATG -3’

B2 reverse 5’- AGCTGTCTTCAGACACTCC -3’

GAPDH (mouse) forward 5’- ACCACAGTCCATGCCATCAC -3’

GAPDH (mouse) reverse 5’- TCCACCACCCTGTTGCTGTA -3’

HPRT (mouse) forward 5’- TCCTCCTCAGACCGCTTTT -3’

HPRT (mouse) reverse 5’- CCTGGTTCATCATCGCTAATC -3’

7SK (mouse) forward 5’- GTTGTGGTATTTGGCACCCC -3’

7SK (mouse) reverse 5’- GAGCTACTCGGACAGCCTTG -3’

2.6 Bioinformatics analysis of short RNA-seq and long
RNA-seq data

All data for the analysis of short-RNA-seq and long-RNA-seq utilized in this study
were obtained from a public functional genomics data repository. Specifically, the
data were sourced from the GSE82255 series of SRA files. These files were initially
in the Sequence Read Archive (SRA) format and were converted to the fastq format
using SRA Tools version 3.1.1 (https://github.com/ncbi/sra-tools) (Li et al., 2009).
The conversion process was executed for each file using the command:
$fasterq-dump /filename. Once the data were in fastq format, they were aligned to
the mouse genome (UCSC mm39) using the BWA-0.7.18 (r1243) aligner
(https://github.com/lh3/bwa) in single-end mode, employing default alignment
parameters (Li and Durbin, 2009); (Li and Durbin, 2010).

To focus specifically on B2 elements, the sequences of all B2 subfamilies, including
B2_Mm1a, B2_Mm1t, and B2_Mm2, were retrieved from the UCSC Table Browser.
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To ensure high data quality and prevent potentially spurious alignments, sequences
shorter than 100 bp were excluded from the analysis.

The aligned SAM files, along with the filtered list of B2 sequences, were
subsequently imported into SeqMonk 1.48.1, a program designed for the
visualization and analysis of mapped sequence
data.(https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/)

This software was instrumental in creating a model of the distribution of read
fragments within the B2 loci, with a specific focus on the B2_Mm1a, B2_Mm1t, and
B2_Mm2 subfamilies.

To further investigate the occurrences of B2 elements in the genome, specialized
probes were created from the list of B2 subfamilies. These probes allowed for the
identification and display of B2 elements' occurrences within the genome. The
analysis distinguished between B2 sense and B2 antisense RNAs, with each being
analyzed separately. For the analysis of B2 sense, the "same strand as probe" mode
was selected. This was because all sequences in the original list of B2 subfamilies
were oriented in the sense direction, enabling the identification of all occurrences of
B2 sense in the genome. To visualize the expression changes of B2 sense under
various conditions, such as heat shock stress, a graph was plotted using the
"Relative Distribution Plot" setting. Specific parameters were chosen: -50 base pairs
and 210 base pairs, with +1 representing the first nucleotide in the B2 sense
sequence. Given that the average length of B2 elements is approximately 200
nucleotides, these settings ensured the inclusion of the entire B2 sequence in the
analysis.

For the analysis of B2 antisense, the "opposite to a probe" mode was selected to
identify all occurrences of antisense B2 in the genome. The subsequent analysis
followed the same procedure as described for B2 sense, including the creation of a
"Relative Distribution Plot" graph. The parameters used mirrored those for the B2
sense analysis, ensuring consistency in the examination of both sense and
antisense RNA expression.

2.7 Library preparation for direct RNA-sequencing and
bioinformatics analysis

To accurately synthesize complementary DNA (cDNA) from RNA for sequencing
purposes, a total of 750 ng of total RNA was subjected to reverse transcription using
the Superscript III reverse transcriptase (Invitrogen). This process was carried out in
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conjunction with a reverse transcription adapter ligation, as outlined in the Direct
RNA Sequencing Kit SQK-RNA004 (Oxford Nanopore Technologies). The integration
of adapter ligation enhances the efficiency and specificity of the subsequent
sequencing steps.

The procedure began with the preparation of a ligation mixture, essential for
attaching the reverse transcription adapter to the RNA. Specifically, 3 µl of Quick
Ligation Reaction Buffer (New England Biolabs, NEB) was mixed with 1 µl of the
reverse transcription adapter and 1.5 µl of T4 DNA Ligase (NEB). The Quick Ligation
Reaction Buffer provides the necessary ionic environment to facilitate the ligation
process, while the T4 DNA Ligase catalyzes the formation of a covalent bond
between the adapter and the RNA. This prepared ligation mixture was added to the
RNA sample and incubated at room temperature for 15 minutes. This incubation
period is critical for ensuring the efficient ligation of the adapter, which is a key step
in the preparation of the RNA for reverse transcription.

For the reverse transcription step, another mixture was prepared. This mixture
contained 2 µl of 10 mM dNTPs (NEB), which provide the building blocks for DNA
synthesis, 8 µl of 5x First Strand Buffer, which maintains the optimal conditions for
the enzyme's activity, 4 µl of 0.1 M DTT, a reducing agent that preserves the
enzyme's activity by maintaining a reducing environment, and 2 µl of Superscript III
reverse transcriptase. The addition of Superscript III reverse transcriptase is crucial
as it synthesizes the complementary DNA strand from the RNA template, thus
converting RNA into cDNA. This reaction mixture was then added to the RNA
sample, and the entire mixture was incubated under controlled conditions: 50
minutes at 50°C to enable the synthesis of the cDNA strand, followed by 10 minutes
at 70°C to inactivate the enzyme, ensuring that the reaction does not continue
indefinitely and preventing any potential degradation of the synthesized cDNA.

Post-reverse transcription, the resulting RNA-DNA duplexes were purified using 1.8x
Omega NGS Total Pure Mag Beads. These magnetic beads facilitate the separation
of the RNA-DNA duplexes from unincorporated components, such as free
nucleotides and enzymes, ensuring the purity of the cDNA for downstream
applications. The purification step is vital for removing any impurities that could
interfere with subsequent sequencing steps.

To ensure the proper orientation of RNA during sequencing, an RNA adaptor ligation
step was conducted. This step is crucial for aligning the RNA correctly in the
sequencing apparatus, allowing for accurate data collection. For this purpose, 8 µl of
Quick Ligation Reaction Buffer was mixed with 6 µl of RMX and 3 µl of T4 DNA
Ligase. RMX is a component that aids in the orientation and alignment of RNA for
sequencing. The mixture was incubated at room temperature for 15 minutes,
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allowing the ligation of the RNA adaptor. Following this, a cleanup was performed
using 1x Omega NGS Total Pure Mag Beads. This cleanup step was essential to
remove any excess reagents and adapters, thereby ensuring that only the properly
ligated RNA was retained. This purification is critical for achieving high-quality
sequencing results, as any excess reagents could potentially interfere with the
sequencing process.

Next, all samples were meticulously processed following the detailed instructions
provided by the SQK-RNA004 kit supplier. This final processing step is essential for
preparing the samples for sequencing, ensuring that they meet the necessary quality
and concentration requirements for accurate and reliable data collection.

After sequencing, the obtained fastq files were aligned to the mouse genome (UCSC
mm39) using Minimap2-2.28 (r1209) (https://github.com/lh3/minimap2), a highly
efficient tool for sequence mapping (Li, 2018). Minimap2-2.28 produces output files
that include coordinates of read matches to genome parts. These files rank the
matches from the highest to the lowest alignment quality, as exact matches are not
always guaranteed. To ensure the accuracy of subsequent analyses, it was crucial to
retain only those reads with the best matches. Therefore, a Python script was
employed to filter out and retain only the highest-quality primary reads.

The aligned SAM files, which now included only the high-quality primary reads, were
then processed further using SeqMonk 1.48.1
(https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/).

This software was used to visualize and analyze the mapped sequence data,
following the methodology outlined in the previous steps (2.7 Library preparation for
direct RNA-sequencing and bioinformatics analysis). By adhering to this consistent
approach, both accuracy and reliability in the identification and analysis of B2
elements were ensured.

For comparison of the plots, the Kolmogorov-Smirnov test (KS test) was used.

Chapter 3. Results
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3.1 Changes in B2 SINE RNA levels in response to heat
shock stress
Heat shock is one of the canonical ways of putting stress on a cell and is therefore
often used in research. One immediate response during stress is to suppress the
transcription of certain cellular genes - an adaptation to suppress the expression of
unnecessary genes. An equally important immediate response is the activation of
transcription of so-called “early genes” - genes activated within the first 15 minutes to
protect against cell damage and promote the re-folding or removal of damaged cell
structures (Murray et al., 2004). It is known that in response to heat shock, the B2
level increases (Allen et al., 2004); (Zovoilis et al., 2016).

Additionally, during the response to this kind of stress, B2 RNA binds to POL-II,
blocks its activity and thereby changes the level of gene expression, reducing the
rate of mRNA transcription (Espinoza et al., 2007). At the same time, it is interesting
that during heat shock B2 interacts with various proteins, such as EZH2 and HSF1,
which leads to accelerated self-cleavage of B2 (Zovoilis et al., 2016); (Cheng et al.,
2020).

However, the interplay between these processes and the temporal dynamics of B2
RNA levels post-stress remains unclear. Specifically, how the levels of SE and AS
B2 RNAs change after heat shock, and whether these changes affect each other, is
not well understood. Therefore, here we wanted to investigate how SE and AS B2
RNA levels vary over time following heat shock. To do so, we designed an
experiment (Figure 3.1.1) in which we subjected mouse fibroblasts NIH-3T3 to
heating to 45°C for 15 minutes and after that stress gave the cells different recovery
times, from 0 minutes to 3 hours. 0 minutes correspond to the 15 minutes of heat
shock (start of recovery time). After that, RNA was extracted from the cells and used
for subsequent analyses, including quantitative PCR and RNA sequencing (more
detailed in Chapter 2.). This cell line and heating conditions were selected based on
their previous use in studies on B2 RNA (Zovoilis et al., 2016); (Allen et al., 2004).
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Figure 3.1.1: The workflow of the heat shock experiment.

3.1.1 Total B2 SINE RNA expression level

Initially, I aimed to investigate how the levels of B2 RNA change over time following
recovery from heat shock. To achieve this, I prepared complementary DNA from the
extracted RNA using random primers and conducted qPCR to measure the levels of
total B2 RNA. In this context, "total B2" refers to both SE and AS B2 RNAs.

Results indicate that the level of total B2 RNA increases during the first 15 minutes
of recovery, followed by a slight decrease at the 45-minute mark. This decrease is
then followed by a rise in B2 levels by the 60th minute, with a subsequent decline
observed by the 3-hour time point (Figure 3.1.2). Statistical analysis reveals that all
post-heat shock expression levels differ significantly from pre-heat shock values
(Table 3.1, two-tailed t-test). The pattern of B2 expression over time does not follow
a linear trend but instead shows fluctuations, with peak values at 15 minutes and 60
minutes of recovery following the stress.
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Figure 3.1.2: qPCR results. Total B2 levels normalized with GAPDH level.
Light grey represents the level of total B2 in pre-HS cells, dark grey represents the
post-HS level of total B2. p < 0.05 is depicted as an asterisk, t-test two-tailed. Error
bars denote standard deviation (n=4). All statistics for this graph are in Table 3.1.

Standard curves for qPCR quality assessment are in Figure A1.

These findings align with previous studies that reported an increase in B2 expression
immediately after heat shock (Allen et al., 2004; Zovoilis et al., 2016). However, the
cause of the subsequent decrease in expression levels and the observed
fluctuations remains unclear.

It is important to note that the qPCR data does not distinguish between full-length B2
RNA and its fragmented forms. The qPCR results reflect the combined expression of
both intact B2 RNA and its fragments. Previous studies have shown that B2 RNAs
are subject to active fragmentation by various proteins (Zovoilis et al., 2016); (Cheng
et al., 2020).

To verify these results and gain further insights, it will be essential to analyze
sequencing data, which will be addressed in subsequent sections. Additionally, to
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understand how SE and AS B2 RNAs might regulate each other following stress, it is
necessary to examine their expression levels separately, as the expression data
presented in Figure 3.1.2 includes both SE and AS RNAs.

3.1.2 Sense B2 SINE RNA

To investigate how sense B2 expression responds to stress, we prepared
complementary DNA from RNA extracted from cells using SE B2-specific primers
and conducted qPCR analysis.

The results, as shown in Figure 3.1.3, reveal that SE B2 expression initially
increases during the first 5 minutes of recovery. This increase is followed by a
decline at the 15-minute mark. SE B2 levels then rise again, peaking at the
30-minute time point. Following this peak, SE B2 expression drops to a minimum at
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Table 3.1 Statistics for qPCR results for heat shock experiment for total B2

Condition 1 Condition 2 p-value Significance

T0 NoHS T0 HS 0.0031 Significant

T0 NoHS T5 HS 0.0474 Significant

T0 NoHS T15 HS 0.0018 Significant

T0 NoHS T30 HS 0.00008 Significant

T0 NoHS T45 HS 0.0002 Significant

T0 NoHS T60 HS 0.00007 Significant

T0 NoHS T180 HS 0.0111 Significant

T0 HS T5 HS 0.1584 Not Significant

T0 HS T15 HS 0.0032 Significant

T0 HS T30 HS 0.00018 Significant

T0 HS T45 HS 0.0009 Significant

T0 HS T60 HS 0.00017 Significant

T0 HS T180 HS 0.075 Significant



45 minutes, before rising again at the 1-hour and 3-hour time points. Statistical
analysis of these results is provided in Table 3.2, using a two-tailed t-test.

Figure 3.1.3: qPCR results. Sense B2 levels normalized with GAPDH level.
Light grey represents the level of sense B2 in pre-HS cells, dark grey represents the
post-HS level of sense B2. p < 0.05 is depicted as an asterisk, t-test two-tailed. Error
bars denote standard deviation (n=4). All statistics for this graph are in Table 3.2.

Standard curves for qPCR quality assessment are in Figure A2.

The observed changes in SE B2 expression over time do not follow a linear pattern.
While the trend initially resembles that of total B2 expression, the reasons behind the
fluctuations in SE B2 levels remain unclear. Further analysis of sequencing data,
which will be detailed in subsequent sections, may provide insights into these
variations and help elucidate the underlying mechanisms.
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Table 3.2 Statistics for qPCR results for heat shock experiment for sense B2

Condition 1 Condition 2 p-value Significance



3.1.3 Antisense B2 SINE RNA

To evaluate how the expression level of antisense B2 RNA changes in response to
heat shock stress, we prepared complementary DNA from RNA extracted from cells
using AS B2-specific primers and performed quantitative PCR (qPCR).

As shown in Figure 3.1.4, the expression level of AS B2 RNA before heat shock is
notably higher compared to immediately after the heat treatment. Within the first 5
minutes post-heat shock, AS B2 expression decreases sharply to a global minimum.
This is followed by a significant increase by the 15-minute mark, with AS B2 levels
continuing to rise until reaching a peak at 30 minutes. After 45 minutes of recovery,
the expression drops to another minimum, but increases again at the 1-hour and
3-hour time points. Statistical analysis reveals that all conditions differ significantly
from the pre-heat shock state, except for the 45-minute recovery time, as indicated in
Table 3.3 using a two-tailed t-test.
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T0 NoHS T0 HS 0.4784 Not Significant

T0 NoHS T5 HS 0.0381 Significant

T0 NoHS T15 HS 0.8317 Not Significant

T0 NoHS T30 HS 0.0661 Not Significant

T0 NoHS T45 HS 0.0027 Significant

T0 NoHS T60 HS 0.0008 Significant

T0 NoHS T180 HS 0.1319 Not Significant



Figure 3.1.4: qPCR results. Antisense B2 levels normalized with GAPDH level.
Light grey represents the level of antisense B2 in pre-HS cells, dark grey represents

the post-HS level of antisense B2. p < 0.05 is depicted as an asterisk, t-test
two-tailed. Error bars denote standard deviation (n=4). All statistics for this graph are

in Table 3.3. Standard curves for qPCR quality assessment are in Figure A3.

The observation that AS B2 levels are higher before heat shock compared to
immediately after might be explained by the presence of two distinct promoters
within the B2 loci. The first promoter, associated with Pol III, drives the synthesis of
sense B2 RNA, while the second promoter, linked to Pol II, regulates the synthesis of
antisense B2 RNA (Ferrigno et al., 2001). It is known that in response to heat shock,
B2 RNA can repress mRNA transcription by binding to Pol II (Espinoza et al., 2007);
(Zovoilis et al., 2016). Therefore, the initial decrease in AS B2 levels could be
attributed to this general repression of mRNA transcription by B2 RNA (Allen et al.,
2004).
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The reasons behind the subsequent fluctuations in AS B2 expression levels remain
unclear. Further analysis of sequencing data, which will be discussed in later
sections, may provide insights into these variations and help clarify the underlying
mechanisms.

3.2 The effect of artificial repression of sense and
antisense B2 on each other's expression levels

Previous studies have demonstrated that in response to B2 knockdown, the
expression of heat shock-responsive genes is upregulated (Zovoilis et al., 2016).
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Table 3.3 Statistics for qPCR results for heat shock experiment for antisense
B2

Condition 1 Condition 2 p-value Significance

T0 NoHS T0 HS 0.016 Significant

T0 NoHS T5 HS 0.007 Significant

T0 NoHS T15 HS 0.005 Significant

T0 NoHS T30 HS 0.0065 Significant

T0 NoHS T45 HS 0.7956 Not Significant

T0 NoHS T60 HS 0.0793 Significant

T0 NoHS T180 HS 0.0022 Significant

T0 HS T5 HS 0.1466 Not Significant

T0 HS T15 HS 0.0003 Significant

T0 HS T30 HS 0.0035 Significant

T0 HS T45 HS 0.0759 Significant

T0 HS T60 HS 0.02 Significant

T0 HS T180 HS 0.00052 Significant



Many of these heat shock-responsive genes are also involved in other critical cellular
processes, including responses to various forms of cellular stress, synaptic function,
and learning in nerve cells (Cheng et al., 2020). However, the separate effects of
repressing sense B2 versus antisense B2 RNA have not been thoroughly
investigated. Consequently, we aimed to explore whether the expression of AS B2
would be altered following the artificial degradation of SE B2 RNA, and vice versa.

Figure 3.2.1: The workflow of the LNAs transfection experiment.

To achieve specific repression of B2 RNAs, we employed antisense oligonucleotides
(ASOs) with locked nucleic acid (LNA) chemistry. LNA-ASOs are designed to target
short RNA sequences with high specificity. These ASOs are complementary to the
target sequence and feature modified ribose residues, allowing them to bind to the
target RNA and facilitate its degradation through cleavage by RNase H (Beane et al.,
2007); (Veedu and Wengel, 2010).

To investigate this, I conducted an experiment outlined in Figure 3.2.1, where
NIH-3T3 mouse fibroblasts were transfected with LNAs targeting either SE B2, AS
B2, or a scrambled LNA used as a negative control. Post-transfection, the cells were
allowed to recover at 37°C for various time points, ranging from 0 minutes to 24
hours. Subsequently, RNA was extracted from the cells, and quantitative PCR along
with RNA sequencing was performed to analyze the effects of the transfections. The
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ASO LNAs targeting B2 and the scrambled LNA were chosen based on their
established application in previous B2 RNA research (Cheng et al., 2020).

3.2.1 Sense B2 knockdown

Firstly, I conducted transfections with a set of LNAs designed to knock down B2 SE,
as depicted in Figure 3.2.1. Following the transfections, I aimed to assess how the
expression level of AS B2 would change over different recovery times.

Figure 3.2.2: qPCR results. Antisense B2 levels normalized with GAPDH level
after transfection of LNAs against B2 SE and Scrable LNA as a control.

Light grey represents the level of antisense B2 after anti-B2 SE LNAs transfection,
dark grey represents the level of antisense B2 after Scramble LNA transfection. p <
0.05 is depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation
(n=4). All statistics for this graph are in Table 3.4. Standard curves for qPCR quality

assessment are in Figure A4.

To achieve this, I prepared cDNA from RNA extracted from the treated cells using AS
B2-specific primers and performed quantitative PCR (qPCR). The results of this
experiment are illustrated in Figure 3.2.2.
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Initially, at the 0-minute mark, the level of AS B2 in samples treated with anti-B2 SE
LNAs remained comparable to the levels observed in samples treated with the
Scramble LNA. Within the first 60 minutes after transfection, there was a general
decrease in AS B2 expression in both the anti-B2 SE LNA and scrambled LNA
groups. However, the differences between the two groups were not statistically
significant during this period.

By 3 hours post-transfection, the AS B2 levels in samples treated with B2-specific
LNAs began to rise. Conversely, in samples treated with the Scramble LNA, the AS
B2 expression continued to decrease. After 12 hours, the AS B2 level in the B2 SE
knockdown samples showed a reduction compared to the level observed at 3 hours.
However, by 24 hours of recovery, AS B2 expression levels in these samples were
higher than those observed initially. For samples treated with the Scramble LNA, AS
B2 expression gradually increased over time. The differences in AS B2 expression
between the B2 SE knockdown and ‘Scramble’ conditions were statistically
significant at the 3-, 12-, and 24-hour time points (Table 3.4).

3.2.2 Antisense B2 knockdown

Similarly, I conducted transfections using a set of LNAs designed to repress B2 AS,
as illustrated in Figure 3.2.1. The objective was to determine whether the expression
level of B2 SE would change over time following B2 AS knockdown. To achieve this,
I prepared cDNA from RNA extracted from the treated mouse cells using B2
SE-specific primers, and then performed qPCR.
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Table 3.4 Statistics for qPCR results for anti-B2 sense LNAs transfection

Anti-B2 sense LNAs Scramble LNA p-value Significance

0 minutes 0 minutes 0.208 Not Significant

30 minutes 30 minutes 0.158 Not Significant

60 minutes 60 minutes 0.271 Not Significant

3 hours 3hours 0.0003 Significant

12 hours 12 hours 0.0005 Signifiant

24 hours 24 hours 0.0003 Significant



As shown in Figure 3.2.3, 30 minutes after the transfection, B2 SE expression is
higher compared to its level right before transfection (0 minutes). In samples treated
with the B2 AS-specific set of LNAs, B2 SE expression levels increase faster, and
the difference between these samples and those treated with the scrambled LNA is
significant. Then, at 1 hour, 3 hours, and 12 hours, B2 SE expression remains
approximately at the same level. During this time, the differences are not significant
compared to Scramble-treated samples (Table 3.5). However, after 24 hours of
recovery, a maximum in B2 SE expression can be observed, which is significantly
different from its level in samples treated with the scrambled LNA.

Figure 3.2.3: qPCR results. Sense B2 levels normalized with GAPDH level
after transfection of LNAs against B2 AS and Scrable LNA as a control.
Light grey represents the level of sense B2 after anti-B2 AS LNAs transfection,
dark grey represents the level of sense B2 after Scramble LNA transfection. p <

0.05 is depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation
(n=4). All statistics for this graph are in Table 3.5. Standard curves for qPCR quality

assessment are in Figure A5.
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3.3 The effect of in vitro transcribed B2 transfection on the
expression levels of B2 SE and B2 AS

Figure 3.3.1: The workflow of in vitro transcribed B2 transfection.
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Table 3.5 Statistics for qPCR results for anti-B2 antisense LNAs transfection

Anti-B2 antisense
LNAs

Scramble LNA p-value Significance

0 minutes 0 minutes 0.693 Not Significant

30 minutes 30 minutes 0.0717 Significant

60 minutes 60 minutes 0.1068 Not Significant

3 hours 3hours 0.9814 Not Significant

12 hours 12 hours 0.1309 Not Significant

24 hours 24 hours 0.071 Significant



Previously, I investigated how B2 expression levels are affected by stress or the
artificial repression of one of its components. I next aimed to examine how the
expression levels of B2 SE and B2 AS change in response to the transfection of in
vitro transcribed (IVT) B2 RNA. To accomplish this, B2 RNA was synthesized in vitro
using a g-block of B2 Mm1a as the template, which included a T7 promoter
sequence at the beginning. This g-block sequence was sourced from a prior study
(Cheng et al., 2020). Subsequently, the in vitro transcribed B2 RNA was transfected
into mouse fibroblasts NIH-3T3, as depicted in Figure 3.3.1. Tet150 was used as a
control for the transfection process.

Figure 3.3.1: qPCR results. Sense B2 levels normalized with HPRT level
after transfection of in vitro transcribed B2.

Light grey represents the level of sense B2 after IVT B2 transfection,
dark grey represents the level of sense B2 after Tet150 transfection. p < 0.05 is

depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation (n=4).
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All statistics for this graph are in Table 3.6. Standard curves for qPCR quality
assessment are in Figure A6.

Following transfection, the cells were allowed to recover at 37°C for either 6 hours or
24 hours. To evaluate changes in B2 SE and B2 AS expression levels, cDNA was
prepared from the extracted RNA using SE-specific and AS-specific B2 primers,
respectively. The housekeeping gene HPRT was used for normalization during this
process and for the subsequent quantitative PCR (qPCR).

The results regarding changes in B2 SE expression levels are illustrated in Figure
3.2. After 6 hours of recovery, B2 SE expression significantly increased compared to
the "no transfection" condition (Table 3.6). Additionally, B2 levels in samples
transfected with Tet150 were lower at this time point. All observed differences were
statistically significant (Table 3.6).

Regarding the changes in B2 AS expression following transfection (Figure 3.3), there
is a notable increase at the 6-hour mark. This increase is significant when compared
to the “no transfection” condition, as well as when compared to samples treated with
Tet150 (Table 3.7).

Overall, the trend observed for B2 SE is as expected. Since B2 SE RNA was
introduced into the cells, its level naturally rises. The subsequent decrease over time
can also be anticipated as the cells work to maintain homeostasis, thereby
diminishing the significance of the effects caused by the transfection. These results
align with previous experiments involving heat shock and transfection.

41

Table 3.6 Statistics for qPCR results of B2 IVT transfection for B2 sense levels

Condition 1 Condition 2 p-value Significance

0 minutes
No transfection

6 hours
B2 transfection

0.00192 Significant

0 minutes
No transfection

6 hours
Tet150

transfection

0.00012 Significant

6 hours
B2 transfection

6 hours
Tet150

transfection

0.00193 Significant



Figure 3.3.2: qPCR results. Antisense B2 levels normalized with HPRT level
after transfection of in vitro transcribed B2.

Light grey represents the level of antisense B2 after IVT B2 transfection,
dark grey represents the level of antisense B2 after Tet150 transfection. p < 0.05 is
depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation (n=4).
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Table 3.7 Statistics for qPCR results of B2 IVT transfection for B2
antisense levels

Condition 1 Condition 2 p-value Significance

0 minutes
No transfection

6 hours
B2 transfection

0.00034 Significant

0 minutes
No transfection

6 hours
Tet150

transfection

0.25371 Not Significant

6 hours
B2 transfection

6 hours
Tet150

transfection

0.00225 Significant



All statistics for this graph are in Table 3.7. Standard curves for qPCR quality
assessment are in Figure A7.

However, the increase in AS B2 levels is particularly noteworthy. This increase could
be attributed to changes in HPRT expression, which was used for normalization
under the assumption of its constant expression during cellular stress. The
introduction of an extremely high concentration of B2 RNA could act as a strong
repressor of Pol II, potentially leading to the repression of HPRT expression as part
of a broader mRNA transcription repression (Allen et al., 2004). Consequently, any
alterations in HPRT expression would affect the qPCR results in this experimental
setup.

To determine whether the observed behavior of AS B2 expression is influenced by
the repression of HPRT, I conducted an additional qPCR analysis using 7SK - a Pol
III transcribed gene - as the normalization control. The expression of 7SK is known
to remain stable even when B2 levels increase (Allen et al., 2004).

Figure 3.3.3: qPCR results. Sense B2 levels normalized with 7SK level
after transfection of in vitro transcribed B2.

Light grey represents the level of sense B2 after IVT B2 transfection,
dark grey represents the level of sense B2 after Tet150 transfection. p < 0.05 is

depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation (n=4).
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All statistics for this graph are in Table 3.8. Standard curves for qPCR quality
assessment are in Figure A8.

As illustrated in Figure 3.3.3, the level of B2 SE continues to rise significantly
following B2 SE IVT transfection, when compared to both the “no transfection” and
“Tet150 transfection” conditions (Table 3.8).

Figure 3.3.4: qPCR results. Antisense B2 levels normalized with 7Sk level
after transfection of in vitro transcribed B2.

Light grey represents the level of antisense B2 after IVT B2 transfection,
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Table 3.8 Statistics for qPCR results of B2 IVT transfection for B2 sense levels

Condition 1 Condition 2 p-value Significance

0 minutes
No transfection

6 hours
B2 transfection

0.00014 Significant

0 minutes
No transfection

6 hours
Tet150

transfection

0.6294 Not Significant

6 hours
Tet150 transfection

24 hours
B2 transfection

0.00014 Significant



dark grey represents the level of antisense B2 after Tet150 transfection. p < 0.05 is
depicted as an asterisk, t-test two-tailed. Error bars denote standard deviation (n=4).

All statistics for this graph are in Table 3.9. Standard curves for qPCR quality
assessment are in Figure A9.

In contrast, the behavior of B2 AS expression shows a different pattern (Figure
3.3.4). After B2 SE IVT transfection, the B2 AS level remains relatively unchanged
compared to the “Tet150 transfection” condition (Table 3.9).

3.4 Assessment of changes in B2 expression levels in
response to stress based on sequencing data

To validate or question the results obtained from the PCR experiments, I performed
RNA sequencing on samples collected from two distinct experimental treatments:
heat shock and LNA transfection. Additionally, I reanalyzed sequencing data from a
previous study (Zovoilis et al., 2016) to enrich our analysis. By comparing the
sequencing results from these two experimental approaches, I aimed to determine
whether the observed changes in the expression levels of sense B2 SINEs and
antisense transcripts are genuine increases or if they could be attributed to the
fragmentation of B2 SINEs, which is known to occur during cellular stress (Zovoilis et
al., 2016); (Cheng et al., 2020).

This comprehensive analysis is intended to clarify whether the increases in B2 SE or
AS levels are a direct consequence of the experimental treatments or if they are
influenced by stress-induced fragmentation. Understanding these dynamics is crucial
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Table 3.9 Statistics for qPCR results of B2 IVT transfection for B2 antisense
levels

Condition 1 Condition 2 p-value Significance

0 minutes
No transfection

6 hours
B2 transfection

0.00169 Significant

0 minutes
No transfection

6 hours
Tet150

transfection

0.3207 Not Significant

6 hours
Tet150 transfection

24 hours
B2 transfection

0.5445 Not Significant



for accurately interpreting the role of B2 SINEs in stress responses and ensuring the
reliability of the experimental findings.

3.4.1 Short- and long-RNA-sequencing data
Short- and long-RNA sequencing was employed to detect both fragmented and
full-length B2 RNAs. During the library preparation, short and long RNA fragments
were separated and processed separately. Sequencing data were downloaded from
GSE82255. The same cell line, NIH-3T3, was used for both heat shock and LNA
transfection experiments (Zovoilis et al., 2016). For the heat shock experiment,
samples were collected before and immediately after heating. For the LNA
transfection experiment, samples were collected 24 hours post-transfection with
either B2-specific LNAs or scrambled LNA.

3.4.1.1 Heat shock experiment

The analysis of sequencing data revealed that after 15 minutes of heating at 45°C,
the expression level of full-length B2 SE remained similar to the pre-heat shock
condition (Figure 3.4.1, B: long-RNA sequencing). However, following heat shock,
the level of fragmented B2 SE increased compared to the pre-heat shock level. As
shown in Figure 3.4.1 A (short-RNA sequencing), fragmentation was more
pronounced after heat shock, as evidenced by more explicit peaks for this condition
(orange).

According to this data, the total amount of B2 SE appears to increase after heat
shock. This is accompanied by a rise in the level of fragmented B2, while the level of
unprocessed B2 remains unchanged.
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Figure 3.4.1: Short-RNA (A) and long-RNA (B) sequencing data for the heat
shock experiment. Sense B2 relative read density.

The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: before
heat shock - blue, after heat shock - orange. p < 0.05 for both A and B, KS test.
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Figure 3.4.2: Short-RNA (A) and long-RNA (B) sequencing data for the heat
shock experiment. Antisense B2 relative read density.

The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: before

heat shock - blue, after heat shock - orange. p < 0.05 for A, KS test.
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Regarding AS B2 expression, the analysis revealed that after heat shock, the
expression level of full-length B2 AS remained consistent with the pre-heat shock
level (Figure 3.4.2, B: long-RNA sequencing). However, as shown in Figure 3.4.2 (A:
short-RNA sequencing), the AS B2 level was higher post-heat shock, with clearer
peaks, indicating that B2 AS may also undergo processing during stress.

3.4.1.2 LNAs transfection experiments

Following the transfection with anti-B2 SE LNAs, there was a notable enhancement
in the processing of B2 SE compared to the control with Scramble (Figure 3.4.3, A:
short-RNA sequencing). Concurrently, the level of full-length B2 SE decreased
relative to the control (Figure 3.4.3, B: long-RNA sequencing). These results
indirectly support the effective knockdown of B2 SE, as evidenced by the reduction
in full-length RNA due to increased processing.

After the knockdown of B2 SE, the level of full-length B2 AS increased compared to
the Scramble control (Figure 3.4.4, B: long-RNA sequencing). However, the amount
of fragmented B2 AS remained unchanged compared to the Scramble-treated
samples (Figure 3.4.4, A: short-RNA sequencing).
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Figure 3.4.3: Short-RNA (A) and long-RNA (B) sequencing data for the LNAs
transfection experiment. Sense B2 relative read density after the transfection.
The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: with

anti-B2 LNAs - orange, and with Scramble LNA as a control - blue. p < 0.05 for both
A and B, KS test.
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Figure 3.4.4: Short-RNA (A) and long-RNA (B) sequencing data for the LNAs
transfection experiment. Antisense B2 relative read density after the

transfection.
The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: with
anti-B2 LNAs - orange, with Scramble LNA as a control - blue. p < 0.05 for A, KS

test.

3.4.2 Direct RNA-seq
To gain a more detailed understanding of how SE B2 SINE and AS B2 SINE levels
fluctuate over time, we extended our analysis by incorporating additional time points
beyond those used in the previous study (Zovoilis et al., 2016). For this purpose, we
employed direct RNA sequencing using RNA samples obtained from our
experiments. While this method does not allow for the separate analysis of individual
B2 RNA fragments, it provides valuable insights into the overall changes in B2
expression levels throughout the study.

4.4.2.1 Heat shock data
RNA extracted from NIH-3T3 cells was used for sequencing before heat shock,
immediately after 15 minutes of heating at 45°C, and 30 minutes after the completion
of heating. This analysis revealed that SE B2 levels rise immediately after heating
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and then decrease after 30 minutes, although they remain higher than before the
heating (Figure 3.4.5, A).

Figure 3.4.5: Direct-RNA sequencing data for the heat shock experiment.
Relative read density for sense B2 (A) and antisense B2 (B).
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The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: before
heat shock - blue, right after heat shock - orange, 30 minutes after heat shock -

green. p < 0.05 for both A and B, KS test.

Similarly, AS B2 levels also increase immediately after heating and then decrease 30
minutes later (Figure 3.4.5, B). Overall, these findings partially align with the PCR
results. Discrepancies may be attributed to the inclusion of various B2 subfamilies
(B2_Mm1a, B2_Mm1t, and B2_Mm2) in the sequencing data.

3.4.2.2 Transfection of the LNAs targeting B2 SE

Furthermore, the direct RNA sequencing data revealed that following the knockdown
of B2 SE, the expression of B2 AS increased compared to the control (transfection
with Scramble LNA) (Figure 3.4.6). These results confirm the PCR findings, which
also showed that 30 minutes after the procedure, B2 AS levels were significantly
higher in samples treated with B2-specific LNAs than in those treated with Scramble
LNA.

Figure 3.4.6: Direct-RNA sequencing data for the LNAs transfection
experiment. Antisense B2 relative read density.
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The x-axis is a metagene that unites all B2 RNA loci aligned to the starting point of
their consensus sequence (position +1). The y-axis shows the relative number of
5’-terminal B2 RNA fragments aligned at any position below +1. Conditions: 30

minutes after anti-SE B2 LNAs transfection - orange, 30 minutes after Scramble LNA
transfection - blue. p < 0.05, KS test.

Chapter 4.

Discussion

All living organisms constantly face environmental stressors in their daily lives, such
as extreme temperatures, chemical toxins, radiation, and infections. To function
normally and maintain homeostasis, organisms must rapidly adapt to these
challenging conditions. This adaptation is crucial for survival and involves complex
mechanisms at both the organismal and cellular levels. At the cellular level, adaptive
changes are essential for the organism’s overall survival under stress. One critical
aspect of this cellular response is the activation of stress response genes (Galluzzi
et al., 2018). These genes are pivotal in protecting cells from conditions that could
otherwise be lethal. They help mitigate damage, repair cellular components, and
maintain cellular integrity (Sheng et al., 2024). Conversely, a failure to activate or
properly regulate the stress response can have detrimental consequences. An
ineffective stress response leaves cells vulnerable to damage, increasing the risk of
disease. Additionally, an uncontrolled stress response can lead to excessive
inflammation and tissue damage, contributing to chronic illnesses (Wu et al., 2022).

Understanding stress response mechanisms could significantly improve human
health outcomes. By elucidating how cells and organisms adapt to stress,
researchers can develop targeted therapies and preventive strategies to mitigate the
adverse effects of environmental stressors. This knowledge could lead to
advancements in treating stress-related diseases and enhancing resilience against
various health challenges.

Despite extensive research, many aspects of the cellular response to stress remain
unclear. Non-coding RNAs, including SINEs, play critical roles in regulating the
cellular stress response, yet the specific mechanisms involved are not fully
understood. SINEs modulate gene expression during stress, with levels of B2 SINEs
increasing under stress conditions (Espinoza et al., 2007) and their processing
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becoming more pronounced (Zovoilis et al., 2016). Unprocessed B2 SINEs can bind
to RNA polymerase II, inhibiting mRNA transcription (Allen et al., 2004).

Moreover, natural antisense B2 transcripts are implicated in cellular stress responses
and are associated with various diseases (Pandey et al., 2011); (Vourc'h et al.,
2022). However, it remains unclear whether these antisense transcripts are
regulated under stress or if they influence the levels of B2 SINEs. While significant
strides have been made in understanding the role of non-coding RNAs in stress
responses, key questions about their regulation and function still need to be
addressed.

In this MSc thesis project, the primary objective was to investigate the regulation of
SINE sense and antisense SINEs during the cellular response to stress, using B2
SINE RNAs as a model system. The project focused on understanding the interplay
between the expression levels of B2 SE and B2 AS RNA. Specifically, I aimed to
elucidate how variations in the expression of B2 SE influence the levels of B2 AS,
and conversely, how changes in B2 AS expression impact B2 SE levels (see Figure
4.1).

Figure 4.1: Hypothesis of sense/antisense SINE RNA regulation.

This investigation sought to provide insights into the regulatory mechanisms
governing these non-coding RNAs and their roles in stress responses. By exploring
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these relationships, we aimed to enhance our understanding of how B2 SINEs
contribute to cellular adaptation and stress management.

The results reveal a notable relationship between the levels of B2 SINEs sense and
antisense transcripts, suggesting a potential regulatory interplay where changes in
the levels of one may influence the expression level of the other. This correlation
indicates that B2 SE and AS may be involved in a coordinated cellular response to
stress, possibly through feedback mechanisms or other forms of molecular crosstalk.

The qPCR results from the heat shock experiment show that immediately after
stress, the level of B2 SE increases significantly (Figure 3.1.3), while the level of B2
AS decreases (Figure 3.1.4). These findings align with previous studies that reported
increased B2 SE levels in response to stress after heating (Allen et al., 2004);
(Zovoilis et al., 2016). The decrease in B2 AS levels is also understandable, as this
antisense sequence carries the Pol II-associated promoter (Ferrigno et al., 2001)
and can be down-regulated following cellular stress as part of a general mRNA
repression.

However, after some time post-heating, the expression levels of both B2 SE and B2
AS begin to fluctuate significantly, as indicated by qPCR results. The reason for
these fluctuations is currently unknown. These changes might be due to mutual
regulation between B2 SE and B2 AS RNAs, with the cell attempting to restore gene
expression to pre-heat shock levels.

In contrast, sequencing analysis did not confirm a similar trend for B2 AS behavior
after heat shock. This discrepancy may stem from the fact that qPCR was designed
using primers specific to a particular B2 subfamily (B2_Mm1a), whereas sequencing
included multiple subfamilies (B2_Mm1a, B2_Mm1t, and B2_Mm2). Although
sequence differences between these subfamilies are often minimal, their roles in
biological processes may differ.

Long-RNA sequencing (Figure 3.4.2, B) indicates that the level of full-length B2 AS
does not change after heat shock. Meanwhile, short-RNA sequencing shows that AS
B2 undergoes processing (Figure 3.4.2, A), similar to B2 SE (Figure 3.4.1, A;
Zovoilis et al., 2016; Espinoza et al., 2007). Direct-RNA sequencing data also
showed an increase in B2 AS levels after heat shock (Figure 3.4.5, B). Further
investigation into B2 AS is necessary to understand its fragmentation and potential
biological significance.

On the other hand, the sequencing data confirmed the trend for B2 SE after heat
shock. B2 SE levels increase (direct-RNA sequencing, Figure 3.4.5, B), with
increased fragmentation and a rise in the number of fragments (short-RNA
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sequencing, Figure 3.4.2, A), while the full-length B2 SE level remains unchanged
(long-RNA sequencing, Figure 3.4.2, B). This behavior is consistent with previous
studies showing increased B2 fragmentation during cellular stress (Espinoza et al.,
2007); (Zovoilis et al., 2016); (Cheng et al., 2020). According to recent studies
(Cheng et al., 2020), the fragmentation of sense B2 results in the inability of
fragmented B2 RNA to block Pol II, thereby affecting gene expression.

To examine how the artificial reduction of SE B2 RNA affects its antisense transcript,
an experiment with transfection of B2-specific LNAs was conducted. LNAs were
chosen for their specificity and long-lasting repression of target genes compared to
other reagents (Hagedorn et al., 2018); (Watts and Corey, 2012). The results indicate
that suppressing B2 SE expression leads to an increase in B2 AS levels, as
confirmed by both PCR (Figure 3.2.2) and sequencing data (short-/long-RNA and
direct-RNA sequencing, Figure 3.4.3, A, B; Figure 3.4.6).

Conversely, after the artificial repression of B2 AS transcription, B2 SE levels
increase, with qPCR results showing a significant rise 30 minutes after the procedure
(Figure 3.2.3).

Additionally, when B2 SE RNA levels were artificially increased through in vitro
transcription, changes in B2 AS levels were observed. Transfection with Tet150
served as a control, as it is known not to affect gene expression. Initial qPCR results
showed an increase in B2 AS levels (Figure 3.3.2). This behavior of B2 AS might be
due to a significant decrease in HPRT expression after B2 SE transfection. High
concentrations of full-length B2 SE can influence many genes and act as a stressor
itself (Espinoza et al., 2007); (Zovoilis et al., 2016); (Cheng et al., 2020), potentially
leading to cell death (Zovoilis et al., 2016). When the experiment was repeated using
other genes for normalization, it showed that B2 AS levels were relatively unchanged
with the introduction of in vitro transcribed B2 SE compared to the control Tet150
(Figure 3.3.4). The new normalization gene was chosen from a range of Pol III
transcribed genes known to maintain stable expression during heat shock (Allen et
al., 2004), such as 7SK. That is because the use of Pol-II transcribed housekeeping
genes has limitations of huge changes in B2 RNA expression.

Summarizing all the results, we can conclude that an increase in the expression level
of B2 sense is associated with a decrease in the expression of B2 antisense. This
observation suggests a possible regulatory interaction between these two types of
elements, where they might modulate each other's expression levels. One potential
mechanism through which B2 SE could repress B2 AS expression involves the
binding of Pol II and the subsequent repression of mRNA transcription. However, the
exact mechanism by which B2 AS might regulate B2 SE remains unclear.
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Numerous studies have demonstrated that antisense SINEs can influence the
transcription of neighboring genes, especially when they are located adjacent to and
overlap with these gene sequences (Zucchelli et al., 2015); (De Brakeleer et al.,
2013). Nonetheless, there is currently no direct evidence suggesting that such a
mechanism is at play in this specific case. One hypothetical mechanism by which B2
AS could regulate B2 SE expression involves Argonaute2 (AGO2)-mediated
translational repression. AGO2 is a crucial component of the RNA-induced silencing
complex (RISC) and plays a significant role in post-transcriptional gene silencing
guided by small RNAs, such as microRNAs (miRNAs) and small interfering RNAs
(siRNAs). This process can lead to either mRNA degradation or translational
suppression (Cho et al., 2014); (Matsui et al., 2016); (Yokota et al., 2020).

AGO2 utilizes miRNAs and siRNAs to target homologous mRNAs, which are then
either degraded or translationally repressed (Lopez-Orozco et al., 2023); (Sala et al.,
2023). Without the formation of the AGO2-miRNA complex, facilitated by the
HSC70/Hsp90 chaperone complex, AGO2 is typically degraded (Martinez et al.,
2013); (Li et al., 2020). Given the high degree of sequence homology between B2
AS and B2 SE, these elements might target each other, resulting in mutual
translational suppression.

Numerous studies suggest that many mechanisms governing B2 SINE behavior in
mice are mirrored by Alu elements in primates and humans (Shankar et al., 2004);
(Mariner et al., 2008); (Yakovchuk et al., 2009); (Dunker et al., 2017); (Maquat et al.,
2020). For instance, gene expression regulation during the stress response is
conserved between Alu SINEs in humans and B2 SINEs in mice (Espinoza et al.,
2007); (Zovoilis et al., 2016); (Cheng et al., 2020); (Cheng et al., 2021). This
conservation extends to antisense transcripts involved in disease progression in both
species (De Brakeleer et al., 2013); (Schein et al., 2016); (Takahashi et al., 2018);
(Wang et al., 2019); (Espinoza et al., 2021).

Given these similarities, it is reasonable to investigate whether the Alu SINE system
in humans mirrors the patterns observed in the mouse model with B2 elements. This
inquiry seeks to determine whether the interplay between Alu SE and Alu AS in
regulating each other’s expression levels follows a similar pattern. Understanding
these analogs across species could provide deeper insights into cellular stress
responses. Further research is needed to explore these parallels and clarify potential
cross-species similarities in the function and regulation of SINEs.
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Conclusion

In summary, this MSC project demonstrates that the expression levels of sense B2
SINEs and their corresponding antisense transcripts are interrelated. Specifically, an
increase in B2 SE expression is associated with a decrease in AS levels, and vice
versa - an increase in AS expression corresponds with a decrease in SE levels. This
inverse relationship suggests that SE and AS mutually influence each other's
expression. However, it is observed that these effects diminish over time, indicating a
potential dynamic regulation between the two elements.

The underlying reasons for this behavior, as well as the specific mechanisms through
which B2 SE is regulated in response to changes in AS expression levels, remain
unclear. The transient nature of their interactions suggests a complex regulatory
network that may involve additional factors or feedback loops. To fully understand
the intricacies of this system, further research is required. Future studies should aim
to elucidate the detailed mechanisms governing the interplay between B2 SE and
AS, as well as the broader implications of these interactions for cellular function and
stress responses.

Appendix

The PCR cycle threshold (Ct) value indicates the number of cycles required to
amplify sufficient DNA for detection, crossing a set threshold.

Figure A1: Standard curves for qPCR quality assessment. qPCR with random
primers, NIH-3T3 cells after the heat shock experiment (Figure 3.1.2). B2 expression
was investigated. GAPDH was used for normalization.
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Figure A2: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after the heat shock experiment (Figure 3.1.3). B2 sense
expression was investigated. GAPDH forward (F) was used for normalization.
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Figure A3: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after the heat shock experiment (Figure 3.1.4). B2 antisense
expression was investigated. GAPDH reverse (R) was used for normalization.
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Figure A4: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of LNAs against B2 sense (Figure 3.2.2). B2
antisense expression was investigated. GAPDH reverse (R) was used for
normalization.
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Figure A5: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of LNAs against B2 antisense (Figure
3.2.3). B2 antisense expression was investigated. GAPDH forward (F) was used for
normalization.
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Figure A6: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of in vitro transcribed B2 sense (Figure
3.3.1). B2 sense expression was investigated. HPRT forward (F) was used for
normalization.
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Figure A7: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of in vitro transcribed B2 sense (Figure
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3.3.2). B2 antisense expression was investigated. HPRT reverse (R) was used for
normalization.

67



Figure A8: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of in vitro transcribed B2 sense (Figure
3.3.3). B2 sense expression was investigated. 7SK forward (F) was used for
normalization.
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Figure A9: Standard curves for qPCR quality assessment. qPCR with gene-specefic
primers, NIH-3T3 cells after transfection of in vitro transcribed B2 sense (Figure
3.3.4). B2 antisense expression was investigated. 7SK reverse (R) was used for
normalization.
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