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Abstract 

Circular RNAs (circRNAs) are a new type of mostly non-coding RNA species that unlike 

linear RNAs form covalently closed, continuous loops and have recently been shown to be 

highly abundant, evolutionarily conserved and relatively stable in the cytoplasm1. circRNAs 

that are formed by backsplicing events can consist of one or more exonic and/or intronic 

sequences and are mainly involved in gene regulating processes. The key-function of the 

circRNAs that has been proven until now is their activity as miRNA-sponges2, 3, 7. Genome-

wide screenings of circRNA expression have shown that they are enriched in the mammalian 

brain, and dynamically expressed during in vitro neuronal differentiation and in vivo brain 

development1.  

Strikingly, we noticed similar features also in the radiation-responsive genes that had been 

identified in a previous study done in embryonic mouse brains. These radiation-responsive 

genes are also generally highly induced during in vivo brain development and in vitro 

neuronal differentiation4, and most intriguingly, we learned that many of these genes are 

predicted to express circRNAs. In this study, we aimed at validating the expression of the 

circular isoforms of two of those genes, Pvt1 and Ano3, and at the characterization of their 

expression profiles in comparison to their cognate linear mRNAs. We successfully validated 

the expression of stable circRNAs for both Pvt1 and Ano3, and found them to be enriched in 

the mouse brain. Moreover, we observed an induction of the circular transcripts (of both 

genes) during neuronal maturation and brain development, and found very first indications of 

radiation-responsive circRNAs. Based on our results, we suspect that the circular transcripts 

in particular may be deeply involved in brain development related matters. The deviating and 

dynamically regulated expression profiles of the circRNAs from their cognate mRNAs in any 

case suggest that they play a unique and significant role in cellular functioning.  
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Kurzzusammenfassung 

Zirkuläre RNAs (circRNAs) gehören zu einer neuen, meist nicht-kodierenden Gruppe von 

RNAs, die im Gegensatz zu den linearen mRNAs einen kovalent geschlossenen Ring bilden. 

circRNAs entstehen durch die Zirkularisierung von einen oder mehreren Exonen und/oder 

Intronen und sind abundant, evolutionär konserviert und relativ stabil im Zytoplasma1. 

Vermutlich spielen die circRNAs eine große Rolle in der Genregulation. Ihre bisher 

nachgewiesene Hauptfunktion besteht in ihrer Aktivität als Regulator der miRNAs2, 3, 7. 

Genomweit durchgeführte Studien haben gezeigt, dass die circRNAs nicht nur angereichert 

sind im Gehirn der Säugetiere, sondern auch dynamisch exprimiert sind in der in vitro 

neuronalen Differenzierung und der in vivo Hirnentwicklung1.  

In einer früheren Studie in embryonalen Mäusen hatte man eine Gensignatur identifiziert, die 

bei ionisierender Bestrahlung aktiviert werden. Interessanterweise haben wir entdeckt, dass 

die Expression dieser Gene, ähnlich wie die der circRNAs, auch hinaufreguliert sind während 

der Hirnentwicklung und der neuronalen Differenzierung4. Vor allem stellte sich heraus, dass 

viele der Gene aus dieser Gensignatur, nach Voraussagen durch algorithmische 

Kalkulierungen, vermutlich ebenfalls zirkuläre Isoformen exprimieren. 

Das Ziel dieser Arbeit ist die Überprüfung und Validierung der Expression der 

vorausgesagten zirkulären RNAs für zwei ausgesuchte Gene aus der Signatur, Pvt1 und 

Ano3, und die Charakterisierung ihrer Expressionsprofile im Vergleich zu ihren linearen 

Isoformen. Uns ist es gelungen für beide Gene, Pvt1 und Ano3, circRNA-Expression 

nachzuweisen. Eine Anreicherung dieser circRNAs im Gehirn der Mäuse wurde festgestellt. 

Außerdem beobachteten wir eine Induktion dieser circRNAs in der neuronalen Reifung (in 

vitro) und während der Hirnentwicklung (in vivo). Ebenfalls beobachteten wir einige erste 

Hinweise auf circRNAs, die auf Strahlung reagieren. Basierend auf unseren Ergebnissen 

vermuten wir, dass die circRNAs eventuell eine besonders signifikante Rolle spielen in der 

Gehirnentwicklung. Die von der linearen Isoform abweichenden und dynamisch-geregelten 

Expressionsprofile der circRNAs legen in jeden Fall nahe, dass die zirkulären Transkripte 

einzigartige und wichtige zelluläre Funktionen haben.  
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1. Introduction 

1.1.  A brief overview of the human brain 

The human brain, the main organ of the nervous system, can be considered the most 

complex organ among all biological systems5. It is composed out of neurons, the information 

processing cells, glial cells, mainly astrocytes and oligodendrocytes, which are the 

"supporting cells" and blood vessels. An average mature human brain weighs 1.3 – 1.4 kg 

and has a characteristic pattern of folds (sulci) and ridges (gyri) 5, 6.  

 

Figure 1. Anatomy of the human brain. (A) The main subdivisions of the embryonic vertebrate brain 
are depicted in this diagram. (B) One representation of the anatomical regions of the human brain that 
is composed of many different regions is given here. (C) The brain can be divided into different lobes 
that are dedicated to different functions in the body. This illustration shows a rough spatial map with 
the lobes and their functions. Adapted from 

8, 9, 108
. 

The largest and most important parts of the information processing system are the neocortex 

that accounts for most of the cerebral cortex and the subcortical nuclei that relay information 

from and to the neocortex. The greyish appearance due to the high content of cell bodies in 

these structures is the reason why these components are referred to as the "grey matter". 

The neurons are connected to one another by fibers that extend from cell bodies of individual 

neurons, such as dendrites and axons. Some axons are surrounded by a fatty substance 

called myelin, which is an electrically insulating layer that improves the transmission of 

electrical signals between regions. The myelin sheets are produced by oligodendrocytes, and 
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regions of the brain rich in myelinated axons appear white, giving rise to the term "white 

matter"5.  

There are four interconnected cavities at the very center of the brain that are filled with the 

cerebral spinal fluid, forming the ventricular system. Some of the important functions of this 

system are cushioning and protection of the brain, removal of waste material and transport of 

other substances, such as hormones5.  

Our brain can be divided into many areas that are structurally different and are specialized 

for carrying out different kinds of processes5. Basically, the embryonic vertebrate brain can 

be divided into three main parts: the forebrain, midbrain and hindbrain (Figure 1 A). During 

early development of the central nervous system, the forebrain separates into the 

diencephalon, which consists of the thalamus, hypothalamus, subthalamus, epithalamus and 

pretectum, and the telencephalon, which develops into the cerebrum (Figure 1 A, B). The 

cerebrum is the largest part of the brain and is divided into two cerebral hemispheres and is 

connected by the corpus callosum. The cerebral cortex, cerebrum‘s outer layer of neural 

tissue is divided into four lobes; the frontal, parietal, temporal and occipital lobes. The 

midbrain mainly consists of the tectum, tegmentum, the cerebral aqueduct and the cerebral 

peduncles. The hindbrain mainly consists of the cerebellum, pons and medulla  

oblongata6, 108, 117. Each of these structures is responsible for a number of different functions 

(Figure 1 C). 

 

1.1.1. Brain Development 

The development of the brain consists of a very complex and strictly regulated sequence of 

events (Figure 2) during which a variety of specialized neural and non-neural cell types are 

produced. An adequate timely switching of the different developmental stages is critical for 

proper neural circuit formation and normal brain function10. 

 

Figure 2. Timeline: Development of the human brain. The key events of human brain development 
are represented in a timeline that stretches from conception to adulthood. Adopted from 

11
. 

The nervous system is derived from the ectoderm, the most exterior germ layer in the very 

early embryo. As a result of different signaling events, the neuroectoderm, which develops 

from the ectoderm, is transformed into the neural plate, neural groove and finally the neural 

tube, the first brain structure5, 12. The neuroepithelial cells, the neural progenitors, are located 
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at the ventricular zone, in the region of the neural tube adjacent to the cavity. In the embryo, 

this cavity formed by neurulation is cylindrical, but changes its shape gradually to eventually 

form the ventricular system5, 13. This event is followed by massive cell proliferation, and once 

the neurons are formed, the neuronal migration starts. While reaching their final destinations, 

environmental changes steer them toward final differentiation14.  

Maturation of the different cell types, synaptogenesis (the formation of interneuronal 

connections), and myelination are the final events that follow and continue taking place for an 

extended period after birth (Figure 2). The brain expands in size, complexity and surface 

area gradually leading to the mature gyrencephalic structure of the adult human brain. On 

average, the human brain takes 20 – 25 years to fully mature10, although new neurons are 

continuously produced and integrated throughout life15. 

 

1.1.2. Development of the neocortex 

The neocortex is the most developed part of the cerebral cortex and is involved in functions 

such as sensory perception, generation of motor commands, spatial reasoning, conscious 

thought and language16. The size and surface area of the neocortex are thought to be critical 

factors that influence a species' cognitive abilities and sensorimotor skills. Disruption of 

neocortical structures and folding are the key reasons for many neurological disorders17. The 

neocortex is made up of six horizontal cellular layers, each consisting of a unique subset of 

neuronal population establishing local and long-range connections16.   

Neurons of the cerebral cortex arise in the germinal ventricular zone at the surface of the 

lateral ventricles. The timely strictly coordinated assembly of the cortex (Figure 3A) to the 

six-layered cortical structure (Figure 3D) is accomplished by the radial progenitors that are 

derived from the neuroepithelial cells and consist of proliferative radial glial cells and their 

more differentiated daughter cells that include neurons, astrocytes and oligodendrocytes18.  

Radial glia undergo both symmetrical divisions to self-renew and asymmetrical neurogenic 

divisions. During neurogenesis, mainly asymmetrical divisions occur, giving rise to one radial 

glial cell and a post-mitotic neuron or an intermediate progenitor, of which two types exist: 

apical intermediate progenitors that reside in the ventricular zone and have short radial 

attachment to the ventricular surface, and basal intermediate progenitors that migrate into 

the subventricular zone. Intermediate progenitors usually undergo one to two proliferative 

divisions before dividing asymmetrically to two post-mitotic neurons18. The radial glial cells 

can also be divided into the classical bipolar ventricular surface-attached apical radial glial 

cells and to the more recently identified basal radial glial cells that are unipolar, but behave 

similarly (Figure 3C)17.  

Interestingly, interkinetic nuclear migration, an oscillation process of the nuclei of the 

progenitor cells in coordination with the cellcycle, is a common feature of developing 

neuroepithelia. During S-phase the nuclei of ventricular zone progenitors are situated at the 

basal side of the ventricular zone, but move towards the apical surface during G2 phase, 
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where they undergo mitosis and return to the basal position in the G1 phase (Figure 3B)19. 

Recent experiments in mouse embryos have clearly shown that prenatal radiation exposure 

results in a transient and dose-dependent G2/M arrest of radial glia20. 

 

Figure 3. The developing cerebral cortex and the interkinetic nuclear migration. (A) Chronology 
of development of the different layers of the neocortex in humans and mice. Human corticogenesis 
follows a more protracted time-course than the mouse. (B) The oscillation process of the radial glia 
nuclei (interkinetic nuclear migration) that is dependent on the cell cycle. (C) The sketch shows the 
position of the neural progenitors and migrating neurons in the developing cortex of mice (a) and 
humans (b). aIP: apical intermediate progenitors; aRGC: apical radial glial cells; bIP: basal 
intermediate progenitors; bRGC: basal radial glial cells; CP: cortical plate; ISVZ: inner SVZ; IZ: 
intermediate zone; MZ: marginal zone; OSVZ: outer SVZ; SP: subplate; SVZ: subventricular zone; VZ: 
ventricular zone; WM: white matter. (D) The histological structure of the cerebral cortex showing its six 

layers. Adapted from 
17, 21-25

. 

Neurons use different strategies, such as radial or tangential migration, to travel from their 

origin to their final positions in the brain where they mature and fulfill their destiny. Most 

neurons produced in the ventricular zone migrate radially from inner to outer zones with the 

help of radial glia that form a connection between the inner and outer edges (radial fibers) 

serving as a scaffold for migrating neurons (Figure 4)5, 17. During tangential migration, so-

called interneurons move parallel to the ventricular surface26. A balanced proliferation, 

differentiation and migration of the different progenitor cells are crucial for the proper 

development of the cortex17.  
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Figure 4. Radial migration of neurons along the radial glia from the subventricular zone to the 
outer cortical layers. This figure illustrates the glia-guided migration process of the cortical neurons, 

zoomed-in in three steps. Adopted from 
14

. 

 

1.2.  Ionizing Radiation 

The emission of energy from a source as electromagnetic waves (Figure 5) or particles is 

generally referred to as radiation. Depending on the energy level of the radiated particle or 

wave, radiation is often classified as non-ionizing and ionizing radiation27. If the radiation has 

sufficient energy to remove one or more orbital electrons from an atom or molecule, creating 

charged atoms/molecules, the process is called ionization, and the radiation is then 

characterized as ionizing radiation28. The emission of ionizing radiation can happen either in 

the decay process of unstable nuclei or by de-excitation of atoms and their nuclei29. 

Non-ionizing, low-frequency radiation that includes visible light, microwaves, radio waves and 

partly the ultraviolet waves, disperses energy through heat and increased molecular 

movements. This type of radiation is in general not considered significantly risky since it only 

leads to problems related to excessive heating when exposed to high intensities. In contrast, 

Gamma rays, X-rays and the higher ultraviolet part of the electromagnetic spectrum (Figure 

5) as well as alpha- and beta-particles belong to ionizing radiation that emits high energy 

waves or particles, possibly causing significant risks to organisms by altering the structure 

and behavior of cells30. 

Ionizing radiation itself can be subdivided into low linear energy transfer (LET) radiation, such 

as X- and gamma rays, and high LET radiation like that of charged particles. LET describes 

the amount of energy an ionizing particle transfers to the material traversed per unit distance 

and its unit is keV/μm29, 31.  

Alpha radiation consists of positively charged helium nuclei. These particles are heavy, 

interact quickly with materials they encounter and travel no more than a few inches in air. 

They can be shielded by a sheet of paper or the epidermis32. It is therefore not an external 
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hazard, though alpha-emitting materials can be harmful to humans when the body is 

internally contaminated. Radon and uranium are good examples of alpha emitters33, 34.  

 

Figure 5. The electromagnetic spectrum. Gamma rays, X-rays and the high-energy part of ultra-
violet radiation are considered ionizing, while visible light, infrared, radio waves and the low-energy 
part of ultra-violet radiation are considered non-ionizing radiation. The energy of the respective 
radiation is proportional to its frequency and inversely related to its wavelength. Adapted from 

35
. 

Beta radiation that consists of ejected electrons is a light, short-range particle that is 

moderately penetrating and can be stopped by an aluminium plate. Similar to alpha radiation, 

beta radiation can also cause severe damage if deposited internally in the body. Common 

examples for beta emitters are strontium-90 and tritium33, 34.  

Gamma radiation and X-rays are highly penetrating electromagnetic radiations that have 

neither mass nor electric charge. Dense materials like thick layers of concrete and lead are 

required to stop them33, 34. Gamma radiation and X-rays mainly differ from each other by the 

way they are produced.  Gamma radiation, which is positioned higher in the electromagnetic 

spectrum than X-ray due to its higher energy level, originates from the nucleus of a 

radionuclide after radioactive decay. X-rays on the other hand are produced when the 

electrons collide with atoms and nuclei of a target or when electrons are rearranged within an 

atom13. Radioactive materials that emit gamma radiation and X-rays, like iodine-131 or 

radium-226, pose both external and internal hazards to humans34. 

 

1.2.1. Sources and applications of ionizing radiation 

Every human being is constantly exposed to a certain dose of radiation in their daily lives. 

There are naturally occurring environmental sources of radiation and also man-made 

radiation from industrial, occupational and medical sources that pose a possible risk to 

human health. Natural radiation for humans comes from the sun, cosmic rays and the 

naturally-occurring radioactive elements in the earth's crust, such as uranium, thorium and 
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their decay products like radium and radon. Man-made radiation is produced in devices, such 

as X-ray machines or in reactors or accelerators that produce artificial radioisotopes36. 

Despite the hazardous nature, ionizing radiation is generated and utilized in a wide variety of 

applications in various fields. Medical facilities, such as hospitals and pharmaceutical 

facilities, research and teaching institutions, nuclear reactors and their supporting facilities, 

such as uranium mills, are only examples where radiation finds great usage. Also some 

consumer products such as smoke detectors and self illuminating exit signs make use of 

radioactive materials36. The usage of radiation in the medical field for therapeutic and 

diagnostic procedures has risen immensely during the past decade, and this trend keeps 

increasing. Table 1 provides an overview of some common medical applications of 

radiation30. 

The gray (Gy) is the unit for the absorbed dose of ionizing radiation, defined as the 

absorption of radiation energy per unit mass of tissue. The sievert (Sv) is the unit of 

equivalent dose for biological damage37, 38. If gray is a physical quantity or the amount of 

energy that is deposited in the human tissue, sievert represents the equivalent biological 

effect of the deposit of a joule of radiation energy in a kilogram of human tissue39. 

Type of radiation Medical application 

Ionizing radiation: 

Gamma Rays 

PET 

RT 

SPECT 

X-rays 

CT 

DSA 

Dual-energy X-ray absorptiometry 

Fluoroscopy 

Mammography 

RT 

Radiography 

Non-ionizing radiation: 

Electromagnetic and RF waves MRI 

Ultrasound US 

 
Table 1. Common medical applications of non-ionizing and ionizing radiation. CT: computed 
tomography; DSA: digital subtraction angiography; MRI: magnetic resonance imaging; PET: positron 
emission tomography; RT: radiation therapy; RF: radiofrequency; SPECT: single-photon emission 
computed tomography; US: ultrasonography. Adapted from 

30
. 

The total exposure of an average adult to ionizing radiation is approximately 3 mSv per year. 

Around half of that amount comes from medical procedures where radiation is used for 

diagnostic and therapeutic purposes. The chart below (Figure 6) gives an overview of the 

distribution of radiation sources that amount for our average annual exposure40. 
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Figure 6. Average annual exposure to radiation. Representative for the western countries, this 
chart illustrates the distribution of radiation sources that amount for the average annual exposure to 
radiation of an adult in Australia. More than half the amount of radiation exposure is due to medical 
applications of radiation. Adopted from 

40
. 

 

1.3.  Radiation and the human body 

Most of our knowledge about the consequences of radiation, its teratogenic, carcinogenic 

and mutagenic effects in the body, comes from studies performed after well known acute 

exposures, such as the atomic bombings in Japan 1945 or the Chernobyl accident in 198628. 

Besides its most eminent cancerous effects, there exist a variety of other health risks that 

may follow exposure to ionizing radiation (Table 2). Cardiovascular diseases, strokes, 

cortical cataract, non-malignant respiratory and digestive diseases, reductions of intelligence 

quotient and increase in incidents of severe mental retardation are examples for such non-

cancerous consequences41, 77. 

The biological effects of radiation on the human body can be classified into two major 

categories: deterministic and stochastic effects. Deterministic effects are caused by exposure 

to high doses of radiation and the damage depends on the absorbed dose of irradiation. 

Cataract, erythema, and infertility are examples of predictable deterministic effects of 

radiation that are caused by multi-cellular injuries and chromosome aberrations. For these, 

there is a threshold below which there is no effect to be observed and the threshold level is 

dependent on the effect, tissue and individual (Table 2). Stochastic effects are independent 

of the absorbed dose; there is no threshold dose. Any dose could result in stochastic effects, 

such as life span shortening, cancer and other genetic effects due to germ cell mutations. 

The probability of occurrence rises as dose increases, but the severity of the stochastic effect 

is not dose-related42. 
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Effect Dose, Sv References 

Acute radiation syndromes  

Nausea and vomiting 0.5 acute Young et al. 1987 

Early skin reaction 0.5-1 acute Conklin and Walker 1987 

Late skin reaction 5-10 acute ICRP 1991 

Gastrointestinal syndrome ̴ 7 acute Young et al. 1987 

CNS syndrome ̴ 50 acute Young et al. 1987 

Cataracts  

Detectable opacities 

(recent emerging data) 

0.5 acute, 5 fractionated 

< 0.8 (?) acute & chronic 

ICRP 1991 

Neriishi et al. 2007 

Worgul et al. 2007 

Chylack et al. 2009 

Blakely et al. 2010 

Vision impairing opacities 5 acute, > 8 fractionated ICRP 1991 

Central nervous system  

Adult (cognition) 
< 30 fractioned 

< 5 acute 

Chang et al. 2009 

CCMDC 1981 

In utero (severe mental retardation) ̴ 0.15 acute Otake et al. 1987 

In utero (reduction in IQ) ̴ 0.1 acute 
Schull et al. 1988 

ICRP 1991 

Malformations in fetus ̴ 0.1 acute ICRP 1991 

Cardiovascular ̴ 0.5 acute Preston et al. 2003 

Fertility   

Man temporary infertility 

 

Man permanent sterility 

0.15 acute 

0.4 Sv/year chronic 

3 acute, 5 fractionated 

2 Sv/year chronic 

NRC 1990 

ICRP 1991 

UNSCEAR 1982 

ICRP 1991 

Woman temporary infertility 

Woman permanent sterility 

 

Woman premature menopause 

(if exposed in utero) 

0.65 – 1.5 acute 

2.5 acute, 6 fractionated 

> 2 Sv/year chronic 

 

̴ 0.5 (?) chronic 

ICRP 1984 

NCRP 1990 

 

 

Straume et al. 2010 

 

Table 2. Low-LET radiation and its estimated dose-dependent biological effects on the human 
body. Some deterministic effects with its estimated threshold levels are summarized here with 

indications to the respective studies they were published in. Adapted from 
43

. 

 

1.3.1. Models predicting the risk from exposure to ionizing radiation 

There exist several quantitative models for predicting the level of health risk from radiation 

exposure. A well established and routinely used model in radiation safety regulations and 

practices throughout the world is the linear no-threshold (LNT) dose-response relationship 

model44, that puts the risks in direct and proportional relationship with radiation exposure45, 

claiming that even the smallest dose may lead to biological effects46. The potential risk here 

is calculated by extrapolation from medium and higher doses. However, due to the difficulty 

to observe and interpret, health effects of low dose radiation have still not been completely 

characterized. Data indicate that cellular responses might differ at low compared to high 

doses47, which is why the LNT model has become controversial. Some alternative 

hypotheses such as the threshold model suggest that there is no risk below a certain dose, 
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while the radiation hormesis model even claims that radiation at very small doses can be 

protective and beneficial (Figure 7). Nevertheless, in agreement with the LNT model, the 

ALARA principle urging to keep the exposure As Low As Reasonably Achievable, has 

become a fundamental approach when dealing with radiation45. 

 

Figure 7. Radiation risk models. While the linear no-threshold model puts the risk and health effects 
in direct proportion, the hypersensitivity model suggests a greater risk at lower doses, and the 
threshold model only a risk from above a certain threshold level. The hormesis model claims a 
beneficial effect at lower radiation doses. Adopted from 

48
. 

 

1.3.2. Cellular response to radiation 

Ionizing radiation can cause high stress levels in cells, through the induction of cellular 

damage by direct ionization of macromolecules such as DNA, RNA, lipids and proteins or by 

indirect ionization leading to generation of free radicals, such as reactive oxygen or nitrogen 

species, which can in their turn target these macromolecules (Figure 8). High LET radiation 

mainly causes cell damage via direct interactions, while low LET radiation mostly leads to the 

production of free radicals. In any case, this can lead to the activation of several intracellular 

signaling pathways resulting in a stress response49. Since about 80% of a cell is composed 

of water, it is especially superoxide and hydroxyl radicals that are formed by radiolysis of 

intracellular water50 (Figure 8). Nitrogenous base alterations, breaks in one or both DNA 

chains and chain cross-linking after breakage are examples for ionizing radiation-induced 

DNA damages, among which double strand breaks (DSBs) are considered the most harmful. 

Unrepaired DNA damage may lead to mutations, genomic instability and cell death49. Not 

only chromosomal DNA is affected, but also mitochondrial DNA, maybe even to a higher 

extent since mitochondria lack protection by chromatin structure and histones51. However, it 

is becoming increasingly evident that mitochondria possess similar DNA repair pathways as 

the nucleus52. 
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Figure 8. Direct and indirect cellular responses to ionizing radiation. Cellular damage by radiation 
can be caused directly by ionization of the biochemical structures or indirectly by generation of free 
radicals such as reactive oxygen (ROS) and nitrogen species (RNS) by oxidation processes, leading 
to consequences such as alterations in lipids, proteins, nuclear (nDNA) and mitochondrial (mtDNA) 
DNA. Adopted from 

53
. 

The maintenance of DNA stability and integrity is essential to life, wherefore cells have 

developed several pathways to detect and efficiently repair DNA lesions caused by ionizing 

radiation54. Two major cellular DSB repair pathways known in the eukaryotic system are 

homologous recombination (HR) and non-homologous end-joining (NHEJ)55. Additionally to 

the repair mechanisms, cell cycle checkpoints exist (Figure 9A) which delay cell cycle 

progression, allowing more time for DNA repair. The final result of these pathways is cell 

cycle arrest by checkpoint activation and promoted DNA repair, or if the cell damage was too 

extensive, cell death is initiated, typically by apoptosis56 (Figure 9B, C).   

The mammalian cell cycle contains G0, G1, S, G2 and M phases (Figure 9A). Cells that are 

in the late G2 and the M phase, when their chromatin is decondensated in order to facilitate 

transcription and DNA replication, are the most sensitive to radiation56. The HR-mechanism 

can be regarded as an error-free pathway that utilizes a homologous template to replicate 

lost genetic material. Therefore, it is only active in proliferative cells during the middle and 

late S-phase and the G2/M checkpoint49. NHEJ allows the direct reconnection of broken DNA 

termini in non-cycling cells by excision of damaged nucleotides while operating without a 

template, making it more error-prone than HR55. NHEJ is thought to be mainly active during 

G1/G0 phases of cell cycle, when no sister chromatid is available in the cell to serve as a 

template for repair49. 

The recruitment and cooperation of many different proteins is required for each of the DNA 

damage response pathways. These proteins can be categorized into three groups including 

sensors, transducers and effectors (Figure 9B). The sensors, such as the 

Mre11/Rad50/NBS1-complex and the ATM kinase, scan the chromatin for damages and 

send a biochemical signal to modulate the function of other proteins. Downstream of the 

sensors, transducers like MDM2, p53, SIR1, CHEK2 or BRCA1, regulate signal transmission. 
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Finally, the effectors that include BAX, p21, CDK2, RAD51 and RAD50/MRE11 cause cell 

cycle arrest and DNA repair or apoptosis (Figure 9B)56. 

 

Figure 9. Cell cycle checkpoints, signal transduction cascade and outcomes of ionizing 
radiation. (A) A schematic representation of the different phases of the eukaryotic cell cycle is given. 
G0 indicates the quiescent phase where non-proliferative or differentiated cells rest. The G1 phase, 
where cell growth happens, finishes with the G1 checkpoint during which nutrients, cell size, growth 
factors and the DNA condition are checked. The subsequent S-phase where the DNA is duplicated is 
followed by G2-phase that prepares the cell for division. The G2-checkpoint ensures that the cell size 
and the duplicated DNA are fine. During M-phase, mitosis happens, and the intra-M checkpoint makes 
sure the chromosomes are attached to the spindle and the cells ready to be separated. (B) Sensor 
proteins recognize DNA damage, the damage signal is passed on to transducers that are downstream 
of the sensors, and the signal is passed on to the effector-proteins that finally are responsible for the 
different cell fates. (C) The different possible outcomes following ionizing radiation are summarized in 

this graphic. Adopted from 
57-59

. 

p53, a crucial tumor suppressor protein that suppresses cancer, is one of the main 

transducer molecules that is activated in response to the various genotoxic stresses caused 

by ionizing radiation. It primarily acts as a sequence-specific transcriptional activator, and 

that for a wide variety of protein-coding and non-coding target genes60, 61. p53 works in the 

form of homo-tetramers that recognizes p53-responsive elements, activating or suppressing 

different promoters dependent on the situation of the cell62.  

Cellular stresses, such as DSBs, can result in ATM/ATR and Chk1/2 dependent activation of 

p53 that in response triggers processes such as apoptosis or senescence that limits the 

propagation of irreversibly damaged or malignant cells. In case of reparable damages, pro-

survival signals are released that lead to programs such as temporary cell cycle arrest, DNA 

repair and anti-oxidant protein production62-64.  

p53 not only is the guardian of the genome, but also is involved in various other biological 

processes next to cell death, cell cycle arrest, senescense and DNA-repair, such as 

metabolism, autophagy, differentiation and development. The tumor suppressor p53, which 

is inactivated in most cancers, plays a critical role in the suppression of carcinogenesis. 

Mutations in one of the p53-allels already predispose humans to cancer quite early in life4, 62.  

Due to its biological importance, the expression of p53 is usually strictly regulated at different 

transcriptional and translational levels. A major regulator of the protein e.g. is MDM2 that 

under non-stressed conditions binds to and blocks p53‘s DNA binding, transcriptionally 
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activating domain. MDM2 also ubiquitinates p53, marking it for degradation by 

proteasomes64, 65. Upon encountering cellular stresses, p53 is stabilized via different 

mechanisms such as phosphorylation and deubiquitination, which then allows p53 to 

respond to the damage caused64.  

Involvement of p53 as a mediator for apoptosis is one of the main reasons for the gradual 

neural degeneration and death of neuron populations in neurodegenerative diseases, such 

as Parkinson disease or Alzheimer disease, which reflects p53‘s importance for the proper 

functioning of the nervous system. There are many studies on neurodegenerative diseases 

that suggest that p53 is a central player in neuropathogenesis66-68.  

Cell death and survival, proliferation and differentiation have to be delicately and dynamically 

fine-tuned during the development of the nervous system, for which different pathways are 

required that respond adequately to the specific cellular events. p53, being an inevitable 

member of these pathways, plays a crucial role as a decision-maker during neuronal 

development. Studies in mice show that one of the highest p53-expression levels during 

embryonic development is reached during the differentiation of neuronal precursor cells69. 

p53 not only plays a substantial role in neuronal apoptosis, but also in processes such as 

proliferation and differentiation of neural progenitor cells, axon guidance and axonal 

outgrowth and regeneration69, 70. 

The importance of p53 for normal neural development is further shown by studies in p53-null 

animals, where a significant amount of the animals die or develop exencephaly. The 

compensatory role played by p53‘s other two family members, p63 and p73, is the reason for 

the observed survival of a major amount of p53-null animals that bear a deletion of such a 

crucial gene69. Despite profound studies and already established widescale spectrum of p53-

involved functions, newer involvements emerge with recent studies. The exact mechanism 

how p53 operates is still not entirely understood, but its involvement in the different cell fates 

following irradiation has been shown in different studies71-74.  

 

1.3.3. Prenatal exposure to ionizing radiation and the developing brain 

It is generally assumed that proliferative cells are more sensitive to radiation compared to 

differentiated cells. Therefore, animals and humans are most vulnerable to radiation effects 

during the embryonic and early fetal periods of development75. Effects of prenatal irradiation 

include gross structural malformations, growth retardation, embryonic lethality, sterility and 

central nervous system abnormalities such as mental retardation and microcephaly76. 

Epidemiological studies, mainly carried out on atomic bomb survivors, report that there is a 

dose-dependent higher occurrence of severe mental retardation in children after in utero 

exposure to ionizing radiation, particularly when the exposure occurred during early 

gestational phases (weeks 8 to 15)77 (Figure 10), a period which is characterized by rapidly 

proliferating and differentiating cells in the brain30.  
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Figure 10. Mental retardation in prenatally exposed survivors of the atomic bombings of 
Hiroshima and Nagasaki. Significantly higher, dose-dependent occurrence of severe mental 
retardation was observed in children prenatally exposed to radiation (especially in those exposed in 
weeks 8-15 of pregnancy and, to a lesser extent in those exposed in weeks 16-25). Adopted from 

77
. 

Supporting the results from human epidemiological studies, several animal studies have 

demonstrated the harmful consequences of prenatal exposure to ionizing radiation. In 

primates, fetal radiation exposure results in adult-onset of cognitive impairment78, 79. Various 

studies in mice and rats have revealed that pre-natal exposure to ionizing radiation leads to 

disruption of proper brain development, leading to the loss of neurons and reduced brain 

weight and size that result in behavioral differences27, 80-82, 118. In all cases the results were 

dependent on the radiation dose and the developmental stage at which the exposure 

occurred. 

As previously mentioned, not all cells have the same radio-sensitivity. Cells that have a high 

division rate are more sensitive to radiation than those that are already specialized, since the 

DNA is most vulnerable during replication when the DNA is decondensed from the chromatin 

structure83. This is reflected in the so-called law of Bergonie and Tribondeau, who stated 

already in 1906 that the radiosensitivity of a cell is directly proportional to its proliferative 

activity and inversely proportional to the degree of cellular differentiation84. Despite some 

regions in the mature brain, such as in the caudate nucleus and hippocampus, where 

neurogenesis happens, the adult brain as a highly differentiated organ with low mitotic 

activity is considered relatively radio-resistant – completely in contrast to the developing 

brain85. 

 

1.4.  The mouse as a model organism for understanding human brain 

functions 

Mammalians can be divided into two groups based on their cerebral cortical folding: 

lissencephalic and gyrencephalic species. The gyrencephalic species like most primates and 

humans exhibit convolutions in the cortex, enabling bigger brain sizes and expanded surface 

area. The size and extent of folding of the cerebral cortex are the important factors that are 
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very distinct and vary between species and influence the species‘ intellectual abilities17. The 

mouse brain is smooth and about 2700 times smaller than the human brain in mass86, which 

limits its ability to model more complex gyrencephalic brain structures. Even so, mouse 

model organisms are very popular for studies of neurological processes, brain development 

and neurological disorders87.  

The general structure of the brain is very similar between mammalian species. In contrast to 

the simple three-layered structure of the cerebrum of amphibians and reptiles, the surface of 

the mammalian neocortex is a more complex six-layered one88, as previously mentioned. 

Apart from the neocortex, the hippocampus and amygdala are examples of extensively 

developed structures in mammals89 that are evolutionarily conserved from mouse to man86.  

The rodent brain exhibits many of the key features of the human brain, including the general 

organization of the brain, the six-layered organization of the neocortex (Figure 3C, D; Figure 

11) and the regionalization into sensory, motor and association areas87. Despite of the non-

negligible difference in time scaling of brain development between human and mouse 

(Figure 3A), the sequence of key events in brain maturation, such as neurogenesis, 

neuronal migration, synaptogenesis, gliogenesis, oligodendrocyte maturation and age-

dependent behaviors, are largely consistent between the two90. 

 

Figure 11. Comparison: General structure of the human and mouse brain. The greater size and 
convolutions of the cortex distinguish the human brain from the mouse brain. Nevertheless, both 
species possess many comparable structural features. Adopted from 86. 

 

1.5.  Early molecular effects of radiation on the developing mouse brain 

It is the prenatal transcriptional processes that predominantly determine the anatomical and 

functional architecture of the brain91. During brain development billions of neural cells 

proliferate, are directed to differentiate and migrate to their specific locations where they 

mature and fulfill diverse functions. The engagement in their respective roles is accomplished 

by timely and regionally differentially regulated gene sets, which is why the transcription 
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profiles in developing brains are highly heterogeneous92. Today, we have various amounts of 

data from different research groups, who have attempted and partially succeeded in creating 

a complete map of the complex gene expression pattern during prenatal development, 

recording each change in gene expression at the many different coordinates in the brain, 

their timely and spatial dynamics91. 

To date, complete resolution has not been achieved concerning the question what causes 

the radiation-induced defects in embryonic brain development. In a recent study in mice, a 

set of early radiation-responsive genes could be identified. Among those genes, they found 

several genes of which only certain isoforms were differentially up-regulated after exposure 

to ionizing irradiation. These splice variants that were up-regulated in mice after irradiation 

were also highly enriched and up-regulated during brain development and in vitro neuronal 

maturation, suggesting involvement of these genes in important brain-related functions. 

Although many of the radiation-responsive genes were well known transcriptional targets of 

p53, involved in classical p53-mediated pathways like cell cycle arrest, DNA repair and 

apoptosis, a substantial number of the newly identified p53 targets had not been 

characterized until now4.  

Interestingly, a very strong overlap was observed between the gene expression profiles and 

phenotypes of the irradiated mice and several microcephaly mouse models93, 94, suggesting 

that the early changes in gene expression during brain development might be the cause of 

late effects of radiation exposure such as microcephaly. It was therefore hypothesized that 

this alteration in expression can be associated with impaired cognitive functions after 

irradiation4.  

 

1.5.1. Radiation-responsive genes and the link to circRNAs 

A remarkable and for us pivotal feature of the radiation-responsive genes, most of which are 

p53‘s targets, was that they are up-regulated during brain development and also enriched in 

the brain. Strikingly, we noticed that the circRNAs, a quite recently discovered RNA-species, 

show the same characteristic as the radiation-responsive genes: extra-ordinary enrichment in 

the brain and dynamic expression during brain development1, 4. Further investigation using 

the public data base "circbase.org"  (developed by the Rajewsky lab at the Berlin Institute for 

Medical Systems Biology), showed that many of the radiation-responsive genes, such as 

Pvt1 and Ano3, that have differentially expressed transcript variants, are also predicted to 

have circular isoforms. Interestingly, also adding to our interest in circRNAs, we found that 

most of the circRNAs are also evolutionarily conserved between mice and humans1. 

 

1.5.1.1. The radiation-responsive gene, Pvt1 

The human PVT1 gene is a long intergenic, noncoding RNA that resides in chromosome 8 

and has oncogenic potential being a top target for alterations in various types of cancers, 

including breast and ovarian cancer, acute myeloid leukemia and Hodgkin lymphoma. PVT1 
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is homologous to the mouse plasmacytoma variant translocation gene Pvt1 from 

chromosome 15. In both species, PVT1 is located in a well-known cancer risk locus and has 

the popular oncogene MYC as its direct neighbor. PVT1 is said to compete with endogenous 

RNA activity and to regulate protein stability of important oncogenes, especially of its 

neighbor MYC95. It has been shown to have several linear transcript variants95 and is part of 

the radiation-responsive gene signature4. Computational analysis has suggested that linear 

PVT1 transcripts strongly interact with the mir-200 family, acting as a sponge to these micro 

RNAs, thereby possibly regulating the expression of hundreds of mRNAs95. 

 

1.5.1.2. The radiation-responsive gene, Ano3 

ANO3 encodes for a protein called anoctamin3 and is located on chromosome 11. It belongs 

to a family of closely related genes in sequence and topology, ANO1-10, that encode ion 

channels, such as calcium-activated chloride channels96. ANO3 is differentially expressed in 

the central and peripheral nervous system, and has a close homolog in the mouse97. 

Molecular functions of ANO3 are still poorly understood and controversial, but it is suggested 

that Ano3 acts as a regulator of Slack, a natrium-activated potassium channel97. Mutations in 

anoctamin genes are responsible for various sets of diseases. ANO3 has been shown to be 

involved in craniocervical dystonia98, Alzheimer disease99 and pain processing100.  

 

1.6.  Circular RNAs (circRNAs) 

miRNA, lncRNAs, snoRNAs or siRNAs are only few examples exhibiting the diversity of non-

coding RNA molecules that have been discovered in recent years, additionally to the classic 

mRNAs, tRNAs and rRNAs7. Amongst them, circular RNAs (circRNAs) have been relishing 

more attention lately, ever since thousands of new circRNAs have been identified in 

eukaryotic cells thanks to present day‘s advanced deep sequencing technologies and 

computational techniques107.  

Different types of RNA circles have been classified until now, among which the exonic 

circRNAs make up the majority of the circRNAs identified in mammalian cells. These are a 

group of endogenous non-coding circular RNAs, mostly located in the cytosol7 that can range 

in size between a few hundred to thousands of nucleotides in length. In contrast to the linear 

isoforms, circRNAs are formed by backsplicing events, where the 5‘ end of an upstream 

exon is covalently joined with the 3‘ end of a downstream exon that results in a closed loop 

structure102 (Figure 12). Only very recently it was revealed that there exist mammalian 

circRNAs that consist of both exonic and also intronic sequences103. There is a large variety 

of genes, of different sizes and of different expression levels that can be flanked by different 

sized introns which can be backspliced to form circular transcripts102, 103. In this study, we 

focus on mammalian circRNAs that are formed via backsplicing of exonic and/or intronic 

sequences. 
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Figure 12. Backsplicing vs. normal splicing. Alternative splicing products of regular and back-
splicing events are illustrated here. Exons are shown as colored boxes, introns as thin black lines in-
between. The linear splice junctions are shown as angled continuous black lines; the circular junctions 
are marked by the angled broken black lines connecting exons. The junction spanning reads in the 
circular splice junction that are identified by the computational programs are indicated in light blue. 
Adopted from 

101
. 

 

1.6.1. circRNA biogenesis 

Although not entirely explored yet, there exist different models that describe possible 

mechanisms how the backsplicing sites are brought to close proximity promoting 

circularization. One hypothesis suggests that intron lariats that are created by skipping 

alternative exons can bring non-linear splicesites together, facilitating circularization. Other 

evidence suggests that base-pairing of flanking inverted repeats or ALU elements might 

bring the backsplice sites together leading to circularization (Figure 13A). Yet another 

possibility is that RNA binding proteins that actively build bridges between the backsplice 

sites are involved in the biogenesis of circRNAs7, 104. 

 

1.6.2. Importance of experimental validation of the predicted circRNAs 

Thousands of new circRNAs have been recently added to the databases, largely based on 

computational analysis of RNA-sequencing data that rely on circular junction spanning 

reads1, which unfortunately also includes spurious evidence of circRNAs. The scrambled 

exon-exon junctions that the algorithms screen for, where the ordering of the exons in a 

sequence is reversed relative to the annotated linear transcripts of the source gene, can also 

be a result of reverse transcriptase template switching, DNA rearrangements and tandem 

duplications or trans-splicing events (Figure 13B), that only appears as a circular junction105.  

An occurrence of such an event can be experimentally determined by using divergent 

primers for qRT-PCR that are oriented to amplify away from each other, only resulting in 

amplified products when exon-shuffeling has occurred resulting in scrambled junctions that 

brings together outside sequences, turning the primers convergent. In order to exclude the 
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only apparent backsplice-junctions, it is necessary to additionally verify that these findings 

really are circular RNAs. Safe validation of the circularity of the predicted circRNAs can be 

achieved using different methods105.  

 

Figure 13. circRNAs biogenesis and alternative mechanisms leading to scrambled exon-exon 
junctions. (A) Two proposed mechanisms are illustrated here that could promote backsplicing. Base-
pairing of flanking inverted repeats (a) could be responsible for bringing the splice sites together, 
promoting circularization. Intron lariats that are created by skipping alternative exons could bring the 
splicesites into close proximity (b), again promoting circularization. (B) The alternative mechanisms 
that could result in apparent circular junctions are illustrated here: Reverse transcriptase template 
switching (a), tandem duplications (b), transbacksplicing (c) and backsplicing (d). RT: Reverse 

transcriptase. Adopted from 105
. 

An important common feature of circRNAs is that they do not have any 3‘ or 5‘ ends that can 

be attacked and degraded by exonucleases. Hence, the circRNAs are resistant to 

exonucleases and often more stable than linear RNAs7 (Figure 14A). Also, while linear 

exonic RNAs usually have 3‘ polyadenylations, the circular RNAs lack these. Both these 

characteristics can be used for the validation of circRNAs. Treatment of total RNA samples 

with the exonuclease RNaseR that degrades only linear species prior to a qRT-PCR, or by 
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comparison of cDNA synthesis using either random hexamer primers or oligo-dT primers 

before qRT-PCR (Figure 14B), the latter of which are not able to reverse transcribe 

circRNAs because these lack the poly-A tail, finally enables safe verification whether the 

expression that is observed with the divergent primers really comes from backsplicing 

events, or only apparent ones7, 105. 

 

Figure 14. RNaseR treatment and the usage of oligo-dT vs. random hexamer primers. (A) The 
circular transcripts are resistant to the exonuclease RNaseR, while the linear transcripts are degraded. 
(B) Random hexamer primers can bind randomly on the linear as well as on the circular transcripts, 
delivering cDNA during reverse transcription; the oligo-dT primers can only bind on the polyA-tails of 
the linear transcripts. Adapted from 

7, 106
. 

 

1.6.3. Functions of the circRNAs 

The one most prominent and clearly proven function of the circRNAs is their activity as 

miRNA-binding sponges. Recently, it was shown that circRNAs can contain multiple copies 

of miRNA binding sites within them that can target miRNAs. By binding the miRNAs, 

circRNAs hinder the miRNAs in their original function: RNA silencing and post-transcriptional 

regulation of gene expression (Figure 15A). This has to date been successfully 

demonstrated for two circRNAs, circCDR1as and circSry2, 3.  

An involvement of the circRNAs has also been shown in the regulation of alternative splicing, 

mRNA expression, transportation of various factors and sponging of other factors such as 

RNA binding proteins (Figure 15B, C, D, E, F)109.  

There exist several circRNAs that contain start codons and reasonable open reading frames, 

but neither an association with ribosomes or an internal ribosome entry site in circRNAs has 

been observed until now, which is why, to date, the circRNAs are assumed not to be 

translated (Figure 15G)7, 110. The functions of the large majority of circRNAs are still scarcely 

understood and require more directed investigation. 
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Figure 15. circRNAs’ functions. (A) The most important and already proven function of the circRNA 

is its activity as miRNA targeting sponge. (B) An involvement of circRNAs as transportation vehicle of 

different proteins or miRNAs and (C) as sponges for RBP has also been proposed. (D) circRNAs may 

also play a role as an assembling factor of RBP factories, (E) as a regulator of RBP and (F) mRNA 

expression. (G) Associations with IRES have not been found yet, but hypotheses exist that some may 

also code for proteins. RBP: RNA binding protein; IRES: Internal ribosome entry site. Adopted from 
111

. 
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2. Objectives of this study 

Looking at previous research results and data from the public data base circBase.org, we 

had learned that many of the radiation-responsive genes are predicted to have circular 

transcript variants. So, our very first aim was to validate whether these predictions are true, 

whether we really have circular transcripts‘ expression. In this study, we mainly concentrated 

on the expression of the radiation-responsive genes Pvt1 and Ano3, which are genes that 

were predicted to have circular isoforms.  

Having the mouse at disposal as a perfect model organism for neuro-developmental studies, 

we decided to perform in vivo and in vitro gene expression studies of the mouse at different 

developmental stages, mainly using neuronal cells. 

One of the first things we planned to investigate on, in case we were to successfully validate 

the circRNAs, was the circRNAs‘ stability; based on theoretical information, we had assumed 

the circRNAs to be more stable than their linear counterparts. Knowing that circRNAs are 

generally said to be induced during brain development and enriched in the brain, we were 

interested in our circRNAs‘ expression during brain development and neuronal maturation. 

Also, we were ambitious to investigate into circRNAs‘ tissue specificity.  

Having radiation-responsive source genes and not any published insights about circRNAs‘ 

responsiveness to radiation, we were also eager to know whether the circRNAs‘ expression 

is influenced by exposure to radiation. We were curious to know whether these circular 

transcripts can be included to the radiation-responsive gene signature.  

One of the things about circRNAs, where we only have scarce knowledge till now, is about its 

functional involvement in the cell. Its abundance and evolutionary conservancy suggest that 

many more functions are to be found for the newly rediscovered RNA species than the 

already known ones. Gaining more insights to circRNAs‘ functions was also one of the 

targets of this study. 
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3. Materials and Methods 

3.1.  Animals and primary neuron cell cultures 

All animal experiments were carried out in accordance with the European Communities 

Council Directive of November 24, 1986 (86/609/EEC) and were approved by the local 

SCK∙CEN/VITO ethical committees (ref. 02- 012). Wild-type C57BL/6J mice were purchased 

from The Jackson Laboratory and housed in a specific pathogen-free animal facility at 

SCK∙CEN. The animals were held under controlled conditions, and a standard 12:00/12:00 

light/dark cycle was maintained. Food and water were available ad libitum. In order to ensure 

synchronous timing of embryonic development the differences in times of fertilization was 

minimized. Therefore, mice were coupled only during a short period between 08:00 and 

10:00 in the morning, and the day of fertilization is referred to as day 0 (E0).  

Pregnant mice whose embryos are at either embryonic day 11 (E11), 12 (E12), 15 (E15) or 

18 (E18) were sacrificed by cervical dislocation, the embryos isolated and decapitated. Then, 

either whole embryonic brains (E11, E12, E18) were taken for RNA extractions and 

subsequent qRT-PCRs for in vivo experiments, or cortices and hippocampi (E15) were 

separated by micro-dissection and primary neuron cell cultures were prepared for in vitro 

experiments. The cell cultures were prepared according to the protocol described in Samari 

et al., 2013112. 

Also, post natal mice at the ages post natal day 10 (P10), 30 (P30) and adult (Ad) were 

sacrificed for the respective experiments, their organs (mostly brain) isolated and taken for 

RNA extractions.  

 

3.2.  Ribonuclease R (RNaseR) treatment 

RNA purified from mouse brain at P10 was taken to treat with 1, 3 and 10 U of RNase R/µg 

of total RNA. A non-treated sample served as control. RNaseR treatment was performed in a 

reaction mix that included RNA (2 µg of total RNA), RNaseR (Epicentre RNR07250), 

10xRNaseR Buffer that is provided by the company together with the enzyme and respective 

amount of water to achieve a total reaction volume of 25 µl. This mixture was then incubated 

at 37°C for 15min. Subsequently the volume was adjusted to 100 µl using RNase-free water. 

For further processing the Qiagen AllPrep DNA/RNA Mini Kit was used. After adding 350 µl 

of RLT buffer, the samples were homogenized well before proceeding with the addition of 

250 µl of 96-100% EtOH. The samples were then transferred to the RNA-binding columns, 

centrifuged for 15 seconds at > 8000 x g and the flow-through was discarded. The column 

was then washed with 500 µl of RPE buffer, and subsequently with 500 µl of 80% EtOH. 

Finally, making sure the column is free of EtOH, RNA was eluted with 30 µl of RNase-free 

water by centrifugation for 2 min at > 8000 x g.  
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3.3.  Actinomycin D treatment 

Primary cortical neuronal cultures after seven days in vitro (DIV7) were treated with 

Actinomycin D (solubilized in DMSO) at a concentration of 1 µg/ml. RNA-extractions were 

performed 1, 2, 4, 8 and 24 h after treatment. Cultures that were treated with just DMSO 

served as timepoint zero/control. 

 

3.4.  Neuronal Maturation 

For neuronal maturation experiments, primary cortical and hippocampal neurons were 

isolated from E15 embryos, differentiated in Neurobasal/B27 medium as previously 

described112 and total RNA was extracted at DIV1, 3, 7, 10 and 14. Replacement of growth 

medium after 3 days was not done.  

 

3.5.  Brain Development 

In order to analyze expression of circRNAs during brain development in vivo, total RNA was 

extracted from mouse brains at different embryonic and post-natal developmental stages: 

E12, E18, P10, P30 and adult mice.  

 

3.6.  Tissue specificity 

For determining tissue specificity, several tissues (brain, eye, heart, kidney, liver, lung, 

spleen and white adipose tissue) were dissected from adult wild-type C57BL/6J mice for total 

RNA extraction.  

 

3.7.  X-irradiation: in vivo and in vitro 

At E11, pregnant female mice used for in vivo studies were whole body irradiated with 1 Gy 

at a dose rate of 0.35 Gy/min using a Pantak RX, 250 kV-15 mA, 1 mm Cu filter installation. 

The calibration of this X-ray tube was done using an ionization chamber. Control-mice were 

sham-irradiated. Mice were sacrificed 2 h post irradiation, embryos separated and 

decapitated. The brains were then used for RNA extractions. For in vitro experiments, 

primary neuronal cultures from E15 mice brain were irradiated (1 Gy) 24 h after being in 

culture, using the same setup as for in vivo experiments; and RNA extraction was performed 

6 h post irradiation. Sham-exposed cells subjected to the same conditions were considered 

controls.   
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3.8.  Cell lysis and RNA extraction 

Qiagen‘s AllPrep DNA/RNA Mini Kit was used to purify RNA from embryonic mouse tissue 

samples and neuron cells from culture. The extraction was carried out as described in the 

protocol provided by Qiagen, but using RLT-buffer supplemented with 1% β-

Mercaptoethanol. At the end, 30 µl of RNase free water was used to elute the RNA from the 

columns and a micro-volume spectrometer (Xpose™ - Touch & Go) was used to determine 

the RNA concentrations in the elution.  

 

3.9.  Reverse Transcription – cDNA synthesis 

The GoScript™ Reverse Transcription System by Promega was used according to provided 

instructions to prepare cDNA from the purified RNA. 1 µl of random hexamer primers and 

3.75 mM MgCl2 were taken for a 20 µl-reaction. First-strand cDNA was synthesized from 2 

µg of total RNA, or in case the RNA concentration was low, the maximum amount possible 

was used in a 20 µl reaction.  

For reverse transcriptions using oligo-dT primers, the random hexamers were substituted 

with1 µl of oligo-dT primers, but otherwise the protocol remained unmodified.  

 

3.10.  qRT-PCR 

For qRT-PCR, the MESA GREEN kit from Eurogentec was used according to the 

manufacturer‘s instructions. Each reaction was performed in duplicates and consisted of a 

total volume of 25 µl that included 200 nM of forward and reverse primers, the MESA 

GREEN mastermix and the template cDNA synthesized as previously described. The 96-well 

format, high-speed thermal cycling 7500 Fast Real-Time PCR System by ThermoFisher was 

used to perform the reactions.  

The programmed setting started with an initial step of 5 minutes at 95 °C to activate the 

enzymes, followed by 40 cycles of denaturation for 3 seconds at 95 °C and primer annealing 

and elongation for 45 seconds at 60°C.  Subsequently, the melting curve program was run to 

check for additional PCR products and primer dimers. Reaction efficiencies were taken for 

relative quantification of RNA expression as described by Pfaffl, 2001113. Gapdh and/or 

Polr2a served as internal reference genes. Details to all primers used for the qRT-PCRs here 

are available upon request.  

 

3.11.  qRT-PCR using miRNA 

Qiagen‘s miRNeasy Mini Kit was used to extract total RNA from cortical cells that include 

miRNA. cDNA synthesis was performed using the miScript II RT Kit by Qiagen with the 

miScript HiFlex Buffer. Both procedures were performed according to the protocols provided 
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by the company. E15 mouse brains were used to seed cortical neuron cultures and total 

RNA including miRNA was extracted on DIV1, 3 and 7. miScript Primer Assays and the 

miScript SYBR Green PCR Kit from Qiagen were used for subsequent qPCRs. The 

housekeeping gene RNU6-2 was taken as a reference gene for miRNA expression.  
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4. Results 

4.1.  Validation of circularity of predicted circular transcripts of radiation-

responsive genes Pvt1 and Ano3 

Several circular transcript variants were found to be predicted for the genes Pvt1 (Figure 

16A) and Ano3 (Figure 16B) that were chosen for further investigation from the previously 

mentioned radiation-responsive gene signature. In order to verify the expression of these 

predicted circRNA isoforms, outward-directed, or divergent primer-sets were designed for 

each candidate, spanning the probable circular backsplice sites (Figure 16A, B). These 

primers were expected not to deliver any products when only the linear transcripts are 

present during a polymerase chain reaction (PCR). Presence of the circular transcripts 

though, where due to the circularization the originally divergently designed primers would 

end up facing each other again (Figure 16C), was expected to lead to PCR products. qRT-

PCR was then performed on total RNA samples extracted from mouse brain tissues at 

different developmental stages. Out of five predicted circular isoforms for Pvt1, clear 

amplification was observed for three transcripts, while for Ano3 four out of five predicted 

circular variants generated a product using the outward-facing primers (Figure 16A, B). The 

sizes of the PCR-products were determined by agarose gel electrophoreses (Figure 16D) 

that revealed amplicons in the expected sizes for each of the seven circular transcripts.  

To further verify the circularity of the candidates, two additional steps were conducted. First, 

qRT-PCR was performed on exonuclease RNaseR digested total RNA samples extracted 

from mouse brain at P10. Expression of the circular transcripts (named ―circ-XXXX‖ 

accordingly) of each gene was compared to their linear counterparts (―Pvt1_Ex 8-9‖ and 

―Ano3_Ex 3-4‖, respectively). Additionally, Gapdh was used as a linear mRNA control. A total 

of 2 µg RNA was treated with 0 U, 2 U, 6 U and 20 U of RNaseR. The treatment resulted in a 

dose-dependent degradation of all linear mRNAs, while none of the circular RNAs were 

degraded. Not only did the circular transcripts show resistivity to RNaseR treatment, but an 

arguably increased amplification of the circRNAs could be observed with higher RNaseR 

concentrations (Figure 17A, B).  

As a second method to verify the same, reverse transcription using oligo-dT primers and 

random hexamer primers was compared when doing the qRT-PCR. Both linear and circular 

transcripts, of Pvt1 as well as of Ano3, were quite efficiently reverse-transcribed when using 

random hexamer primers for the cDNA synthesis. In complete contrast, usage of oligo-dT 

primers did not generate any cDNA for the circular Pvt1 candidates, but only for the linear 

one. The linear Gapdh-control-RNA was also transcribed in a comparable manner as with 

random hexamers. Notably, the linear transcript of Pvt1, for which the designed qPCR-

primers are located more towards the 3‘-end, showed an even enhanced expression when 

oligo-dT primers were used that bind to polyadenylated 3‘-ends. Similarly, cDNA synthesis 

was clearly not efficient when using oligo dT primers instead of random hexamers for the 

Ano3-circular transcripts, though a pre-eminent contrast to its linear transcript was not 

observed here (Figure 17C, D).  
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Figure 16. Amplification of circRNA using divergent primers. Genomic structures of the genes Pvt1 (A) 
and Ano3 (B); the exons are shown as boxes. Beneath, their predicted circular splice variants‘ origins are 
indicated, showing which exonic and intronic regions of the gene make up the respective predicted 
circRNA. Below that, the different circular transcript variants and their linear counterparts are depicted, with 
arrows indicating the divergent or convergent qRT-PCR primers that were designed in the circular or linear 
splice junctions, respectively. The faded representations of the circRNAs show the predicted circRNAs that 
were ruled out due to their nonexistent expression under the tested conditions. circ_XXXX: circular 
transcripts; Pvt1_Ex 8-9: linear transcript of Pvt1; Ano3_Ex 3-4: linear transcript of Ano3

106
. (C) The 

validation strategy of circRNA expression using divergent primers is represented in this illustration. 
Amplification can be achieved using divergent primers (marked by arrows) when circularization of the 
transcript (backsplicing) makes the outward-directed primers face each other

3
. (D) qRT-PCR using 

divergent primers generated PCR products of expected sizes. The gel-image shows the distinct appearance 
of the band at the expected size (here: 125 bp; shown is the result of gel electrophoresis for circ_5724). M: 
Size Marker; E11, E18: brain tissue from E11, E18; Ad: adult brain; NTC: non-template control. 
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Figure 17. Experimental verification of circularization. Difference in expression of the transcript variants 
of Pvt1 and Ano3 was assessed via qRT-PCR using RNaseR treated RNA samples (A, B) and using 
random hexamer vs. oligo-dT primers for reverse transcription of qRT-PCR (C, D). Circular transcripts 
(―circ-XXXX‖) of Pvt1 (A, C) and Ano3 (B, D) are compared to their respective linear counterparts and the 
linear mRNA of Gapdh. Data shown are means of four replicates and have been normalized against 0 U 
RNaseR or random hexamers. The indicated error bars represent standard errors. *p<0.05; **p<0.01; 
***p<0.001 (Student's t-test). 

 

4.2.  Radiation-responsive genes Pvt1 and Ano3 express stable circular 

transcripts 

The Actinomycin D stability assay, an assay that uses an antibiotic agent leading to the 

inhibition of cellular transcription by intercalation to the DNA and blocking the progression of 

RNA polymerase, was performed to determine and compare the stability of circular and 

linear RNAs. RNA of primary cortical neurons at DIV7 was extracted after 0, 2, 4, 8 and 24 h 

of Actinomycin D treatment. TATA binding protein (Tbp) and c-Myc were used as controls for 

short half-life genes104 and Gapdh was used as a control for stable mRNA (Figure 18A).  
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Figure 18. Stable Pvt1 and Ano3 transcripts after 24 h of Actinomycin D treatment. Relative 
expression levels corresponding to the stability of the genes at the different times points after treatment are 
given in the graphs above (A: reference genes Tbp, Myc and Gapdh; B: Pvt1 transcript variants; C: Ano3 
transcript variants). Data shown are means of four replicates and the indicated error bars represent 
standard errors. 

 

All Pvt1 transcripts, as well as Ano3 circular transcripts remained non-decayed and relatively 

stable after 24 h of Actinomycin D treatment, indicating long half-lives. The linear Ano3-

transcript showed a decay pattern similar to that of the instable control gene Tbp, indicating 

lower stability than its circular transcript variants (Figure 18B, C).  

 

4.3.  Pvt1-circRNAs and Ano3 transcripts are highly enriched in the brain 

Our current relatively moderate knowledge about circRNAs claims enrichment of a large part 

of circRNAs in the mammalian brain1. This suggested the existence of a similar differential 

tissue specific expression pattern for our newly discovered circular transcripts. RNA samples 

from different tissues of adult mice, such as brain, eye, heart, kidney, liver, lung, spleen and 

white adipose tissue, were dissected to investigate the tissue distribution of Pvt1 and Ano3 
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transcripts. Circular transcripts of Pvt1 showed high enrichment in the brain, while the linear 

transcript was most expressed in the liver. In contrast, all Ano3 variants, including the linear 

mRNA, were solely expressed in the brain and the eye (Figure 19).  

 

Figure 19. Tissue-specific expression of circular transcripts of Pvt1 and Ano3 in comparison to their 
respective linear counterparts. Expression levels for each Pvt1 and Ano3 transcripts are given as box 
plots for 8 different tissue types (Pvt1: relative to lung; Ano3: relative to eye; n=4). For comparisons 
between brain and other tissues a paired Student‘s t-test was used (*p<0.05; **p<0.01; ***p<0.001). WAT: 
white adipose tissue; ND: not detected. 

 

4.4.  Linear and circular transcripts of Pvt1 and Ano3 are induced during 

neuronal maturation in primary cortical and hippocampal neurons 

From a previous publication, we already knew about the up-regulated expression of Ano3‘s 

linear transcript during neuronal differentiation4. Additionally, knowing that the circRNAs are 

generally said to be induced in maturing and differentiating neurons1, and having now shown 

the enrichment of our circular transcripts mostly in the brain, next we decided to investigate 

the expression of linear and circular Pvt1 and Ano3 transcripts during in vitro neuronal 

maturation of primary cortical neurons. RNA was extracted on DIV1, 3, 7, 10 and 14 for 

subsequent qRT-PCRs. In general, all Pvt1 (except circ_5724) and Ano3 (except circ_9176) 

transcripts are induced during maturation. For Ano3‘s circular transcripts, this up-regulation is 
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mostly obvious after DIV10 only (Figure 20B), while Pvt1‘s transcripts are induced a little 

earlier during maturation (Figure 20A). Interestingly, the expression of the linear Pvt1 

isoform peaked at DIV7 after which it gradually decreased, while the circular transcripts 

remained highly expressed at least until DIV14 (Figure 20A). Ano3‘s linear transcript though 

seems up-regulated also after DIV7 (Figure 20B). Similar results were also achieved in 

primary hippocampal neurons for Pvt1 (see Annex: Figure I). 

 

Figure 20. Induction of Pvt1 and Ano3 transcripts during neuronal maturation. Relative expression of 
linear and circular transcripts of Pvt1 (A) and Ano3 (B) is shown during cortical neuron maturation. Data 
shown are means of four replicates and the indicated error bars represent standard errors. DIV: days in 
vitro. *p<0.05; **p<0.01; ***p<0.001 (Student's t-test). 

 

4.5.  circRNA expression is enriched during in vivo brain development 

In order to determine the expression of the different Pvt1 and Ano3 transcripts during in vivo 

brain development, qRT-PCR was performed using RNA extracted from brains of E12, E18, 

P10, P30 and adult mice. All circular Pvt1 transcripts were gradually up-regulated with 

increasing age until adulthood, whilst the expression of the linear mRNA increased until P10 

and declined thereafter (Figure 21A). For Ano3, all transcripts were induced and showed 

increased expression until adulthood, but that increment is evident only after P30. Also, the 

Ano3 linear transcript as opposed to the linear one of Pvt1 only shows increased expression 

after P30 and does not show any significant decline in expression thereafter (Figure 21B). 
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Figure 21. Expression of Pvt1 and Ano3 transcripts during in vivo brain development. Relative 
expression of Pvt1 (A) and Ano3 (B) transcripts are shown during different stages of brain development 
from embryonic to adult brain. Data shown are means of four replicates and the indicated error bars 
represent standard errors. E12, E18: embryonic day 12, 18; P10, P30: post natal day 10, 30. *p<0.05; 
**p<0.01; ***p<0.001 (Student's t-test). 

 

4.6.  Up-regulation of Pvt1 and Ano3 circular transcripts in primary cortical 

and hippocampal neurons after irradiation 

Previously, the linear transcripts of Pvt1 and Ano3 had been shown to be highly induced after 

irradiation4. In order to determine the radiation-induced changes in expression of the Pvt1 

and Ano3 circular transcripts, cortical and hippocampal neuron cultures were irradiated at 

DIV1 with 1 Gy of X-rays and RNA extracted 6 h post-irradiation for qRT-PCR. Both in 

cortical and hippocampal neuron cultures, several circRNAs of Pvt1 as well as of Ano3 were 

found to be significantly up-regulated after irradiation (Figure 22), although in general to a 

lesser extent as compared to the linear radiation-responsive mRNAs. 
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Figure 22. Expression-change of Pvt1 transcripts after irradiation of in vitro cortical and 
hippocampal neurons. Irradiated (1Gy) and non-irradiated (0Gy) cortical (A, C) and hippocampal (B, D) 
neuron cultures were assessed by qRT-PCR and the changes in expression of the different Pvt1 (A, B) and 
Ano3 (C, D) transcripts were compared. Data shown are means of four replicates and the error bars 
indicate standard errors. *p<0.05; **p<0.01; ***p<0.001 (Student's t-test). 

 

4.7.  Circular variants of Pvt1 and Ano3 were not radiation-induced in vivo 

In order to assess alterations in expression levels following radiation in vivo, in utero 

irradiated (1 Gy) and non-irradiated (0 Gy) E11 mice‘s brains were taken for RNA extraction 

and qRT-PCR was performed. As expected, expression of linear mRNAs of Pvt1 and Ano3 

was clearly induced after irradiation, while all the circular RNAs failed to show any significant 

up-regulation (Figure 23).  
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Figure 23. Up-regulation of expression after in vivo irradiation was limited to linear Pvt1 and Ano3 
transcripts. Irradiated (1Gy) and non-irradiated (0Gy) brains were taken for RNA extraction and expression 
of the Pvt1 (A) and Ano3 (B) variants were assessed by qRT-PCR. Data shown are means of four 
replicates and the error bars indicate standard errors. *p<0.05; **p<0.01; ***p<0.001 (Student's t-test). 

 

4.8.  Potential target miRNAs are coexpressed with their targeting circRNAs in 

maturing primary neurons 

The involvement of circRNAs as miRNA-sponges is one of its main functions that has been 

clearly proven until now. As an approach to identify the functional roles of our circRNAs of 

interest, a computational analysis was performed, searching for possible binding sites for 

miRNAs within our circRNAs. The hit-list that the search produced suggested that our 

circRNAs contained binding sites for several miRNAs. Especially for circ_5721, the largest 

circRNA expressed from the Pvt1 gene, several miRNAs were found with more than one 

binding site, miR-705 being one of them. Also, for the linear transcript of PVT1, the miRNA 

family miR-200 had been already suggested to be a sponging target in humans114. 

In cortical neuron cultures, a dynamic up-regulation of the linear Pvt1 transcript and 

circ_5721 had primarily been observed from DIV1 to DIV7 of neuronal maturation (Figure 

20A). So, total RNA, including miRNAs, was extracted from primary cortical neuron cell 

cultures on DIV1, 3 and 7 which subsequently was used for qRT-PCR. Expression of miR-

200 and miR-705 during neuronal maturation was then assessed. Both miRNAs exhibited 

up-regulated expression during differentiation (Figure 24B, D), similar to the expression 

patterns of the respective Pvt1 transcripts that could possibly be their sponges (Figure 24A, 

C). 
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Figure 24. Expression of selected Pvt1 transcripts during neuronal differentiation in comparison to 
their predicted miRNA targets. Expression-patterns of Pvt1-transcripts ―Pvt1_Ex 8-9‖ (linear) (A) and 
―circ_5721‖ (circular) (C) during neuronal maturation are represented here by the line charts. The charts on 
the right panel show relative expressions of the predicted targets of the Pvt1-transcripts, miR-200 (B) and 
miR-705 (D) during neuronal maturation at DIV1, 3 and 7. Data shown are means of four replicates and the 
error bars indicate standard errors. DIV: days in vitro. *p<0.05; **p<0.01; ***p<0.001 (Student's t-test). 
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5. Discussion 

5.1.  Successful validation of Pvt1’s and Ano3’s circular RNAs 

Thanks to the recently published immense amount of new data concerning circular RNAs, 

freely accessible in the public database circbase.org115, we were able to identify several 

genes among the previously identified radiation-responsive genes4 that are predicted to 

produce circular RNA transcripts. In this study, we successfully validated the existence and 

circularity of three Pvt1-circRNAs and four Ano3-circRNAs.  

Based on the assumption that only RNA containing scrambled exon junctions will be able to 

produce PCR-products when divergent primers are used, our outwards facing primers led to 

successful amplification for several of the predicted circRNAs. The necessity of additional 

experimental verification of these circRNAs results from the fact that the scrambled exon 

junctions‘ generation is not an exclusive product of blacksplicing events.  

RNaseR treatment prior to qRT-PCR allowed the enrichment of circular transcripts only, 

almost completely degrading linear RNAs, ensuring the replication of only circular transcripts. 

Little residues after RNaseR treatment may be explained by digestion that was not 100% 

efficient. Apparently, the degradation of the linear transcripts also led to more frequent 

bindings of the random primers to the circRNAs, leading to noticeably increased 

amplifications of the circRNAs with higher RNaseR concentrations. An additional proof for 

the circularity was provided by comparing PCR signals after cDNA synthesis using either 

random primers, which can bind both circular and linear transcripts, or oligo-dT primers, 

which can not bind circRNAs because they lack a poly-A tail. In comparison, the usage of 

random primers instead, did not make a difference at all between the circular and linear 

transcripts. The small amount of amplification observed for Ano3-circRNAs when oligo-dT 

primers were used for reverse transcription may be explained by unspecific binding of the 

oligo-dT primers on adenine rich regions of the circular transcripts. Looking into the 

sequences, we found that circ_9174 indeed has less adenine-rich regions than circ_9172, 

circ_9175 and circ_9176, which corresponds with our observations from the qRT-PCRs 

using oligo dT primers, where circ_9174 showed almost no expression at all and the other 

circRNAs still produced some residue-amplification. Surprisingly, the linear transcript of Pvt1 

generated a 6-fold increased PCR-signal when using oligo-dT primers for qRT-PCR. In 

contrast, the linear Ano3-transcript showed a lower signal after oligo-dT priming than when 

random primers were used. An explanation to this may be the higher reverse transcription 

efficiency that can be achieved when the designed qPCR primers are positioned more to the 

3‘ end of the transcript, which is the case for Pvt1_Ex 8-9, while for Ano3_Ex 3-4 the primers 

are more to the 5‘ end that might result in lower efficiency of the reverse transcription 

reaction.   

All results in accordance prove with certainty the circularity of the predicted circular 

transcripts. Also, in agreement with the theory that circular RNAs are very stable due to its 

inaccessibility for exonucleases7, it was shown that all the circular transcripts are relatively 

stable, at least for the first 24 hours after expression. For Ano3, it was clearly the case that 
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the circular transcripts were more stable than their linear counterpart, highlighting this feature 

of the circRNAs. In fact, very little is known about the degradation process of circRNAs, 

which leaves us another question that has to be further investigated on.  

 

5.2.  circRNAs important for brain development and neuronal maturation? 

Even though several updates have been published recently concerning the physiological role 

of circRNAs, the function of a large majority of circRNAs still remains unknown. In general, 

our results show an increased expression of all Pvt1 and Ano3 transcripts during brain 

development and neuronal maturation. 

A deeper involvement of the circular Pvt1 transcripts than of the linear ones later on in 

neuronal maturation may be speculated, since the expression of the linear Pvt1 peaked at 

DIV7 and then decreased again, while expression levels of circular transcripts kept 

increasing until after DIV14. Supporting this theory, also in vivo experiments revealed similar 

behavior of the Pvt1 RNAs during brain development showing a decline in linear mRNA 

expression after P10, while the circular transcripts further increased.  

Until now, no specific function of Pvt1 in the brain or neurons has ever been described. 

Therefore, the observed more steady and durable induction of the circular Pvt1 transcripts is 

particularly suggestive of some kind of involvement of the circular RNAs in brain 

development. Looking at the expression pattern, we assume that the linear form of Pvt1 

might be important during (late) embryonic and early postnatal development, while the 

circular forms seem important not only during development but also in the adult brain. In 

agreement with this assumption and already published data from two previous studies1, 107, 

we found that all circular transcripts of Pvt1 were enriched in the adult brain compared to 

several other tissues. This enrichment was very much in contrast to the expression pattern of 

their linear transcript, especially that of circ_5721 of which the expression was practically 

absent in all other investigated tissues.  

A notable difference in behavior between these two genes during neuronal maturation and 

brain development is that, while the Pvt1 transcripts are perceived to be gradually up-

regulated from onset of maturation/development, expression of Ano3 transcripts seem 

increased at a later stage of maturation/development (DIV14/P30). This can be taken as an 

indication for the importance of Ano3 in synaptogenesis, network formation and transmission 

of signals, which is in line with previous reports that state that Ano3, as member of a 

transmembrane protein family, is probably also involved in ion channel activities 96, 100, 116 that 

is essential for neuronal communication. In concordance with the observation of a general 

enrichment of circRNAs in the brain1, and the fact that Ano3 had already been shown to be 

brain-specific119, all Ano3 transcripts were almost exclusively expressed in the brain, as well 

as in the eye, to a lesser extent. 

Based on these observations, we speculate that circRNAs are important for brain 

development and neuronal maturation. Involvement in different functions than their cognate 
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mRNAs could be hypothesized too due to the distinctive expression profiles of some 

circRNAs. All these results though still raise the question, what and how exactly the 

connection is between these enriched and up-regulated circRNAs to brain development and 

neuronal maturation.  

5.3.  Radiation-responsive circRNAs 

Consistent with the data previously published4, linear transcripts of Pvt1 and Ano3 could be 

shown to be responsive to radiation, exhibiting increased expression after irradiation in in 

vitro and in vivo experiments. Interestingly, we saw that some circular transcripts of both 

genes Pvt1 and Ano3 also show similar attributes as their linear cognates during in vitro 

irradiation experiments.  

Also for the in vivo experiments, we observed some slight trend of up-regulated, radiation-

responsive circRNAs, though not at all in a comparable dimension as the up-regulation of the 

linear transcripts. Here, it is important to keep in mind that we look at very homogenous cell 

types when performing in vitro experiments with primary cortical or hippocampal neurons, 

while the subset of brain cells we look at during in vivo experiments is very diverse. The less 

significant results from the in vivo experiments could be reasoned by this. Nevertheless, in 

these results we found the first indication that expression of circRNAs is up-regulated after 

irradiation. Therefore, these transcripts maybe should also be included in the radiation-

responsive gene signature.  

 

5.4.  Pvt1 transcripts and its activity as miRNA sponges 

Aware of the fact that the one main function of circRNAs that has been already proven for 

two circRNAs2, 3 is to act as sponges for miRNAs, we decided to look for abundant miRNA 

binding sites in our circular RNAs. Using data from a miRNA-database, computational 

analysis was performed to look for binding sites for miRNAs inside our circRNA sequences. 

This resulted in a hitlist that included miRNAs that have single or multiple binding sites for 

our circRNAs, providing a list of potential miRNA targets for our circRNAs (data not shown). 

From those possible miRNA targets, some were chosen, such as miR-705 as presented 

here, to compare its expression pattern with that of its putative sponge, circ_5721 in this 

case. The miR-200, that had already been predicted to be a target of the linear PVT1 mRNA 

earlier114, was also chosen to be further investigated.  

We found that both miRNAs and their respective sponges were up-regulated during neuronal 

maturation. Keeping in mind the results of computational analysis, this transcriptional 

coordination can be seen as a first hint that the prediction about the sponging activities may 

be true, since co-expressed genes tend to be functionally related too120, 121. If in future 

experiments further strong correlation in expression between the sponge and the target can 

be found over the complete maturation period, this can be taken as an indication for the 

sponge activity. In any case, conduction of further experiments, such as gene 

overexpression or silencing studies, is necessary to prove this. Also, while focusing on its 
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role as miRNA-sponges, we should be careful not to underestimate the spectrum of 

functional roles the diverse, quite significant group of circRNAs may be involved in. 

6. Conclusions and Future Perspectives 

In this study, we successfully validated the expression and circularity of three predicted 

circRNAs of Pvt1 and four of Ano3, both genes of which the linear transcripts are part of the 

radiation-responsive gene signature4. Due to the low abundance of a large proportion of the 

circRNAs and the difficulty to separate the circRNAs from other RNA species105, the 

existence of only very few circRNAs had been known until recently. Thanks to today‘s 

advanced techniques, several thousands of circRNAs have been added to the database, but 

mostly based on algorithms that look into RNA sequencing data. Our experimental 

verification of these transcripts adds to the advancement towards accomplishing a dataset 

that has validated and characterized information about the circRNAs.  

We showed that both genes, Pvt1 and Ano3, have very stable circular isoforms, which, 

especially in the case of Ano3, underlines the greater stability of the circular isoforms in 

comparison to their linear counterparts. Furthermore, we saw that there is an induction of the 

circular transcripts (of both genes) during neuronal maturation and brain development. This, 

together with the observed enrichment of the circular transcripts in the brain, which in the 

case of Pvt1 is very much in contrast to its linear isoform, strongly suggest a relevant 

involvement of the circRNAs in brain function. Looking at the deviating expression profiles of 

the circular transcripts from their cognate mRNAs, we hypothesize that they are involved in 

different functions. Having already established radiation-responsive linear transcripts for both 

of our genes of interest, reasonable investigations were conducted that led to the first hints of 

radiation-responsiveness in the circular transcripts. Some significant up-regulations in 

expression of the circRNAs after exposure to radiation were observed during in vitro 

experiments, supplying us with more transcripts to be added to the radiation-responsive gene 

signature.  

The abundance and evolutionary conservation of a significant number of circRNAs suggest 

these RNA species have relevant functional roles to play, of which only some, such as their 

involvement as miRNA-targeting sponges has been proven until now. As part of a preliminary 

functional analysis, two Pvt1-transcripts were concentrated on where we found specific 

miRNA-binding sites within them. During neuronal maturation, co-expression between both 

these transcripts and the respective miRNAs could be found, suggesting that these two 

transcripts might be actually acting as a sponge, targeting miRNAs. For sure, more 

investigation into this has to be done in order to really make a statement about the 

functionality. All in vitro experiments performed in this study are based on primary neuron 

cultures. Using more pluripotent cells instead, such as the P19 cells (mouse 

embryocarcinoma cell line that can be differentiated into neurons), primary neuron progenitor 

cells or embryonic stem cells, more insight could be gained regarding the expression during 

neuronal differentiation rather than the maturation-process that we looked into here. By 

further investigation, such as by performing overexpression and silencing experiments, 

potential roles of these circRNAs in different physiological processes could be studied, for 
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which the P19 cells also appear to be a more appropriate model compared to primary cells 

which are in general more difficult to transfect. Performing fluorescence in situ hybridization 

experiments, in vitro and in vivo, more information about their subcellular localization and 

spatiotemperal expression in the brain could be acquired. Many more functional 

involvements of the circRNAs are likely to be revealed with each new discovery we make.  

Our results, together with recent insights from other studies that show the entanglement of 

the circRNAs and miRNAs with various diseases, suggest that the circRNAs could be 

targeted to address the diagnosis and treatment of major human diseases. For instance, 

overexpression of a certain circRNA could be targeted in order to silence miRNAs that are 

responsible for the pathogenesis of a certain disease. Even though it seems quite a stretch 

for now to say that the introduction of circRNAs to the field of personalized medicine is within 

reasonable, realizable margins, further thoughts should most definitely also be directed to 

that notion.  

In conclusion, one can say that these validations of the circRNAs and the new findings we 

have made contribute to the rapid progress that is being made in expanding our 

understanding of the circRNAs and the human transcriptomes in general.  
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7. List of Abbreviations 

     

Ad Adult 

ALARA As low as reasonably achievable 

Ano3 Anoctamin 3 

ATM Ataxia telangiectasia mutated protein 

ATR Ataxia telangiectasia and Rad3-related protein 

BAX Bcl-2-associated X protein 

BRCA1 Breast cancer 1 

CDK2 Cyclin-dependent kinase 2 

CHEK1/2 / Chk1/2 Checkpoint kinase 1/2 

circRNA Circular RNA 

d Days 

DIV1, DIV3… Days in vitro 1, days in vitro 3… 

DMSO Dimethyl sulfoxide 

DSB Double strand breaks 

E11, E12, … Embryonic day 11, embryonic day 12, … 

EtOH Ethanol 

Gapdh Glyceraldehyde 3-phosphate dehydrogenase 

Gy Gray 

h Hours 

HR Homologous recombination 

LET Linear energy transfer 

lncRNA Long non coding RNA 

LNT Linear no-threshold 

MDM2 Mouse double minute 2 homolog 

miRNA microRNA 

mSv milli sievert 

NHEJ Non-homologous end-joining 

P10, P30, … Post natal day 10, post natal day 30 

Polr2a DNA-directed RNA polymerase II subunit RPB1 gene 

Pvt1 Plasmacytoma variant translocation 1 

qRT-PCR Quantitative reverse transcription polymerase chain reaction 

RNaseR Exonuclease RNase R 

RNU6-2 U6 Small Nuclear RNA 2 

SIR1 Silent information regulator 1 

siRNA Small interfering RNA 

snoRNA Small nucleolar RNA 

Sv Sievert 

Tbp TATA-binding protein 

U Unit 
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9. Annex  

Linear and circular transcripts of Pvt1 is induced during neuronal maturation in primary 

hippocampal neurons 

 

Figure I. Induction of Pvt1 transcripts during neuronal maturation. Relative expression of linear and 
circular Pvt1 transcripts during hippocampal neuron maturation is shown here. Data shown are means of 
four replicates and the indicated error bars represent standard errors. DIV: days in vitro. *p<0.05; **p<0.01; 
***p<0.001 (Student's t-test). 
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