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pericentromeric heterochromatin across various eukaryotic organisms. Beyond their 

structural significance, they have been implicated in gene expression modulation and 

reactions to stress, although the precise molecular mechanisms remain elusive. This study 

focused on the human alpha satellite as a model to investigate the roles of alpha satellite 

DNA transcripts in gene regulation and stress responses. Employing molecular biology 

techniques—including chromatin immunoprecipitation (ChIP), immunofluorescence assays, 

and a novel modified quantitative real-time PCR (qPCR) method designed for accurate 

quantification of repetitive DNA—the impact of alpha satellite transcripts on gene 

expression modulation among alpha-associated genes and their involvement in antibiotic 

stress responses was uncovered. Furthermore, the potential of these transcripts as cancer 

biomarkers was explored. The findings indicate that there is a positive correlation between 

the expression of exogenous alpha satellite RNA and the downregulation of alpha-

associated genes, suggesting that alpha satellite RNA plays a significant role in regulating 

their transcription. Additionally, it was discovered that commonly used antibiotics in cell 

culture, which are also prescribed for bacterial infections, tend to enhance the transcription 

of a major human pericentromeric alpha satellite DNA in cell lines at standard 

concentrations. This response, however, varied among different cell lines. Also observed 

was a positive correlation between higher antibiotic concentrations and the higher levels of 

alpha satellite transcription, which was associated with either a decrease in H3K9me3 or an 

increase in H3K18ac histone modifications at the alpha satellite arrays. Notably, the results 

demonstrated a significant increase in intracellular alpha satellite RNA levels in the blood of 

patients with metastatic cancers, particularly in those with metastatic castration-resistant 

prostate cancer, compared to controls. This suggests a connection between prostate cancer 

pathogenesis and blood levels of intracellular alpha satellite RNA. These findings propose 

that alpha satellite RNA could be utilized as a novel diagnostic blood biomarker for prostate 

cancer, alongside widely accepted PSA (prostate-specific antigen). Overall, research 

presented here contributes valuable insights into the ever-expanding field of satellite DNA 

functional studies. 
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Satelitske DNA su vrlo zastupljene sekvencije koje formiraju funkcionalne centromere i 

pericentromerni heterokromatin u različitim eukariotskim organizmima. Osim njihove 

strukturne važnosti, povezane su s modulacijom ekspresije gena i odgovorom na stres, iako 

precizni molekularni mehanizmi nisu u potpunosti objašnjeni. Ova studija je usredotočena 

na ljudsku alfa-satelitsku DNA kao model za istraživanje uloge njenih transkripata u 

regulaciji gena i odgovorima na stres. Koristeći tehnike molekularne biologije—uključujući 

kromatinsku imunoprecipitaciju (ChIP), imunofluorescencijska bojenja i modificiranu 

kvantitativnu lančanu reakciju polimerazom u stvarnom vremenu (qPCR), metodu 

dizajniranu za preciznu kvantifikaciju repetitivne DNA—otkriven je utjecaj transkripata 

alfa-satelita na modulaciju ekspresije gena povezanih s alfa-satelitskom DNA i njihova 

uključenost u odgovore na stres uzrokovan antibioticima. Nadalje, istražen je potencijal 

ovih transkripata kao biomarkera za maligne tumore. Dobiveni rezultati ukazuju na 

pozitivnu korelaciju između ekspresije egzogene alfa-satelitske RNA i smanjenja ekspresije 

gena povezanih s alfa-satelitima, što sugerira da alfa-satelitska RNA ima značajnu ulogu u 

regulaciji njihove transkripcije. Također, otkriveno je da uobičajeni antibiotici koji se 

koriste u staničnoj kulturi, a koji se također propisuju za bakterijske infekcije, mogu 

pojačati transkripciju glavne ljudske pericentromerne alfa-satelitske DNA u staničnim 

linijama pri standardnim koncentracijama. Ipak, ovaj odgovor je varirao kod različitih vrsta 

stanica. Primijećena je i pozitivna korelacija između rastućih koncentracija antibiotika i 

povećane razine transkripcije alfa-satelitske DNA, praćena smanjenjem količine histonskih 

modifikacija H3K9me3, odnosno povećanjem broja H3K18ac modifikacija na alfa-

satelitskim sekvencijama. Također, rezultati demonstriraju značajno povećanje razine 

unutarstanične alfa-satelitske RNA u krvi pacijenata s metastatskim karcinomima, posebno 

kod metastatskog karcinoma prostate otpornog na kastraciju, u usporedbi s kontrolama, što 

sugerira vezu između patogeneze karcinoma prostate i razine unutarstanične alfa-satelitske 

RNA u krvi. Na temelju ovih nalaza, pretpostavka je da bi alfa-satelitska RNA mogla služiti 

kao novi dijagnostički krvni biomarker za karcinom prostate, uz opće prihvaćeni PSA 

(antigen specifičan za prostatu). Konačno, istraživanja predstavljena u ovom radu pružaju 

vrijedan uvid u sve kompleksnije polje funkcionalnih studija satelitskih DNA. 
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 1. INTRODUCTION 

 

 1.1. Satellite DNA 

 Repetitive DNA can be categorized into two main types based on their genome 

organization: tandem and interspersed repeats. Tandem repeats consist of clusters of identical 

sequence units that are situated next to each other, organized in patterns known as tandem 

repeats (in which the sequences are organized in a head-to-tail arrangement) or inverted 

repeats (where they appear head-to-head or tail-to-tail). Conversely, interspersed repeats are 

scattered across the genome without a defined arrangement and do not appear adjacent to 

each other. Additionally, repetitive DNA can be differentiated by the degree of repetition into 

two further categories: highly repetitive and moderately repetitive DNA. These two groups 

were originally identified through their different reassociation rates, known as C0t values, 

following a high-temperature melting process. Highly repetitive sequences, like telomeres 

and satellite DNA, tend to reanneal faster compared to moderately repetitive DNA, which 

includes elements like retrotransposons and rDNA genes (Britten and Kohne, 1968). Satellite 

DNA, discovered in the 1970s, was noted for its unique low-density buoyancy, allowing it to 

separate from the bulk of genomic DNA during cesium chloride density gradient analyses 

(Yasmineh and Yunis, 1974) (Figure 1).  
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Figure 1. Buoyant density patterns of DNA preparations centrifuged to equilibrium in neutral 

cesium chloride. (a) Ammospermophilus harrisi (Mascarello and Mazrimas, 1977); (b) Mus 

musculus (Sutton and Walker, 1972); (c) Dipodomys ordii and D. agilis (Mazrimas and 

Hatch, 1972); (d) Drosophila virilis and D. americana (Gall and Atherton, 1974). 

The repetitive tandem repeats or satellite DNA is typically described by three key 

features: the size of the repeat units, their sequence composition, and the overall length of the 

blocks or arrays it forms. The primary form of satellite DNA found in the human genome is 

known as alpha satellite (ASAT). This sequence is particularly concentrated around the 

centromeres of chromosomes and plays a crucial role in essential functions such as the 

assembly of centromeres and kinetochores, as well as in the formation of heterochromatin. 

 

 1.2. Alpha satellite DNA structure and organization 

 Alpha satellite DNA (ASAT) essentially consists of 171bp monomeric repeat units. It 

appears in two forms: higher-order repeat units (HORs), which are made up of organized and 

tandemly repeated 171bp monomers, and disordered stretches of monomers that lack any 

clear structural organization (Willard, 1985; Waye and Willard, 1987; Alexandrov et al., 

1993b; Rudd et al., 2003) (Figure 2a). Typically, these two forms are found in close 

proximity, with unordered monomeric alpha satellites often positioned between large blocks 

of HOR alpha satellite DNA and the chromosome arms (Schueler et al., 2001; Rudd et al., 

2003; Ross et al., 2005). 

 HOR alpha satellite arrays consist of a specific number of distinct 171bp monomers 

that are arranged in a head-to-tail fashion (Willard, 1985). The monomers within a higher-

order repeat (HOR) unit exhibit 50–70% sequence identity, and the length of the HOR unit is 

defined by the point at which the next monomer closely matches the sequence of the first 

monomer in the HOR. Beyond these organized structures, monomers are scattered randomly, 

extending between the uniform array and the chromosome arm. Individual alpha satellite 

monomers are frequently mixed with other repetitive elements, including transposable 

elements and various forms of satellite DNA like satellite I and gamma satellite DNA 

(Trowell et al., 1993; Schueler et al., 2001; Kim et al., 2009) (Figure 2a). While HOR alpha 

satellite arrays are mostly consistent in structure, they are often interrupted by transposable 

elements, which can occur either between the HOR units or within them (Schueler et al., 

2005; Miga, 2015; Jain et al., 2018). HOR units of alpha satellite DNA are defined based on 
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restriction enzyme sites, which typically make a single cut within each HOR. These cuts 

mark the end of one HOR monomer and the beginning of the next (Willard and Waye, 1987) 

(Figure 2b-e). Each chromosome contains these HOR units in extensive and largely 

uninterrupted repeats that can number in the hundreds or thousands. This arrangement results 

in a substantial, linear, and uniform sequence of nearly identical copies of tandem HOR units 

(Aldrup-MacDonald et al., 2016). 

 Alpha satellite DNA is commonly perceived as uniform across all centromeres in the 

human karyotype, but it actually displays a range of variations or polymorphisms that 

highlight its intricate nature and unique organization within the human genome, particularly 

its distinct chromosome-specific characteristics. Factors such as the sequence of a higher-

order repeat, along with the quantity, type, and arrangement of the monomers that constitute 

the HOR unit, as well as the total number of HOR copies, contribute to this chromosome-

specificity. While HORs within a specific chromosome can differ by only a few percent in 

sequence, those found on non-homologous chromosomes show only 50–70% similarity 

(Manuelidis, 1978; Willard, 1985). 

 Alpha satellite monomers vary in their sequences by about 10–40%, which depends 

on how closely they relate to the initially first identified human alpha satellite sequences (Wu 

and Manuelidis, 1980). While adjacent monomers can have noticeable sequence differences, 

there are shared similarities in their arrangement among different chromosomes, although the 

total count of monomers in a higher-order repeat (HOR) unit may differ. From analyses 

involving numerous individual monomers, twelve consensus alpha satellite monomers have 

been identified, labeled J1, J2, D1, D2, W1, W2, W3, W4, W5, M1, R1, and R2 (Alexandrov 

et al., 1988; Alexandrov et al., 1991; Alexandrov et al., 1993b; Rosandic et al., 2006; 

Shepelev et al., 2015). These monomers are categorized into five distinct suprachromosomal 

groups, or families (Figure 2b-e), defined by their sequence homology and the linear 

arrangement of monomers that form a HOR, which can be similar or even shared between 

chromosomes. The three primary suprachromosomal families (SF1–3) account for the 

majority of functional alpha satellite HORs located at the centromere's core (the kinetochore-

forming region). These families form two dimeric and one pentameric HOR configurations. 

In contrast, SF4 and SF5 are monomer families that typically flank the functional HOR 

arrays, creating a boundary with the chromosome arms (Alexandrov et al., 1993b; Shepelev 

et al., 2009). SF4 consists solely of monomers that do not form HOR units, while SF5 can be 

organized into HOR units, but may also present an irregular structure that lacks HOR 

formation (Rosandic et al., 2006). 
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 These classifications of suprachromosomal families highlight that there is 

considerable and intricate variation within alpha satellite DNA, stemming from differences in 

monomer composition and specific variations in the size and organization of HOR units for 

different chromosomes. Interestingly, within a single chromosome, the main HOR unit may 

show size variations, meaning that both variant HORs and canonical HORs can coexist in the 

same array (Durfy and Willard, 1987; Waye et al., 1987; Choo et al., 1990; Ge et al., 1992; 

Alexandrov et al., 1993a). These size variations in HORs are likely due to deletions that 

occur from unequal recombinations (Waye and Willard, 1986a, b; Warburton et al., 1993). 

Single nucleotide polymorphisms in specific monomers have been linked to particular HOR 

units. For instance, a SNP that introduces a HindIII site in monomer 13 of D17Z1 is found in 

a small portion of 16-mer HORs, as well as in a significant number of 13-mer HORs 

(Warburton and Willard, 1992, 1995). 

 These size and sequence variants, along with their spatial relationships within a 

specific HOR array, pose questions about how genomic variation may influence alpha 

satellite function. For instance, within D17Z1 on human chromosome 17 (HSA17), certain 

HOR variants—including SNPs and size variants—have been linked to issues with 

kinetochore architecture. This can lead to a diminished capacity to recruit or retain essential 

centromeric proteins (Maloney et al., 2012; Aldrup-MacDonald et al., 2016). It is possible 

that the organization or transcriptional patterns of HOR units (when comparing wild-type and 

variants) across the entire alpha satellite array could affect how well an alpha satellite array 

supports centromere assembly and kinetochore formation (Sullivan et al., 2017). The 

influence of such variations within regulatory and coding regions on gene expression is well-

documented. Continued research aimed at identifying and characterizing structural and 

sequence polymorphisms within alpha satellite DNA, as well as their fundamental effects on 

basic chromosome function, is necessary to deepen our understanding of genomic variations 

and the roles of non-coding regions in the human genome. 
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Figure 2. Array and chromosome-specific organization of alpha satellite DNA (McNulty and 

Sullivan, 2018). (a) Schematic of the general organization of alpha satellite DNA arrays at 

human centromere regions. Human chromosomes can have either one or more distinct 

higher-order repeat (HOR) arrays. HORs are array- and chromosome-specific. A defined 

number of individual monomers (black arrows) that are 50–70% identical in sequence are 

arranged tandemly to form a HOR unit; shown here as either a 12 monomer HOR (blue array) 
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or 7 monomer HOR (green array). Monomers are numbered by their position within the HOR 

and not based on their homology between two distinct HORs. The HORs are repeated 

hundreds to thousands of times to create homogenous arrays in which HOR within a given 

array are 97–100% identical. The HOR array is flanked by degenerate alpha satellite DNA 

monomers (small black arrays) that lack hierarchical structure and separate the HOR array 

from the chromosome arrays. HOR arrays are interrupted by other repetitive elements, such 

as transposable elements (TEs, yellow) but the extent of TE distribution across arrays is 

unclear due the lack of linear, contiguous assemblies of endogenous alpha satellite arrays. (b) 

Alpha satellite HOR arrays have been classified into suprachromosomal families (SF) that are 

related based on monomer type and organization. SF1 arrays are organized as alternating 

dimers of J1 and J2 monomers (D7Z1, cen7.1), although variation in the regular organization 

of monomers occurs on some chromosomes, like the D3Z1 (cen3.1) array of Homo sapiens 

chromosome 3 (HSA3). Additionally, the HORs can be shared among chromosomes, such as 

the D1Z7 (cen1.1) array that is also present as D5Z2 (cen5.2) on human chromosome 5 

(HSA5) and D19Z3 (cen19.3) on HSA19. Each array-specific HOR unit is operationally 

defined by restriction enzyme sites (black arrowheads) that demarcate the last monomer of 

one HOR unit and the first monomers of the next HOR unit. Opaque shading illustrates the 

linear, reiterated nature of HOR units. 

(c) SF2 is composed of a different dimeric structure based on D1 and D2 monomers. D18Z1 

(cen18.1) on HSA18 has SF2 organization. (d) SF3 is based on a pentameric organization of 

monomers W1-W5. D11Z1 (cen11.1) is an example of a perfect pentameric HOR unit, while 

DXZ1 has an irregular organization of W1-W5 monomers. (e) SF5 arrays are defined by R1 

and R2 monomers, although they largely lack the dimeric organization observed for SF1 and 

SF2 arrays. Some arrays have HOR unit structure, such as the D7Z2 (cen7.2) array of HSA7. 

D_chromosome_Z_number is the original Human Genome Project locus definition of alpha 

satellite arrays. The newer UCSC Genome Browser annotations of distinct HOR arrays 

(cen_chromosome number.array number) are also included. 

 

 1.3. Alpha satellite DNA role in centromere and kinetochore functional assembly and 

chromosome stability 

 The assembly of the human centromere and the formation of kinetochores involve the 

recruitment of approximately 100 proteins to regions of alpha satellite DNA (Musacchio and 

Desai, 2017). Essentially, the centromere is where a distinct type of chromatin is formed, 
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which serves as a crucial foundation for the attachment of architectural proteins. These 

proteins give structure to the kinetochore, a complex network that connects to microtubules 

and facilitates the movement of chromosomes along the spindle during cell division. Alpha 

satellite DNA is a major constituent of the centromeric region of the human chromosome. 

Functional centromere predominantly consists of ASAT higher-order repeat (HOR) units, 

flanked by pericentromeric regions characterized by disordered monomeric repeats, clearly 

establishing two different types of satellite organization (Jaggi et al. 2026; Figure 3). 

 CENP-A is a unique histone variant that plays a crucial role in defining centromere 

identity and serves as an important epigenetic marker for centromeres. The presence of 

CENP-A at alpha satellite DNA regions sets apart the centromere from the rest of the 

genome. Initially identified in sera from patients with CREST (Calcinosis, Raynauds 

phenomenon, Esophageal dysmotility, Sclerodactyly, Telangiectasia) syndrome, CENP-A was 

one of three antigens found biochemically that have since been confirmed as components of 

the centromere through immunostaining of mitotic cells (Earnshaw and Rothfield, 1985). 

This 17 kDa protein was labeled CENP-A, while the remaining two were classified as CENP-

B (80 kDa) and CENP-C (140 kDa). Further research revealed that CENP-A co-purifies with 

nucleosome core particles and histones, underscoring its role as a centromere-specific histone 

involved in a crucial chromatin nucleoprotein complex (Palmer et al., 1987, 1991). It is found 

at all endogenous human centromeres and is particularly vital for the functional centromeres 

of dicentric chromosomes (Vafa and Sullivan, 1997, Warburton et al., 1997, Ando et al., 

2002). Interestingly, in humans, CENP-A’s unique connection with alpha satellite DNA goes 

beyond initial incorporation into chromatin during S phase—it is deposited instead during the 

late M and G1 phases (Shelby et al., 1997, Shelby et al., 2000, Jansen et al., 2007). This 

timing, where CENP-A synthesis occurs in G2 while its deposition happens in G1, is crucial 

for its association with the CENP-A specific chaperone protein, Holliday Junction 

Recognition Protein (HJURP) (Dunleavy et al., 2009, Bodor et al., 2013). The presence of 

CENP-A at the centromere is believed to be carefully regulated through its interactions with 

other centromere proteins, post-translational modifications of centromeric histones, and the 

transcription of alpha satellite DNA (Molina et al., 2016, Ohzeki et al., 2016, McNulty et al., 

2017). Maintaining CENP-A effectively relies on its relationship with CENP-B and CENP-C, 

as well as its spatial positioning within alpha satellite DNA arrays (Fachinetti et al., 2013, 

Fachinetti et al., 2015, Ross et al., 2016). 
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Figure 3. Alpha satellite organizational profile in the centromeric region of the human 

chromosome. 

 

 CENP-A is a part of a stable pre-kinetochore complex together with CENP-B and 

CENP-C (Ando et al., 2002). In mammals, CENP-B , an alpha satellite DNA binding protein, 

is an 80 kDa kinetochore protein that interacts with the CENP-B box, which is a specific 17-

base pair sequence motif (5’-T/CTCGTTGGAAA/GCGGGA-3’) (Masumoto et al., 1989). 

The CENP-B box is found in a subset of alpha satellite monomers (Muro et al., 1992; Ikeno 

et al., 1994) across all human chromosomes, with the exception of HSAY (Muro et al., 1992; 

Haaf and Ward, 1994). The positioning of CENP-B boxes can differ based on the 

chromosome-specific higher-order repeat (HOR) structures. Each suprachromosomal family 

contains alpha satellite monomers with particular sequences and higher-order characteristics, 

but they can be generally categorized into two main types: A-type and B-type monomers 

(Rosandic et al., 2006). A-type monomers include J1, D2, W4, W5, M1, and R2, whereas B-

type monomers consist of J2, D1, W1-W3, and R1. The distinction between A and B 

monomers is evident in their sequences at positions 35–51, which relate to protein binding 

interactions. While B-type monomers have CENP-B boxes, A-type monomers feature a 

binding site for pJα (Rosandic et al., 2006), a protein whose properties and role remain 

largely unexplored. Notably, DYZ3 of HSAY entirely lacks CENP-B box-containing 

monomers but does include those with the pJα motif. Given that DYZ3 interacts with CENP-
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A and other proteins associated with centromeres and kinetochores, this suggests that pJα 

might play a role in kinetochore assembly, though this mechanism is not yet completely 

understood. 

 Until recently, researchers largely overlooked the functional role of CENP-B in 

centromeric chromatin, particularly since it often appears at centromeres that are inactive 

(Earnshaw et al., 1989; Sullivan and Schwartz, 1995). Furthermore, CENP-B is found in the 

additional HOR alpha satellite arrays of multi-array chromosomes, such as HSA7 and 

HSA17. However, there has been a resurgence of interest in the importance of CENP-B in 

establishing, structuring, and maintaining centromere chromatin. The formation of new 

centromeres relies on CENP-B-associated alpha satellite DNA (Ohzeki et al., 2002; Okada et 

al., 2007). Additionally, it is believed that CENP-B plays a crucial role in positioning CENP-

A nucleosomes and stabilizing both CENP-A and CENP-C within centromeric chromatin 

(Yoda et al., 1998; Okada et al., 2007; Hasson et al., 2013; Fachinetti et al., 2015). 

 CENP-C is a crucial component of the constitutive centromere-associated network 

(CCAN), which plays a vital role in connecting the inner and outer kinetochore. Its 

importance lies in facilitating the recruitment of CENP-A and aiding in the maturation of the 

kinetochore. The current understanding is that CENP-C stabilizes CENP-A nucleosomes by 

interacting with CENP-B and CENP-N, which is a part of the CENP-L-N complex (Carroll et 

al., 2009; Guo et al., 2017; Cao et al., 2018). Additionally, CENP-C, along with CENP-T 

from the CCAN, forms direct connections between the inner kinetochore and the 

NDC80/HEC1 complex in the outer kinetochore (Musacchio and Desai, 2017). Furthermore, 

CENP-C has the ability to bind to both alpha satellite DNA and RNA (Politi et al., 2002; 

Trazzi et al., 2002; Du et al., 2010; Shono et al., 2015; McNulty et al., 2017). Notably, while 

both CENP-B and CENP-C bind to the same type of alpha satellite DNA (specifically, HOR), 

they are found in spatially distinct locations, indicating that they likely engage with different 

HORs or various regions within the same HOR. 

 

 1.4. Chromatin characteristics of alpha satellite DNA-associated genomic regions 

 Genomic DNA is organized into chromatin by wrapping around two copies of core 

histones (H2A, H2B, H3, and H4) (Kornberg, 1974). This chromatin structure can be further 

compacted by chromatin remodeling proteins. Typically, gene-rich areas are organized as 

euchromatin, which features loosely packed nucleosomes that allow access for polymerase 

and transcription factors. In contrast, regions with fewer genes are structured as 
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heterochromatin, which tends to resist transcription and shows unique interaction patterns 

with transcription factors and other proteins. Post-translational modifications of the tails of 

histones (as well as certain non-coding RNAs) serve as signals, guiding the recruitment of 

chromatin remodeling proteins and transcription factors to specific genomic sites. Certain 

histone modifications clearly distinguish euchromatin from constitutive heterochromatin. For 

example, di- and tri-methylation of H3K4 and H3K36 (H3K4me2/3, H3K36me2/3), along 

with acetylation of H3 (K9, K14) and H4 (K5, K8, K12, K16), indicate transcriptionally 

active and open chromatin states (Peterson and Laniel, 2004). Conversely, modifications such 

as H3K9me2/3 and H3K27me3 are linked to repressive facultative or constitutive 

heterochromatin. Interestingly, studies using immunocytological techniques alongside 

chromatin immunoprecipitation (ChIP) have discovered that alpha satellite DNA can 

assemble into various types of chromatin, sometimes existing simultaneously on the same 

array (Lam et al., 2006; Mravinac et al., 2009; Ohzeki et al., 2012; Bailey et al., 2016). 

 Historically, repetitive DNA in mammals has been viewed as heterochromatic. 

However, the regions around centromeres show a unique pattern of histone modifications that 

sets them apart from both euchromatin and classic heterochromatin. Centromeric chromatin 

features a combination of nucleosomes that include the standard histone H3 alongside the 

specialized variant CENP-A, also known as CENH3 (Blower et al., 2002). This distinct 

organization of H3 and CENP-A nucleosomes is referred to as "centrochromatin" (Sullivan 

and Karpen, 2004). Within centrochromatin, H3 histones exhibit elevated levels of 

modifications such as H3K4me2 and H3K36me2, which are typically linked to transcription-

friendly chromatin environments (Lam et al., 2006; Bergmann et al., 2011). Acetylated 

histones, usually found in euchromatin, are only briefly associated with centrochromatin. It is 

believed that these modifications play a key role in facilitating the loading of new CENP-A 

and help establish a boundary that prevents heterochromatin from invading centrochromatin 

(Molina et al., 2016; Ohzeki et al., 2016; Shang et al., 2016). 

 Centrochromatin is found next to pericentric heterochromatin, which is rich in 

modifications such as H3K9me2, H3K9me3, and H3K27me3 (Lam et al., 2006; Ohzeki et al., 

2016) (Figure 4). In humans, about 35% of an alpha satellite array is incorporated into 

centrochromatin, while the rest is formed into heterochromatin (Lam et al., 2006; Mravinac et 

al., 2009; Sullivan et al., 2011; Bailey et al., 2016). The transition between centrochromatin 

and heterochromatin within a single alpha satellite array is not well defined. Due to 

variability in alpha satellite array sizes, the CENP-A domains differ according to the size of 
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the alpha satellite, and the surrounding heterochromatin also varies among homologous 

centromeres. Heterochromatin may serve as a significant boundary between the core 

centromere located on the alpha satellite and the chromosome arms, as its depletion or 

removal permits centrochromatin to expand and allows distinct chromatin domains to 

redistribute along the alpha satellite (Mravinac et al., 2009; Sullivan et al., 2011; Sullivan et 

al., 2016). The separation of heterochromatin and centrochromatin, as well as the formation 

of new CENP-A, seems to be regulated by the interaction between heterochromatin formation 

driven by SUV39H1/2 and the modification of nearby centrochromatin through the 

acetyltransferase KAT7/HBO1/MYST2 (Ohzeki et al., 2016). The action of these chromatin-

modifying enzymes could be influenced by protein-protein interactions and/or by RNAs 

generated from alpha satellite regions (Johnson et al., 2017; McNulty et al., 2017). 

 

 

Figure 4. Chromatin signature of alpha satellite DNA regions during kinetochore assembly 

(modified from Gieni et al., 2008).  

  

1.5. Transcription of alpha satellite DNA 

 The presence of repetitive regions in heterochromatin has led to the notion that these 

sequences are not actively engaged in transcription. However, recent evidence suggests that 

active transcription is actually quite common among various satellite DNAs, including alpha 
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satellite DNA. Notably, satellite RNAs are found in abundance in mammalian cells and are 

frequently stable associates of chromatin (Hall et al., 2014). Recent research indicates that the 

traits and roles of these transcripts are crucial for distinct chromosomal functions, as well as 

for development, cellular responses to stress, and cancer progression. 

 Studying the transcription of human centromeres poses a significant challenge due to 

the structural makeup of these regions. For chromosomes that feature single alpha satellite 

higher-order repeat (HOR) arrays, like HSAX, alpha satellite DNA becomes a part of 

centrochromatin, which is where the kinetochore develops, but also integrates into pericentric 

heterochromatin. This overlap means that research on bulk alpha satellite RNA cannot 

pinpoint whether the RNA comes from the centromere or the pericentromere. This 

emphasizes the importance of including protein-association data when examining alpha 

satellite DNA and RNA. Additionally, the potential presence of multiple unique arrays on a 

single chromosome adds another layer of complexity to understanding how alpha satellite 

DNA functions in both centromeric and pericentromeric roles. 

 Alpha satellite transcripts have been reported in various human cell types, but there is 

some inconsistency in these findings regarding their localization, length, binding partners, 

and functions (Wong et al., 2007; Chan et al., 2012; Ideue et al., 2014; Quenet and Dalai, 

2014; Liu et al., 2015; McNulty et al., 2017). Early studies suggested that alpha satellite RNA 

was primarily located in the nucleolus before being relocated to the centromere at the start of 

mitosis, facilitated by CENP-C (Wong et al., 2007). However, further research has indicated 

that alpha satellite can also localize to centromeres during both interphase and metaphase 

(Ideue et al., 2014; Quenet and Dalal, 2014; McNulty et al., 2017), where it co-localizes with 

essential centromeric proteins like CENP-A. One of the more ambiguous aspects of alpha 

satellite RNA involves its binding partners and its overall role at the centromere. Two 

significant proteins, Aurora B and Sgo1, which are key players in cell division by 

coordinating spindle microtubule attachment and sister chromatid separation, respectively, 

appear to be influenced by alpha satellite transcription and alpha satellite RNA (Ideue et al., 

2014; Liu et al., 2015). The process of RNAP II (RNA polymerase II) transcription is critical 

for Sgo1’s relocation from the outer kinetochore to the inner centromere, an essential step for 

maintaining centromeric cohesion. Furthermore, alpha satellite RNA has been shown to 

directly interact with Aurora B, and when alpha satellite RNA is depleted, it results in 

abnormal cell shapes and cell division errors (Ideue et al., 2014). Similar effects were noted 

following the depletion of both minor and major satellites in mouse cells. These findings 
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highlight the importance of alpha satellite transcription and RNA transcripts for maintaining 

normal cell functions. 

 Research involving primary and transformed human cell lines has revealed that alpha 

satellite arrays generate sequence-specific non-coding transcripts. These transcripts interact 

with centromeric proteins CENP-A and CENP-C, in addition to the alpha satellite DNA 

binding protein CENP-B (Quenet and Dalal, 2014; McNulty et al., 2017). It is important to 

note that human centromeric regions often consist of multiple and distinct alpha satellite 

arrays. Interestingly, even inactive (non-kinetochore forming) alpha satellite arrays still 

produce alpha satellite RNA (Johnson et al., 2017; McNulty et al., 2017) (Figure 5a). The 

RNA from these different arrays seems to be integrated into functionally unique chromatin 

complexes and RNA from inactive arrays does not associate with CENP-A or CENP-C. In 

contrast, during the activation of kinetochore-forming arrays, alpha satellite RNA plays a 

crucial role in the loading of centromeric proteins (Figure 5b). While the specific regions of 

the RNAs that interact with CENPs, as well as the binding sites for RNA on these 

centromeric proteins, remain unidentified, it is known that CENP-C acts as an RNA-binding 

protein (Du et al., 2010). 

 Mammalian cells produce three types of RNA polymerases: RNAP I, II, and III, each 

responsible for transcribing different RNA variants. Specifically, RNAP I handles most 

ribosomal RNA genes except for 5S rRNA, while RNAP II focuses on protein-coding genes 

and microRNAs. RNAP III is in charge of transcribing tRNA genes, 5S rRNA, and some 

small nuclear RNAs. When it comes to alpha satellite RNA, there is no clear consensus on 

which polymerase takes the lead. All three have been proposed as candidates. However, 

research has shown that RNAP II is likely playing a significant role at human centromeres, 

especially given its presence and the influence of polymerase inhibitors on the associated 

transcripts. Studies suggest that while RNAP II may actively transcribe human alpha satellite 

DNA, RNAP I could be necessary for ensuring these transcripts are properly localized. 

Additionally, there is evidence that transcription from transposable elements dependent on 

RNAP III might help promote nearby alpha satellite transcription. To pin down which 

polymerase is truly responsible for transcribing repetitive DNA, higher quality assemblies of 

these repetitive regions could be crucial. They may reveal specific promoter elements and 

genetic signatures that offer more definitive insights into the polymerase involved in this 

complex transcription process. 
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 Currently, there is not much data regarding the post-transcriptional processing of 

alpha satellite RNAs, including aspects like capping, splicing, and polyadenylation. Ideue et 

al. (2014) indicated that some alpha satellite RNAs may indeed lack poly-A tails. However, 

research has shown that repetitive RNAs, including alpha satellite RNA, tend to have a slow 

turnover rate, suggesting a strong inherent stability (McNulty et al., 2017). It remains unclear 

whether this stability is due to a poly-A tail or possibly results from another protective 

mechanism, such as RNA-DNA hybrid formation or various post-transcriptional 

modifications. 

 

 

Figure 5. Alpha satellite transcription and non-coding RNAs play distinct roles at the 

centromere and pericentromere throughout the cell cycle (McNulty and Sullivan, 2018).                   

(a) Schematic of the dual transcription observed at active and inactive alpha satellite DNA 

arrays at human centromere regions. The CENP-A domain (red and purple circles) forms on a 

portion of array 1 (blue arrows) and RNAs produced from this array (blue ribbons) remain 

associated with the centromere. Adjacent to array 1, array 2 (green arrows) is pericentromeric 

and associated with heterochromatic nucleosomes (green circles) but, like array 1, produces 
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alpha satellite RNAs (green ribbons) that localize in cis. (b) Summary diagram of the 

proposed roles of alpha satellite transcription and the resulting non-coding RNAs at each 

stage of the cell cycle. Alpha satellite RNAs produced from the active array help load new 

CENP-A at the centromere in early G1. In S phase, CENP-A is distributed semi-

conservatively to each daughter strand. Although a precise role for alpha satellite 

transcription or RNA has not yet been elucidated, the presence of these transcripts is required 

for normal cell cycle progression through S and G2 phases. Alpha satellite transcription at 

inactive, pericentric arrays is thought to occur in G2 phase, shortly before the onset of 

mitosis. These RNAs are required for SUV39H1 (orange octagons) localization to the 

pericentromere. Sgo1 and Aurora B are both key players in mitosis and have been identified 

as alpha satellite RNA-binding partners. RNAP II-dependent transcription of alpha satellite is 

involved in relocalizmg Sgo1 (purple hexagons) from the kinetochore to cohesin (pink rings) 

in the inner centromere. 

 

  1.6. Satellite transcripts in heterochromatin formation and gene expression modulation 

 Satellite DNA repeats found in (peri)centromeric heterochromatin are not just silent 

parts of the genome; they are actively transcribed and play crucial roles in forming and 

maintaining heterochromatin and ensuring proper centromere function (Mihìc et al., 2021; 

Smurova and De Wulf, 2018; Leclerc and Kitagawa, 2021). In different organisms like 

insects, nematodes, and plants, the products of satellite DNA transcription include small 

interfering RNAs (siRNAs) and PIWI-interacting RNAs (piRNAs), which contribute to the 

epigenetic regulation of gene expression through RNA interference (RNAi) mechanisms 

(Grewal and Elgin, 2007; Fagegaltier et al., 2009; Holoch and Moazed, 2015). In the fruit fly 

Drosophila melanogaster, piRNAs derived from female germline satellite DNA help 

establish heterochromatin at their respective genomic locations, and their transcription 

depends on heterochromatin (Wei et al., 2021). For males of this species, siRNAs from 

satellite DNA play a role in modifying chromatin at specific X chromosome satellite repeats 

(Joshi and Meller, 2017). 

 Similarly, in another insect, the beetle Tribolium castaneum, the primary 

(peri)centromeric satellite DNA, TCAST1, is expressed into piRNAs in germline cells and 

siRNAs in somatic cells (Sermek et al., 2021). Both TCAST1 piRNAs and siRNAs are 

essential for the establishment and maintenance of heterochromatin, acting in cis at their 

genomic origins. It has been proposed that the different processing of TCAST1 transcripts is 
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facilitated by the existence of TCAST1 piRNA and siRNA-specific heterochromatic clusters, 

each regulated separately. This compartmentalization may enable the same satellite DNA to 

react to various signals and engage in multiple cellular activities (Sermek et al., 2021). 

 In mammals, RNA Polymerase II plays a crucial role by transcribing pericentromeric 

satellite DNA repeats into long non-coding RNA, utilizing a bidirectional approach. These 

double-stranded RNAs can be detected and potentially cleaved by Dicer1, which appears to 

regulate the levels of satellite transcripts during mitosis (Fukagawa et al., 2004; Huang et al., 

2015). Conversely, during meiosis, the MIWI protein, guided by piRNAs and in collaboration 

with Dicer1, cuts back the availability of satellite RNA and manages its cellular concentration 

(Hsieh et al., 2020). Notably, the process by which Dicer1 influences the transcription of 

pericentromeric satellite DNAs, even when small RNAs are absent, seems to be a conserved 

mechanism from fission yeast to mammals (Gutbrod et al., 2022). In mice, transcripts of the 

major pericentromeric satellite DNA create RNA:DNA hybrids, which assist in the retention 

of heterochromatin proteins such as HP1 (Maison et al., 2011), along with methyltransferases 

SUV39h1 and SUV39h2 (Johnson et al., 2017; Velazquez Camacho et al., 2017). There is a 

suggestion that transcripts enriched with m6A RNA modification may enhance their 

interaction with heterochromatin (Duda et al., 2021). This heterochromatic condition at the 

pericentromere is significant for attracting and/or sustaining cohesin at the centromere, 

ensuring proper sister chromatid separation (Gutbrod and Martienssen, 2020). Additionally, 

certain microRNAs, including miR-30a-3p, miR-30d-3p, and miR-30e-3p, which have 

complementary sequences to major mouse satellite DNA, potentially regulated by the 

Argonaute protein 1 (AGO1), are implicated in modulating the expression of major satellite 

transcripts in mouse embryonic stem cells (Müller et al., 2022). 

 Satellite DNAs are primarily found in tandemly repeated sequences that are grouped 

together in vast arrays, mainly within gene-poor regions of constitutive heterochromatin 

located near centromeres and telomeres. While longer arrays of these tandem repeats in 

euchromatin are quite uncommon—likely due to the instability from intrastrand homologous 

recombination—there are instances of such blocks in the euchromatin of species like D. 

melanogaster (Kuhn et al., 2012) and Triatoma infestans (Pita et al., 2017). Interestingly, in 

the beetle Tribolium castaneum, some euchromatic satellite DNA arrays even exhibit higher-

order repeats (Vlahović et al., 2017; Pavlek et al., 2015). Bioinformatic studies on sequenced 

genomes have uncovered various instances of single repeats or short arrays of satellite DNAs 

scattered throughout euchromatin, especially near gene regions in several insects, including 

Tribolium castaneum, Drosophila melanogaster, and Locusta migratoria (Ruiz-Ruano et al., 
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2016; Brajković et al., 2012, 2018; Kuhn et al., 2012). In mammals, single repeats of major 

human alpha satellite DNA (Feliciello et al., 2020a, b) and major mouse satellite DNA 

(Bulut-Karslioglu et al., 2012) can also be found interspersed among genes or within introns. 

This suggests a widespread pattern where the majority of satellite DNA repeats are clustered 

in pericentromeric constitutive heterochromatin, while single repeats or short multimers are 

more widely distributed within euchromatin across various species. 

 Much like transposable elements, euchromatic satellite repeats are capable of 

undergoing cycles of proliferation. The observed variation in insertional polymorphism of 

these satellite repeats among different populations of the same species—or even among 

individuals within a single population—highlights their continued movement within 

euchromatin and show the mutational potential of satellite DNAs (Feliciello et al., 2015a, b). 

While a new insertion of a satellite repeat in euchromatin may not usually impact genes, 

under specific conditions, such as heat stress, it has the ability to influence the expression of 

adjacent genes through a specific epigenetic mechanism (Feliciello et al., 2015a). While 

processes of reverse transcription/integration and transposition may be associated with the 

dispersion of some alpha repeats, the primary mechanism of propagation appears to involve 

extrachromosomal circles of alpha satellite DNA. This process is aided by short sequences of 

homology between the alpha repeats and their target sequences (Feliciello et al., 2020b). In 

human cells, extrachromosomal circular DNAs (eccDNA) made up of alpha satellite repeats 

can be found, with sizes varying from less than 2 kb to more than 20 kb (Cohen et al., 2010), 

which highlights how tandemly arranged alpha repeats have a tendency to form eccDNA. 

 Heat stress in the beetle T. castaneum leads to increased transcription of TCAST1 

satellite DNA. This surge in transcription aligns with a higher presence of repressive 

heterochromatin marks (H3K9me2/3) on satellite repeats found in constitutive 

heterochromatin, as well as on scattered TCAST1 satellite elements located within 

euchromatin and extending to regions up to 6 kb from the insertion site (Feliciello et al., 

2015a). Consequently, the TCAST1 satellite DNA repeats dispersed in euchromatin appear to 

act as nucleation sites for the temporary formation of heterochromatin. This process results in 

partial suppression of nearby genes during heat stress, marking the first experimental 

evidence of satellite DNA's role in modulating gene expression (Feliciello et al., 2015a). 

Since this novel mode of gene expression regulation does not seem to be unique to a specific 

satellite DNA it is hypothesized that different satellites which are partially dispersed in the 

vicinity of genes and whose transcription is induced upon heat stress, could influence the 
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expression of associated genes by the same mechanism of temporary heterochromatinization 

(Figure 6). 

 Recent studies have shown that under heat stress, there is an increase in H3K9me3 

levels associated with repeats of alpha satellite DNA found in both heterochromatin and 

euchromatin (Feliciello et al., 2020a). This increase of H3K9me3 at alpha repeats correlates 

with the activation of alpha satellite DNA transcription, while the spread of H3K9me3 up to 

1–2 kb from their insertion sites indicates that euchromatic alpha repeats play a role in 

modulating local chromatin structure. All these results suggest that epigenetic effects, in 

particular H3K9me3 enrichment mediated by siRNAs and piRNAs, respectively, are common 

for some satellite DNAs and transposons, becoming pronounced upon stress and may affect 

neighboring gene expression. Additionally, some satellite DNA repeats are found within 

introns of particular genes, often associated with repetitive elements such as transposons, 

affecting their expression under specific conditions or developmental stages (Croisetière et 

al., 2010). 
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Figure 6. Heterochromatin assembly in fission yeast Schizosaccharomyces pombe (Pezer and 

Ugarković, 2008). Low-level bidirectional transcription from centromeric and 

pericentromeric regions followed by Dicer cleavage produces enough dsRNA to trigger 

RNAi-dependent heterochromatin formation. siRNAs guide heterochromatin assembly 

factors in the form of RITS (RNA-induced transcriptional silencing) complex to target 

nascent RNA sequence. Silencing signal is amplified by RDRC (RNA-directed RNA 

polymerase complex) which produces additional dsRNAs. Heterochromatin spreading across 

neighbouring sequences is induced by H3–Lys9 methylation (green dots) which results from 

activity of histone methyltransferase Clr4, followed by binding of chromodomain protein 

Swi6. 

 

 1.7. Satellite DNA in stress response and oncogenic transformation 

 It is clear that the expression of satellite DNAs is carefully controlled under normal 

physiological conditions. However, under certain circumstances and within various biological 

contexts, their expression can change significantly (Feliciello et al., 2021; Mihìc et al., 2021). 

Heat stress (HS) has a particular impact on heterochromatin across a range of organisms, 

including plants, insects, mice, and even human cells. This stress leads to the decondensation 

of heterochromatin and a reduction in nucleosome occupancy, which ultimately activates the 

transcription of heterochromatic satellite DNAs (Pezer and Ugarković, 2012; Jolly et al., 

2004; Rizzi et al., 2004; Pecinka et al., 2010; Tittel-Elmer et al., 2010; Hédouin et al., 2017; 

Feliciello et al., 2020a). Notably, heat shock induces a dramatic increase in the expression of 

pericentromeric satellite III (HSATIII) due to factors such as heat shock, DNA-damaging 

agents, and hyperosmotic stress (Vourc’h and Biamonti, 2011). This process is largely 

mediated by heat shock transcription factor 1 (HSF1). HSF1 binds to satellite III DNA, 

recruits key acetyltransferases to interact with pericentromeric proteins, and facilitates the 

recruitment of Bromodomain and Extra-Terminal (BET) proteins—specifically BRD2, 

BRD3, and BRD4—that are essential for the transcription of satellite III (Col et al., 2017; 

Vourc’h et al., 2022). It seems that stress-induced activation of satellite III is a part of the 

general cellular response to stress, which provides protection against heat-shock-induced cell 

death (Goenka et al., 2016). Also, it was reported that satellite III and satellite II exhibit copy 

number variation (CNV) during the stress response, aging and pathology, and a close link 

between their transcription and CNV is postulated (Porokhovnik et al., 2021). 
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 The activation of transcription for the major T. castaneum (peri)centromeric satellite 

DNAs, specifically TCAST1, and human alpha satellite, occurs in response to heat stress 

(Pezer and Ugarković, 2012; Feliciello et al., 2020a). For TCAST1, this is associated with 

demethylation of satellite DNA (Feliciello et al., 2013), highlighting the role of DNA 

methylation in regulating TCAST1 satellite expression. The transcripts of TCAST1 that are 

produced during heat stress, along with their derived siRNAs and alpha satellite transcripts, 

are believed to contribute to the maintenance and recovery of heterochromatin after heat 

stress. They achieve this by temporarily increasing the levels of silent histone modification 

H3K9me2/3 at satellite repeats within heterochromatin (Pezer and Ugarković, 2012; Sermek 

et al., 2021; Feliciello et al., 2020a). In contrast, the minor T. castaneum satellite DNAs do 

not exhibit induced transcription under heat stress, likely due to their positioning in 

euchromatin as part of the genome organization (Sermek et al., 2021; Brajković et al., 2018). 

 Different pathological conditions are known to trigger the transcription of satellite 

DNAs. In various epithelial cancers—including those of the pancreas, lung, kidney, colon, 

and prostate—there is a notable increase in satellite DNA transcripts (Ting et al., 2011). 

Interestingly, the transcription patterns of pericentromeric satellite DNAs are not solely 

altered in solid tumors linked to cancer cells but also in hematopoietic malignancies 

(Enukashvily et al., 2022). For instance, transcriptomes from multiple myeloma show a 

significant enrichment in pericentromeric tandem repeat transcripts from both hematopoietic 

and non-hematopoietic cells, like endothelial and mesenchymal stromal cells (de Jong et al., 

2021). Moreover, co-culturing healthy donors’ mesenchymal stromal cells with multiple 

myeloma cells can induce satellite transcription in those healthy cells (Enukashvily et al., 

2022). The regions of (peri)centromeric satellite DNAs are under epigenetic control, and 

observations indicate that a reduced level of the repressive histone mark H3K9me3 at satellite 

repeats in cancer cell lines, compared to normal cells, along with the global hypomethylation 

typical of cancer cells, may contribute to the aberrant transcription of satellite DNA (Vojvoda 

Zeljko et al., 2021; Unoki et al., 2020). 

 Dysregulation of Polycomb repressive complexes, specifically PRC1 and PRC2, is 

prevalent in various cancers and has a notable impact on pericentromeric silencing 

(Blackledge et al., 2015). Besides these epigenetic alterations, an overabundance of satellite 

DNA is frequently linked to a deficiency in the tumor suppressor protein p53, which typically 

helps regulate the movement of repetitive elements (Wylie et al., 2016). Additionally, the 

absence of the tumor suppressor BRCA1 compromises the structural integrity of constitutive 

heterochromatin and influences the transcription of satellite DNA repeats (Zhu et al., 2011). 
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Finally, the heightened expression and activation of heat shock transcription factor 1 (HSF1), 

commonly observed in cancer cells, may contribute to increased levels of satellite DNA 

(Vourc’h et al., 2022; Dai et al., 2007). 

 Overexpressed heterochromatic satellite RNAs interact with BRCA1 and other crucial 

proteins, which play a significant role in maintaining the stability of the replication fork. This 

interaction can lead to DNA damage and genomic instability, thereby contributing to the 

development of breast cancer (Zhu et al., 2018). Furthermore, in mouse models with K-ras 

mutations, pericentromeric satellite DNA transcripts have been shown to hinder the DNA 

damage repair capability of the YBX1 protein, accelerating tumor growth by acting as 

intrinsic mutagens (Kishikawa et al., 2016, 2018). In human cancer cells, satellite II 

transcripts are recognized as immunogenic, stimulating the innate immune system to release 

cytokines (Tanne et al., 2015). Additionally, these same satellite II transcripts can lead to 

repeat expansions at pericentric heterochromatin through the formation of aberrant 

RNA:DNA hybrids (Bersani et al., 2015).  

 In general, overexpression of centromeric satellite DNAs promotes chromosome 

instability, which correlates with tumor metastasis (Zhu et al., 2011; Bakhoum et al., 2018). 

Satellite RNAs play a significant role in tumor progression through various mechanisms. 

They can induce mutations (Kishikawa et al., 2016), impact epigenetic regulators (Hall et al., 

2017), promote tumor cell proliferation (Nogalski and Shenk, 2020), trigger inflammation 

(Tanne et al., 2015; Miyata et al., 2021), contribute to resistance against cancer therapies 

(Kanne et al., 2021), and even undermine genome integrity (Zhu et al., 2018; Zeller and 

Gasser 2017). Conversely, satellite transcripts may also be detected by the innate immune 

system, leading to an immune response that can facilitate the elimination of cancer cells and 

slow down tumor growth (Tanne et al., 2015; Rajshekar et al., 2018). 

 Satellite DNA overexpression is observed in cancer tissues, leading to the release of 

their transcripts into the bloodstream. This opens the door to using circulating satellite RNAs 

as potential biomarkers for various cancers (Ting et al., 2011). It is important to note, 

however, that the levels of satellite RNA present in the serum of cancer patients tend to be 

low and the RNA itself is unstable. To obtain reliable measurements of these RNA levels, 

new sensitive techniques have been developed. One notable method, tandem repeat 

amplification by nuclease protection (TRAP) combined with ddPCR, successfully quantified 

satellite II RNA in blood serum, allowing for the differentiation between healthy individuals 

and patients suffering from pancreatic ductal carcinoma (PDAC) (Kishikawa et al., 2016). 

Furthermore, elevated levels of human satellite II RNA found in the plasma of patients with 
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breast, gastric, lung, and bile cancers, along with sarcoma and Hodgkin’s lymphoma, suggest 

its potential role as a diagnostic marker (Özgür et al., 2021). Additionally, research indicates 

that breast cancer patients with significantly high levels of alpha satellite RNA in their breast 

tissues are at a 10- to 20-fold increased risk of developing multiple cancers, even if they do 

not exhibit any BRCA-related clinical features (Kakizawa et al., 2019). Further studies are 

necessary to reveal satellite RNAs and DNAs as potential diagnostic, prognostic or 

therapeutic cancer biomarkers. 

 

 1.8. Objectives and hypothesis 

 

Objectives: 

1. To determine whether an elevated level of primary human alpha-satellite RNA can be 

induced by a specific external factor (for example, by applying various concentrations of 

antibiotics) or through exogenous expression by means of a vector. 

2. To analyze if the elevated level of alpha-satellite RNA is connected with epigenetic 

changes within pericentromeric heterochromatic regions containing tandemly repeated alpha-

satellite DNA, primarily histone modifications H3K9me3, H3K18ac and H3K4me2 and if 

these changes influence genome stability. 

3. To test if the epigenetic changes in H3K9me3, H3K18ac and H3K4me2 histone 

modifications occur in euchromatin, specifically within regions containing dispersed alpha-

satellite DNA repeats. 

4. To assess the expression of genes with alpha-satellite DNA insertions within intronic 

regions, as well as of those closely flanked by alpha-satellite DNA elements. 

 

Hypothesis: 

Elevated level of human alpha-satellite RNA is tied to changes in epigenetic modifications of 

heterochromatic regions, as well as in euchromatic regions that contain alpha-satellite DNA 

elements, and can effect genome stability and differential gene expression. 
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 2. DISCUSSION 

 

 2.1. Exogenous alpha satellite transcripts' effect on expression of alpha-associated 

genes and their epigenetic profiles after transfection 

 To delve deeper into the potential gene-modulatory role of alpha satellite transcripts 

and to eliminate the effects of heat stress or other stressors on gene expression, cell lines were 

developed with exogenous overexpression of alpha satellite RNA. In these modified cell 

lines, the expression levels of genes that contain alpha satellite repeats within their introns 

were closely monitored. While it is true that alpha repeats can also be found dispersed near 

genes (Feliciello et al., 2020b), the investigation focused on the impact of alpha satellite RNA 

on genes that contain these repeats within their gene bodies. The findings indicated a positive 

correlation between the exogenous expression of alpha satellite RNA and the downregulation 

of alpha-associated genes, providing strong evidence for the influence of alpha satellite 

transcripts on gene expression. Additionally, various histone marks on intronic alpha satellite 

repeats in cells with the overexpression of alpha satellite RNA were analyzed, proposing a 

potential molecular mechanism by which these transcripts modulate gene expression. 

 To explore the potential influence of alpha satellite RNA on gene expression, vectors 

that express alpha satellite monomers in both orientations (171Fw and 171Rev) were created. 

The findings demonstrated a notable level of exogenous alpha satellite expression from both 

the 171Fw and 171Rev vectors, peaking 24 hours after transfection before rapidly declining. 

This decrease was mainly due to plasmid loss associated with cell division and the absence of 

selective pressure. Moreover, both vector variants showed similar expression levels 

throughout the experiments. Endogenous alpha satellite expression remained stable at basal 

levels across all time points assessed, suggesting that the cells were in a standard 

physiological state without any stress or toxicity following the treatment. 

 The expression profiles of genes with dispersed alpha satellite repeats in their intronic 

regions (described in Feliciello et al., 2020b) were analyzed over four consecutive days 

following the transfection of the MJ90hTERT cell line with satellite-expressing vectors. 

These profiles were compared to controls that were transfected in the same manner with 

unmodified vectors. The genes examined included SLC30A6, STAM, MYO1E, MAP7, 

ZNF675, VAV1, PRIM2, and DLG2. Notably, there were no other genes with targetable 

intronic alpha satellite segments that met the design and expression criteria. This observation 
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aligns with the notion that the introduction of satellite DNA into euchromatin is typically 

harmful and thus is a rare occurrence, resulting in a limited number of genes that carry 

intronic alpha repeats. 

 After 24 hours post-transfection, a notable decrease in gene expression for six of the 

genes tested was observed when compared to the control samples. These genes included 

SLC30A6, STAM, MYO1E, MAP7, ZNF675, and PRIM2. Among them, the first five exhibited 

the most pronounced downregulation, while PRIM2 also showed significant downregulation, 

albeit to a lesser degree. Importantly, there were no differences in the downregulation 

efficiency between the 171Fw and 171Rev transfected cells across all cases, indicating that 

both orientations of alpha satellite inserts were equally effective. When examining additional 

time points (48, 72, and 96 hours post-transfection), there were no significant changes in the 

expression of the candidate genes between the transfected samples and controls. This 

suggests that the expression dynamics of the vectors led to a peak effect at 24 hours post-

transfection, followed by a rapid decline. Notably, the genes VAV1 and DLG2 did not show 

any detectable expression across all analyzed samples, indicating their tissue-specific nature 

and lack of expression in the MJ90hTERT cell line. The GUSB gene maintained stable 

expression throughout the experiments, with no significant differences identified between the 

samples and controls which reinforced its reliability as a normalization gene for relative RT-

qPCR quantification. Additionally, we assessed the expression of five other housekeeping 

genes—GAPDH, TOP3A, DEK, GPR68, and IFIT3—after 24 hours of transfection with the 

alpha satellite-expressing vectors and an unmodified control vector. No significant 

differences in gene expression were found between samples transfected with the alpha 

satellite vectors and the control vector, suggesting that alpha satellite RNA did not affect the 

expression of these reference genes. 

 Additionally, it was investigated how the silent histone mark H3K9me3, the 

transcriptional activation mark H3K18ac, and the euchromatin-associated mark H3K4me2 

were distributed among alpha repeats located within the introns of six genes previously tested 

for expression. It was also explored whether the downregulation of gene expression observed 

earlier was linked to these epigenetic changes. When the MJ90hTERT cells were transfected 

with the 171Fw alpha satellite expression vector, no significant changes were observed in the 

examined histone modifications at the alpha repeats across the six targeted genes compared to 

the control samples at the 24-hour mark. Likewise, the results were consistent in repeated 

experiments with the 171Rev vector featuring an inverted alpha satellite insert. Both vectors 
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presented similar outcomes to the controls, aligning with their comparable performance 

observed in gene expression analyses. On one hand, these results may stem from the limited 

transfection efficiency of MJ90hTERT cells or the reduced sensitivity of ChIP experiments. 

On the other hand, they might suggest the involvement of additional mechanisms that 

influence gene expression in the context of alpha satellite repeat-associated genes. 

Considering that the signal from individual alpha loci might have been too weak, ChIP-qPCR 

was conducted on tandem arrangements of alpha satellite arrays, which are indicative of 

heterochromatin. The findings highlighted a statistically significant rise in the silent histone 

mark H3K9me3 in MJ90hTERT cells 24 hours after they were transfected with the alpha 

satellite expression vector. However, the other two histone modifications that were tested, 

H3K18ac and H3K4me2, did not show any change. 

 To investigate whether alpha satellite transcripts actively generate RNA:DNA hybrids 

under standard physiological conditions, an RNase H digestion assay was conducted (RNase 

H specifically targets and degrades the RNA component of an RNA-DNA hybrid). The 

results showed a modest yet significant reduction (approximately 25%) in alpha transcripts in 

samples treated with RNase H when compared to untreated controls, indirectly confirming 

the existence of these hybrid formations.   

 This research introduced a new angle to understanding how satellite DNA transcripts 

contribute to the downregulation of gene expression. It was found that the temporary 

expression of exogenous alpha satellite DNAs, transcribed from both strands of DNA, 

consistently silenced alpha-associated genes, regardless of the strand they originated from. 

This observation, alongside the vulnerability of alpha satellite RNA to RNAse H treatment, 

suggests a direct interaction between alpha satellite RNA and homologous DNA within 

scattered intronic satellite regions, by forming hybrid structures such as triple helices 

(RNA:DNA:DNA) or R-loops. These interactions possibly influence the transcription of 

neighbouring genes. Prior research has demonstrated that gene expression modulation can 

occur through direct interactions between non-coding RNA and DNA (Statello et al., 2021). 

In contrast to the traditional Watson–Crick pairing in the DNA double helix, RNA-DNA 

hybrids are formed through Hoogsteen hydrogen bonding between the nucleic acid bases. 

This alternative binding allows for a weaker and more flexible connection between DNA and 

RNA, supporting the idea of transient interference based on the homology of alpha satellite 

sequences. This might clarify the observed variations in gene suppression levels among the 

alpha satellite repeat-associated genes. Considering the polymorphic nature of alpha satellite 
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DNA, which can exhibit up to 45% variability in monomer sequences, along with the fact 

that the expressed satellite RNA is a cloned sequence, it seems reasonable to infer that 

differences in gene repression can result from varying degrees of sequence homology. 

 Furthermore, the ability of alpha satellite RNA to modulate gene expression appears 

to be independent of gene polarity. Similar levels of gene downregulation were observed 

when using either vector, regardless of the transcription direction. This suggests that the 

construction of this hybrid genomic structure might be crucial, either directly or by directing 

RNA-associated regulatory proteins to specific genomic sites. The generation of triple helices 

and R-loops seems to be common and vital for the regulatory role of various non-coding 

RNAs (Li et al., 2016; Warwick et al., 2023). While numerous R-loop-forming long non-

coding RNAs typically function in cis, R-loops can also occur in trans, impacting the 

expression of protein-coding genes (Ariel et al., 2020). Long non-coding RNAs have been 

shown to form triplex structures that regulate gene expression in trans as well (Warwick et 

al., 2023; Mondal et al., 2019). In mice, pericentromeric satellite DNA transcripts have been 

identified to form RNA:DNA hybrids that facilitate the retention of heterochromatin protein 1 

(HP1) and the histone methyltransferases SUV39h1 and SUV39h2, which are essential for 

heterochromatin formation (Velazquez Camacho et al., 2017; Duda et al., 2021). The 

observed increase in H3K9me3 levels on the tandemly arranged alpha satellite arrays, typical 

of heterochromatin, following transfection with the alpha expression vector supports the 

notion of a potential mechanism in which alpha satellite RNA:DNA hybrids recruit chromatin 

modifiers.  

 In summary, the findings presented here indicate that alpha satellite RNA not only 

plays a crucial role in the assembly of centromeres and heterochromatin but also, for the first 

time, suggest its involvement in modulation of gene expression. Nonetheless, further research 

is essential to unravel the specific molecular mechanisms through which alpha satellite RNA 

influences gene expression. 
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 2.2. Antibiotic-mediated alpha satellite DNA overexpression and epigenetic changes 

within pericentromeric heterochromatic regions as well as in euchromatin 

 This investigation examined the impact of various antibiotics, including geneticin and 

hygromycin B-commonly used in cell culture (Landers et al., 2021), alongside rifampicin, 

which is frequently utilized in treating various bacterial infections (Boeree et al., 2017). The 

focus was to determine whether these antibiotics influence the expression of a major human 

alpha satellite DNA, which is prominently located in (peri)centromeric regions across all 

human chromosomes (McNulty and Sullivan, 2018). Additionally, it was investigated 

whether any alterations in satellite DNA expression, prompted by antibiotic exposure, were 

associated with epigenetic modifications, such as specific histone marks at heterochromatic 

satellite arrays and at the satellite repeats found dispersed within euchromatin, as well as 

throughout the genome. 

 In order to determine the impact of antibiotics on alpha satellite DNA transcription, its 

transcription dynamics were examined in human cell lines under standard conditions, both 

with and without antibiotic treatment, using concentrations of antibiotics commonly 

employed for the routine treatment, selection, and maintenance of eukaryotic cells. The 

transcription of alpha satellite DNA was assessed immediately following antibiotic treatment 

and compared to an untreated control. This evaluation was conducted in immortalized 

fibroblasts (MJ90hTERT), the glioblastoma cell line A-1235, and HeLa cells derived from 

cervix carcinoma. The results showed an overall increase in alpha satellite DNA transcription 

across cell lines after application of different antibiotics at standard concentrations. Notably, 

the response varied among the cell lines: A-1235 cells experienced the highest increase with 

rifampicin at 82 μg/ml, while the other two antibiotics produced only minor changes. In 

contrast, HeLa cells exhibited their maximum transcription boost with geneticin at 400 μg/ml, 

and MJ90hTERT cells required a higher dose, specifically 600 μg/ml of geneticin, to achieve 

a notable change in transcription levels. Furthermore, the findings indicated a positive 

correlation between the concentration of antibiotics and the level of alpha satellite 

transcription. 

 The distribution of the silent histone mark H3K9me3, associated with 

heterochromatin, was examined alongside the H3K18ac mark, indicating transcriptional 

activation of heterochromatin (Tasselli et al., 2016), as well as of H3K4me2, which is 

characteristic of open euchromatin. This analysis focused on both tandemly arranged alpha 

satellite repeats and those dispersed throughout euchromatin, performed under standard 
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physiological conditions and following antibiotic treatment. Tandemly arranged satellite 

repeats and six alpha repeats located within gene introns (Feliciello et al., 2020b) were tested.  

 Results from experiments on HeLa and MJ90hTERT cells treated with geneticin, as 

well as A-1235 cells with rifampicin, showed a reduction of H3K9me3 at heterochromatic 

alpha repeats, which was linked to an increase in the transcription of alpha satellite DNA. In 

MJ90hTERT cells, the decrease in H3K9me3 following geneticin treatment was accompanied 

by a notable increase in H3K18ac, also correlating with heightened transcription of alpha 

satellite. For alpha repeats found within euchromatin, there were no observed changes in the 

histone modifications tested after any antibiotic treatment. Notably, at 41 μg/ml rifampicin, 

A-1235 cells exhibited an increase in alpha satellite transcription, despite only a slight 

alteration in H3K9me3 levels. Additionally, no statistically significant changes in H3K9me3 

levels were detected at tandem alpha repeats in A-1235 cells, nor in H3K9me3 and H3K18ac 

levels in MJ90hTERT cells after treatment with 400 μg/ml geneticin, despite a modest 

increase in alpha transcription levels of 1.7x and 1.5x, respectively. 

 To investigate the impact of antibiotic treatment on epigenetic changes across the 

genome, immunofluorescence assays were conducted on above-mentioned cell lines, 

targeting the same histone modifications. The results demonstrated a genome-wide increase 

in H3K9me3 levels in HeLa and MJ90hTERT cells upon treatment with geneticin (300–600 

μg/ml). In contrast, H3K4me2 levels were either downregulated or showed no significant 

change. Additionally, in HeLa cells treated with 300 μg/ml geneticin, H3K18ac levels were 

significantly downregulated. However, at higher concentrations, the changes in H3K18ac 

levels in both HeLa and MJ90hTERT cells were minimal, suggesting that the antibiotic’s 

effects are concentration-dependent but not necessarily positively correlated. On the other 

hand, in A-1235 cells, a concentration of 400 μg/ml geneticin led to a genome-wide 

downregulation of H3K9me3 and an upregulation of H3K18ac, demonstrating that the 

response to the antibiotic varies across different cell lines. Furthermore, it is notable that 

different antibiotics can influence epigenetic marks differently within the same cell line; for 

instance, rifampicin triggered a decrease in H3K18ac modifications in A-1235 cells, while 

geneticin induced their upregulation. 

 Different antibiotics lead to the overexpression of pericentromeric alpha satellite 

DNA, but their impacts on heterochromatin vary across cell types. Some cells may show a 

reduction in H3K9me3 levels, while others may exhibit an increase in H3K18ac 
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modifications. These results suggest a regulation of alpha satellite transcription by epigenetic 

changes, in particular by histone marks H3K9me3 and H3K18ac. Furthermore, the broader 

effects of antibiotics on the genome are also cell-dependent. For instance, geneticin 

influences histone marks H3K9me3 and H3K4me2 similarly in HeLa and MJ90hTERT cells, 

but its impact diverges in A-1235 cells. Additionally, rifampicin affects these same histone 

marks differently in A-1235 cells. These findings indicate that both heterochromatin and 

other chromatin components respond to antibiotics in diverse ways, influenced by factors 

such as the specific cell line, the type of antibiotic used, and its concentration. 

 This research recognizes that gene expression and epigenetic responses differ across 

various cell types. During the investigation, unique regulatory patterns of alpha satellite 

expression were identified in the tested cell lines. These patterns are likely shaped by factors 

such as chromatin organization, baseline transcriptional activity, and cellular metabolism. 

These differences may indicate fundamental distinctions between cancerous and normal cells 

in how they respond to external factors such as antibiotics. Further research is necessary to 

uncover the molecular mechanisms that underline these cell-type-specific responses. It is 

possible that different signaling pathways, which become overactivated in various cell lines, 

provide resistance to certain antibiotics and influence how cells manage stress or damage. 

Additionally, it seems that the level of stress resistance varies between cell lines, and their 

strategies for coping with diverse stressors reflect their unique genetic backgrounds. 

 Finally, this research indicates that antibiotics could affect the transcription of satellite 

DNA by influencing specific histone marks. While the pathways for histone modification are 

well-established and conserved across eukaryotic organisms, the exact mechanisms through 

which antibiotics might engage with these pathways remain unclear. The roles of various 

effector enzymatic complexes are well understood; these include activating demethylases and 

acetyl-transferases, as well as inhibiting methyl-transferases and deacetylases, along with 

chromatin remodeling factors such as SWI/SNF. Additionally, the integrated stress response 

may play a significant role by interacting with these pathways. Different types of stress, 

antibiotics included, trigger this cellular machinery, leading to an increased production of 

specific transcription factors (such as ATF4). This surge stimulates downstream chromatin 

remodeling at targeted loci, consequently stimulating the activation of neighbouring 

promoters and thus clarifying the observed overexpression. Results of this investigation 

underscore broader implications for gene regulation, drug safety, and long-term antibiotic 

effects, highlighting the need for further research. 



DISCUSSION 

30 
 

 2.3. Alpha satellite RNA expression in prostate cancer, disease pathogenesis and as a 

potential diagnostic biomarker alongside prostate-specific antigen (PSA) 

 To explore the potential of alpha satellite RNA as a biomarker for prostate cancer, an 

analysis of intracellular alpha satellite RNA levels in the blood of patients diagnosed with 

prostate cancer was conducted, comparing these levels to those in healthy individuals. 

Intracellular RNA was collected from whole blood of prostate cancer patients categorized 

into four groups based on their disease stage. Group A consisted of patients with metastatic 

hormone-sensitive prostate cancer, Group B included those with metastatic castration-

resistant cancer, Group C represented patients with localized hormone-sensitive prostate 

cancer, while Group D comprised newly diagnosed localized prostate cancer patients who 

had not yet received hormone therapy or other treatments. Unlike Group D, individuals in 

Groups A–C were all receiving hormone treatment with LHRH (Luteinizing Hormone-

Releasing Hormone) agonists. Additionally, intracellular RNA from a control group of 27 

healthy males was also collected. 

 To assess the levels of alpha satellite RNA within the total intracellular RNA extracted 

from whole blood samples of patients grouped into four categories (A–D), as well as a cohort 

of healthy controls, quantitative real-time PCR (qPCR) analysis was employed. The findings 

showed a marked increase in alpha satellite RNA levels in two cohorts of metastatic prostate 

cancer patients compared to the control group. In group B, comprising patients with 

metastatic castration-resistant prostate cancer, the increase was observed to be 2.8-fold, 

supported by strong statistical evidence (p=2.7×10⁻⁴). Conversely, group A, representing 

patients with metastatic hormone-sensitive prostate cancer, displayed a 1.4-fold increase, 

which was not statistically significant. For groups C and D, involving localized prostate 

cancer patients, there was no significant difference in alpha satellite RNA levels compared to 

the control group. The similarity in alpha satellite RNA levels in these two groups implies 

that drug treatment does not impact RNA levels. Notably, group B exhibited a significant 

elevation in alpha satellite RNA when compared to group A, with an increase of 2.0-fold 

(p=4×10⁻³), as well as relative to groups C and D, showing increases of 2.9-fold (p=4×10⁻⁶) 

and 1.7-fold (p=0.017), respectively. 

 These findings indicate that alpha satellite RNA levels can effectively differentiate 

between various disease stages, namely metastatic castration-resistant cancer versus 

metastatic hormone-sensitive cancer, as well as metastatic castration-resistant cancer 

compared to localized prostate cancer and healthy controls. This could position alpha satellite 
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RNA as a promising diagnostic biomarker for metastatic conditions, especially in the context 

of castration-resistant metastatic prostate cancer. Analysis using ROC curves and AUC values 

demonstrated that levels of alpha satellite RNA allow for a high degree of accuracy in 

distinguishing metastatic castration-resistant prostate cancer from primary localized tumors 

(AUC 0.85) and from healthy controls (AUC 0.85). Furthermore, the distinction between 

metastatic castration-resistant and metastatic hormone-sensitive prostate cancer showed a 

viable level of accuracy as well (AUC 0.74). 

 Prostate-specific antigen (PSA) is the most widely recognized biomarker for prostate 

cancer. This serine protease, related to kallikrein, is secreted by the epithelial cells of the 

prostate. In patients with prostate cancer, PSA levels tend to be elevated. The PSA levels in 

the blood of four groups of patients were analyzed alongside a control group and a significant 

difference was detected between the groups. Notably, PSA levels in groups A, B, and D were 

significantly higher compared to the controls and group C (p<10−4). However, no significant 

differences in PSA levels were observed between group B and group A or between group B 

and group D. Also, there was no significant difference in PSA values between the control 

group and group C. The ROC curve analysis of PSA levels indicated a clear distinction 

between the control group and group D, which showed an AUC value of 0.912. Additionally, 

there was notable discrimination between the control group and two metastatic cancer groups, 

A and B, with AUC values of 0.8052 and 0.9256, respectively. However, the differentiation 

between metastatic hormone-sensitive (group A) and metastatic castration-resistant (group B) 

cases was minimal, with an AUC value of only 0.512. This underscored the superior 

effectiveness of alpha satellite RNA, which had an AUC of 0.744, compared to PSA in 

distinguishing between the two stages of metastatic prostate cancer. Furthermore, correlation 

analyses were performed to assess the relationship between alpha satellite RNA levels and 

PSA levels across all patient groups, but no statistically significant correlation was observed 

in any group. 

 Moreover, PSA is also used for identifying latent cases of prostate cancer, which may 

not progress to serious illness. However, it often increases in benign conditions, such as 

inflammation or hyperplasia, leading to concerns about over-diagnosis due to its lack of 

specificity (Prensner et al., 2012). While PSA is utilized to track disease progression, its 

levels in patients with metastatic prostate cancer frequently do not correlate well with disease 

stage or hormone sensitivity. This insufficiency in PSA specificity as a diagnostic and 



DISCUSSION 

32 
 

prognostic marker has prompted efforts to identify alternative biomarkers for prostate cancer 

(Saini, 2016). 

 The aberrant overexpression of sequences in pericentromeric heterochromatin, where 

satellite DNAs like alpha satellite are prevalent, is a common feature in prostate cancer and 

characteristic of several other epithelial cancers, including those of the pancreas, lung, 

kidney, and colon (Ting et al., 2011). Moreover, the presence of satellite DNA in tumors can 

be attributed to a deficiency in other tumor suppressors like p53 or BRCA1. Such 

deficiencies compromise the integrity of constitutive heterochromatin and lead to heightened 

levels of satellite DNA expression (Wylie et al., 2016; Zhu et al., 2011). When satellite RNA 

levels rise, they destabilize the replication fork and compromise genome integrity, 

accelerating tumor transformation (Zhu et al., 2018). 

 One explanation for the increased alpha satellite RNA in the bloodstream of prostate 

cancer patients, particularly those in metastatic stages, may stem from the transfer of this 

RNA from cancer cells to blood cells, facilitated by exosomes. Exosomes are extracellular 

vesicles released by all types of cells; they are often found within tumor microenvironments 

and play a role in removing excess or unnecessary elements, including detrimental RNA and 

DNA (Kalluri, 2016; Takahashi et al., 2017). These vesicles are capable of transferring their 

RNA or DNA content to other cells and can also activate different signaling pathways in the 

cells they interact with (Takahashi et al., 2017; Valadi et al., 2007). This research proposes 

that the abundant satellite RNA from prostate cancer could be taken up and delivered by 

exosomes to blood cells, leading to an increased total RNA levels in the bloodstream. 

Furthermore, the interaction between exosomes and blood cells may trigger certain signaling 

pathways that could influence the structure of heterochromatin and the expression of satellite 

sequences found within. Circulating tumor cells (CTCs) found in the blood of patients with 

metastatic prostate cancer (Galletti et al., 2014) could interact with blood cells, potentially 

leading to elevated levels of alpha satellite RNA. However, since CTCs are relatively sparse 

compared to blood cells, their influence on this increase is likely minimal. 

 Following this investigation, it is proposed that alpha satellite RNA levels could serve 

as a complementary biomarker to PSA for tracking the progression of metastatic prostate 

cancer, as well as for diagnosing metastatic castration-resistant stages of the disease. Notably, 

another study demonstrated the potential of circulating satellite RNA levels in blood serum to 

act as a cancer biomarker. Using the sensitive technique of tandem repeat amplification by 
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nuclease protection (TRAP) combined with droplet digital PCR (ddPCR), researchers were 

able to distinguish patients with pancreatic ductal carcinoma (PDAC) from healthy 

individuals (Kishikawa et al., 2016). Moreover, elevated levels of circulating human satellite 

II have been identified in the plasma of patients with breast, gastric, lung, and bile cancers, as 

well as in sarcoma and Hodgkin’s lymphoma (Özgür et al., 2021). This current study is the 

first to suggest that not just serum or plasma-circulating satellite RNA, but also alpha satellite 

RNA present in blood cells, could serve as an important indicator of specific cancer stages. 

 Satellite DNA is also emerging as a potential cancer biomarker, with variations in its 

copy number being linked to certain types of cancer (Bersani et al., 2015). However, 

detecting these variations can be quite complex, often necessitating the development of new 

assays and advanced technologies, including nanoplate-based digital PCR (de Lima et al., 

2021). Further research is needed to clarify why the increased levels of intracellular alpha 

satellite RNA in the blood of prostate cancer patients were observed at a certain metastatic 

stage. It also needs to be determined whether this occurence is unique to this particular 

pathological condition alone. 

 

 2.4. A novel methodology for precise quantification of repetitive sequences 

irrespective of genomic DNA contamination 

 A significant issue with many amplification protocols currently in use is the frequent 

presence of DNA contamination in the samples. This contamination cannot be chemically 

distinguished from cDNA by the polymerase enzyme during PCR amplification, leading to 

false positive results (Verwilt et al., 2020; Bustin 2002; Kumar et al., 2006; Li et al., 2022; 

Padhi et al., 2016; Hashemipetroudi 2018).  

 To address this challenge, existing protocols incorporate a few DNA elimination steps 

both during RNA purification and the subsequent reverse transcription phase. In these cases, 

DNA is removed using specific mechanical filters, like silica-based columns, or through 

enzymatic digestion with a specific enzyme such as DNase I (Deoxyribonuclease I) (Green 

and Sambrook 2019). However, these treatments are not entirely successful in completely 

eliminating DNA, and traces often remain as contamination (Verwilt et al., 2020; Bustin 

2002). This problem is particularly pronounced with the highly repetitive DNA sequences 

that make up a significant portion of the eukaryotic genome and are frequently transcribed at 

low levels. Additionally, it is important to note that any steps taken to reduce DNA 
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concentration in the sample will also inevitably lower the initial concentration of RNA, which 

is inherently unstable and prone to degradation. This research presents a new approach for 

transcriptome analyses using a PCR variant that effectively distinguishes between cDNA and 

genomic DNA. By eliminating DNA contamination, this method yields more accurate, 

dependable, and reproducible results. 

 The proposed method utilizes a modified primer (Modified Specific Primer, PSM) 

during the reverse transcription step of the protocol. This primer is constructed to be specific 

for the RNA molecules targeted for quantification, with its nucleotide sequence engineered to 

intentionally lack perfect homology to the retro-transcribed template DNA. Typically, 

introducing a few mismatches relative to the original sequence—preferably near the 3’-OH 

terminal region—is sufficient. These alterations render the primer only partially 

complementary to the target sequence, yet capable of hybridizing at the reverse transcription 

temperatures of 37–42 °C. During the PCR step, when temperatures rise to around 60 °C, the 

PSM will dissociate from the partially homologous genomic DNA sequence. The purpose of 

employing this specially modified primer is to facilitate amplification specifically from the 

cDNA template while effectively bypassing genomic DNA targets. It is essential to 

experimentally verify the optimal number of modifications, their effectiveness, and the proper 

discriminating temperatures for each transcript analyzed. This involves selecting parameters 

that exhibit differing amplification tendencies for DNA and cDNA targets, respectively. This 

optimization phase serves as a crucial preliminary step in this methodology, allowing for the 

establishment of negative and positive controls. Fortunately, this process only needs to be 

conducted once, as it remains applicable for a specific amplicon across various experimental 

conditions. In contrast, current protocols typically require the negative control (NC: –RT, 

without reverse transcriptase) to be prepared for each new sample, even if the target remains 

the same, due to the unpredictable effectiveness of DNase I treatment. By using a PSM, a 

cDNA can be generated that is subtly distinct from its genomic DNA counterpart, owing to 

the nucleotide mismatches incorporated into the sequence. 

 In the post-reverse transcription phase of the protocol, the PCR amplification of 

cDNA proceeds accordingly. This is done using the modified primers (PSM) from the earlier 

step along with unmodified specific primers (SP) oriented in the opposite direction. As a 

result, the generated amplicon is a cDNA copy, not a DNA copy, thanks to the specific 

annealing temperatures typically set between 55 °C and 62 °C. This method eliminates the 

need for removal of any co-purified DNA from the RNA sample, as it no longer competes as 
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a target and will not interfere with the assay's outcomes. In fact, under certain experimental 

conditions, having both DNA and RNA in the same sample can be beneficial, especially if 

there is a need to normalize the results with respect to gene copy number variation. 

 Satellite DNA stands out as an excellent candidate to showcase the effectiveness of 

this methodology. Its highly repetitive nature and abundance in non-coding genomic DNA 

regions make it a persistent presence in samples, rendering it challenging, if not impossible, 

to eliminate during RNA purification process. As a point of comparison the traditional 

method was used, which involved the removal of DNA during both RNA purification and 

reverse transcription. Despite this, alpha satellite DNA persisted in the negative control 

samples (–RT). Since satellite DNA is not structured into exons and introns, distinguishing it 

from satellite cDNA by length alone is impossible. Consequently, even minimal DNA 

contamination can lead to false-positive results. In contrast, the new method effectively 

eliminated contamination from alpha satellite DNA in the qPCR amplification results. This 

was further confirmed by the presence of the 126 bp ASAT amplicon exclusively in the +RT 

samples compared to the –RT samples (negative controls) when analyzed on an agarose gel. 

 Additional testing was performed on the satellite DNA known as TCAST1, a highly 

abundant primary satellite DNA accounting for about 30% of the genome of the beetle 

Tribolium castaneum. Using the new method, only cDNA was amplified, with the +RT 

samples showing clear amplification results, while the –RT samples revealed next to no 

contamination from genomic DNA. Importantly, these findings align closely with those 

previously reported for human alpha satellite DNA. 

 In summary, it can be concluded that this new method for quantifying various types of 

transcripts yields results that are more accurate, reproducible, and cost-effective than the 

protocols currently in use. This improvement is largely due to the method’s insensitivity to 

DNA contamination, which often leads to false positive signals, eliminating the need for 

removal of template DNA beforehand. By skipping the DNA elimination step, RNA is also 

better preserved from degradation, which in turn effectively mitigates the two main sources 

of inaccuracy found in transcriptome analyses. 

 



CONCLUSION 

36 
 

 3. CONCLUSION 

 

1) A notable level of exogenous alpha satellite expression from both expression 

vectors was achieved and detected after transfection of MJ90hTERT cells, 

peaking 24 hours after transfection before rapidly declining, with both vector 

variants showing similar expression levels throughout the experiments. 

 

2) A significant decrease in gene expression for six of the genes tested 

(SLC30A6, STAM, MYO1E, MAP7, ZNF675, and PRIM2) was observed 24 

hours post-transfection. The genes VAV1 and DLG2 did not show any 

detectable expression across all analyzed samples. 

 

3) A positive correlation was found between the exogenous expression of alpha 

satellite RNA and the downregulation of alpha-associated genes, providing 

strong evidence for the influence of alpha satellite transcripts on gene 

expression modulation. 

 

4) No significant changes were observed in the examined histone modifications 

(H3K9me3, H3K18ac and H3K4me2) at the alpha satellite repeats across the 

six targeted genes compared to the control samples. 

 

5) The results showed an overall increase in alpha satellite DNA transcription 

across all tested cell lines (MJ90hTERT, A-1235 and HeLa) after application 

of different antibiotics at standard concentrations with responses varying 

depending on cell type. Also, the findings indicate a positive correlation 

between the concentration of antibiotics and the level of alpha satellite DNA 

transcription. 

 

6) HeLa and MJ90hTERT cells treated with geneticin, as well as A-1235 cells 

with rifampicin, showed a reduction of H3K9me3 modifications at 

pericentromeric heterochromatic alpha arrays. In MJ90hTERT cells, the 

decrease in H3K9me3 following geneticin treatment was accompanied by a 

notable increase in H3K18ac, both correlating with elevated alpha satellite 
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transcription in those genomic regions, impacting genome stability, and 

suggesting a regulation of alpha satellite expression by these particular 

epigenetic changes. For alpha repeats dispersed within euchromatin, there 

were no observed changes in those same histone modifications tested after any 

antibiotic treatment. 

 

7) The impact of antibiotic treatment on total epigenetic changes across the 

genome varied significantly across different cell lines depending on the type 

of antibiotic used and its concentration. 

 

8) The results demonstrated a significant increase in alpha satellite RNA levels in 

patients with metastatic castration-resistant prostate cancer compared to 

control group and other prostate cancer patients, allowing for precise 

discrimination of this particular type of cancer from other variants. Patients 

with metastatic hormone-sensitive variant, as well as those with localized 

prostate cancer did not significantly differ from control group. 

 

9) Increasing levels of alpha satellite DNA expression in the blood of prostate 

cancer patients correlate with the higher severity of disease progression and 

significantly worse prognosis. 

 

10) Prostate-specific antigen as a biomarker successfully discriminates  between 

the control group and two metastatic cancer groups. However, the 

differentiation between metastatic hormone-sensitive and metastatic 

castration-resistant cases was minimal, underscoring the superior effectiveness 

of alpha satellite RNA compared to PSA in distinguishing between the two 

stages of metastatic prostate cancer. 

 

11) Correlation analyses were performed to assess the relationship between alpha 

satellite RNA levels and PSA levels across all patient groups, but no 

statistically significant correlation was observed in any group. 
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12) These findings suggest that alpha satellite RNA may serve as a valuable 

diagnostic and prognostic biomarker for prostate cancer in blood tests, 

alongside already established prostate-specific antigen (PSA). 

 

13) New method for quantification of various types of transcripts delivers results 

that are more accurate, reliable, and cost-effective compared to the protocols 

currently in use. 

 

14) This method is unaffected by DNA contamination, which often leads to false 

positive results, circumventing the need for elimination of template DNA 

beforehand. 

 

15) By excluding the DNA removal step, the RNA is effectively protected from 

degradation, which eliminates a significant source of inaccuracy in 

transcriptome analyses. 
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