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Abstract 

The centromere serves as the foundation for the kinetochore and attachment 

point for spindle microtubules during metaphase. The proper function of this locus is 

required to ensure chromosome segregation and genomic stability. In humans, repetitive 

alpha satellite DNA underlies the human centromere region and is organized into 

specific chromatin domains that are maintained by a complex combination of factors. 

Although the centromere region is generally thought to be specified epigenetically, some 

evidence suggests that the underlying DNA sequence is also involved in centromere 

function. To better define links between alpha satellite and function within the human 

centromere region, we investigated two attributes of alpha satellite DNA: its 

transcription into noncoding alpha satellite RNAs and genomic variation within the 

alpha satellite array. Noncoding transcripts produced from alpha satellite DNA are 

associated with normal centromere and pericentromere function and evidence from 

other organisms suggests RNAs from this region are pivotal in the centromere and 

kinetochore assembly cascade and in maintaining the chromatin environments of the 

centromere region. However, alpha satellite RNAs have not yet been fully characterized 

and data reflecting the chromosome-specific nature of alpha satellite arrays is lacking. 

Additionally, genomic variation within alpha satellite arrays has been linked to reduced 

centromere protein recruitment and chromosome instability, yet the molecular basis for 

this is unknown. These gaps in knowledge have stymied our understanding of the role 
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of genomic and epigenomic attributes of alpha satellite that affect function within the 

human centromere region. Thus, this work aims to functionally characterize the role of 

alpha satellite transcripts and to determine how genomic variation impacts chromosome 

stability. Utilizing cytological and molecular techniques that allow the differentiation of 

alpha satellite RNAs from individual chromosomes and arrays, we have demonstrated 

that each chromosome produces unique noncoding RNAs that localize in cis to their site 

of production. Both centromeric and pericentromeric alpha satellite arrays produce 

noncoding RNAs, but these transcripts are spatially and functionally distinct. Alpha 

satellite RNAs from the centromere bind at least two key centromere proteins: CENP-A 

and CENP-C, while alpha satellite RNAs from the pericentromere colocalize with 

SUV39H1. Centromeric alpha satellite RNAs are required for complete loading of new 

CENP-A-containing nucleosomes, as well as maintenance of CENP-C levels. Genomic 

variation affects the origin of alpha satellite transcripts, such that highly variant arrays 

produce a different set of transcripts than wild type arrays. Further, the long-range 

organization of variation across the alpha satellite array in unstable chromosomes 

suggests certain spatial organizations of variation are poor platforms for building a 

stable centromere and kinetochore. Collectively, these findings implicate alpha satellite 

RNA and genomic variation and/or the interplay of these two elements as essential 

factors in the function of the centromere region.  
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1. Introduction: Centromere and pericentromere  

This introductory chapter is adapted from a chapter published by Justyne E. Ross, Shannon M. 

McNulty, and Beth A. Sullivan in the book “Epigenetics: Current Research and Emerging 

Trends” in 2015 (Ross et al., 2015) and from a review published by Shannon M. McNulty and 

Beth A. Sullivan in the journal Chromosome Research in 2018 (McNulty and Sullivan, 2018).   

1.1 The centromere and pericentromere 

The centromere and pericentromere are integral players in eukaryotic 

chromosome division and their proper function is vital to ensure faithful chromosome 

segregation and genomic stability in mitosis and meiosis. The centromere is the 

chromosomal locus consisting of DNA, modified histones, and a core protein network 

upon which the kinetochore is assembled. The kinetochore is a multilayered 

proteinaceous complex assembled in G2 phase and metaphase that directly binds 

microtubules to facilitate chromosome movement in anaphase. The pericentromere is 

adjacent to the centromere, either flanking the centromere on both sides or positioned on 

a single side of the centromere, and is involved in cohesin recruitment and sister 

chromatid cohesion to prevent premature separation in mitosis (Figure 1) (Bernard et al., 

2001).  

Centromeres are divided into three major categories: point centromeres, regional 

centromeres, and holocentromeres. Point centromeres are found in the budding yeast 

Saccharomyces cerevisiae, are defined by a specific ~125 bp DNA sequence, and attach to a 
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single microtubule in metaphase (Fitzgerald-Hayes et al., 1982; Winey et al., 1995). 

Regional centromeres are found in most eukaryotes and range in size from 4 kb to more 

than 4 Mb. The exact sequence varies widely between different organisms, but regional 

centromeres are typically associated with tandem repeat DNA, such as the alpha 

satellite DNA underlying human centromeres (see Section 1.2: “Alpha satellite DNA”). 

Estimates of microtubule binding suggest some regional centromeres attach to only one 

microtubule (Candida albicans), however most regional centromeres bind multiple 

microtubules (Ding et al., 1993; Joglekar et al., 2008). For example, each human 

centromere attaches to over 15 microtubules (McEwen et al., 2001). Holocentromeres are 

found in Caenorhabditis elegans, and some plant and insect species (Albertson and 

Thomson, 1982; Comings and Okada, 1972; Hakansson, 1958; Hughes-Schrader, 1948; 

Hughes-Schrader and Schrader, 1961; Schrader, 1935). Unlike point and regional 

centromeres that are present at the primary constriction of each chromosome, 

holocentromeres are distributed along the length of the chromosome and provide 

multiple attachment points for microtubules.  

Despite differences in the size and structure of the centromere and 

pericentromere across organisms, dysfunction of these regions is linked to spindle 

assembly checkpoint activation, as well as errors in chromosome segregation that can 

cause aneuploidy and chromosomal rearrangements (Barber et al., 2008; Chiang et al., 

2010; Janssen et al., 2011; Ly et al., 2017; Manning et al., 2010). A complete knowledge of 
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how the centromere and pericentromere are specified and maintained and the 

components required for their function is vital to fully understand the causes of 

chromosome aberrations observed in birth defects, cancer, and aging.  

1.1.1 Centromeric chromatin and the kinetochore 

Although the DNA sequence underlying the centromere varies widely between 

different organisms, there are striking similarities in the overall structure of centromeres. 

One key determinant of centromere position from yeast to metazoans is the 

incorporation of the histone H3 variant CENP-A, also termed Cnp1 (Saccharomyces 

pombe), CENH3 (Arabidopsis thaliana and Zea mays), or CID (Drosophila melanogaster). 

CENP-A accumulates at the site of centromere and kinetochore formation and is widely 

considered to be the epigenetic determinant of centromere location. In humans, 

centromeric chromatin, or centrochromatin, consists of CENP-A-containing nucleosomes 

interspersed with canonical H3-containing nucleosomes (Figure 1) (Blower et al., 2002). 

The H3 histones within centrochromatin contain high levels of H3K4me2 and 

H3K36me2, two histone modifications associated with transcriptionally permissive 

chromatin (Bergmann et al., 2011; Lam et al., 2006; Sullivan and Karpen, 2004). 

Acetylated histone modifications typically present in euchromatin are only transiently 

associated with centrochromatin and are thought to be important for new CENP-A 

loading and to maintain a boundary to prevent encroachment of heterochromatin into 

centrochromatin (Molina et al., 2016; Ohzeki et al., 2016; Shang et al., 2016). This unique 
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type of chromatin is termed “centrochromatin” (Sullivan and Karpen, 2004). In humans, 

approximately 35% of a given alpha satellite array is assembled into centrochromatin 

(Bailey et al., 2016; Lam et al., 2006; Mravinac et al., 2009; Sullivan et al., 2011). 

Centromeric chromatin in vertebrates is also unique in the timing of CENP-A 

incorporation. Canonical histones are synthesized and loaded into DNA in S phase, 

following DNA replication, while CENP-A is synthesized in G2 and mitosis and not 

loaded until early G1 phase (Dunleavy et al., 2009; Foltz et al., 2009; Jansen et al., 2007). 

The CENP-A domain provides a foundation for the constitutive centromere-

associated network (CCAN), a complex of 16 proteins present at the centromere 

throughout the cell cycle (Figure 1). One CCAN component, CENP-C, binds both DNA 

and CENP-A to stabilize CENP-A nucleosomes and is required for centromere and 

kinetochore assembly (Carroll et al., 2010; Falk et al., 2015; Kato et al., 2013). The outer 

kinetochore proteins, known as the KMN complex (Knl1, Mis12, Ndc80 complex), serve 

as a bridge between centromeric chromatin and spindle microtubules during metaphase 

and are recruited to the centromere in late S phase and G2 phase (Figure 1) (Musacchio 

and Desai, 2017). Stoichiometric analyses of centromere and kinetochore proteins, as 

well as the interspersion of canonical H3-containing nucleosomes with CENP-A 

containing nucleosomes, have led to the hypothesis that higher order, three-dimensional 

folding of centromeric chromatin is involved in centromere and kinetochore function. 

Although the exact architecture is unknown, most predictions suggest that CENP-A 
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nucleosomes cluster together on the outer surface of the chromosome to facilitate 

kinetochore assembly oriented toward the spindle poles (Blower et al., 2002; Marshall et 

al., 2008; Ribeiro et al., 2010). 

Figure 1: Structure of the centromere, pericentromere, and kinetochore. 

The centromere of most organisms is built upon repetitive DNA and includes the core 

centromere, containing histone H3 variant CENP-A nucleosomes interspersed with 

H3K4me2 and H3K36me2 modified histones, the DNA-binding protein, CENP-B, and 

the CCAN (a set of 16 proteins constitutively associated with the centromere: CENP-C, 

H, I, K, L, M, N, O, P, Q, R, S, T, U, W, X), as well as the flanking pericentromere, 

containing heterochromatic histone modifications. The kinetochore assembles on the 

core centromere domain and includes the KNM complex, which directly attaches to 

spindle microtubules. 
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1.1.2 Pericentromeric chromatin  

Pericentric heterochromatin lies adjacent to centrochromatin and is enriched for 

heterochromatic histone modifications such as H3K9me2, H3K9me3, and H3K27me3  

and chromatin modifiers, including SUV39H and HP1 (Lam et al., 2006; Ohzeki et al., 

2016). SUV39H1 and SUV39H2 are histone lysine methyltransferases and are conserved 

components of heterochromatin that are important regulators of constitutively silent 

chromatin (Aagaard et al., 1999; Aagaard et al., 2000; Peters et al., 2003; Peters et al., 

2001; Rea et al., 2000). SUV39H enzymes catalyze the addition of methyl groups to lysine 

9 in histone 3 to form H3K9me2 and H3K9me3. These modified histones serve as 

binding sites for HP1, that oligomerizes to perpetuate nucleosome chromatin 

condensation and transcriptional repression (Bannister et al., 2001; Canzio et al., 2011; 

Lachner et al., 2001). Once established, heterochromatin is involved in the direct 

recruitment of cohesin to maintain sister chromatid cohesion until separation in 

anaphase (Bernard et al., 2001; Nonaka et al., 2002). In some organisms, boundaries 

between pericentric heterochromatin and centrochromatin are defined by specific 

sequences, such as tRNA genes in fission yeast, that prevent heterochromatin spreading 

into the core centromere region (Gaither et al., 2014; Partridge et al., 2000; Scott et al., 

2007). However, in most vertebrates, including humans, how these boundaries are 

demarcated is less clear.  
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1.1.3 Centromere specification 

Other than the ~125 bp CDE elements of budding yeast point centromeres 

(Bloom and Carbon, 1982; Fitzgerald-Hayes et al., 1982), no DNA sequence has been 

identified as both necessary and sufficient for centromere formation, suggesting that 

most metazoan centromeres are instead specified epigenetically. For instance, although 

centromeres normally form on alpha satellite DNA in human cells, the existence of 

neocentromeres, ectopic centromeres assembled on chromosome arms devoid of alpha 

satellite, such as mardel(10) and PDNC4, suggests that alpha satellite sequence is not 

required for centromere function (Amor et al., 2004; Lo et al., 2001). Additionally, human 

dicentric chromosomes formed by chromosome fusion containing two alpha satellite 

arrays can epigenetically inactivate one of the two arrays to preserve chromosome 

stability (Earnshaw and Migeon, 1985; Sullivan and Schwartz, 1995). More than half of 

human chromosomes contain more than one alpha satellite array, yet the centromere 

forms on only one of these arrays, indicating that additional epigenetic cues are required 

to establish centromere identity (Maloney et al., 2012). Furthermore, the finding that in 

some mammals the CENP-A domain assembles on only a portion of the repetitive 

domain suggests that epigenetic mechanisms specify centromere location (Bailey et al., 

2016; Iwata-Otsubo et al., 2017; Lam et al., 2006; Mravinac et al., 2009; Sullivan et al., 

2011).  
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Once established, centromere location appears to be restricted and maintained, at 

least partially, by a self-templating mechanism. At the end of mitosis, the Mis18 complex 

is recruited to the centromere via Plk1 licensing (Fujita et al., 2007; Hayashi et al., 2004; 

Maddox et al., 2007; McKinley and Cheeseman, 2014). The Mis18 complex, along with 

preexisting CENP-C and the CENP-A targeting domain (CATD) region of CENP-A, 

direct loading of new CENP-A via its chaperone Holliday Junction Recognition Protein 

(HJURP) (Dunleavy et al., 2009; Fachinetti et al., 2013; Foltz et al., 2009; French et al., 

2017). Newly incorporated CENP-A is loaded in an oscillating pattern adjacent to CENP-

A loaded in the previous cell cycle to spatially maintain the CENP-A domain (Ross et al., 

2016). After incorporation into centromeric chromatin, the carboxy tail of CENP-A 

recruits CENP-C and the amino tail stabilizes CENP-B to drive CCAN and kinetochore 

nucleation (Fachinetti et al., 2013). 

1.2 Alpha satellite DNA 

Alpha satellite DNA is associated with the primary constriction of mitotic 

chromosomes and underlies human centromeres. It is the most common satellite in the 

human genome, making up 5% of the total genomic material (Choo et al., 1989; Willard, 

1985).  

1.2.1 Alpha satellite DNA organization  

Alpha satellite DNA is composed of 171 bp monomers found in two forms in the 

human karyotype: as higher-order repeat units (HORs) or as disordered monomers 
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(Alexandrov et al., 1993b; Rudd et al., 2003b; Waye and Willard, 1987; Wevrick et al., 

1992; Willard, 1985). HORs contain a canonical number (ranging from 2 to 34) of 171 bp 

monomers arranged head-to-tail and are operationally defined by restriction enzyme cut 

sites that define the beginning of the first monomer of a HOR and the end of the last 

monomer of a HOR. The individual monomers in a HOR are typically 50-70% divergent 

on the sequence level (Waye and Willard, 1987). The HOR is itself repeated across 

multiple megabases to form a large, homogeneous alpha satellite array (Figure 2). The 

HORs that comprise an alpha satellite array generally vary from each other very little 

and share 97-100% sequence identity (Durfy and Willard, 1989). In contrast, monomeric 

alpha satellite does not have an overarching organizational pattern and consists of alpha 

satellite monomers arranged head-to-head, head-to-tail, and tail-to-tail (Wevrick et al., 

1992). This type of alpha satellite is generally found neighboring alpha satellite arrays 

and is commonly commingled with other types of repetitive DNA (Kim et al., 2009; 

Schueler et al., 2001; Trowell et al., 1993). Some monomers contain a 17 bp consensus 

sequence termed the CENP-B box (Masumoto et al., 1989). At least one CENP-B box-

containing monomer is found in the alpha satellite DNA of every chromosome except 

Homo sapiens chromosome (HSA) Y (Haaf and Ward, 1994; Ikeno et al., 1994; Muro et al., 

1992). The CENP-B box binds CENP-B protein, which in turn binds both CENP-A and 

CENP-C and aids in CENP-C maintenance (Fachinetti et al., 2015; Masumoto et al., 

1989).  
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Alpha satellite DNA is found at the centromeric region of every chromosome, 

however monomer sequence and overall HOR length vary from one array to the next, 

such that most alpha satellite arrays are chromosome-specific (Figure 2) (Manuelidis, 

1978; Willard, 1985). Exceptions to the chromosome-specificity of alpha satellite arrays 

are seen within two pairs of chromosomes: HSA13 and HSA21 share the same alpha 

satellite sequence, as do HSA14 and HSA22 (Devilee et al., 1986; Jorgensen et al., 1988; 

Trowell et al., 1993). Further, a single chromosome can contain more than one distinct 

alpha satellite array (Choo et al., 1990b; Pironon et al., 2010; Trowell et al., 1993; Vissel 

and Choo, 1992; Waye et al., 1987b; Wevrick and Willard, 1991). Unique arrays are 

distinguished from each other and designated by the following naming conventions: D 

(indicating DNA); 1-22, X, or Y (indicating chromosomal location), Z (indicating 

repetitive sequence), and sequential number (indicating the order of naming) (Wain et 

al., 2002). Thus, DXZ1 indicates the first named repetitive DNA segment on HSAX, 

while D1Z7 indicates the seventh named repetitive DNA segment on HSA1. These two 

arrays differ from each other not only in chromosomal location, but also in monomer 

sequence and HOR size. For example, the DXZ1 array is composed of HORs containing 

twelve 171 bp monomers (12-mers) (Waye and Willard, 1985), while the D1Z7 array is 

composed of HORs containing two 171 bp monomers (dimers) (Figure 2B) (Finelli et al., 

1996).  
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Figure 2: Alpha satellite DNA organization. 

(A) Schematic of the human centromere region. The CENP-A domain contains CENP-A 

and euchromatic H3 nucleosomes and is the site of kinetochore assembly. Flanking 

pericentromeric heterochromatin is enriched for H3K9 and K27 methylation. The CENP-

A domain and pericentromere domain both assemble on alpha satellite DNA, a 171 bp 

monomer (open red arrows) tandemly arranged into HORs (large red-filled arrows) that 

are extensively reiterated. HOR alpha satellite DNA is flanked by monomeric alpha 

satellite DNA that lacks organization and directionality (blue rectangles). (B) A set 

number of monomers in a HOR confers chromosome specificity so that alpha satellite 

DNA at each centromere is distinct. The D1Z7 array on HSA1 is composed of 342 bp 

dimer (2-mer, each monomer represented by a white arrow) HORs (green-filled arrows). 

The DXZ1 array on HSAX is composed of 2 kb 12-mer HORs (orange-filled arrows). The 

DYZ3 array on HSAY is composed of a 5.8 kb 34-mer HOR (purple-filled arrows).  
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1.2.2 Multi-array chromosomes 

Over half of all human chromosomes contain more than one distinct alpha 

satellite array (Choo et al., 1990b; Rosenbloom et al., 2015; Shepelev et al., 2015; Slee et 

al., 2011; Wevrick and Willard, 1991) and, in some cases, more than one array on a single 

chromosome can be competent for centromere formation (Aldrup-MacDonald et al., 

2016; Maloney et al., 2012; McNulty et al., 2017; Pironon et al., 2010). Alpha satellite 

arrays on the same chromosome can vary from each other in HOR size and monomer 

sequence and are adjacent with little to no intervening sequence. Termed “epialleles”, 

two of the arrays on HSA17, D17Z1 and D17Z1-B, can support centromere formation 

(Maloney et al., 2012). CENP-A forms on either the D17Z1 or the D17Z1-B array, while 

the centromere-null array is associated with heterochromatic histone modifications and 

likely adopts a pericentric role in centromere function (Figure 3A). A third array, D17Z1-

C, has been identified but has not yet been found to support centromere formation 

(Shepelev et al., 2009). In ~70% of individuals the centromere is assembled on the D17Z1 

array on both HSA17 homologs (functionally homozygous), while in the remaining 

~30% of individuals the centromere assembles on the D17Z1 array on one HSA17 and on 

the D17Z1-B array on the second HSA17 (functionally heterozygous) (Figure 3B) 

(Maloney et al., 2012). No individuals that are functionally homozygous for centromere 

assembly on D17Z1-B have been identified. It is unclear how centromere location on 

multi-array chromosomes is determined, but centromere position on D17Z1 or D17Z1-B 
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is stable through meiosis (Maloney et al., 2012), possibly suggesting that deterministic, 

rather than stochastic, factors dictate centromere location.  

 

Figure 3: Multi-array chromosomes can contain more than one centromere-
competent array. 

(A) Schematic of alpha satellite arrays on HSA17. Three distinct arrays are present on 

HSA17: D17Z1 (red arrows), D17Z1-B (green arrows), and D17Z1-C (peach arrows). The 

CENP-A domain (blue and green spheres) and centromere/kinetochore can form either 

on D17Z1 or D17Z1-B, while the neighboring arrays are associated with heterochromatic 

histone modifications (purple spheres). The D17Z1 and D17Z1-B arrays share 92% 

sequence identity. (B) Schematic of epiallele frequency in the population. The majority of 

individuals (~70%) are functionally homozygous for centromere formation at D17Z1 on 

both HSA17 homologs (H1 and H2). The remainder of the population is functionally 

heterozygous for centromere formation, with the centromere formed at D17Z1 on one 
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homolog and at D17Z1-B on the second homolog. No individuals that are functionally 

homozygous for centromere formation at D17Z1-B have been identified.  

 

1.2.3 Alpha satellite genomic variation  

Alpha satellite sequence varies from chromosome to chromosome, as discussed 

above, but there is also extensive size and sequence variation among the population 

when comparing a single array. Both size variation of an individual array and variation 

in the HOR sequence is common between individuals and between homologs. Size 

variation is determined by the number of HORs in a given array, as the number of times 

an individual HOR is reiterated can range from hundreds to thousands (Figure 4) 

(Wevrick and Willard, 1989). For example, the DXZ1 alpha satellite array can range from 

1.5 Mb (~750 HORs) to 4.2 Mb (~2100 HORs) (Figure 4A), while the D17Z1 alpha satellite 

array can range from 2.6 Mb (~960 HORs) to 4.3 Mb (~1600 HORs) (Aldrup-MacDonald 

et al., 2016; Mahtani and Willard, 1990; Sullivan et al., 2011). The range of array sizes 

observed between homologs may be attributed to unequal crossing over (Warburton et 

al., 1993).  
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Figure 4: Schematic of alpha satellite array size variation. 

(A) Total DXZ1 array sizes in different individuals range from 1.5-4.2 Mb (~750-2100 

HORs). (B) Total D17Z1 array sizes in different individuals range from 2.6-4.3 Mb (~960-

1600 HORs). 

 

Sequence variation observed in alpha satellite arrays includes both monomeric 

deletions and single nucleotide polymorphisms (SNPs) and is well-characterized within 

the D17Z1 array compared to other alpha satellite arrays (Alexandrov et al., 1993a; Choo 

et al., 1990b; Durfy and Willard, 1987; Ge et al., 1992; Waye et al., 1987c). “Wild type” 

D17Z1 arrays, known as Haplotype I, are composed predominantly of canonical 16-mer 

HORs, as well as some 15-mer HORs (generated by the deletion of a single monomer) 

and some 14-mer HORS (generated by the deletion of two monomers) and are found in 

~65% of the population (Figure 5A) (Waye and Willard, 1986b; Willard et al., 1986). 
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Haplotype II is considered the variant haplotype and is composed predominately of 13-

mer HORs (generated by the deletion of three monomers), as well as 12-mer HORs 

(generated by the deletion of four monomers), 14-mers, 15-mers, and 16-mers and is 

found in ~35% of the population (Figure 5B) (Warburton and Willard, 1995; Waye and 

Willard, 1986a). Thus, the presence of 12- and 13-mer HORs distinguishes variant 

Haplotype II D17Z1 arrays from wild type Haplotype I D17Z1 arrays. These HOR size 

variants are most likely the result of deletions caused by unequal exchange (Warburton 

et al., 1993; Waye and Willard, 1986a; Waye and Willard, 1986b). In addition to deletions 

of one to four monomers, D17Z1 HORs also contain sequence variation in the form of 

SNPs. The most well-studied are those that introduce novel restriction enzyme cut sites. 

For example, a SNP in monomer 5 generates a DraI restriction site in linkage 

disequilibrium with 13-mers and a SNP in monomer 13 generates an EcoRI restriction 

site, also in moderate linkage disequilibrium with 13-mers (Figure 5) (Warburton et al., 

1991). 
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Figure 5: Schematic of D17Z1 HOR sequence variation. 

(A) Wild type D17Z1 Haplotype I arrays consist of 16-mer, 15-mer (single monomer 

deletion), and 14-mer (double monomer deletion) HORs. SNPs in monomers 5 and 13 

introduce DraI and EcoRI restriction sites, respectively. (B) Variant D17Z1 Haplotype II 

arrays consist of 16-mer, 15-mer, 14-mer, 13-mer (three monomer deletion), and 12-mer 

(four monomer deletion) HORs. The proportion of 13- and 12-mers in a Haplotype II 

array varies and can comprise between 60-98% of the array.  

 

1.2.4 Functional consequences of alpha satellite genomic variation  

Variation in alpha satellite is linked to chromosome instability and reduced 

centromere protein levels (Aldrup-MacDonald et al., 2016). Centromeres assembled on 

wild type Haplotype I D17Z1 arrays exhibit high chromosome stability in a human-

mouse somatic cell hybrid background (Figure 6A). However, as D17Z1 variation 
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increases, HSA17 chromosome stability decreases, possibly due to the observed 

reduction in CENP-A and CENP-C levels compared to other centromeres (Figure 6B). 

Alternatively, if the centromere is assembled on the D17Z1-B array, variation in D17Z1 

does not appear to affect chromosome stability or the amount of CENPs recruited to 

D17Z1-B (Figure 6C). Thus, centromere placement on an epiallele chromosome 

containing alpha satellite variation can have functional repercussions in overall 

chromosome stability (Aldrup-MacDonald et al., 2016). The mechanism for this 

instability has not yet been elucidated, but a potential factor is the overall organization 

of the variant HORs that may alter the ability of centromere proteins to be recruited 

and/or retained. Another possibility is that alterations in the noncoding RNAs, which 

are important for centromere function (see Section 1.3: “Centromeric transcription and 

noncoding RNAs involved in centromere function”), produced from variant alpha 

satellite arrays may be less stable or less effective in centromere protein recruitment or 

maintenance. 
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Figure 6: Effect of D17Z1 array variation on chromosome stability and centromere 

location. 

(A) HSA17s containing an active (centromere- and kinetochore-forming) Haplotype I 

(wild type) D17Z1 array are associated with high chromosome stability in a human-

mouse somatic cell hybrid background. (B) In contrast, HSA17s containing an active 

Haplotype II (variant) D17Z1 array are associated with reduced chromosome stability. 

(C) The chromosome instability associated with centromere formation at a Haplotype II 

D17Z1 array is not seen in HSA17s containing an active (centromere- and kinetochore-

forming) D17Z1-B array and inactive Haplotype II D17Z1 array, as stability of these 

chromosomes is high. 
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1.3 Centromeric transcription and noncoding RNAs involved in 

centromere function 

RNA sits at the intersection of genomics and epigenomics in chromosome 

function and was first considered as a possible player in chromosome segregation in the 

1970s, when electron microscopy identified an RNA component at kinetochores in 

multiple organisms (Bielek, 1978; Brinkley and Stubblefield, 1970; Rieder, 1979). Since 

these initial discoveries, transcription of centromeric and pericentromeric sequences to 

produce various RNA species has emerged in many different organisms as one way to 

ensure centromere and pericentromere assembly and maintenance through recruitment 

of histone modifying enzymes and proteins that read and interpret epigenetic 

signatures.  

1.3.1 Implication of noncoding RNAs in centromere and pericentromere 
structure and function 

The first studies investigating transcription within and proximal to the 

centromere were conducted in the model organism S. cerevisiae and defined the classical 

view of the incompatibility of robust transcription and centromere maintenance 

(Chlebowicz-Sledziewska and Sledziewski, 1985; Hill and Bloom, 1987). In a key 

experiment, the strong, inducible GAL1 promoter was placed upstream of the CEN 

sequence and utilized to induce transcription through the centromere of budding yeast, 

resulting in chromosome instability and loss (Hill and Bloom, 1987). This observation 

suggested that strong transcription through a functional centromere is not well 
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tolerated. While strong transcription through the centromere of both yeast and 

metazoan chromosomes is not compatible with centromere function (Hill and Bloom, 

1987; Kang et al., 2016; Nakano et al., 2008), the centromeres of these organisms also 

appear to require lower levels of transcription in order to remain functional (Bergmann 

et al., 2012; Bergmann et al., 2011; Ohkuni and Kitagawa, 2011). These findings have led 

to the proposal that active centromeres in most organisms depend on the establishment 

of a “balance of transcriptional activity” (Bergmann et al., 2012).  

Supporting the functional studies of directly altered transcription levels, careful 

analyses of the chromatin composition of centromeres argued for transcription at the 

centromere. Despite the perception that eukaryotic centromeres are heterochromatic and 

transcriptionally silent, an in-depth study of the chromatin environment of the 

centromeres in Drosophila melanogaster and humans revealed the presence of 

euchromatic H3K4me2 marks, a hallmark of transcriptionally permissive DNA (Lam et 

al., 2006; Sullivan and Karpen, 2004). These studies, combined with experiments on 

human neocentromeres (Saffery et al., 2003) and human artificial chromosomes 

(Bergmann et al., 2011), demonstrated that centromeric chromatin is accessible to 

transcriptional machinery. Additional studies in yeast, plants, and metazoans have 

uncovered the great diversity of transcripts emanating from and associated with the 

centromere and are beginning to shed light on their wide range of functions.  
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1.3.2 Noncoding RNAs involved in centromere and pericentromere 
function in diverse organisms 

1.3.2.1 Fission yeast 

Initial endeavors to characterize the sequence of the S. pombe centromere region 

also sought to identify centromeric RNA transcripts in this species. Transcripts 

containing the repetitive sequences of the fission yeast centromere were not detected in 

these early experiments, further propagating the idea that centromeres are embedded in 

constitutive heterochromatin and inaccessible to transcription (Fishel et al., 1988). RNAs 

emanating from the centromere region of fission yeast were not discovered until 2002, 

when strains containing mutations in the RNA interference (RNAi) machinery were 

found to accumulate transcripts derived from the pericentromeric outermost repeat 

region (otr) in high levels (Volpe et al., 2002). These mutants also showed loss of H3K9 

methylation and defects in chromosome segregation, leading to the first demonstration 

that pericentromeric transcription contributes to centromere function via the RNAi 

pathway (Volpe et al., 2003; Volpe et al., 2002). In this pathway, small interfering RNAs 

(siRNAs) transcribed from the otr by RNA polymerase II (RNAP II) (Kato et al., 2005) 

contribute to chromatin modification by promoting the formation of heterochromatin in 

the pericentromere region (Volpe et al., 2003). The otr RNAs localize the RNA-induced 

transcriptional silencing complex (RITS complex) to the pericentromere, where it acts as 

an effector domain to induce heterochromatin formation and silencing via histone-

modifying enzymes such as Clr4 (Figure 7A) (Nakayama et al., 2001; Verdel et al., 2004). 
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The formation of heterochromatin via the RNAi pathway is also required for the 

initial deposition of CENP-ACnp1 within the core centromere domain. Interruption of the 

RNAi pathway (by deletion of chp1 or dcr1, the genes encoding two key components of 

the RNAi pathway, Chp1 and Dicer) or heterochromatin formation (by the deletion of 

swi6, the yeast HP1 homologue encoding a component of pericentromeric 

heterochromatin) disrupts the assembly of CENP-ACnp1 (Folco et al., 2008). Once 

heterochromatin is established, CENP-ACnp1 deposition can occur. After the  CENP-ACnp1 

domain is assembled, however, RNAi-dependent heterochromatin formation is no 

longer required for the stable maintenance of CENP-ACnp1. 

Transcription within the central domain of S. pombe centromeres has also been 

investigated. In addition to transcribing pericentromeric DNA, RNAP II has been 

implicated in the generation of a second set of noncoding RNAs originating from the 

CENP-ACnp1 chromatin domain, likely at a much lower level than observed at the 

pericentromere (Choi et al., 2011). Specific sequences within the central domain DNA 

appear to be important for promoting RNAP II transcription, as well as stalling the 

passage of the polymerase, leading to a low level of “low quality” transcription through 

the central domain (Catania et al., 2015). These studies suggest that the act of 

transcription through the centromere may be a mechanism for nucleosome turnover to 

promote the removal of canonical H3-containing nucleosomes and the deposition of 
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CENP-ACnp1 and also indicate that features of the underlying sequence are crucial for 

centromere establishment (Figure 7A) (Catania et al., 2015; Choi et al., 2012). 

The act of transcription is also key for demarcating and maintaining the 

boundary between the centromere and pericentromere in S. pombe. RNAP III-dependent 

transcription of tRNA genes located in the innermost repeat region (imr) forms a barrier 

to prevent heterochromatin spreading into the CENP-ACnp1 region (Scott et al., 2006; 

Scott et al., 2007). Together, these data surrounding centromeric transcription in fission 

yeast suggest that both the act of transcription and the transcripts themselves are 

important for proper centromere and pericentromere function.  

1.3.2.2 Maize 

Maize centromeres are composed of intermingled CentC satellite arrays and 

centromeric retrotransposable (CR) elements, both of which are associated with CENP-

ACENH3 (Jin et al., 2004). Noncoding RNAs ranging from 40-900 nt in length emanate from 

both strands of the CentC satellite and CR elements and are physically complexed with 

CENP-ACENH3 (Figure 7B) (Topp et al., 2004). A combination of in vitro and in vivo 

experiments suggest long RNA transcripts stabilize the assembly of CENP-C at the inner 

kinetochore (Du et al., 2010). Biochemical experiments demonstrated that CENP-C binds 

more effectively to DNA in the presence of single-stranded RNA, suggesting that CentC 

and CR transcripts play a role in the targeting and deposition of new CENP-ACENH3 (Du 

et al., 2010). Interestingly, CentC and CR RNA are not exclusively associated with 



 

 25 

CENP-ACENH3, as these transcripts are also physically associated with a modified histone 

present in the maize pericentromere, H3K27me1 (Du et al., 2010). Thus, centromeric 

RNAs may exist in a complex outside of the centromere independently of CENP-ACENH3. 

1.3.2.3 Drosophila 

The uncertainly surrounding the exact repetitive sequence underlying the 

Drosophila centromere has complicated studies of centromeric RNA in this species. 

Satellite III (SAT III), also known as 359 bp satellite, is a main component of the 1.688 

satellite DNA family and is thought to underlie the pericentromere and centromere on 

the D. melanogaster X chromosome (Abad et al., 2000; Hilliker and Appels, 1982; Lohe et 

al., 1993). SAT III RNAs are produced from both the forward and reverse strand (Usakin 

et al., 2007) and localize to the centromere of the X chromosome, as well as near the 

centromere and pericentromere of other mitotic chromosomes (Figure 7C) (Rosic et al., 

2014). SAT III RNAs physically bind CENP-C in vivo and their depletion leads to a 

reduction in CENP-ACID and CENP-C loading, causing chromosome segregation defects 

of multiple chromosomes, not solely the X chromosome. These data suggest that SAT III 

RNAs act in trans to facilitate centromere protein recruitment and normal mitosis 

(Figure 7C). However, a recent study presented data indicating the SAT III RNAs are 

only present in cis, conflicting the idea that centromeric transcripts can act in trans 

(Bobkov et al., 2018). This study also determined that RNAP II localizes to the 

centromere during metaphase and G1 and RNAP II activity is required for CENP-ACID 
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incorporation, but not localization to the centromere (Figure 7C) (Bobkov et al., 2018). 

Because polymerase inhibition used in these experiments to prevent active RNAP II 

transcription also depletes SAT III RNA, it is unclear whether the act of transcription or 

the SAT III transcripts themselves are involved in CENP-ACID incorporation. However, 

these data support previous findings that RNAP II passage is required for de novo 

CENP-ACID deposition on ectopic centromeres (Chen et al., 2015) and suggest that 

centromeric transcription plays a vital role in Drosophila centromere function. 

1.3.2.4 Mouse 

Mouse centromeres contain both minor and major satellite repeats, with the 

CENP-A domain forming on minor satellite and pericentromeric heterochromatin 

forming on major satellite. Minor satellite RNAs range from ~100 nt to 4000 nt and a 120 

nt RNA specifically accumulates during cell stress and differentiation (Bouzinba-Segard 

et al., 2006). Minor satellite RNA is visible in mouse chromocenters and transcript levels 

peak in G2 and mitosis, when RNA is physically associated with proteins in the 

chromosomal passenger complex (CPC), including Aurora B (Figure 7D) (Ferri et al., 

2009). In vitro Aurora B kinase activity increases in the presence of minor satellite RNA. 

Interestingly, ectopic overexpression of this 120 nt minor satellite transcript leads to 

Aurora B mislocalization and mitotic defects (Bouzinba-Segard et al., 2006), while 

Aurora B kinase inhibition significantly reduces minor satellite transcript levels (Mallm 

and Rippe, 2015). 
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An RNA component involved in pericentromere structure has also been 

identified in mouse and was first suggested when RNase treatment was observed to 

alter pericentromere organization and lead to a reduction in exogenous HP1 recruitment 

to the pericentromere (Maison et al., 2002). Both long transcripts and shorter, siRNA-

sized RNAs emanating from major satellite have been observed. In early stages of mouse 

development, pericentric major satellite repeat transcription is upregulated, generating 

strand-specific RNAs that are required for proper developmental progression (Probst et 

al., 2010). The timing of the “burst of transcription” in 2-cell embryos coincides with 

heterochromatin reorganization and chromocenter establishment and is abruptly 

downregulated at the 4-cell stage, suggesting these transcripts may be involved in 

establishing the heterochromatin state at the pericentromeric region. Importantly, these 

transcripts not only localize in cis to pericentric repeats, but also appear to localize to the 

cytoplasm, representing the first description of satellite RNA export outside of the 

nucleus. Long, forward strand major satellite RNAs ~234-470 nt in length are associated 

with HP1 and may serve as a sequence-specific guide to direct establishment of 

pericentromeric heterochromatin (Maison et al., 2011). 

The characterization of larger, non-siRNA centromeric RNAs originating from 

the pericentromeric regions has helped provide a better understanding of the role of the 

process of transcription in the maintenance of the centromeric chromatin environment, 

particularly as it relates to the cell cycle. Major satellite transcripts are produced from 
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both the forward and reverse strand and are heterogeneous in size, ranging from 200 nt 

to more than 7000 nt in length (Lu and Gilbert, 2007; Velazquez Camacho et al., 2017). 

The cell cycle stage also affects the size of the RNA transcribed from the pericentromeric 

major satellite region by RNAP II, with smaller transcripts being more abundant during 

mitosis and larger transcripts dominating from late in G1 phase to mid S phase (Lu and 

Gilbert, 2007). The relationship observed between the differences in RNA transcript 

length and the stage of the cell cycle led the authors to suggest that transcription at the 

pericentromere region may control heterochromatin formation, which must be 

reassembled after genome replication in S phase.  

As described at the fission yeast pericentromere, short RNAs may also be 

involved in heterochromatin formation at mouse major satellite repeats via the RNAi 

pathway. The loss of Dicer, the RNAi pathway nuclease involved in digesting precursor 

RNAs to generate siRNAs, leads to an increase in major satellite RNAs ranging from 25-

150 nt (Kanellopoulou et al., 2005; Murchison et al., 2005). Additionally, pericentromeric 

H3K9me2 and H3K9me3 levels are reduced in Dicer-deficient cells, suggesting that the 

RNAi pathway is involved in maintaining pericentromeric heterochromatin (Figure 7D) 

(Kanellopoulou et al., 2005).   
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Figure 7: Diverse functions of transcription in the centromere region of model 
organisms. 

(A) Schematic of the centromere region of fission yeast, containing a CENP-ACnp1 

domain assembled on innermost repeats (imr) and unique centromere sequence (cnt) 
flanked by pericentric heterochromatin assembled on outermost repeats (otr). ssRNAs 
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transcribed from the otr region are processed into siRNAs which are associated with the 

RITS complex to direct Clr4 to drive heterochromatin formation, while transcription of 

tRNA genes within the imr prevents heterochromatin spreading into the CENP-ACnp1 

domain. Low-level transcription in the imr is required for CENP-ACnp1 incorporation. (B) 

Schematic of the centromere region of maize. The CENP-A domain assembles on 

interspersed blocks of centromeric retrotransposable (CR) elements and CENTC arrays 

and is flanked by pericentric heterochromatin assembled on additional CR elements and 

other transposable elements (TEs). RNAs produced from the CENTC arrays and CR 

elements are physically associated with CENP-ACENH3 and thought to stabilize CENP-C 

at the centromere. (C) Schematic of the Drosophila centromere region. CENP-ACID 

domains assemble on diverse satellite sequences, including the 1.688 satellite family, 

ATTAT satellite, and CTCTT satellite. RNAs derived from the 1.688 satellite family have 

been implicated in CENP-C binding, both in cis and in trans, as well as in CENP-ACID 

loading. (D) Schematic of the centromere region of mouse, containing a CENP-A domain 

assembled on minor satellite and pericentric heterochromatin assembled on major 

satellite. Like fission yeast, siRNAs emanating from major satellite have been implicated 

in an RNAi-based pathway to perpetuate heterochromatin, likely via HP1 recruitment. 

Minor satellite RNAs complex with the chromosomal passenger complex (CPC) and 

Aurora B during G2 and mitosis.  

 

1.3.3 Noncoding RNAs involved in human centromere and kinetochore 
assembly and function 

Active transcription appears to be a general feature of many human satellite 

DNAs, including alpha satellite DNA. In fact, satellite RNAs are abundant in 

mammalian cells and often stably associated with chromatin (Hall et al., 2014). 

However, studying human alpha satellite transcription presents a unique challenge due 

to the structural organization of the centromere. On single alpha satellite array 

chromosomes, such as HSAX, alpha satellite DNA is incorporated into centrochromatin, 

where the kinetochore will form, as well as into pericentric heterochromatin. As a result, 

studies of bulk alpha satellite RNA are unable to determine the chromatin domain from 

which the RNA originated (centromere or pericentromere), underscoring the need to 
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incorporate protein-association information when analyzing alpha satellite DNA and 

RNA. Moreover, the existence of multiple distinct arrays on a single chromosome (see 

Section 1.2.2:“Multi-array chromosomes”) further complicates the study of the role of 

alpha satellite DNA in centromere and pericentromere function. 

In general, alpha satellite transcripts have been described in many human cell 

types, although reports of localization, length, binding partners, and function have 

varied (Chan et al., 2012; Ideue et al., 2014; Liu et al., 2015; Quenet and Dalal, 2014; 

Wong et al., 2007). Initial reports of alpha satellite RNA localization suggested that 

transcripts were confined to the nucleolus until their relocalization to the centromere at 

the onset of mitosis via CENP-C (Wong et al., 2007). Alpha satellite has also been 

reported to localize to centromeres in both interphase and metaphase (Ideue et al., 2014; 

Quenet and Dalal, 2014), colocalizing with key centromere proteins, like CENP-A. 

Perhaps the most uncertain characteristic of alpha satellite RNA is its binding 

partners and overall function at the centromere. Research in human cell lines has 

identified transcription at the centromere region to produce transcripts that may play a 

role in kinetochore assembly during mitosis. Alpha satellite RNA transcripts have been 

shown to accumulate in the nucleolus during interphase, where it is likely involved in 

sequestering the inner centromere protein CENP-C and the inner kinetochore protein 

INCENP, as RNase treatment at this stage disrupts the localization of these two proteins 

to the nucleolus (Wong et al., 2007). Once the cell enters metaphase, CENP-C and 
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INCENP become localized to the centromere for kinetochore assembly (Figure 8A). In 

addition to being transcribed during interphase, human alpha satellite RNA 

transcription during mitosis has also been discovered to stabilize CENP-C at the 

centromere (Chan et al., 2012).  

Additionally, two proteins, Aurora B and Sgo1, directly involved in the 

progression of cell division via dynamic coordination of spindle microtubule attachment 

and sister chromatid separation, respectively, appear to be regulated by alpha satellite 

transcription and alpha satellite RNA (Ideue et al., 2014; Liu et al., 2015). The act of 

RNAP II transcription is required to localize Sgo1 from the outer kinetochore to the 

inner centromere (Figure 8B) (Liu et al., 2015). The RNAP II-dependent relocalization of 

Sgo1 is necessary for full centromeric cohesion. Alpha satellite RNA itself directly 

associates with Aurora B and alpha satellite RNA depletion leads to abnormal cell shape 

and errors in cell division (Ideue et al., 2014). Similar results were observed after both 

minor and major satellite depletion in mouse cells. These studies suggested that alpha 

satellite transcription and RNA in general are required for proper cell function, but were 

unable to discriminate between the effects of loss of centromeric RNAs versus 

pericentromeric RNAs or to demonstrate specific changes in centromere protein 

recruitment.  

Alpha satellite RNAs have also been identified in prenucleosomal complexes 

containing CENP-A and HJURP prior to association with centromeric chromatin 
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(Quenet and Dalal, 2014). Active RNAP II was found to be associated with chromatin 

fibers specifically in early G1, when CENP-A is loaded into chromatin, and to be 

required for CENP-A and HJURP targeting (Figure 8C). Prior to assembly into 

chromatin, CENP-A and HJURP bind a 1.3 kb alpha satellite transcript. Fragments of 

this sequence colocalize with half of the CENP-A signals visible on chromatin fibers, 

possibly suggesting that only some centromeres produce the alpha satellite RNA used to 

recruit new CENP-A. Given the sequence-specific nature of alpha satellite arrays, it is 

unlikely that 50% of centromeres contain an identical 1.3 kb sequence that could give 

rise to this transcript, raising the question of whether these transcripts are able to act in 

trans to guide CENP-A to other centromeres. Additionally, the transcripts produced by 

RNAP II that is present at other centromeres have not yet been described. Depletion of 

general alpha satellite RNA using an shRNA to previously published alpha satellite 

consensus sequences (Waye and Willard, 1987) led to mitotic defects and reduced 

CENP-A loading.  

Evidence from a neocentromere, an ectopic centromere assembled away from 

alpha satellite, also suggests transcription is associated with centromere function. The 

marker chromosome mardel(10) contains a neocentromere assembled on non-alpha 

satellite DNA containing L1 retrotransposons (Chueh et al., 2005). The L1 elements are 

actively transcribed and the resulting transcripts physically interact with CENP-A  
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(Chueh et al., 2009). Depletion of the L1 transcripts leads to centromere protein loss and 

mardel(10) instability (Chueh et al., 2009).  

Together, these studies provide compelling evidence that centromeric 

transcription and the resulting RNAs are involved in centromere function. However, 

many fundamental questions regarding the role of centromeric transcription remain. Do 

the multiple binding partners identified associate with different pools of RNAs? How 

similar are alpha satellite RNAs on a sequence level? Is the sequence of these transcripts 

important for their function? Can alpha satellite RNAs move between different 

chromosomes? Are alpha satellite RNAs continually produced throughout the cell cycle? 

How stable are alpha satellite RNAs after production and does their association with 

proteins influence their stability? 
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Figure 8: Proposed roles for alpha satellite transcription and RNA in human 
centromere function. 

(A) Alpha satellite RNA has been reported to accumulate in the nucleolus during 

interphase to sequester CENP-C and INCENP until their localization to the centromere 

during mitosis (Wong et al., 2007). (B) The act of RNAP II transcription of alpha satellite 

leads to Sgo1 relocalization from the outer kinetochore to the inner centromere (Liu et 

al., 2015). (C) Early G1 transcription of alpha satellite may produce RNAs that associate 

with the CENP-A/histone 4 heterodimer and the chaperone HJURP to aid in CENP-A 

loading (Quenet and Dalal, 2014). 
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1.3.4 Insights into human centromeric transcription from artificial 
chromosomes  

Human artificial chromosomes (HACs) are autonomous chromosomes artificially 

generated by introduction of large blocks (100-1000 kb) of cloned or synthetic alpha 

satellite sequences retrofitted onto linear yeast artificial chromosome (YAC) or circular 

bacterial artificial chromosome (BAC) vectors into a human cell line (Harrington et al., 

1997; Ikeno et al., 1998; Masumoto et al., 1998; Rudd et al., 2003a; Schueler et al., 2001). 

HACs containing alpha satellite DNA were originally created to define the sequences 

required for centromere assembly and have been shown to recruit centromere proteins 

and be continuously stable for over 6 months. The centromere region of HACs adopts a 

chromatin environment similar to that observed at endogenous human chromosomes, 

containing a core centromere domain, defined by the presence of CENP-A and 

interspersed histone H3K4me2, flanked by a pericentromere domain characterized by 

the presence of H3K9me2 and H3K9me3, markers of heterochromatin (Figure 9A) 

(Grimes et al., 2004; Lam et al., 2006). Although the assembly method of synthetic alpha 

satellite arrays introduces non-centromeric sequence, such as vector sequences and 

selectable markers, centrochromatin is able to form on these sequences, forming a 

continuous CENP-A domain (Figure 9A) (Lam et al., 2006; Moralli et al., 2013).  

 Subsequent 2nd and 3rd generation HACs have been created that contain alpha 

satellite in addition to tetracycline operator (tetO) or lac operon (lacO) sequences 

(Kononenko et al., 2013; Lee et al., 2013; Nakano et al., 2008; Tsuduki et al., 2006). The 
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tetO and lacO sequences are bound with high affinity by the tet repressor (tetR) and lac 

repressor (lacI), respectively, that can be fused to different proteins to manipulate the 

chromatin environment of the HAC to investigate the role of transcription in centromere 

function. Studies of HAC chromatin and transcriptional competency suggest that 

transcription is required for centromere function and the level of transcription is finely 

tuned. Transcription is thought to occur at relatively low levels on alphoidtetO sequences, 

however more robust transcription of non-alpha satellite sequences, such as resistance 

genes used in HAC creation, embedded in centrochromatin has also been observed in 

HACs (Lam et al., 2006; Nakano et al., 2008). Transcription occurs largely within the 

centrochromatin domain of HACs rather than the flanking alphoidtetO sequences (Molina 

et al., 2016).  

Tet-repressor-mediated tethering of chromatin modifying enzymes, such as 

SUV39H1, to tetO-containing HAC centromeres has demonstrated that the introduction 

of heterochromatic marks to alpha satellite DNA previously assembled in 

centrochromatin is not compatible with alpha satellite transcription or centromere 

maintenance (Ohzeki et al., 2012). Similarly, driving the KRAB repressor domain or its 

downstream effector KAP1 to HAC centromeres leads to reduced transcription and 

increased H3K9me3 levels at the centromere, as well as centromere protein loss and 

inactivation (Figure 9B) (Cardinale et al., 2009; Nakano et al., 2008). Further, H3K4me2-

specific histone demethylase (LSD1) tethering to the HAC centromere causes a loss of 
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transcription and CENP-A incorporation, ultimately causing centromere inactivation 

(Bergmann et al., 2011). Together, these studies suggest that HAC centromere function 

and maintenance relies on transcriptional activity within centrochromatin. Importantly, 

excessive alpha satellite transcription at HAC centromeres also has detrimental effects 

on centromere maintenance. Tet-mediated tethering of the transcriptional activator VP16 

increases HAC transcription 150-fold and leads to a reduction in CENP-A, an increase in 

H3K9ac levels, and eventual kinetochore inactivation and HAC loss (Figure 9C) 

(Bergmann et al., 2012; Nakano et al., 2008). More moderate increases (10-fold) in the 

level of transcription induced by NF-κB p65 are compatible with continued centromere 

function, suggesting that some variation in transcription levels can be tolerated 

(Bergmann et al., 2012). Interestingly, transcription alone is not sufficient to maintain 

HAC centromere function. H3K4me2 and H3K9ac marks are specifically required for 

centromere maintenance and heterochromatin antagonization and cannot be substituted 

with H4K12ac (Molina et al., 2016). 
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Figure 9: Human artificial chromosomes: tools to study the effects of transcription at 
functional centromeres. 

(A) The chromatin state of the core domain of unaltered HACs is characterized by the 

presence of CENP-A, H3K4me2, and H3K36me2, as well as a low level of transcription. 

(B) Targeting of a KRAB transcriptional repressor to alphoid DNA leads to a loss of 

transcription and H3K9me3 incorporation, inducing a more heterochromatic state and 

leading to CENP-A loss and centromere inactivation. (C) Targeting of a tetR-VP16 fusion 

protein to alphoid DNA to activate transcription increases transcription through the 

region and leads to the incorporation of H3K9ac, loss of CENP-A, and HAC 

destabilization.  

 

1.4 Research objectives 

Centromere identity has largely been considered to be defined and maintained 

by epigenetic mechanisms independent of the alpha satellite DNA underlying the 

centromere region. However, recent evidence suggests an interplay between both alpha 

satellite genomics and epigenomic processes may be important in the specification and 
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function of this vital locus, particularly in terms of genomic variation in the underlying 

alpha satellite DNA and the noncoding RNAs produced from this region. Given that the 

nature and function of alpha satellite transcripts are largely unknown, the objective of 

this research was to first functionally characterize the role of alpha satellite RNAs using 

human chromosomes that contain multiple alpha satellite arrays competent for 

centromere formation as a tool to understand how alpha satellite transcription 

contributes to centromere function versus pericentromere function. We also sought to 

link genomic variation in alpha satellite to changes in alpha satellite RNA and 

characterize the long-range organization of variation to determine how variation 

impacts centromere function. We investigated these open questions in alpha satellite 

biology through the completion of the following three aims: (1) characterize the 

transcriptional profile of active and inactive alpha satellite arrays; (2) identify the 

function of transcripts emanating from active and inactive alpha satellite arrays; (3) 

investigate the effect of the presence and spatial organization of genomic variation on 

alpha satellite transcripts and chromosome stability. 
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2. Characteristics of noncoding alpha satellite RNAs 

This research chapter is based in part on a research article published by Shannon M. McNulty, 

Lori L. Sullivan, and Beth A. Sullivan in the journal Developmental Cell in 2017 (McNulty et 

al., 2017). 

Alpha satellite DNA transcription has been observed in multiple cell types and 

appears to be important for centromere function (Chan et al., 2012; Ideue et al., 2014; Liu 

et al., 2015; Quenet and Dalal, 2014; Wong et al., 2007). However, the characteristics of 

the resulting RNAs are not well understood. Previous studies of human centromeric 

transcription took a general approach to identify transcripts without accounting for 

chromosome-specific alpha satellite arrays or the presence of active and inactive alpha 

satellite arrays on the same chromosome. Moreover, it is not known if active and 

inactive arrays on normal, endogenous chromosomes exhibit different transcriptional 

activities. Here, we address the identity of alpha satellite transcripts in the context of 

chromosome-specific alpha satellite arrays and centromeric epialleles and characterize 

the localization, size, and stability of these RNAs. 

2.1 Alpha satellite RNA is present at all human centromeres  

Preliminary experiments in the Sullivan laboratory had suggested that RNAs are 

produced from most arrays. cDNA probes were generated by amplification of total RNA 

isolated from unsynchronized RPE1 and HTD cells using degenerate alpha satellite 

primers and hybridized to metaphase chromosomes in DNA FISH to map the 
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chromosomal origin of the alpha satellite transcripts. In addition to hybridizing to nearly 

all centromeres, these probes produced a markedly high signal at two particular 

centromeres in RPE1 cells, those of HSA2 and HSA20 (Figure 10A, experiment and 

image by Kaitlin Stimpson Woodlief). Similar patterns of uneven centromeric transcript 

expression were also noted in HTD cells. The observation that alpha satellite RNA is 

present at most centromeres was further supported by my RNA FISH experiments using 

a probe specific to the CENP-B box, a 17 base pair consensus sequence found in all alpha 

satellite HORs, except the HSAY alpha satellite array (Masumoto et al., 1989; Muro et al., 

1992). CENP-B box-containing RNA was visible at the constriction point of all 

metaphase chromosomes except, as expected, HSAY (Figure 10B). CENP-B box-

containing RNA was also present in foci in interphase nuclei (Figure 10C). RNA signals 

were determined to represent only single-stranded RNA by treating cells with RNase A 

and RNase T1 before fixation and hybridization, thereby abolishing the RNA FISH 

signal (Figure 10C’). Together, these data suggest that alpha satellite transcription is a 

general feature of alpha satellite DNA and that alpha satellite RNAs are present at all 

centromeres throughout the cell cycle. 
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Figure 10: Alpha satellite RNA is present at the restriction point of most metaphase 
chromosomes and in discrete foci in interphase nuclei. 

(A) Localization of RPE1 degenerate alpha satellite cDNA probes (green) on RPE1 

metaphase chromosomes. HSA2q and HSA20p were identified by DNA FISH with arm-

specific painting probes (red). Image courtesy of former Sullivan Laboratory graduate 

student Kaitlin Stimpson Woodlief. Scale bar, 10 µm. (B) Localization of CENP-B box 

sequence-containing RNA (green) in HDF metaphase chromosomes. Arrowhead 

indicates HSAY, which lacks CENP-B boxes. Scale bar, 10 µm. (C and C’) Localization of 

CENP-B box sequence-containing RNA (green) in HDF interphase nucleus (C) and 

abolishment of signal after RNase treatment, verifying detection of RNA (C’). Scale bars, 

5 µm. 
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2.1.1 Alpha satellite RNA is array-specific 

Degenerate alpha satellite probes and CENP-B box sequence probes are useful 

for detecting global alpha satellite but mask the chromosome-specific and array-specific 

variation in alpha satellite sequences. Given the array-specific nature of alpha satellite 

DNA (Figure 2), we hypothesized that alpha satellite RNA is also likely to be 

chromosome-specific and array-specific. To detect alpha satellite RNAs originating from 

individual arrays, we used FISH probes spanning the entire 16-mer HOR of the D17Z1 

array on HSA17 (Figure 11A).  In all cell lines tested this probe detected RNA present at 

the restriction point of HSA17 metaphase chromosomes (Figure 11B). D17Z1 RNA was 

also visible in discrete foci in interphase nuclei (Figure 11C). To confirm that these foci 

correspond to the underlying D17Z1 array, we used sequential DNA FISH with the 

same D17Z1 probe labeled in a different fluorophore (Figure 11C’). Each RNA focus 

consistently colocalized with the underlying DNA signal and the RNA signals were 

present throughout the cell cycle in all cells. Importantly, D17Z1 RNA did not localize to 

any other chromosomes or to any other nuclear or cytoplasmic regions of the cell. We 

observed similar results for multiple other alpha satellite arrays, including those on 

HSA1, HSA7, HSA13, HSA21, HSAX, and HSAY. Together, these findings suggest alpha 

satellite RNA is chromosome-specific and localizes in cis to the site of transcription, with 

no appreciable movement to other chromosomes or other cellular locations. 
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2.1.2 Alpha satellite RNA is present at both active and inactive alpha 
satellite arrays 

To further probe the presence and array-specific nature of alpha satellite RNA, 

we investigated the presence of alpha satellite RNAs at inactive (centromere- and 

kinetochore-null) alpha satellite arrays. Despite the heterochromatic nature of inactive, 

pericentric alpha satellite arrays, transcripts emanating from the pericentromere have 

been documented in a variety of organisms and shown to play essential roles in 

centromere structure and function (Chen et al., 2008; Folco et al., 2008; Fukagawa et al., 

2004; Kanellopoulou et al., 2005; Kato et al., 2005; Lu and Gilbert, 2007; Verdel et al., 

2004; Volpe et al., 2003; Volpe et al., 2002). Therefore, we hypothesized that inactive 

alpha satellite arrays may also produce array-specific alpha satellite RNAs. To test this, 

we used HSA17 as a model for multi-array epiallele chromosomes and to distinguish 

between transcripts produced from CENP-A-associated (core centromere) alpha satellite 

and neighboring pericentric alpha satellite, which would be difficult on a chromosome 

with a single array. The D17Z1 and D17Z1-B arrays on HSA17 have been well-studied in 

the Sullivan laboratory and the location of the centromere on each homolog has been 

determined in multiple different cell lines (Aldrup-MacDonald et al., 2016; Maloney et 

al., 2012), allowing us to investigate D17Z1 and D17Z1-B alpha satellite RNA presence in 

active and inactive array states. In a cell line that assembles the centromere on the D17Z1 

array on both HSA17 homologs, RNA signals corresponding to both the D17Z1 and 

D17Z1-B array were visible in metaphase (Figure 11C). Signals from both arrays were 
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also visible in interphase occupying distinct spatial areas (Figure 11D). Like D17Z1, 

D17Z1-B signals at the inactive array were present in all cells throughout the cell cycle. 

Similarly, in a cell line that assembles the centromere on the D17Z1 array on one HSA17 

homolog and on the D17Z1-B array on the second HSA17 homolog, RNA signals 

corresponding to both the D17Z1 and D17Z1-B array were also visible regardless of 

whether the array is active or inactive (Figure 11E).   
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Figure 11: Array-specific noncoding RNAs are produced from both active and inactive 
alpha satellite arrays. 

(A) Schematic of HSA17 alpha satellite array organization. HSA17 has three distinct 

alpha satellite arrays: D17Z1, D17Z1-B, and D17Z1-C. Either D17Z1 (red arrows) or 

D17Z1-B (green arrows) can be the active centromere. Here, the centromere, associated 

with CENP-A chromatin and H3K4me2/H3K36me2 histone modifications, is shown on 

D17Z1 (the centromere-active array), while D17Z1-B (the centromere-inactive array) is 

pericentric and associated with H3K9me3 and H3K27me3. D17Z1 is composed of a 16-
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mer HOR and D17Z1-B is composed of a 14-mer HOR. (B) Localization of D17Z1 RNA 

on RPE1 metaphase chromosomes. Scale bar, 5 µm. (C and C’) Localization of D17Z1 

RNA (green) (B) and D17Z1 DNA (red) (B’) in RPE1 interphase nucleus. Scale bar, 5 µm. 

(D) Localization of D17Z1 (red) and D17Z1-B (green) RNA on RPE1 metaphase 

chromosomes. Scale bar, 5 µm. (E) Localization of D17Z1 (red) and D17Z1-B (green) 

RNA in RPE1 interphase nucleus. Scale bar, 5 µm. (F) Localization of D17Z1 (red) and 

D17Z1-B  (green) RNA in HTD interphase nucleus. Scale bar, 5 µm. 

 

To determine if our finding of dual-array transcription on HSA17 is applicable to 

other multi-array chromosomes, we investigated HSA7, which contains two alpha 

satellite arrays: D7Z1 and D7Z2 (Figure 12A) (Jorgensen et al., 1986; Waye et al., 1987b; 

Wevrick and Willard, 1991). In a previous study, D7Z1 was reported to be the active, 

centromere-forming array in the four cell lines characterized (Slee et al., 2011). We 

investigated additional cell lines and found this to be true for both HSA17s in HCT116 

cells and for the single copy of HSA17 in HAP1 cells. However, in vitro experiments 

suggested D7Z2 could support centromere formation on a human artificial chromosome 

(Hayden et al., 2013). Indeed, upon characterization of additional cell lines we found 

D7Z2 to be active on one of the homologs in RPE1 cells, HDF cells, and HTD cells, 

indicating that D7Z2 is competent for centromere formation in vivo and that HSA7 is 

another centromeric epiallele chromosome (Figure 12B). As observed on HSA17, 

transcripts from both the D7Z1 and D7Z2 arrays were localized in cis to the site of 

production throughout the cell cycle, regardless of the presence of CENP-A (Figure 

12C). We conclude that alpha satellite RNA presence is not linked to the active (or 
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inactive) status of an alpha satellite array and is instead a general feature of this class of 

repetitive DNA.  
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Figure 12: HSA7 is also an epiallele chromosome that exhibits dual transcription of 
the D7Z1 and D7Z2 arrays. 
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(A) Schematic of HSA7 alpha satellite array organization. HSA7 has two distinct alpha 

satellite arrays: D7Z1 and D7Z2. Either D7Z1 (red arrows) or D7Z2 (green arrows) can 

be the site of centromere formation. Here, the centromere, associated with CENP-A 

chromatin and H3K4me2/H3K36me2 histone modifications, is shown on D7Z1, while 

D7Z2 is pericentric and associated with H3K9me3 and H3K27me3. D7Z1 is composed of 

a 6-mer HOR and D7Z2 is composed of a 16-mer HOR. (B) Immunostaining for CENP-A 

(blue) and DNA FISH for D7Z1 (green) and D7Z2 (red) on RPE1 metaphase 

chromosomes identified one homolog with an active D7Z1 array and the other homolog 

with an active D7Z2 array. Scale bar, 5 µm. (C) RNA FISH with HOR probes specific for 

D7Z1 (red) and D7Z2 (green) detected transcripts on RPE1 metaphase chromosomes and 

in interphase nuclei. Scale bars, 5 µm. 

 

2.2 Alpha satellite RNA abundance is roughly equal to that of the 

underlying DNA during interphase 

We sought to identify differences in the characteristics of alpha satellite RNAs 

from active and inactive arrays that may help us distinguish their function at the 

centromere and pericentromere. To accurately quantitate the abundance of alpha 

satellite transcripts, we measured the integrated density (accounts for both pixel 

intensity and total area) of individual RNA and DNA foci in interphase cells using 

sequential RNA-DNA FISH (Figure 13A). This approach is essential because alpha 

satellite array size varies between non-homologous chromosomes, as well as between 

homologs. By normalizing RNA to DNA, we can directly and more accurately compare 

alpha satellite transcript abundance among different arrays and different cell lines. We 

measured levels of alpha satellite RNAs in interphase in cell lines containing an active 

D17Z1 array on both homologs. We found that an active D17Z1 array produced RNA at 

levels roughly equivalent to that of the underlying DNA (Figures 13A and 13B). 
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However, at inactive D17Z1-B arrays RNA levels varied widely, ranging from lower to 

equivalent amounts of RNA at the inactive array compared with the active array 

(Figures 13A and 13B). We observed a similar pattern in a cell line that assembles the 

centromere on the D17Z1 array on one HSA17 homolog and on the D17Z1-B array on 

the second homolog. Using the roughly 2 Mb difference in D17Z1 array size to 

differentiate between the active and inactive arrays (Aldrup-MacDonald et al., 2016), we 

determined that the RNA-DNA ratio at the active D17Z1 array was roughly 1, while the 

RNA levels at the inactive D17Z1 array were slightly lower (Figure 13C). This was also 

true of alpha satellite RNA levels in HSA7 interphase cells, as an active D7Z1 array 

produced RNA at levels roughly equivalent to that of the underlying DNA, while 

adjacent, inactive-array RNA levels were slightly reduced (Figures 13D and 13E). Our 

data suggest that inactive alpha satellite arrays produce transcripts that are more 

variable in abundance.  

 

 

 

 

 

 

 

 



 

 53 

 

Figure 13: Alpha satellite RNA levels are generally equal to that of the underlying 
DNA. 
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(A) Localization of D17Z1 and D17Z1-B RNA (green) and DNA (red) in RPE1 interphase 

cells. RNase treatment abolished signal, verifying detection of RNA. Scale bars, 5 µm. (B) 

Dot plots of RNA-DNA ratios of active D17Z1 and inactive D17Z1-B from RNA-DNA 

FISH in multiple cell lines (mean ± SEM). (C) Dot plots of RNA-DNA ratios of active and 

inactive D17Z1 from RNA-DNA FISH in HTD interphase cells (mean ± SEM). (D) 

Localization of D7Z1 and D7Z2 RNA (green) and DNA (red) in HAP1 interphase cells. 

Scale bars, 5 µm. (E) Dot plots of RNA-DNA ratios of active D7Z1 and inactive D7Z2 

from RNA-DNA FISH in (D) (mean ± SEM). In (B), (C), and (E) each data point 

represents a single interphase focus.  

 

2.3 Alpha satellite RNAs are heterogeneous in size  

Alpha satellite HOR units vary from 1 to 6 kb depending on the chromosome, 

raising the possibility that each alpha satellite array might produce differently sized 

transcripts. We defined the size of chromosome-specific, alpha satellite array-specific 

transcripts using northern blotting of total RNA from different human cell lines. Under 

hybridization conditions that are specific to each HOR, we found that transcripts specific 

to D17Z1-B and DXZ1 arrays ranged from 300 to 1,800 nucleotides, while D17Z1 

transcripts ranged from 500 to 2,000 nucleotides, suggesting that the size range reflects 

chromosome-specific, array-specific HOR sizes (Figures 14A-14C). We confirmed that 

the range of transcripts detected is not attributed to RNA degradation by assessing 

rRNA integrity, which is visible on the denaturing gel and the membrane, as well as 

GAPDH integrity, which was detected separately following alpha satellite RNA 

detection (Figures 14A-14D). 

Centromeric RNAs over 2,000 nucleotides in size have been previously reported 

(Bouzinba-Segard et al., 2006). We also observed a large band on all northern blots, but 
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the size suggested it might be contaminating rRNA. Indeed, this band was eliminated 

after treatment of total RNA samples with RiboMinus (Figure 14E). We noted that the 

abundance of transcripts produced from the same array differed between cell lines. 

These results suggest that individual differences in alpha satellite transcription are 

related to total array size, genomic variation, and/or cell type.  

Figure 14: Chromosome-specific alpha satellite RNAs have array-specific size ranges. 
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(A) Northern blot detection of D17Z1 RNA in total RNA isolated from multiple cell 

lines, with each cell line in duplicate. Ethidium bromide-stained gel is shown under each 

blot. Bracket indicates size range for chromosome-specific, array-specific transcripts. (B) 

Northern blot detection of D17Z1-B RNA in multiple cell lines.�(C) Northern blot 

detection of DXZ1 RNA in multiple cell lines. (D) Northern blot detection of GAPDH 

mRNA (1.3 kb) on membrane previously probed for D17Z1-B RNA shown in (B). (E) 

Northern blot detection of DXZ1 and D17Z1 RNA after rRNA depletion of total RNA 

eliminated contaminating rRNA bands (asterisk) observed in panels (A) to (C).  

 

2.4 Alpha satellite RNAs exhibit high stability 

The identity of the RNAP responsible for alpha satellite transcription has been an 

open area of debate, partially because evidence exists for the involvement of RNAPs I, II, 

and III in centromeric transcription in different organisms (Blower, 2016; Chan et al., 

2012; Grenfell et al., 2016; Liu et al., 2015; Longo et al., 2015; Quenet and Dalal, 2014; 

Wong et al., 2007). To identify the polymerase that transcribes the observed 

chromosome-specific and array-specific alpha satellite transcripts, we pharmacologically 

inhibited RNAPs. Cells were treated with actinomycin D at low (50 ng/mL) and high (5 

µg/mL) concentrations to inhibit RNAP I or RNAP I/II, respectively (Bensaude, 2011; 

Perry, 1962; Perry and Kelley, 1970) and with ML-60218 (25 µM) to inhibit RNAP III (Wu 

et al., 2003). RNA-DNA FISH was performed at time points from 0 to 24 h to measure 

RNA-DNA ratios. Incubation of RPE1 cells with low concentrations of actinomycin D for 

up to 16 h had no effect on the abundance of active-array D17Z1 or inactive-array 

D17Z1-B transcripts (Figure 15A). Similarly, after 24 h of treatment with the RNAP III 

inhibitor ML-60218 or inhibition of all polymerases simultaneously with actinomycin D 

and ML-60218, there was no change in the abundance of D17Z1 transcripts (Figure 15B). 
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Transcripts from control genes 45S rRNA and 5S rRNA were reduced by RNAP I or 

RNAP III inhibition, respectively (Figure 15C). However, treatment with a high 

concentration of actinomycin D decreased inactive-array D17Z1-B transcript abundance, 

with no change in RNA at active arrays DXZ1 or D17Z1 (Figures 15D and 15E). XIST 

RNA was detected as a control and was no longer visible after 7 h of RNAP I and II 

inhibition (Figure 15E’). We conclude that alpha satellite RNAs are transcribed, at least 

in part, by RNAP II and have long half-lives that are reduced if transcripts are produced 

from inactive arrays.  
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Figure 15: Alpha satellite RNAs from active and inactive arrays exhibit different 
stabilities. 

 (A) Quantification of alpha satellite RNA-DNA ratios in RPE1 cells after RNA 

polymerase I (RNAP I) inhibition with low concentrations of actinomycin D (ActD) 

(mean ± SEM).�(B) Quantitation of D17Z1 RNA-DNA ratios (mean ± SEM) following 

RNA polymerase III (RNAP III) or all polymerase (RNAP I/II/III) inhibition. (C) Semi-
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quantitative RT-PCR (mean ± SEM) of 45S rRNA following RNAP I inhibition with 

50ng/mL Actinomycin D and 5S rRNA following RNAP III inhibition with 25 µM ML-

60218 to test efficacy of inhibition. (D) Quantification of D17Z1 and D17Z1-B RNA-DNA 

ratios over 16 h of ActD treatment (mean ± SEM). (E) D17Z1 and D17Z1-B RNA (green) 

and DNA (red) after RNAP I/II inhibition with high concentrations of ActD in RPE1 

cells. D17Z1 arrays are centromere-active; D17Z1-B arrays are centromere-inactive. Scale 

bars, 5 µm. (E’) XIST RNA FISH (green) served as a control for efficacy of RNAP II 

inhibition. Scale bar, 15 µm. Data were statistically analyzed using a t test. In (A), (B), 

(C), and (D), each data point represents a single interphase focus. n.s., not significant.  

 

2.5 Conclusions and discussion 

In this chapter, we identified noncoding transcripts produced in cis and in a 

chromosome-specific manner from distinct alpha satellite arrays. Transcription is an 

important requirement of centromere assembly in various eukaryotes (Blower, 2016; 

Carone et al., 2009; Chan et al., 2012; Chen et al., 2015; Grenfell et al., 2016; Lu and 

Gilbert, 2007; Molina et al., 2016; Rosic et al., 2014; Wong et al., 2007). Our findings also 

emphasize that alpha satellite transcription is a key feature of eukaryotic centromeres 

and alpha satellite in general. However, our results argue against a single, defining 

transcript at all human centromeres or even at a single centromere (Quenet and Dalal, 

2014). Instead, we have provided new evidence that alpha satellite transcripts are array-

specific and are also produced from arrays that are not the site of kinetochore assembly. 

These findings underscore the importance of the unique, chromosome-specific 

organization of alpha satellite arrays and the genomic characteristics that differentiate 

between arrays located on the same chromosome, which are masked by the use of pan-

centromere or alpha satellite consensus probes.  
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Centromeric chromatin and heterochromatin assembly are in constant 

competition at human centromeres (Hall et al., 2012; Molina et al., 2016). Too much 

heterochromatin inactivates centromeres, preventing new CENP-A loading (Nakano et 

al., 2008; Ohzeki et al., 2016). Centromeres also require H3K4me2 for centromeric 

transcription (Molina et al., 2016) and replenishment of CENP-A within centromeric 

chromatin is ensured by the antagonistic activity of the KAT7 acetyltransferase that 

counteracts SUV39H1-mediated pericentric heterochromatin assembly (Ohzeki et al., 

2016). We showed that transcription also occurs at inactive alpha satellite arrays that are 

enriched for H3K9 and H3K27 methylation (Maloney et al., 2012). This raises the 

possibility that alpha satellite RNAs partner with distinct protein complexes that have 

different chromosomal functions, and that “inactive” arrays are merely devoid of 

centromere activity but are not functionally inert. Indeed, alpha satellite transcripts from 

active and inactive arrays do not appear to comingle and instead occupy discrete spatial 

domains, suggesting that these array-specific transcripts are restricted to the site of 

production. The spatial separation of these transcripts, despite their proximity, could be 

attributed to immediate “capture” of nascent RNA after production to retain it in cis or, 

alternatively, to a phase separation induced by pericentric heterochromatin, which 

prevents active-array RNA from associating with inactive arrays and vice versa (Larson 

et al., 2017; Strom et al., 2017). 
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The transcripts produced from both active and inactive arrays are highly stable, 

but those associated with active arrays are more stable than those produced from 

inactive arrays. Certain structural characteristics, such as dsRNA or RNA-DNA hybrid 

formation, could confer high stability, however the alpha satellite RNAs we detected by 

RNA FISH are limited to ssRNA species due to the constraints of the technique. We 

cannot rule out the possibility that other alpha satellite RNA-containing structures, 

which would be undetectable by RNA FISH, exist at the centromere, but they must exist 

in combination with single-stranded alpha satellite RNAs. Overall, the discovery and 

description of array-specific alpha satellite RNAs in this chapter allowed us to further 

investigate the role of these transcripts in centromere and pericentromere function 

detailed in Chapter 3. 

2.6 Materials and methods 

2.6.1 Cell lines and culture conditions 

Human dermal fibroblast HDF cells (male), human fibrosarcoma HT1080D 

(HTD) cells (male), and human retinal pigment epithelial RPE1 cells (female) were 

maintained in Minimum Essential Medium Alpha (ThermoFisher). Human colorectal 

carcinoma HCT116 cells (male) were grown in McCoy’s medium (ThermoFisher). 

Human haploid HAP1 cells (single HSAX), a generous gift from So Young Kim (Duke 

University Functional Genomics Facility), were grown in Iscove’s Modified Dulbecco’s 

Medium (ThermoFisher). B-lymphocyte GM07357 LCLXY cells (male) were maintained in 
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Roswell Park Memorial Institute 1640 medium (ThermoFisher). All cell culture media 

were supplemented with 10% Fetal Bovine Serum (Cellgro) and 1X antibiotic-

antimycotic (ThermoFisher) and all cell lines were grown at 37 °C with 5% CO2.  

Probe labeling for FISH and northern blotting 

Probes were generated by labeling plasmids and cosmids via nick-translation 

with biotin-16-dUTP (Roche), digoxygenin-11-dUTP (Roche), or ChromaTide Alexa 

Fluor-labeled dUTP (ThermoFisher). Plasmids, cosmids, and PNA probes used are 

detailed in Table 1. 
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Table 1: Plasmids, cosmids, and PNAs used to generate probes for FISH and northern 
blotting. 

Plasmid, Cosmid, or PNA Source Probe Amount 
p17H8 

(D17Z1 HOR) 

Hunt Willard, PhD 

(Waye and Willard, 1986b) 

70-100 ng (FISH1) 

150 ng (northern blot) 

p2.5-3 

(D17Z1-B HOR) 

Hunt Willard, PhD 

(Rudd et al., 2003a) 

100-140 ng (FISH1) 

150 ng (northern blot) 

pD7Z1 

(D7Z1 HOR) 

Generated by TA cloning 

PCR amplified D7Z1 HOR 

140 ng (FISH1) 

 

pMGB7 

(D7Z2 HOR) 

Hunt Willard, PhD 

(Waye et al., 1987b) 

200 ng (FISH1) 

 

pBAMX7B 

(DXZ1 HOR) 

Hunt Willard, PhD 

(Waye and Willard, 1985) 

100 ng (FISH1) 

150 ng (northern blot) 

pXISTc7 

(XIST cDNA) 

Hunt Willard, PhD 

(ICRFc100H0130) 

160-200 ng (FISH1) 

MGC Human GAPDH cDNA Clone ID: 3869809 

Accession: BC009081 

150 ng (northern blot) 

Biotin-labeled CENP-B box 

PNA (Biotin-OOTTTCGTTGG 

AAACGGGA) 

Bio-Synthesis 2 ng (FISH1) 

1 FISH probe amounts specified are for an 18 mm x 18 mm area 

2.6.2 RNA-DNA FISH 

Cells were harvested by trypsinization and washed in 1X phosphate-buffered 

saline (PBS) before dilution and swelling in hypotonic buffer (1:1:1 75 mM KCl: 0.8% 

sodium citrate: dH2O) for 10 min. Cells were cytospun using a Shandon Cytospin 4 

(ThermoFisher) onto slides treated with RNase AWAY (Molecular Bioproducts) at 800 

rpm (interphase cells) or 2000 rpm (metaphase chromosomes). Control slides were 

treated with 7.5 µL/mL RNase Cocktail (Ambion) diluted in cytoskeleton (CSK) buffer 

(100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES, pH 6.8) for at least 2 h at 

37 °C. Slides were permeabilized on ice in CSK buffer containing 2 mM ribonucleoside 
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vanadyl complex (RVC; New England Biolabs), then CSK buffer/2 mM RVC/ 0.5% Triton 

X-100, and finally CSK buffer/2 mM RVC. Cells were fixed in 4% paraformaldehyde 

(PFA; Alfa Aesar) in PBS at room temperature and dehydrated on ice twice with 70% 

ethanol/2 mM RVC before storing overnight in fresh 70% ethanol/2 mM RVC at 4 °C. 

Cells were dehydrated on ice in an ethanol series (70%/80%/95%/100%). Labeled probes 

were combined with 1 µL 10 mg/mL salmon sperm DNA and precipitated with 100% 

ethanol. After precipitation, probes were pelleted, washed with 70% ethanol, and 

resuspended in hybridization buffer (10% dextran sulfate, 2X SSC, 1% Tween-20) 

containing 50-68% formamide. Resuspended probes for use in RNA FISH experiments 

also contained 2 mM RVC. Following slide dehydration, probes were hybridized with 

the appropriate denatured probe at high stringency conditions (65-70% formamide 

hybridization buffer) to specifically distinguish alpha satellite arrays. Stringency 

conditions below 65% can result in cross-hybridization of array-specific probes with 

other centromeric arrays due to the presence of similar monomer sequence on multiple 

chromosomes. Minor modifications for detecting XIST RNA included addition of 10 µg 

Human Cot-1 DNA (Roche) to the XIST probe prior to precipitation, preannealing of 

probe at 37 °C for 20 min, and reduced stringency hybridization conditions (50% 

formamide hybridization buffer). All slides were hybridized with denatured probe 

overnight at 37 °C. Slides were washed in (1) 2X SSC/0.05% Tween-20 containing 50-70% 

formamide, three times, (2) 2X SSC/0.05% Tween-20, three times, (3) 1X SSC/0.05% 
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Tween-20, and (4) 4X SSC/0.1% Tween-20. Slides were mounted in VECTASHIELD 

containing 1 µg/mL DAPI.  

For hybridization with the PNA CENP-B box probe, cells were prepared as 

described above. After dehydration in the ethanol series, cells were hybridized for 1 h 

with 2 ng biotin-labeled CENP-B box PNA probe in 70% formamide, 10 mM Tris HCl, 

pH 7.5, and 10X Blocking Reagent (Roche). Slides were washed twice in 10 mM Tris HCl 

pH 7.5, 70% formamide, 0.1% bovine serum albumin and once in 4X SSC/0.01% Tween-

20.  

After imaging RNA signals, DNA detection was completed. Coverslips were 

removed, and cells were fixed in 10% formalin and permeabilized in potassium 

chromosome medium (KCM; 120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl, pH 7.5, 0.1% 

Triton X-100). Slides were denatured in 70% formamide, 2X SSC, pH 7 for up to 5 min at 

70 °C and hybridized overnight with denatured probe under a sealed coverslip at 37 °C. 

Slides were washed and mounted as described above. Biotin-labeled probes were 

detected with Alexa Fluor 488 or Alexa Fluor 594 Streptavidin (ThermoFisher). 

Digoxygenin-labeled probes were detected with anti-digoxin conjugated to FITC or Cy3 

(Jackson ImmunoResearch Laboratories).  

2.6.3 IF-DNA FISH 

Cells were harvested and cytospun onto slides as described for RNA-DNA FISH. 

Slides were permeabilized in KCM at room temperature, fixed in 4% PFA in PBS at room 
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temperature, and incubated again in KCM at room temperature. Slides were blocked in 

1X PBS/0.5% Triton X-100/1% bovine serum albumin before incubation overnight at 4° C 

with primary antibodies to human CENP-A (Abcam ab13939 or custom polyclonal 

AP3497) (Maloney et al., 2012) overnight. Slides were washed in PBS/0.1% Triton X-100, 

incubated with fluorophore-conjugated secondary antibodies for 2 h at room 

temperature, and washed as before. Slides were fixed in 10% formalin and 

permeabilized in KCM at room temperature before proceeding to DNA FISH, as 

described above, beginning at the denaturation step.  

2.6.4 Microscopy and imaging 

All microscopy images were collected using a DeltaVision Elite imaging system 

(Applied Precision/GE Healthcare) equipped with an inverted Olympus IX-71 

microscope coupled to the CoolSNAP HQ2 CCD camera (Photometrics). Images were 

acquired using 60X (PLAN APO 1.42 NA) or 100X (PLAN APO 1.40 NA) oil objectives 

(Olympus) with 0.2 µm z sections. Images were deconvolved using the conservative 

algorithm with 10 iterations, and image stacks were viewed as quick projections that 

were saved as TIFF and PSD formats.  

2.6.5 Quantifications and statistical analyses 

TIFF images of RNA-DNA FISH signals and centromere protein 

immunofluorescence signals were analyzed in ImageJ using a custom macro. 

Fluorescent signals in each image channel were segmented after automatic background 



 

 67 

subtraction and defined by thresholding manually or using the ImageJ Intermodes 

settings. The integrated density of each segmented region of interest (ROI, i.e. RNA or 

DNA FISH signal) was measured and values were exported to Excel (Microsoft). For 

RNA-DNA FISH experiments, the RNA and DNA signals for a specific centromere were 

identified and matched in the Excel file, and the RNA-DNA ratio was calculated.  

2.6.6 RNAP inhibition 

All polymerase inhibitions were done in RPE1 cells. Cells were seeded in a 6-well 

plate and, once at 60-70% confluency, RNA Polymerase I inhibition was achieved using 

50 ng/mL Actinomycin D (Sigma-Aldrich) for up to 16 h. RNA Polymerases I and II 

were jointly inhibited using 5 µg/mL Actinomycin D for up to 16 h. Inhibition of RNA 

Polymerase III was performed for up to 24 h using 25 µM ML-60218 (Calbiochem).  

2.6.7 Semi-quantitative RT-PCR 

RPE1 cells were seeded in 6-well plates and treated with 50 ng/mL Actinomycin 

D for 16 h or 25 µM ML-60218 for 24 h to inhibit RNA Polymerase I or RNA Polymerase 

III, respectively. Total RNA was isolated from an equal number of cells treated with 

Actinomycin D or untreated cells using the RNeasy Mini Kit (Qiagen). Genomic DNA 

was eliminated by on-column DNase I digestion. 45S rRNA and GAPDH were reverse 

transcribed from 50 ng of total RNA and amplified using the SuperScript One-Step RT-

PCR system with Platinum Taq DNA Polymerase (ThermoFisher). Small RNA-

containing total RNA was isolated from an equal number of cells treated with ML-60218 
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or untreated cells using the mirVana miRNA Isolation Kit (ThermoFisher) and genomic 

DNA was eliminated by treatment with the TURBO DNA-free Kit (Ambion). 5S rRNA 

and GAPDH were reverse transcribed from 100 ng of total RNA and amplified using the 

SuperScript One-Step RT-PCR system with Platinum Taq DNA Polymerase. All RT-PCR 

products were run on an ethidium bromide-stained 2% agarose gel alongside a Low 

Molecular Weight DNA Ladder (New England Biolabs). Gels were visualized using the 

G:Box CHEMI XT4 system and GeneSys software (Syngene). Individual bands were 

quantified using the Gel Analyzer tool (ImageJ). 45S or 5S amplification products were 

normalized to GAPDH levels from the same sample. GAPDH and 45S RNA primers 

were described previously (Stimpson et al., 2014; Sullivan et al., 2011). The sequences of 

5S RNA primers used are (F): 5’ CCGGACCCCAAAGGCGCACGCTGG 3’ and (R): 5’ 

TGGCTGGCGTCTGTGGCACCCGCT 3’.  

2.6.8 Northern blotting 

Total RNA was isolated from RPE1, HAP1, HDF, HTD, and GM07357 (LCLXY) 

cells using TRIzol Reagent (Ambion) and, in some cases, rRNA was removed from 10 µg 

total RNA with the RiboMinus Eukaryote Kit (Ambion). Total RNA (10-20 µg) or 1 µg 

rRNA-depleted RNA was diluted in 2X RNA Loading Dye (New England Biolabs) and 

denatured at 65 °C. Samples containing ethidium bromide were separated on a 1.2% 

agarose, 6.6% formaldehyde, 1X MOPS gel. After imaging the rRNA subunits, RNA was 

transferred to a Hybond N+ nylon membrane (GE Healthcare). RNA was UV-
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crosslinked to the membrane using the autocrosslink setting on the Stratalinker 

(Stratagene). For alpha satellite detection, the membrane was prehybridized in 

ExpressHyb Hybridization Solution (Takara Bio) at 68 °C, hybridized with 150 ng 

digoxigenin-labeled probe overnight at 68 °C, then washed twice with 2X SSC/0.1% SDS 

and once with 0.2X SSC/0.1% SDS, both at 68 °C. Digoxigenin-labeled probe was 

detected using the DIG-High Prime DNA Labeling and Detection Protocol (Sigma-

Aldrich). After addition of Tropix CDP-Star chemiluminescent substrate (Applied 

Biosystems), probe signal was visualized using the G:Box CHEMI XT4 imaging system 

and GeneSys software. For GAPDH detection, the membrane was prehybridized again 

in ExpressHyb Hybridization Solution at 65 °C, hybridized with 150 ng digoxigenin-

labeled probe overnight at 65 °C, then washed twice with 2X SSC/0.1% SDS and once 

with 0.2X SSC/0.1% SDS, both at 65 °C. Digoxigenin-labeled GAPDH probe was detected 

and imaged as described for alpha satellite probes. 
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3. Functions of alpha satellite transcripts in protein 
recruitment at the centromere and pericentromere 

This research chapter is based in part on research articles published by Shannon M. McNulty, 

Lori L. Sullivan, and Beth A. Sullivan in the journal Developmental Cell in 2017 (McNulty et 

al., 2017) and by Whitney L. Johnson, William T. Yewdell, Jason C. Bell, Shannon M. McNulty, 

Zachary Duda, Rachel J. O’Neill, Beth A. Sullivan, and Aaron F. Straight in the journal eLife in 

2017 (Johnson et al., 2017). 

 Multiple roles have been proposed for alpha satellite transcription and the 

resulting RNAs in centromere and pericentromere function (Chan et al., 2017; Chan et 

al., 2012; Cho et al., 2018; Ideue et al., 2014; Liu et al., 2015; Quenet and Dalal, 2014; 

Wong et al., 2007). However, unlike other organisms, including fission yeast and mouse, 

the sequences underlying the centromere and pericentromere are presumably identical 

on single array chromosomes and, thus, defining the binding partners of RNAs from the 

centromere and pericentromere has proven difficult. In this chapter, we use both single- 

and multi-array chromosomes to investigate the function of alpha satellite transcripts 

produced from active and inactive alpha satellite arrays and to distinguish between the 

functional characteristics and roles of each subset of alpha satellite RNA.   



 

 71 

3.1 Active-array alpha satellite RNAs are involved in centromere 

protein recruitment 

In our characterization of alpha satellite RNAs we noted the high stability of 

transcripts produced by active alpha satellite arrays, as well as their close association 

with the centromere region throughout the cell cycle. Both of these characteristics could 

be reflective of a physical interaction between alpha satellite RNAs and centromere 

proteins and suggest a role for alpha satellite transcripts in centromere protein 

recruitment or maintenance. Here, we investigate the binding partners of active-array 

alpha satellite RNA and develop and utilize targeted alpha satellite RNA depletion 

methods to determine how active-array alpha satellite RNAs are involved in centromere 

maintenance and function.  

3.1.1 Active-array alpha satellite RNAs are associated with centromere 
proteins 

We first tested whether active-array transcripts colocalized with CENP-A using 

sequential IF-RNA FISH. Using the CENP-B box RNA FISH probe that detects both 

active and inactive arrays, we observed that many, but not all, RNA FISH signals 

colocalized with CENP-A (Figure 16A). This result was not surprising, since many 

chromosomes carry both active and inactive arrays, and reinforced our previous finding 

that inactive arrays on HSA7 and HSA17 are transcribed. When we focused on a specific 

chromosome, such as HSAX, we observed that DXZ1 transcripts overlapped with 

CENP-A (Figure 16A). Only a portion of the DXZ1 transcripts (and other active arrays) 
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colocalized with CENP-A. These results agree with our previous observation that 

CENP-A is only located on a portion of alpha satellite DNA (Sullivan et al., 2011). Our 

IF-RNA FISH data suggest that only a fraction of alpha satellite transcripts colocalize 

with centromeric chromatin. These findings also agree with previous studies reporting 

that noncoding centromeric RNAs in various organisms are present at the inner 

centromere (Blower, 2016; Ideue et al., 2014; Liu et al., 2015; Wong et al., 2007). 

To determine whether alpha satellite transcripts are physically associated with 

centromere proteins, we performed RNA immunoprecipitation on native and UV-

crosslinked chromatin using antibodies to CENP-A, CENP-B, and CENP-C, followed by 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) to amplify 

chromosome-specific alpha satellite RNA. Transcripts from the active arrays D17Z1 and 

DXZ1 were enriched in CENP-A and CENP-C pull-down fractions (Figures 16C and 

16E, experiment by Lori Sullivan). In HAP1 cells, transcripts from the inactive D17Z1-B 

array were not immunoprecipitated with CENP-A and CENP-C (Figures 16D and 16F, 

experiment by Lori Sullivan). All interrogated alpha satellite transcripts were physically 

associated with CENP-B, a DNA-binding protein that recognizes the CENP-B box 

sequence within active and inactive arrays (Figures 16C, 16D, and 16F) (Earnshaw et al., 

1989). We conclude that alpha satellite transcripts originating from the active array are 

physically associated with chromatin-bound centromeric proteins that define active 

kinetochores. In contrast, transcripts produced from inactive arrays appear to be present 
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in a different protein complex that includes CENP-B (see Section 3.2: “Inactive-array 

alpha satellite RNAs are involved in pericentromere protein recruitment”), further 

indicating that inactive alpha satellite RNAs are maintained in spatially distinct 

domains.  
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Figure 16: Active-array alpha satellite transcripts are complexed with centromere 
proteins. 

(A) Left: CENP-A immunostaining (red) and RNA FISH on RPE1 interphase cell using a 

CENP-B box PNA probe (green). CENP-A and ~50% of CENP-B box RNA FISH signals 

overlap. Inset emphasizes that chromosomes with multiple arrays produce transcripts 

from all arrays (arrows) yet only one array is active/associated with CENPs (arrowhead). 

Scale bar, 5 µm. Right: CENP-A immunostaining (red) and RNA FISH with DXZ1 probe 
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(green) on LCLXiX cells showing that CENP-A is associated with a portion of DXZ1 

transcripts. Scale bar, 15 µm. (B) Western blots of input, mock (no antibody), and native 

chromatin fractions from HAP1 cells immunoprecipitated with antibodies specific for 

CENP-A, CENP-B, and CENP-C.�(C) Native RNA ChIP and qRT-PCR showing 

association of DXZ1 and D17Z1 transcripts with CENP-A and CENP-C (mean ± SEM; n 

= 4). (D) Native RNA-ChIP and qRT-PCR showing that transcripts from the centromere-

inactive D17Z1-B array are associated with CENP-B that does not discriminate between 

active and inactive centromeres (mean ± SEM, n = 4).�(E and F) Crosslinked RNA-ChIP 

and qRT-PCR showing that transcripts from active DXZ1 and D17Z1 arrays, but not 

inactive D17Z1-B, are associated with CENP-A and CENP-C (mean ± SEM, n = 4). 

Active-array and inactive-array transcripts are associated with CENP-B. Images in (B)-

(F) courtesy of laboratory member Lori Sullivan. 

 

3.1.2 Active-array alpha satellite RNA presence and localization is 
independent of CENP-A 

The association of active-array transcripts with CENP-A and CENP-C raised the 

question of when transcripts appear at the centromere, that is, before or after centromere 

assembly. We depleted CENP-A using siRNA transfection to mediate RNAi and 

measured active-array alpha satellite RNA levels in individual cells. Due to the extreme 

stability of the CENP-A protein (Bodor et al., 2013; Fachinetti et al., 2013; Falk et al., 2015; 

Jansen et al., 2007) and variable transfection efficiency, we observed a range in CENP-A 

knockdown, with >50% reduction in CENP-A levels observed in a subset (~45%) of cells 

(Figure 17A and 17B). As expected, CENP-C was also reduced upon loss of CENP-A 

(Figure 17D) (Fachinetti et al., 2013). However, even in the cells most significantly 

depleted for CENP-A, there was no change in the abundance or localization of D17Z1 

transcripts, suggesting that active-array alpha satellite RNA presence and localization is 

not CENP-A dependent (Figure 17C).  
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Figure 17: Active-array alpha satellite transcripts are unaffected by CENP-A depletion 
via siRNA. 

(A) CENP-A immunostaining (red) and RNA FISH for D17Z1 transcripts (green) after 

CENP-A depletion by siRNA in RPE1 cells. Nuclei with >50% CENP-A knockdown are 

denoted by dashed outlines; those with little CENP-A depletion are denoted by solid 

outlines. Scale bars, 15 µm.�(B) CENP-A intensity in cells treated with NT siRNA or 

CENP-A siRNA (mean ± SEM). (C) Quantitation of D17Z1 RNA-DNA ratio after CENP-

A depletion (mean ± SEM). (D) Left: Representative CENP-A (red) and CENP-C (green) 

immunostaining in CENP-A siRNA-treated cells. Scale bar, 15 µm. Right: Quantitation 

of CENP-A and CENP-C intensity in cells treated with NT siRNA or CENP-A siRNA 

(divided into two groups based on level of CENP-A depletion) (mean ± SEM). In (B) and 

(C), each data point represents a single interphase HSA17 centromere. Data were 

statistically analyzed using a t test.  
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We further confirmed this result using a cell line expressing an auxin-inducible 

degron-tagged CENP-A generated by the Fachinetti Laboratory (Hoffmann et al., 2016) 

to rapidly deplete CENP-A and determine the effect on alpha satellite RNA levels. The 

addition of the plant hormone auxin (indole-3-acetic acid, IAA) to the cell culture 

medium promotes the association of the AID tag with ubiquitin ligase, leading to target 

protein ubiquitinylation and degradation by the proteasome (Nishimura et al., 2009). 

IAA addition has been previously demonstrated to degrade CENP-AAID in under an 

hour (Holland et al., 2012). To confirm that CENP-A protein was completely degraded 

we extended IAA treatment to 32 h (Figures 18A and 18B). Cells were then harvested for 

CENP-A immunostaining and RNA-DNA FISH to assess alpha satellite RNA 

localization and abundance in the absence of CENP-A. As observed with siRNA 

depletion, upon CENP-A depletion via AID we found no significant change in the 

abundance or localization of D17Z1 transcripts (Figures 18C and 18D).  

We conclude that alpha satellite RNAs produced from active arrays are 

physically associated with CENP-A, but the interaction with CENP-A or CENP-C is not 

required for the production or retention of the transcripts at the centromere. These 

results suggest that alpha satellite transcription occurs upstream of CENP-A and CENP-

C recruitment and kinetochore assembly.  
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Figure 18: Active-array alpha satellite transcripts are unaffected by CENP-A depletion 
via IAA. 

(A) CENP-A immunostaining (green) in untreated and 32 h IAA-treated DLD1 CENP-

AAID cells. Scale bars, 10 µm. (B) Quantitation of cells containing visible levels of CENP-

A in untreated and 32 h IAA-treated cells (n = 100 for each treatment). (C) RNA FISH for 

D17Z1 RNA (green) in untreated cells compared to 32 h IAA-treated cells. Scale bars, 10 

µm. (D) Quantitation of D17Z1 RNA-DNA ratio after CENP-A depletion (mean ± SEM). 

Each data point represents a single interphase HSA17 centromere. Data were statistically 

analyzed using a t test. n.s., not significant. 

 

3.1.3 Active-array alpha satellite RNA depletion leads to reduced levels 
of CENP-A and CENP-C due to deficient centromere protein loading 

3.1.3.1 Optimization of alpha satellite RNA depletion 

To further explore the relationship between centromere assembly and alpha 

satellite RNAs, we aimed to assess the effect of alpha satellite RNA depletion on 

centromere function. Previous studies in human cells utilized shRNAs and ASOs 

complementary to an alpha satellite consensus sequence to mediate alpha satellite RNA 
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degradation (Ideue et al., 2014; Quenet and Dalal, 2014). We generated shRNA 

constructs expressing hairpins complementary to one region of the DXZ1 HOR and two 

regions of the D17Z1 HOR. These constructs co-express a GFP marker that allows for 

identification of transfected cells. A positive control shRNA plasmid targeting CENP-A 

mRNA effectively depleted CENP-A in GFP-positive cells (Figure 19A). However, no 

significant alpha satellite RNA depletion was noted in GFP-positive cells transfected 

with the DXZ1 or D17Z1-targeting shRNAs using a variety of transfection reagents and 

plasmid concentrations (Figures 19B and 19C). We also generated an ASO targeting the 

CENP-B box sequence. Binding of an ASO to RNA forms a DNA-RNA heteroduplex and 

triggers endogenous RNaseH activity to hydrolyze the RNA strand (Dias and Stein, 

2002). We transfected the CENP-B box ASO into cells at varying concentrations from 10 

to 100 nM, “boosted” with a repeat transfection, and harvested at multiple time points. 

Like the shRNA constructs, we did not note any significant depletion of alpha satellite 

RNA with this method. 
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Figure 19: Attempts to use shRNAs targeting alpha satellite RNAs were not effective. 

(A) CENP-A immunostaining (red) following CENP-A mRNA-targeting shRNA 

transfection. Successfully transfected cells express GFP (green). Scale bar, 5 µm. (B) RNA 

FISH for DXZ1 transcripts following DXZ1-targeting shRNA transfection. Scale bar, 5 

µm. (C) RNA FISH for D17Z1 transcripts following transfection of shRNA constructs 

targeting two sites in the D17Z1 HOR. Scale bars, 5 µm. 

 

We next tested the knockdown efficiency of dsRNAs generated by annealing in 

vitro transcribed alpha satellite HORs and digesting the large dsRNAs to siRNA-sized 

fragments. DXZ1 array-specific small dsRNAs were introduced into human cells by 

transfection. We observed significant alpha satellite RNA loss at the DXZ1 array when 

cells were transfected with the DXZ1 dsRNA and ‘‘boosted’’ twice over a period of 6 

days (Figures 20A and 20B). Given the sequence similarity of alpha satellite, we were 

concerned that DXZ1 alpha satellite dsRNAs might have off-target effects on other 

chromosomes. To test this, we detected D7Z1 RNA on HSA7 to confirm that there was 
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no RNA loss upon transfection with DXZ1 dsRNAs. We did not observe a significant 

depletion of D7Z1 RNA, indicating that our dsRNAs are array-specific, and further 

suggesting that chromosome-specific alpha satellite RNAs localize only in cis. It is 

unclear why dsRNAs were significantly more efficient than shRNAs or ASOs for alpha 

satellite RNA depletion. One possibility is that the approach we used to generate the 

array-specific dsRNAs produced a pool of dsRNAs targeting the entire DXZ1 HOR, 

while the shRNAs and ASOs targeted only a small portion of each HOR. Targeting the 

entire HOR may have improved the chances that the siRNAs would bind to an 

accessible region of the alpha satellite RNA to trigger depletion, as large sections of the 

alpha satellite RNA may be protected by association with centromere proteins.  

3.1.3.2 Effect of alpha satellite RNA depletion on CENP-A levels on a single-array 
chromosome 

To determine the effect of alpha satellite RNA depletion on CENP-A levels, we 

depleted chromosome-specific transcripts at active arrays using dsRNAs, as described 

above. Cells were then analyzed by CENP-A immunostaining and RNA-DNA FISH. 

Depletion of DXZ1 transcripts significantly decreased the amount of DXZ1 RNA and 

was accompanied by 30% (average) reduction in CENP-A (Figures 20A and 20C, 

replicate data in Appendix Section A.1). Centromere proteins were only lost at the 

targeted DXZ1 array; RNA and CENP-A levels at a non-targeted array (D7Z1 on HSA7) 

were not significantly decreased (Figures 20A and 20C; replicate data in Appendix 

Section A.1), further emphasizing the array-specific and chromosome-specific nature of 
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alpha satellite transcripts. These results suggest a dependency of CENP-A assembly or 

maintenance on the presence of alpha satellite RNA.  

3.1.3.3 Effect of alpha satellite RNA depletion on CENP-C levels on a single-array 
chromosome 

CENP-A is most closely associated with chromatin and is the platform for 

recruiting kinetochore proteins via CCAN components, including CENP-C, CENP-I, and 

CENP-T (Gascoigne et al., 2011; Hori et al., 2008; Nishino et al., 2013; Przewloka et al., 

2011; Rago et al., 2015; Schleiffer et al., 2012; Screpanti et al., 2011; Shono et al., 2015). 

Given the observed reduction in CENP-A levels upon alpha satellite RNA depletion, we 

investigated the effect of DXZ1 alpha satellite transcript depletion on CENP-C, which 

physically interacts with CENP-A and alpha satellite RNA and is a known RNA-binding 

protein (Du et al., 2010; Topp et al., 2004; Wong et al., 2007). Depletion of DXZ1 

transcripts was accompanied by a 44% (average) reduction in CENP-C (Figures 20A and 

20D, replicate data in Appendix Section A.1). CENP-C was only lost at the targeted 

DXZ1 array, while CENP-C at the non-targeted D7Z1 array on HSA7 was not 

significantly decreased (Figures 20A and 20D, replicate data in Appendix Section A.1), 

again suggesting that active-array alpha satellite transcripts function in cis and are 

required to build and maintain a functional kinetochore.  
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Figure 20: dsRNA-mediated targeted depletion of alpha satellite transcripts disrupts 
centromere assembly on a single-array chromosome. 

 (A) HTD cells were transfected with array-specific dsRNAs and assayed by 

immunostaining and RNA-DNA FISH after 6 days. Depletion of DXZ1 transcripts using 

array-specific dsRNAs decreased DXZ1 RNA (red) and reduced CENP-A and CENP-C 

only at the DXZ1 array (red arrowhead). Transcripts, CENP-A, and CENP-C (green 

arrowheads) at control array D7Z1 (HSA7, green) were not decreased. Scale bars, 5 µm. 

(B) RNA-DNA ratios of targeted DXZ1 and control array D7Z1 measured from RNA-

DNA FISH experiments (mean ± SEM). (C and D) Quantitation of CENP-A (C) and 

CENP-C (D) at targeted DXZ1 array and control array D7Z1 (mean ± SEM).�For (B), (C), 

and (D), each data point represents a single centromere at interphase. Data were 

statistically analyzed using a t test. n.s., not significant. See also Appendix Section A.1 

for replicate data.  
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3.1.3.4 Effect of alpha satellite RNA depletion on CENP-A levels and centromere 
location on an epiallele chromosome 

We also depleted transcripts on an epiallele chromosome, specifically a version 

of HSA17 in which the D17Z1-B array is the site of centromere formation and D17Z1 is 

centromere-inactive. For these experiments, a single HSA17 had been placed within a 

human-mouse somatic cell hybrid background (Maloney et al., 2012). The specificity of 

alpha satellite RNAs for their array of origin was especially notable in that reduction of 

centromere-active D17Z1-B transcripts did not change levels or localization of 

transcripts produced from the nearby centromere-inactive D17Z1 array, although 

CENP-A was decreased by an average of 36% at the targeted D17Z1-B array (Figures 

21A-21C; replicate data in Appendix Section A.1). The effect of alpha satellite RNA 

depletion on a multi-array epiallele chromosome raised the possibility that centromere 

assembly might shift to the neighboring array, D17Z1. However, we did not observe 

movement of centromere proteins to D17Z1 when D17Z1-B transcripts were depleted 

(Figure 21A). These results indicate that the centromere null phenotype is not rescued 

via de novo centromere assembly at the neighboring array, or at least does not occur 

immediately after disruption of the active centromere on a normal, endogenous 

chromosome.  
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Figure 21: dsRNA-mediated targeted depletion of alpha satellite transcripts disrupts 
centromere assembly on an epiallele chromosome, but does not cause centromere 

relocation. 

(A) Depletion of D17Z1-B transcripts using array-specific dsRNAs decreased only 

D17Z1-B RNA (red) and reduced CENP-A at D17Z1-B (red arrowhead) in a somatic cell 

hybrid line Z12.3B containing a single epiallele HSA17 chromosome. Transcript levels at 

control array D17Z1 (green) were not decreased. Scale bars, 7.5 µm.�(B) Quantitation of 

CENP-A at D17Z1-B after dsRNA depletion (mean ± SEM).�(C) Quantitation of RNA-

DNA ratios at targeted (D17Z1-B) and control (D17Z1) arrays after D17Z1-B dsRNA 

depletion (mean ± SEM).�For (B) and (C), each data point represents a single centromere 

at interphase. Data were statistically analyzed using a t test. n.s., not significant. See also 

Appendix Section A.1 for replicate data.  
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3.1.4 Active-array alpha satellite RNA depletion results in cell cycle 
disruption 

Global loss of CENP-A leads to mitotic defects and cell-cycle arrest in G1 

(Fachinetti et al., 2013; Li et al., 2011; Maehara et al., 2010). In Drosophila, depletion of 

centromere transcripts present at all centromeres also triggers mitotic defects (Rosic et 

al., 2014). We used Ki67 immunostaining, a nuclear antigen that displays cell-cycle-

specific morphology (Bridger et al., 1998; Kill, 1996), to identify the cell-cycle stage of 

individual cells within the population of cells depleted for CENP-A via siRNA 

transfection. As expected, CENP-A-depleted cells were arrested in G1 (Figures 22A-22C). 

However, when we depleted array-specific alpha satellite transcripts, mitotic defects 

and, in fact, mitotic cells were not observed, even though CENP-A and CENP-C were 

clearly reduced at the targeted centromere (Figures 20 and 21 and Appendix Section 

A.1). Again, we used Ki67 immunostaining to identify the cell-cycle stage of individual 

cells within the population of cells depleted for DXZ1 RNA via dsRNA transfection. 

When compared to mock-transfected cells, cells lacking DXZ1 RNA were more likely to 

be in S and G2 phases of the cell cycle (Figures 22D-22F and Appendix Section A.2). Our 

results suggest that loss of noncoding alpha satellite transcripts at a single centromere 

impairs kinetochore assembly and pauses or slows the cell cycle, increasing the 

proportion of cells in S and G2 phases. 
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Figure 22: Cell cycle disruption occurs in the absence of alpha satellite transcripts. 

(A) Representative CENP-A (green) and Ki67 (red) immunostaining in NT siRNA-

treated and CENP-A siRNA-treated RPE1 cells. Scale bars, 15 µm.�(B) Comparison of 

CENP-A intensity in NT siRNA-treated cells and CENP-A siRNA-treated cells used in 

cell cycle analysis (restricted to cells containing less than 50% of the average amount of 

CENP-A, based on NT siRNA-treated cells) (mean ± SEM). (C) Quantitation of Ki67-

staged (G1/S/G2) interphase cells from NT siRNA and CENP-A siRNA-treated cells. n ≥ 

60 cells analyzed for each treatment. (D) Ki67 immunostaining (red) determined cell-

cycle phase of individual nuclei from HTD cells mock-treated or depleted for DXZ1 

transcripts. DXZ1 RNA (red) and DXZ1 DNA (green) were detected by sequential RNA-

DNA FISH. Scale bars, 10 µm.�(E) Quantitation of DXZ1 RNA-DNA ratios at mock-
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treated and dsRNA-targeted DXZ1 arrays (mean ± SEM).�(F) Quantitation of Ki67-

staged (G1/S/G2) interphase cells from mock-treated and DXZ1 RNA-depleted cells. n ≥ 

60 cells analyzed for each treatment. Each data point in (B) and (E) represents a single 

centromere at interphase. Data were statistically analyzed using a t test, except for (C) 

and (F), in which the chi-square test was used. See also Appendix Section A.2 for 

replicate data.  

 

3.1.5 Active-array alpha satellite RNA is required for complete CENP-A 
loading 

The observed loss of CENP-A coincident with alpha satellite RNA depletion 

could be due to a reduction in new CENP-A loading in G1 or a failure to retain 

previously incorporated CENP-A throughout the cell cycle. To discriminate between 

these two possibilities and gain additional insight into the effect of alpha satellite RNA 

depletion on centromere proteins, we measured loading of nascent CENP-A using the 

established SNAP labeling system (Jansen et al., 2007; Ross et al., 2016). In our previous 

experiments, significant depletion of alpha satellite RNA occurred by 76-144 h after 

introduction of dsRNAs, resulting in notable reduction in CENP-A and cell-cycle 

disruption (Figures 20-22). Therefore, we shortened the time frame of array-specific 

alpha satellite transcript targeting experiments to deplete transcripts by ~50% while still 

allowing cells to cycle in order to capture new CENP-A loading (Figure 23A and 23E). 

After 52 h of depletion of DXZ1 transcripts, preexisting (old) CENP-A was blocked and 

new CENP-A synthesis and loading was allowed to occur for 24 h before staining for 

nascent (new) CENP-A using TMR-Star (Figures 23B-23E and Appendix Section A.2). 

Compared with mock-transfected cells, newly incorporated CENP-A at DXZ1 was 
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reduced by ~20% (average) (Figures 23C and Appendix Section A.2). Total CENP-A at 

the targeted array did not differ between mock-treated and dsRNA-treated cells after 48 

h, suggesting that, in this shortened depletion window, maintenance of CENP-A was 

not significantly affected by reduction in DXZ1 transcripts, despite the observed defect 

in new CENP-A loading (Figure 23D and Appendix Section A.2). Together, these 

findings indicate that even partial destruction of alpha satellite RNA affects centromere 

assembly. 

Figure 23: CENP-A loading is impaired in the absence of alpha satellite transcripts. 
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(A) Schematic of experimental approach to measure nascent SNAP-tagged CENP-A 

incorporation on HSAX after DXZ1 dsRNA depletion in HTD cells. Because DXZ1 

dsRNA knockdown disrupts the cell cycle, dsRNA treatment was done for 52 h to 

deplete transcripts by 50% while allowing cells to continue cycling to measure new 

CENP-A loading. (B) Depletion of DXZ1 transcripts using array-specific dsRNAs 

decreased DXZ1 RNA (red) and reduced nascent (SNAP) CENP-A only at DXZ1 (green 

arrowhead). Total CENP-A is shown in far-right panel. Scale bars, 5 µm.�(C and D) 

Quantitation of new (SNAP) CENP-A (C) and total CENP-A (D) at mock-treated and 

targeted DXZ1 arrays (mean ± SEM). (E) RNA-DNA ratios of mock-treated and dsRNA-

targeted DXZ1 (mean ± SEM).�Each data point in (C), (D), and (E) represents a single 

centromere at interphase. Data were statistically analyzed using a t test. n.s., not 

significant. See also Appendix Section A.2 for replicate data.  

 

3.2 Inactive-array alpha satellite RNAs are involved in 

pericentromere protein recruitment 

The previous set of experiments clearly established a role for active-array alpha 

satellite RNA at the centromere and the association of these transcripts with centromere 

proteins. However, we also provided convincing evidence of transcripts produced from 

centromere-inactive arrays. We hypothesized that inactive-array alpha satellite RNAs 

might play a distinct role at the pericentromere in establishing a different functional 

domain. We addressed this possibility in collaboration with the Straight Laboratory at 

Stanford University. The Straight Laboratory had observed nascent RNA at the 

pericentromere of metaphase chromosomes, but the identity and function of the RNA 

was unclear. We focused on a multi-array chromosome, HSA1, as a model to allow us to 

distinguish between RNAs produced from active and inactive alpha satellite arrays, and 

to address the identity and role of the observed nascent RNA.  
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3.2.1 Inactive-array alpha satellite RNAs colocalize with H3K9me3 and 
SUV39H1 at the pericentromere 

Previous results from the Straight Laboratory showed that nascent RNA was 

present at the mitotic pericentromere, colocalizing with heterochromatin, but the origin 

and sequence of these transcripts were unknown. To identify RNA sequences localized 

at pericentric heterochromatin, we performed RNA FISH in DLD1 cells with multiple 

repeat-specific probes. We first assessed the presence of alpha satellite RNA at the alpha 

satellite DNA within the pericentromere of HSA1, which we expected to be a likely 

candidate for mitotic chromosome-associated RNA in the region given our finding that 

centromere-inactive, pericentric alpha satellite arrays on HSA7 and HSA17 also produce 

transcripts that localize in cis. The centromere region of HSA1 contains an active D1Z7 

array flanked on both sides by the pericentric, centromere-inactive D1Z5 array (Figure 

24A). Using a probe specific to the D1Z5 alpha satellite array, we detected RNA present 

in cis near the primary constriction of HSA1 on metaphase chromosomes (Figure 24B). 

The RNA signal was abolished by pretreating the cells with RNase cocktail, verifying 

that the FISH signals were composed of ssRNA (Figure 24C). Additionally, D1Z5 RNA 

colocalized with H3K9me3 located adjacent to the centromere/kinetochore site 

(identified by outer kinetochore protein HEC1) (Figure 24D). Line plots of each signal on 

stretched metaphase chromosomes were used to map colocalization/spatial separation 

and verified that D1Z5 RNA was in close proximity to H3K9me3 and largely spatially 

distinct from the centromere/kinetochore (Figure 24E). We also investigated D1Z5 
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presence and localization in HeLa cells and confirmed the observed pattern of 

pericentric D1Z5 alpha satellite RNA localized adjacent to the centromere (Figure 24F).  
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Figure 24: Alpha satellite RNA associates with the pericentric region of HSA1 
metaphase chromosomes and colocalizes with H3K9me3. 
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(A) Schematic of HSA1 alpha satellite array organization. HSA1 has two distinct alpha 

satellite arrays: D1Z5 and D1Z7. D1Z7 is located within the D1Z5 array, separating the 

D1Z5 array into two separate domains (Finelli et al., 1996). D1Z5 is composed of an 11-

mer HOR and D1Z7 is composed of a 2-mer HOR. In DLD1 cells and HeLa cells, D1Z7 is 

the active, centromere-forming array, associated with CENP-A chromatin and 

H3K4me2/H3K36me2 histone modifications, while D1Z5 is centromere-inactive, 

pericentric, and associated with H3K9me3 and H3K27me3. (B) Localization of D1Z5 

RNA (green) on HSA1 homologs 1 and 2 (H1 and H2) on DLD1 metaphase 

chromosomes. Scale bar, 15 µm. (C) RNase treatment abolished D1Z5 signal on both 

HSA1 homologs (indicated by white arrows) in DLD1 metaphase spreads, verifying 

detection of RNA. Scale bars, 15 µm. (D) D1Z5 RNA (green) was visible colocalizing 

with H3K9me3 (red) and adjacent to the centromere/kinetochore (HEC1, red/blue) on 

DLD1 metaphase chromosomes. Scale bar, 2.5 µm. (E) Line plots of D1Z5 RNA (green), 

H3K9me3 (red) and HEC1 (blue) signal intensity (AU) across the pericentromere and 

centromere region on a stretched DLD1 HSA1 metaphase chromosome confirmed that 

D1Z5 RNA is primarily associated with H3K9me3 and not HEC1. Scale bar, 5 µm. (F) 

Localization of D1Z5 RNA (green) in relation to HEC1 (red) on HSA1 homologs 1 and 2 

(H1 and H2) on HeLa metaphase chromosomes. Scale bar, 5 µm. 

 

We also used RNA FISH to assess the presence of alpha satellite RNA at the 

pericentromeres of additional chromosomes by hybridizing a second probe with 

homology to the D13Z1 and D21Z1 alpha satellite arrays on HSA13 and 21, respectively. 

Because the centromere assembles on the D13Z1 and D21Z1 arrays on both homologs, 

we expected H3K9me3 to overlap with only a portion of the RNA produced from these 

active arrays. H3K9me3 staining was visible adjacent to the centromere on the proximal 

short arm on each metaphase chromosome, where it overlapped with a portion of the 

D13Z1 or D21Z1 alpha satellite RNA signal (Figure 25A). These results are consistent 

with the presence of a distinct population of alpha satellite RNAs within the pericentric 

regions of metaphase chromosomes.  
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Additionally, we tested for the presence of RNA produced from other satellite 

DNA sequences located near the centromere on a subset of chromosomes: beta satellite, 

present on HSA13, 14, 15, 21, and 22, and satellite III, present on HSA14 and 22 (Choo et 

al., 1992; Greig and Willard, 1992). Using probes specific to these sequences in RNA 

FISH, we saw no distinct signals on DLD1 metaphase chromosomes, even though these 

same probes yielded discrete DNA FISH signals on the expected chromosomes (Figure 

25B). We conclude that RNA from inactive, pericentric alpha satellite DNA, but not beta 

satellite or satellite III, is a significant contributor to the nascent RNA signal observed at 

the pericentric region of metaphase chromosomes.  
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Figure 25: Pericentric RNA is composed of alpha satellite RNA and not beta 
satellite or satellite III RNA. 

(A) Localization of D13Z1 and D21Z1 RNA (green) in relation to H3K9me3 (red) on 

HSA13 and HSA21 on DLD1 metaphase chromosomes. Line plots of D13Z1/D21Z1 RNA 

(green) and H3K9me3 (red) signal intensity (AU) across the pericentromere and 

centromere region on a DLD1 HSA13 and HSA21 metaphase chromosomes confirmed 

that a portion of D13Z1/D21Z1 RNA was associated with H3K9me3. Scale bar, 5 µm. (B) 
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Probes to beta satellite (red) and satellite III (green) gave clear DNA FISH signals, but 

did not detect visible levels of RNA on DLD1 metaphase chromosomes. Scale bar, 5 µm. 

 

The centromere region is assembled into multiple distinct chromatin domains. 

We hypothesized that the RNAs produced from centromere-inactive arrays may play a 

distinct role in the formation of pericentric chromatin flanking the centromere. Thus, we 

further probed the association of alpha satellite RNA with key pericentromere-

associated proteins by assessing colocalization of D1Z5 RNA with SUV39H1 using a 

DLD1 cell line expressing a doxycycline-inducible GFP-tagged SUV39H1 (generated by 

the Straight Laboratory). SUV39H1 is a mammalian histone modifying enzyme that 

catalyzes the additional of dimethyl and trimethyl groups to histone H3 lysine 9 

(H3K9me2/3) and is a known component of mammalian pericentric heterochromatin 

(Aagaard et al., 1999; Peters et al., 2001). After 6 h of doxycycline exposure, GFP signal 

(SUV39H1) was visible adjacent to the centromere/kinetochore on each chromosome, as 

expected based on previous reports (Aagaard et al., 1999). Importantly, when we 

detected D1Z5 alpha satellite RNA on metaphase chromosomes after 6 h of doxycycline 

exposure, we observed D1Z5 RNA colocalized with SUV39H1 (Figure 26A). These 

results suggest inactive-array RNA is closely associated with SUV39H1 and H3K9me3, 

however whether the transcripts act upstream or downstream of these key proteins in 

constitutive heterochromatin formation at the pericentromere was unclear.  
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3.2.2 Inactive-array alpha satellite RNA presence and localization is 
independent of SUV39H1 and H3K9me3 

Previous work has shown that SUV39H1 binds directly to HP1a proteins in 

mammals to perpetuate chromatin condensation and transcriptional repression 

(Bannister et al., 2001; Canzio et al., 2011; Lachner et al., 2001; Yamamoto and Sonoda, 

2003) and that mouse HP1a protein can directly bind RNA (Maison et al., 2011; 

Muchardt et al., 2002). Given these interactions between RNA and heterochromatin 

proteins and our observed association of SUV39H1, H3K9me3, and alpha satellite RNA, 

we tested if the transcription and localization of inactive-array alpha satellite RNA relies 

on the presence of heterochromatin. We assessed the effect of SUV39H1 protein loss on 

D1Z5 alpha satellite RNA localization using a SUV39H1/SUV39H2 double knockout 

DLD1 cell line (generated by the Straight Laboratory). As observed in 

SUV39H1/SUV39H2 double knockout mouse cells (Lachner et al., 2001; Peters et al., 

2001), H3K9me3 levels were significantly reduced on DLD1 SUV39H1/SUV39H2 double 

knockout cell metaphase chromosomes. However, the presence and localization of 

pericentric D1Z5 alpha satellite RNA were not significantly affected by the absence of 

SUV39H1 and SUV39H2 (Figure 26B). Together, these data suggest a possible role for 

pericentric alpha satellite RNA acting upstream of heterochromatin formation at the 

pericentromere, possibly involved in the recruitment and/or maintenance of 

SUV39H1/HP1a. These findings were molecularly investigated by the Straight 

Laboratory to gain a more complete picture of the role of alpha satellite RNA in the 



 

 99 

maintenance of pericentric heterochromatin (see Section 3.3: “Conclusions and 

discussion”). 
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Figure 26: Pericentric RNA colocalizes with SUV39H1, but its presence and 
localization are not SUV39H1-dependent. 

(A) Localization of D1Z5 RNA (red) in relation to SUV39H1 (green) and HEC1 

(red/green) on DLD1 SUV39H1-GFP metaphase chromosomes. D1Z5 RNA was visible 

partially colocalizing with SUV39H1 and adjacent to the centromere/kinetochore 

(HEC1). Scale bar, 5 µm. (B) Continued localization of D1Z5 RNA (green) adjacent to the 



 

 101 

centromere/kinetochore (HEC1, green/red), despite the significant reduction in 

H3K9me3 (red) on DLD1 SUV39H1/SUV39H2 double knockout metaphase 

chromosomes. Scale bar, 5 µm.  

 

3.3 Conclusions and discussion 

Like proteins in the constitutive centromere-associated network, alpha satellite 

RNAs at both active and inactive arrays are present throughout the cell cycle and not 

only in G1. Prior to this study, it was not clear if alpha satellite transcripts interacted 

distinctly with proteins that are constitutively or transiently associated with the 

centromere. Our data suggest that alpha satellite transcripts at active centromeres are 

constitutive components of centromeric chromatin complexes and are associated with 

heterochromatin proteins at centromere-inactive arrays. Their role in both 

centromere/kinetochore and  heterochromatin maintenance appears to be high in the 

assembly hierarchy. Nascent protein labeling indicated that loading of new CENP-A is 

impaired at alpha satellite arrays that are devoid of transcripts, suggesting that the 

noncoding RNAs themselves act on a chromosome-specific level to recruit CENP-A, its 

chaperone HJURP, or licensing factors such as MIS18BP1. RNA has been implicated in 

CENP-A recruitment by binding prenucleosomal CENP-A/HJURP (Quenet and Dalal, 

2014); however, our findings support physical association of active alpha satellite 

transcripts with chromatin-bound centromere proteins. Our findings also suggest 

inactive alpha satellite transcripts are present in a distinct complex at the 

pericentromere, where they colocalize with H3K9me3 and SUV39H1. Additional 
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research in the Straight Laboratory built upon this finding and provided evidence that 

SUV39H1 directly binds single-stranded RNA in vitro through the chromodomain 

region (Johnson et al., 2017). While this in vitro association is not sequence-specific, RNA 

immunoprecipitation indicated alpha satellite RNA does bind SUV39H1 in human cells. 

Further, mutations in the chromodomain region of SUV39H1 lead to defects in 

SUV39H1 and HP1a recruitment to the pericentromere, indicating that alpha satellite 

transcripts are essential for the stable association of these proteins with heterochromatin 

and provide a scaffold for their localization. Together, these data suggest that alpha 

satellite RNA plays two discrete roles at the centromere and pericentromere, promoting 

either centromere protein recruitment or heterochromatin protein recruitment. How 

cells can discriminate between alpha satellite RNA produced from active arrays versus 

inactive arrays is unclear, but differences in the timing of transcription, transcript length 

or sequence, physical phase separation, or unique RNA modifications may play a role in 

differentiating between RNAs with discrete purposes. 

In our experiments, CENP-C was particularly sensitive to alpha satellite RNA 

depletion. Targeted depletion of RNAs produced from one chromosome-specific array 

led to a reduction in CENP-A and an even more marked reduction in CENP-C. 

Chromatin-bound RNAs may recruit or stabilize specific centromere proteins. CENP-C 

is a particularly interesting candidate because it is a known RNA binding protein (Du et 

al., 2010; Topp et al., 2004; Wong et al., 2007) that interacts with MIS18BP1 for new 
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CENP-A loading and stabilizes other centromeric proteins by linking inner and outer 

kinetochore protein complexes (Falk et al., 2015; Klare et al., 2015; Moree et al., 2011). 

CENP-A itself is required to mediate CENP-C assembly at centromeres, and a distinctive 

CENP-B/CENP-C interaction further enhances centromere assembly (Fachinetti et al., 

2013; Fachinetti et al., 2015). Whether CENP-C is also able to stabilize alpha satellite 

RNA and maintain its association with the centromere is unclear. Further experiments 

utilizing a cell line expressing AID-tagged CENP-C could be used to rapidly deplete 

CENP-C and measure the effects on satellite RNA localization and abundance. Based on 

our results, we envision a model in which the absence of alpha satellite transcripts that 

are normally part of the CENP-A/-B/-C complex results in impaired centromere 

assembly and altered kinetochore architecture. These defects are highlighted by the 

inability to load new CENP-A and recruit and/or stabilize CENP-C, as well as additional 

kinetochore proteins.  

Depletion of noncoding alpha satellite transcripts at a single chromosome (DXZ1 

on HSAX) reduced essential centromere proteins at that centromere and increased the 

proportion of cells in S and G2 phases. Previous studies have shown that a single 

structurally or functionally defective centromere is sufficient to trigger the spindle 

assembly checkpoint (Kerscher et al., 2003; Rieder et al., 1994; Spencer and Hieter, 1992). 

Disruption of CENP-A (CID) function in Drosophila delays cells in interphase at a 

‘‘kinetochore assembly’’ checkpoint (Blower and Karpen, 2001), presumably to protect 
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against an error-prone mitosis. Human cells that lack CENP-A but have functional p53 

arrest also arrest in interphase and become senescent (Maehara et al., 2010). Our results, 

combined with these other studies, suggest that in normal cells mechanisms exist to 

avoid mitotic defects in the absence of centromeric RNAs or important centromere 

proteins, both globally and at a single centromere.  

To fully understand centromere assembly, it is important to distinguish between 

the act of transcription, such as chromatin remodeling, nucleosome eviction, and 

polymerase recruitment, and the noncoding products themselves. In Drosophila, the act 

of transcription and associated transcription factors are required for de novo centromere 

assembly and for stable incorporation of CENP-A into existing centromeric chromatin 

(Bobkov et al., 2018; Chen et al., 2015). Our approach of depleting array-specific RNAs 

after their production separates the action of transcription through the centromere from 

the physical transcripts and suggests that the transcripts themselves are important for 

maintenance of full centromere function and kinetochore assembly. Additionally, the 

observation that dsRNA depletion did not alter centromere proteins at untargeted 

chromosomes further highlights the cis-acting nature of array-specific transcripts. We 

did not observe trans effects of alpha satellite RNAs, as described in Drosophila and 

Xenopus (Blower, 2016; Rosic et al., 2014). This was most notable on multi-array, epiallele 

chromosomes (HSA7 and HSA17) exhibiting transcripts from both the active and 

inactive array. When active-array D17Z1-B transcripts were depleted, CENP-A did not 
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move to the neighboring D17Z1 array and D17Z1 transcripts did not relocate to the 

crippled D17Z1-B centromere. How centromeric epialleles are established and why they 

exist is not clear. Comparable levels of transcription from each array may promote 

epiallele activity, such that if one centromere becomes compromised or mutated, a 

backup array exhibiting appropriate transcription is available. However, the relationship 

between alpha satellite organization and transcription may also contribute to 

centromeric epialleles. Genomic variation within D17Z1 is unfavorable for centromere 

assembly and function (Aldrup-MacDonald et al., 2016). Variation may alter the 

structure or function of alpha satellite RNAs so that variant transcripts cannot interact 

properly with centromere proteins. Dissecting differences in transcription of wild type 

and variant alpha satellite arrays could be important for determining mechanisms by 

which alpha satellite transcripts confer centromere assembly and chromosome 

inheritance.  

3.4 Materials and methods 

3.4.1 Cell lines and culture conditions 

Human B-lymphocyte GM03543 LCLXiX cells (female) were maintained in 

Roswell Park Memorial Institute 1640 medium (ThermoFisher). All three human 

colorectal cancer DLD1 cell lines (male) acquired from the Straight Laboratory (DLD1 

Flp-In T-REx control cell line, DLD1 SUV39H1-GFP cell line, and DLD1 

SUV39H1/SUV39H1 double knockout cell line) were maintained in Roswell Park 
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Memorial Institute 1640 medium (ThermoFisher). DLD1 SUV39H1-GFP cells were 

treated with 1 µg/mL doxycycline for 6 h before harvest to induce SUV39H1-GFP 

expression. DLD1 CENP-AAID cells acquired from the Fachinetti Laboratory were 

maintained in Minimum Essential Medium Alpha (ThermoFisher) and treated with 500 

µM IAA (Sigma-Aldrich) dissolved in H2O for 32 h before harvest to induce AID-

mediated CENP-A degradation. The human-mouse somatic cell hybrid Z12.3B line 

containing a single HSA17 with an active D17Z1-B array (Aldrup-MacDonald et al., 

2016) was maintained in Minimum Essential Medium Alpha (ThermoFisher) 

supplemented with hypoxanthine-aminopterin-thymidine (ThermoFisher) and ouabain 

(Fluka). Human cervical cancer HeLa cells (female) acquired from the Straight 

laboratory were maintained in Dulbecco’s Modified Eagle Medium (ThermoFisher). All 

cell culture media were supplemented with 10% Fetal Bovine Serum (Cellgro) and 1X 

antibiotic-antimycotic (ThermoFisher) and all cell lines were grown at 37 °C with 5% 

CO2. HAP1, HTD, and RPE1 cells were maintained as described in Chapter 2. 

3.4.2 Generation of engineered human lines 

Engineered human cell lines used in this work were described previously or 

acquired from collaborators: HTD-SNAP-CENP-A-HA (Ross et al., 2016); DLD1 Flp-In 

T-REx, doxycycline-inducible DLD1 SUV39H1-GFP, and DLD1 SUV39H1/SUV39H1 

double knockout (Johnson et al., 2017); DLD1 CENP-AAID (Hoffmann et al., 2016). 
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3.4.3 IF-RNA FISH 

Cells treated with hypotonic were spun onto RNase AWAY-treated slides at 800 

rpm (interphase cells) or 2000 rpm (metaphase chromosomes). Slides were 

permeabilized in KCM at room temperature, fixed in 4% PFA in PBS, and incubated 

again in KCM. Slides were blocked in 1X PBS/0.5% Triton X-100/1% bovine serum 

albumin before incubation overnight at 4 °C with primary antibodies to human CENP-A 

(Abcam ab13939 or custom polyclonal AP3497) (Maloney et al., 2012), human CENP-C 

(Abcam ab50974), mouse Cenp-A (custom polyclonal D601AP), HEC1 (Abcam ab3613), 

H3K9me3 (Abcam ab8898) overnight. Slides were washed in PBS/0.1% Triton X-100, 

incubated with fluorophore-conjugated secondary antibodies (ThermoFisher) for 2 h at 

room temperature, and washed as before. Slides were rinsed in 1X PBS before 

proceeding to RNA FISH, as described in Chapter 2, beginning at the permeabilization 

step. Plasmids used to generate probes are detailed in Table 2. Plasmids used to generate 

probes to the D7Z1, D7Z2, D17Z1, D17Z1-B, and DXZ1 HORs and the CENP-B box are 

described in Chapter 2.  
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Table 2: Plasmids used to generate probes for FISH. 

Plasmid Source Probe Amount1 Stringency 
pSD1-1 

(D1Z5 HOR) 

Hunt Willard, PhD 

(Waye et al., 1987a) 

500 ng 

 

65% formamide 

ASP851 

(D13Z1/D21Z1 

HOR) 

Generated by alpha 

satellite PCR by Straight 

Laboratory 

500 ng 

 

65% formamide 

pB4 

(beta satellite) 

Hunt Willard, PhD 

(Waye and Willard, 

1989) 

300-400 ng 50% formamide 

pTRS-47 

(satellite III) 

Hunt Willard, PhD 

(Choo et al., 1990a) 

300-400 ng 50% formamide 

1 FISH probe amounts specified are for an 18 mm x 18 mm area 

3.4.4 RNA immunoprecipitation/RNA-ChIP 

Irreversibly crosslinked samples: Cells were UV crosslinked in cold 1X PBS, 

pelleted, and resuspended in lysis buffer for 10 min at room temperature with 

mechanical shearing. CENP-A (custom polyclonal AP3497; 2 µg/IP), CENP-B (Abcam, 

ab25734, 5 µg/IP), or CENP-C (Abcam, ab30334, 8 µg/IP) antibodies were preincubated 

with Dynabeads (ThermoFisher) prior to overnight incubation with chromatin. 

Chromatin complexes were treated with DNase I and RNase Inhibitors, washed, and 

then RNA was heated to 55 °C with 1.2 mg/mL RNase-free Proteinase K (American 

Bioanalytical) for 30 min. Proteinase K was inactivated at 65 °C prior to RNA elution. 

RNA-Bee (AMSBIO) was used to purify RNA. After genomic DNA wipeout, RNA was 

reverse transcribed using Quantitect Reverse Transcription Kit (Qiagen). RT- samples 

were matched to each RT+ sample.  
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Native chromatin samples: Native chromatin was isolated from nuclei using 

micrococcal nuclease in the presence of RNase-free reagents (Mravinac et al., 2009). Ten 

micrograms of chromatin were used in each immunoprecipitation with antibodies to 

CENP-A (0.5 µg), CENP-B (8 µg), and CENP-C (5-8 µg) (described above). RNA-ChIP 

products were isolated using a modified MAGnify ChIP Kit (ThermoFisher) protocol 

(Aldrup-MacDonald et al., 2016) that included the addition of DNase I and RNase 

Inhibitors during the chromatin-antibody binding step. RNA-protein complexes were 

immunoprecipitated in replicate within the same experiment and/or by repeating the 

experiment at least once. RNA was extracted using either RNeasy Mini Kit or RNA-Bee. 

Two consecutive rounds of gDNA removal were performed prior to RT (first round: 

RNeasy Mini Kit clean-up; second round: gDNA Wipeout Reagent (Qiagen) for 5 min at 

42 °C). RT was performed using Quantiscript reverse transcriptase (Qiagen). RT- 

samples were included. qRT-PCR was performed on all samples using primers to 28S 

rRNA and/or 45S rRNA (Stimpson et al., 2014) to confirm that RT samples produced Ct 

values and that RT-minus samples yielded a value of ‘‘No Ct’’ before proceeding with 

query regions of interest. RNA quality was verified on a 1.1% agarose gel containing 1% 

household bleach. For all RNA-ChIP, qRT-PCR was performed using the QuantiFast 

SYBR Green PCR Kit (Qiagen) and 2 µL of cDNA per reaction. qRT-PCR for each sample 

replicate was performed in duplicate or triplicate, depending on sample availability. 

DXZ1 primers were described previously (Sullivan et al., 2011). The sequences of D17Z1 
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primers used are (F): 5’ CTTTGGATGGAGCAGGTTTGAGAC 3’ and (R): 5’ 

CCGTTTAGTTAGGTGCAGTTATCC 3’. The sequences of D17Z1-B primers used are 

(F): 5’ CACTGTTTGGCCTTCGTTC 3’ and (R): 5’ TCCACTTGCAGATTCCACA 3’. For 

D17Z1 and D17Z1-B runs, 500 pg-1 ng of p17H8 (D17Z1) and p2.5-3 (D17Z1-B) plasmids 

were included as specificity controls. Percent Input was calculated as follows: 

E^(Adjusted inputquery - Ct Mean (IP)query) / E^(Adjusted inputGAPDH - Ct 

(IP)GAPDH).  

3.4.5 Western blot confirmation of IP pull-down 

Western blot confirmation was performed for MAGnify ChIP Input, Mock, 

CENP-A, CENP-B, and CENP-C. For Input, 6 µg (for CENP-A) and 10 µg (for CENP-B 

and CENP-C) of chromatin were combined with equal volumes of Laemmli Sample 

Buffer supplemented with 2-mercaptoethanol (Fisher Scientific; CENP-A) or 

dithiothreitol (American Bioanalytical; CENP-B, CENP-C) and boiled for 10 min at 95 

°C. IP magnetic beads (chromatin-antibody bound or mock chromatin bound) were 

resuspended in 10-50 µl of Laemmli Sample Buffer after the last IP wash step and boiled 

for 10 min at 95 °C. Following denaturation, the magnetic beads were pelleted and the 

supernatant was collected. This step was repeated to ensure complete bead removal 

from the sample. For CENP-A (custom polyclonal AP3497), a single reaction was 

sufficient for western blot detection. For CENP-B and CENP-C (commercial antibodies), 

up to five IP reactions were combined. Samples were separated on a Mini-PROTEAN 
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TGX stain-free precast gel (BioRad; 4-20% for CENP-A; 7.5% for CENP-B and CENP-C) 

at 70 V for 2-2.5 h and visualized on the G:Box. Proteins were then wet-transferred in 8% 

methanol onto a nitrocellulose membrane at 70 V for 3 h at 4 °C and imaged again. The 

membrane was blocked in either 5% non-fat dry milk in Tris-buffered saline (TBS)-

Tween for 1 (CENP-A) or overnight at 4 °C in StartingBlock T20 (ThermoFisher; CENP-

B, CENP-C). Primary antibodies were applied and incubated overnight at 4 C with 

rocking in either 5% milk/TBS-Tween (CENP-A, AP3497 1:500) or StartingBlock T20 

(CENP-B ab25734 at 1:750; CENP-C ab33034 at 1:750). The membrane was then washed 

in TBS-Tween with rocking at room temperature. For CENP-A, a goat anti-rabbit 

horseradish peroxidase antibody (Invitrogen; 1:2000 in 5% milk/TBST) was incubated 

with the membrane for 2 h at room temperature with rocking and washed in TBS-Tween 

at room temperature. For CENP-B and CENP-C, Clean-Blot IP Detection Reagent 

(ThermoFisher) was applied at 1:40 in StartingBlock T20 and incubated overnight at 4 °C 

with rocking and washed in TBS-Tween at room temperature. Bands were detected 

using WesternBright ECL solution (Advansta) at a 1:1 ratio (CENP-A) for 2 min or Pierce 

ECL Detection Reagents (ThermoFisher) at a 1:1 ratio (CENP-B, CENP-C) for 5 min. 

Imaging was performed using the G:Box’s chemiluminescence settings.  

3.4.6 shRNA construct and ASO generation and transfection 

shRNA constructs targeting the DXZ1 and D17Z1 HORs were generated by 

annealing oligonucleotides containing a 21 bp region of homology to each HOR, a 9 bp 
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hairpin loop region, and an RNAP III termination sequence (see Table 3). Annealed 

oligonucleotides were phosphorylated and ligated with BglII/HindIII-digested pG-

SUPER, a silencing vector co-expressing GFP (Kojima et al., 2004). Clones were screened 

by diagnostic digestion and Sanger sequencing (Eton Bioscience) to confirm proper 

insertion of the desired expression cassette. Once verified, 2-11 µg shRNA construct was 

transiently transfected into HTD cells using Xtreme Gene HP (Sigma-Aldrich), 

Lipofectamine 2000 (ThermoFisher) or Xfect (Takara Bio) following manufacturers’ 

recommendations. In some cases, cells were boosted using the same transfection 

conditions 48-74 h following the initial transfection. Cells were harvested 48 h after the 

final transfection for assessment of GFP fluorescence followed by alpha satellite RNA 

FISH. A control shRNA construct, pG-SUPER-shCENPA (generated previously in the 

Sullivan Laboratory) targeting CENP-A mRNA was used as a positive control. 

 ASOs targeting the CENP-B box and DXZ1 HOR were designed to contain 

phosphorothioate bonds to improve stability (Integrated DNA Technologies). ASOs 

were transfected into HTD cells at concentrations ranging from 10-100 nM, boosted with 

a repeat transfection 48 h following the initial transfection, and harvested after an 

additional 48 h for RNA FISH assessment of alpha satellite RNA depletion.   
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Table 3: Oligonucleotides used in shRNA and ASO-mediated methods to deplete 
alpha satellite RNA. 

Oligonucleotide Sequences 
DXZ1 shRNA1: (F) 5’ GATCCCCGCAAACTCAGAACATTCTTTGTTCAAGAGACAA 

AGAATGTTCTGAGTTTGCTTTTTT 3’  

(R) 5’ AGCTAAAAAAGCAAACTCAGAACATTCTTTGTCTCTTGAACAAAGAAT 

GTTCTGAGTTTGCGGG 3’ 

D17Z1 shRNA 11: (F) 5’ GATCCCCGGAATGTGCAAGTGGAGATTTTTCAAGAGAAA 

ATCTCCACTTGCACATTCCTTTTTT 3’ 

(R) 5’ AGCTAAAAAAGGAATGTGCAAGTGGAGATTTTCTCTTGAAAAATCTCCA 

CTTGCACATTCCGGG 3’ 

D17Z1 shRNA 21: (F) 5’ GATCCCCGGAGCAGGTTTGAGACACTCTTTCAAGAGAAG 

AGTGTCTCAAACCTGCTCCTTTTTT 3’ 

(R): 5’ AGCTAAAAAAGGAGCAGGTTTGAGACACTCTTCTCTTGAAAGAGTGTCT 

CAAACCTGCTCCGGG 3’ 

CENP-A shRNA1: (F) 5’ GATCCCCGAGGCAGCAGAAGCATTTCTTCAAGAGAGAA 

ATGCTTCTGCTGCCTCTTTTTT 3’ 

(R) 5’ AGCTAAAAAAGAGGCAGCAGAAGCATTTCTCTCTTGAAGAAATGCTTCT 

GCTGCCTCGGG 3’ 

CENP-B box ASO: 5’ T*T*T*C*GTTGGAAAC*G*G*G*A 3’ 
1 Font color representation: target-specific sequence; hairpin loop sequence; RNAP III 

termination sequence; BglII/HindIII digestion sequences 
2 Phosphorothioate bonds represented by * 

 

3.4.7 siRNA and dsRNA depletions 

For CENP-A RNAi, 10 nM of each CENP-A Trilencer-27 siRNA knockdown 

duplex (Origene) was introduced into RPE1 cells using Oligofectamine (ThermoFisher) 

with additional boosts at 48 h and 96 h after initial transfection. Double-stranded RNAs 

recognizing specific alpha satellite array transcripts were generated by IVT of plasmids 

containing a single DXZ1 or D17Z1-B HOR insert flanked by T3 and T7 promoters 

(pBS_DXZ1, generated by ligating the pBAMX7B DXZ1 HOR into the HindIII/EcoRI site 

of pBluescriptSK, or p2.5-3). T3 RNA Polymerase and T7 RNA Polymerase 
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(ThermoFisher) were used to produce sense and anti-sense DXZ1 and D17Z1-B HOR 

single-stranded RNAs. Complementary IVT products were annealed and treated with 

TURBO DNase (Ambion) and RNase Cocktail (Ambion) to remove plasmid template 

and single-stranded RNA. Long dsRNAs were treated with RNase III (New England 

Biolabs) to generate ~21 base pair dsRNAs that were transfected into HTD or Z12.3B 

cells at a final concentration of 50 nM using Oligofectamine. Additional dsRNA boosts 

were done at 48 h and 96 h after initial transfection. For both CENP-A siRNA and 

dsRNA depletions, cells were harvested for CENP-A or CENP-C IF and RNA-DNA 

FISH 144 h (6 days) after the first transfection.  

3.4.8 dsRNA depletion and SNAP-CENP-A detection 

HTD cells stably expressing SNAP-CENP-A-HA (Ross et al., 2016) were treated 

with 50 nM DXZ1 dsRNA using Oligofectamine and boosted with additional DXZ1 

dsRNA 48 h after initial transfection. Existing SNAP-CENP-A was blocked for 4 h after 

the second dsRNA transfection by the addition of bromothenylpteridine (SNAP-Cell 

Block, New England Biolabs) in complete growth medium for 30 min at 37 °C. 

Bromothenylpteridine was removed by washing twice with 1X PBS and once with 

complete growth medium, and incubating cells in complete growth medium for 30 min 

to allow excess compound to diffuse from cells (Ross et al., 2016). Cells were again 

washed twice with 1X PBS and once with complete growth medium, then grown in 

complete growth medium for 24 h to allow for synthesis and incorporation of new 



 

 115 

CENP-A. New CENP-A was pulse labeled by incubation with 2 mM SNAP-Cell TMR-

Star (New England Biolabs) for 30 min at 37 °C. Cells were washed and complete 

medium was added. After an additional 30 min, washes were performed again to 

remove any excess TMR-Star that had diffused out of the cells. Cells were then 

harvested for CENP-A IF and RNA-DNA FISH.  

3.4.9 Cell cycle assessment  

RPE1 cells were transfected with 10 nM of each CENP-A Trilencer-27 siRNA 

knockdown duplex using Oligofectamine with two additional boosts at 48 h and 96 h 

after initial transfection. Cells were harvested for Ki67 immunostaining (Leica 

Microsystems NCL-Ki67p) and CENP-A IF 144 h (6 days) after the first transfection. 

HTD cells were treated with 50 nM DXZ1 dsRNA using Oligofectamine and boosted 48 

h after the initial transfection. Cells were harvested for immunostaining with Ki67 and 

RNA-DNA FISH 96 h (4 days) after the first transfection. Ki67 staining patterns were 

used to classify cell cycle phase of individual cells.  

3.4.10 Quantifications and statistical analyses 

For CENP-A siRNA experiments, CENP-A signals were segmented by 

thresholding and the sum total integrated density of all CENP-A signals in the nucleus 

that was defined by DAPI signal were measured and values were exported to an Excel 

file. The total CENP-A value for a specific nucleus was matched to the D17Z1 RNA-

DNA ratios calculated for that same cell. Nuclei with significant CENP-A depletion were 
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defined as those containing <50% of the average amount of total CENP-A present in NT 

(control) siRNA-treated cells. This same approach was used to quantify CENP-C signals 

in CENP-A siRNA-treated cells and NT siRNA-treated cells. For quantification of CENP-

A, SNAP-CENP-A, and CENP-C in alpha satellite RNA depletion experiments, CENPs 

associated with specific centromeric arrays were identified by DNA FISH, that is, 

matching the DNA FISH signal to a specific CENP signal/ROI. The integrated density of 

the array-specific CENP signal was measured and matched to a column in an Excel file 

containing the sum total integrated density of all CENP signals for that particular 

nucleus, defined by DAPI signal. These two values were used to calculate the amount of 

CENP at an individual array by comparing it to the total CENP signal in the nucleus, 

presenting it as a percentage of the total amount of CENP in the nucleus. To normalize 

the CENP measurements in cells treated with dsRNAs, the average ratio (CENPs at 

targeted centromere to CENPs at all centromeres) that had been calculated in control 

cells was set to 1, and each dsRNA-treated ratio was divided by this average. At least 20 

independent nuclei or chromosomes were measured per experiment, and the standard 

error of the mean was determined for each set of data points. Data were statistically 

analyzed in Excel or Prism (GraphPad) using a Student’s t test and all data were 

presented as graphs using Prism. Data in Figures 22 and 44 were analyzed using the 

Chi-square test. The p-values are indicated on figure panels. Line plots used to analyze 

the intensity profile of individual channels across a given distance in IF-RNA FISH 
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images were generated by drawing a line across the region of interest and using the 

ImageJ plugin “RGB profile plot”. Output coordinates were transferred to Prism for 

graphical presentation.  
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4. Effect of alpha satellite genomic variation on noncoding 
RNAs and chromosome stability 

The effect of genetic variation in the form of SNPs, indels, and copy number 

variants on gene function and regulation has been well-documented, yet little is 

understood about the impact of genetic variation in noncoding, repetitive regions of the 

genome. A recent publication from the Sullivan laboratory linked alpha satellite 

sequence variation in the D17Z1 array of HSA17 (see Section 1.2.3: “Alpha satellite 

genomic variation”) to reduced centromere protein recruitment and chromosome 

instability (Aldrup-MacDonald et al., 2016), highlighting potential negative effects of 

genomic variation in a region previously considered to contain DNA with little 

functional relevance. These results indicate that highly variant arrays are a poor 

platform for building stable centromeres and kinetochores and are a risk factor for 

aneuploidy. Further, on some chromosomes that exhibited high levels of genomic 

variation in the D17Z1 array, the centromere was more likely to assemble at the 

neighboring D17Z1-B array, suggesting that genomic variation can influence centromere 

location. The molecular mechanism underlying the role of alpha satellite genomic 

variation in centromere location and chromosome stability has not yet been elucidated, 

but we hypothesized that it is likely to involve the interplay between genomic and 

epigenomic factors. 
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In this chapter, I describe our efforts to determine how alpha satellite genomic 

variation alters the alpha satellite RNA emanating from the region, which is known to 

play an important role in centromere and pericentromere function. This could be 

particularly important from a functional standpoint as changes in the length, sequence, 

and stability of RNAs produced from variant arrays compared to wild type arrays may 

affect their ability to support centromere and pericentromere protein recruitment, 

ultimately making these arrays a poor platform for centromere and kinetochore 

function. I also discuss our investigation of the structural organization of variant HORs 

across the D17Z1 alpha satellite array as a second factor that may contribute to HSA17 

instability. Although variant arrays are clearly a poor platform for stable centromere and 

kinetochore assembly, we hypothesized that the spatial arrangements of variant and 

wild type HORs along the length of the array might provide a sufficient platform of wild 

type HORs for centromere and kinetochore assembly and mitigate the negative effects of 

HOR variants. Thus, we mapped the long-range organization of variant and wild type 

D17Z1 HORs on D17Z1 arrays with varying levels of stability. Together, these 

experiments fine tune our characterization of alpha satellite RNA and offer a more 

complete picture of the interaction of DNA, RNA, and protein at the centromere locus. 
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4.1 The pool of transcripts produced from the active D17Z1 alpha 

satellite higher order repeat varies between wild type and variant 

arrays 

HOR size polymorphisms are common in the D17Z1 alpha satellite array of 

HSA17 and are classified into two haplotypes. Haplotype I consists of 16-mer, 15-mer, 

and 14-mer HORs, while Haplotype II is predominantly composed of 13-mer HORs 

(Warburton and Willard, 1995). Approximately ~35% of HSA17s in the population are 

Haplotype II and the level of HOR variation (percent of 13-mer HORs) in these D17Z1 

arrays ranges from 60%-98% of the array (Aldrup-MacDonald et al., 2016; Warburton 

and Willard, 1995; Waye and Willard, 1986a). The variant Haplotype II array is linked to 

reduced centromere protein recruitment and chromosome instability. Given that HOR 

size polymorphisms in the D17Z1 alpha satellite array alter the overall sequence of the 

HOR, we hypothesized that these sequence changes would be reflected in the pool of 

alpha satellite RNAs emanating from Haplotype II arrays. Since alpha satellite RNAs 

from active arrays are known to bind to centromere proteins, changes in the sequence of 

alpha satellite transcripts could affect the ability of the RNAs to recruit centromere 

proteins, ultimately affecting the stability of the centromere and kinetochore. To 

determine the extent to which alpha satellite variation affects the sequence of alpha 

satellite transcripts, we investigated four cell lines with varying amounts of D17Z1 

genomic variation, as well as differences in centromere location (Table 4) (Aldrup-

MacDonald et al., 2016; Maloney et al., 2012).  
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Table 4: Summary of cell lines used in transcriptional analysis across the D17Z1 HOR 
of HSA17. 

Cell 
Line 

Homolog % Variation Centromere Location 

RPE1 1 0% D17Z1 

2 3% D17Z1 

A549 1 0% D17Z1 

2 65% D17Z1 

HCT116 1 1% D17Z1 

2 92% D17Z1-B 

HTD 1 98% D17Z1 

2 78% D17Z1-B 

 

Our initial characterization of alpha satellite RNA emanating from the D17Z1 

array in Chapters 2 and 3 utilized a probe specific to the entire 16-mer D17Z1 HOR. 

Although this approach was useful for detecting global D17Z1 alpha satellite RNAs, we 

were unable to distinguish between the presence and absence of transcripts from 

different regions of the HOR or differential levels of transcripts from regions across the 

HOR. To dissect the origin of alpha satellite RNAs across the HOR in wild type 

Haplotype I arrays compared to variant Haplotype II arrays, we adopted a combination 

of cytological and molecular approaches to interrogate transcription of individual 

monomers of the D17Z1 HOR. Probes specific to subfragments of the HOR (detecting 

between two to six monomers of the HOR) were used in RNA FISH and primers to these 

regions were also used in RT-PCR to detect the presence of transcripts emanating from 

nearly every monomer of the HOR. Using these approaches, we noted marked 

differences in the origin of D17Z1 alpha satellite RNAs between different cell lines and 
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even between different HSA17 homologs within the same cell line. When possible, we 

also quantified the abundance of RNA from each subfragment of the HOR to identify 

variation in abundance of RNAs from certain regions of the HOR. In some cases, 

although we could detect the presence of alpha satellite RNA from a given region, the 

signals were too faint to quantify using the automated image analysis script. In such 

instances, we noted only presence or absence of the RNA.  

4.1.1 Active, wild type D17Z1 arrays are associated with alpha satellite 
RNAs emanating from all regions of the D17Z1 HOR  

We first assessed the origin of D17Z1 alpha satellite RNAs in RPE1 immortalized 

epithelial cells. In this cell line, the D17Z1 arrays on both HSA17 homologs are 

Haplotype I (wild type) and the centromere assembles on the D17Z1 array on both 

HSA17 homologs (Aldrup-MacDonald et al., 2016). Given that both homologs have 

comparably sized (3 Mb) active D17Z1 arrays with similar variant composition, we did 

not discriminate between the two homologs. We detected transcripts emanating from all 

tested regions of the D17Z1 HOR by RNA FISH (Figure 27A). RNA-DNA ratios of 

transcripts emanating from monomers 1-6 (Subfragment A), monomers 9-12 

(Subfragment B), and monomers 15-16 (Subfragment C) were roughly 1:1 (Figure 27B), 

which corresponds to the 1:1 RNA-DNA ratio observed with the probe detecting the full 

HOR (Figure 13). We also specifically probed the first two monomers of the HOR 

(Subfragment A.1). Although the signals were not sufficient for quantitation, RNA was 

visibly produced from this region of the HOR (Figure 27A). Overall, alpha satellite 
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RNAs emanated from all tested regions of the D17Z1 HOR in the active, wild type 

D17Z1 arrays found on both HSA17 homologs in RPE1 cells.  

 

 

 

 

 

 

Figure 27: Origin of alpha satellite RNAs across the wild type D17Z1 arrays in RPE1 
cells. 

(A) Detection of D17Z1 HOR RNAs from Subfragments A, A.1, B, and C. RNAs 

emanating from all regions were detected by RNA FISH (green) in both HSA17 

homologs of RPE1 cells. White arrowheads indicate true D17Z1 signals (identified by 

subsequent DNA FISH, not shown). Scale bars, 5 µm. Schematic of wild type D17Z1 

HOR indicates the D17Z1 HOR subfragment regions tested for the presence of RNA. 

Green-filled monomers indicate transcripts were detected in this region. (B) Quantitation 

of D17Z1 HOR Subfragment A, B, and C RNA-DNA ratios (mean ± SEM). Each data 
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point represents a single interphase centromere. No significant difference in RNA-DNA 

ratio was observed between the subfragments. Data were statistically analyzed using a t 

test.  

 

4.1.2 Active, variant D17Z1 arrays are associated with alpha satellite 
RNAs emanating from the central regions of the D17Z1 HOR  

We next investigated transcription across the D17Z1 HOR in A549 lung 

adenocarcinoma cells. In this cell line, one homolog (designated H1) contains an active, 

Haplotype I D17Z1 array and the second homolog (designated H2) contains an active, 

Haplotype II D17Z1 array with a moderate level of variation (65%) (Aldrup-MacDonald 

et al., 2016). A549 cells are near-triploid with the exception of a few chromosomes, 

including HSA17 which is present in 4 copies (Peng et al., 2010). Using size differences 

in the two arrays (H1- 4.3 Mb, H2- 2.6 Mb) previously determined by the Sullivan 

laboratory (Aldrup-MacDonald et al., 2016), we determined that H1 is present in 3 

copies and H2 is present in 1 copy. Using the array size and copy number information, 

we visually differentiated between H1 and H2 in individual cells to assess transcription 

across a wild type array compared to a variant array in the same cell background, 

thereby controlling for cell type-specific differences that could affect alpha satellite 

transcription. We observed transcripts consistently emanating from across the HOR in 

the wild type D17Z1 array in H1 (Figure 28A), as we noted in RPE1 cells. The RNA-

DNA ratios of RNA emanating from monomers 1-6 (Subfragment A) and monomers 9-

12 (Subfragment B) were roughly 1:1, while the abundance of RNA from monomers 1-2 

(Subfragment A.1) was slightly lower (0.61:1) (Figure 28B). In contrast, D17Z1 alpha 
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satellite RNAs were only observed to consistently originate from one of the four 

interrogated regions of the HOR in the variant D17Z1 array of H2 (Figure 28A). 

Although transcripts were consistently visible from monomers 1-6  (Subfragment A) in 

an RNA-DNA ratio slightly greater than 1:1 (1.2:1) on H2, the RNA-DNA ratios of 

monomers 1-2 (Subfragment A.1) and monomers 9-12 (Subfragment B), were much 

lower, 0.47:1 and 0.29:1, respectively (Figure 28B). Further, in many cases RNA from 

these subfragments was not visible or was below the limit of detection (Figure 28C). 

Together, these data suggest that variation within the D17Z1 HOR alters the pool of 

transcripts produced by the array when compared to a wild type D17Z1 array. While 

RNAs originating from across the HOR are visible in wild type Haplotype I arrays, there 

is a marked reduction or loss of transcripts originating from the terminal half of the 

HOR, as well as the first two monomers, in variant Haplotype II arrays.  



 

 126 

 

Figure 28: Origin of alpha satellite RNAs across the wild type D17Z1 array (H1) and 
the variant D17Z1 array (H2) in A549 cells. 



 

 127 

(A) Detection of D17Z1 HOR RNAs from Subfragments A, A.1, B, and C in A549 cells. 

RNAs emanating from all regions were detected by RNA FISH (green) in the wild type 

D17Z1 array on HSA17 H1, while RNAs emanating from Subfragment A.1, B, and C 

were either not visible or very low in abundance on the variant D17Z1 array on HSA17 

H2. White arrowheads indicate H2, identified by its smaller array size by subsequent 

DNA FISH (not shown). Scale bars, 5 µm. Schematic of wild type D17Z1 HOR 

(dominant HOR on H1) and variant HOR (dominant HOR on H2) indicates the D17Z1 

HOR subfragment regions tested for the presence of RNA. Green-filled monomers 

indicate transcripts were detected in this region, while orange-filled monomers indicate 

little to no transcripts were detected in this region. (B) Quantitation of D17Z1 HOR 

Subfragment A.1, A, and B RNA-DNA ratios (mean ± SEM). Each data point represents a 

single interphase centromere. n.s., not significant. Data were statistically analyzed using 

a t test. (C) Frequency distribution of RNA-DNA ratios of D17Z1 HOR Subfragment A.1 

and B signals on H2 demonstrating the preponderance of 0 RNA-DNA ratios, indicating 

no detectable RNA was present on these arrays.  

 

4.1.2.1 The pool of alpha satellite RNAs observed at inactive, variant D17Z1 arrays 
differs between cell lines  

In the previous assessments of the origin of alpha satellite RNAs across the 

D17Z1 HOR, the D17Z1 array was always the active, centromere- and kinetochore-

forming array. However, our studies of the abundance of D17Z1 alpha satellite 

transcripts at centromere-inactive arrays suggested a more stochastic pattern of 

transcription at these arrays (see Section 2.2: “Alpha satellite RNA abundance is roughly 

equal to that of the underlying DNA during interphase”). Given that transcription at 

inactive arrays does not seem to be as tightly controlled as active arrays, we also 

considered whether the origin of transcripts might vary between different cell lines if the 

D17Z1 array was inactive. Thus, we assessed the presence of RNAs originating across 

the D17Z1 HOR in HCT116 colorectal carcinoma cells, which contain an active, 

Haplotype I D17Z1 array on H1 and an inactive, Haplotype II (92% variant) D17Z1 array 
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on H2 (Aldrup-MacDonald et al., 2016; Maloney et al., 2012). Individual homologs can 

be visually distinguished based on total array size (H1- 3.9 Mb, H2- 2.3 Mb) (Aldrup-

MacDonald et al., 2016). As expected based on previous investigations, we observed 

transcripts emanating from across the D17Z1 HOR on the active, wild type D17Z1 array 

on H1 in a roughly 1:1 RNA-DNA ratio (Figure 29A and 29B). Interestingly, RNAs 

originating from all tested regions of the D17Z1 HOR were also observed at the variant, 

inactive array on H2 (Figure 29A). However, transcripts on this array were slightly more 

abundant than those on the active array, particularly RNAs originating from 

Subfragment B (Figure 29B). This is in agreement with our previous finding that D17Z1 

RNA-DNA ratios at inactive arrays tend to vary more widely when compared to active 

arrays using a whole-HOR probe (see Section 2.2: “Alpha satellite RNA abundance is 

roughly equal to that of the underlying DNA during interphase”). These results suggest 

that both genomic variation and status as a centromere-active or centromere-inactive 

array affect the pool of alpha satellite transcripts present at the centromere region.  
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Figure 29: Origin of alpha satellite RNAs across the active, wild type D17Z1 array (H1) 
and the inactive, variant D17Z1 array (H2) in HCT116 cells. 

(A) Detection of D17Z1 HOR RNAs from Subfragments A, A.1, B, and C in HCT116 

cells. RNAs emanating from all regions were detected by RNA FISH (green) both in the 

wild type D17Z1 array on HSA17 H1 and the variant D17Z1 array on HSA17 H2. White 

arrowheads indicate H2, identified by its smaller array size by subsequent DNA FISH 
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(not shown). Scale bars, 5 µm. Schematic of wild type D17Z1 HOR (dominant HOR on 

active H1) and variant HOR (dominant HOR on inactive H2) indicates the D17Z1 HOR 

subfragment regions tested for the presence of RNA. Green-filled monomers indicate 

transcripts were detected in this region. (B) Quantitation of D17Z1 HOR Subfragment A, 

B, and C RNA-DNA ratios (mean ± SEM). Each data point represents a single interphase 

centromere. n.s., not significant. Data were statistically analyzed using a t test.  

 

To further probe the effect of variation and centromere location on the origin of 

alpha satellite RNAs, we assessed the pool of D17Z1 transcripts present in HTD 

fibrosarcoma cells. HTD cells contain an active, 4 Mb Haplotype II D17Z1 array (98% 

variant), on the highly unstable H1 and an inactive, 2.3 Mb Haplotype II D17Z1 array 

(78% variant) on H2 (Aldrup-MacDonald et al., 2016; Maloney et al., 2012). At the active, 

highly variant H1 array, transcripts were only detected from monomers 1-6 

(Subfragment A) and were present in a 1.1:1 RNA-DNA ratio (Figures 30A and 30B). 

These findings, along with previous results from H1 in A549 cells, suggest that active, 

variant alpha satellite arrays are largely associated with RNAs from only a portion of the 

array and that the HOR size polymorphisms in variant arrays affect the transcriptional 

pattern of other regions of the HOR. Similarly, we only observed RNAs emanating from 

monomers 1-6 (Subfragment A) of the inactive D17Z1 array of H2 (Figure 30A) and 

RNA abundance from this region was elevated (1.6:1 RNA-DNA ratio) (Figure 30B).  

RNA FISH results from H2 in HCT116 cells indicate that monomers 15-16 and 

monomers 1-2 are competent for transcript production on inactive arrays and led us to 

consider if we were unable to detect transcripts from this region on some HSA17 

homologs by RNA FISH due to an accessibility issue. Although RNA FISH provides the 
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advantage of single-cell and single-chromosome resolution, allowing us to distinguish 

between homologs, one caveat to using RNA FISH to identify the presence of RNAs 

across the HOR is its reliance on accessible, single-stranded RNA. We cannot exclude the 

possibility that some RNAs are present, but incorporated in a protein, DNA, and/or 

RNA complex, rendering them undetectable by RNA FISH. To confirm that RNAs that 

we did not detect by RNA FISH are truly not stably present in HTD cells, we used RT-

PCR. The RNA isolation, DNase, and denaturation steps in this approach disrupt 

protein and RNA-DNA complexes. We isolated total RNA from HTD cells and assessed 

the presence of RNAs from two regions of the HOR by RT-PCR with D17Z1 

subfragment-specific primers: monomers 5-6 (Subfragment 1) and monomers 15-16 

(Subfragment 2). Mirroring the RNA-FISH results, we only detected RNA from 

monomers 5-6, while no product was produced from monomers 15-16 (Figure 30C), 

indicating that accessibility did not affect our ability to detect transcripts from these 

regions by RNA FISH and that patterns of transcription can vary distinctly between 

different inactive, variant D17Z1 arrays.  

Together, these findings suggest genomic variation within the D17Z1 alpha 

satellite array is associated with altered pools of transcripts produced from both 

centromere-active and centromere-inactive arrays. The alterations observed extend 

beyond a simple lack of transcripts emanating from the deleted monomers (monomers 

10-12 in a 13-mer HOR, for example), indicating that the deletion of these monomers has 
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a widespread effect on the origin of transcripts emanating from a variant array. Our 

abundance estimates using both the whole HOR probe in Chapter 2 and a higher-

resolution approach with probes to individual regions of the HOR suggest that 

transcription is tightly controlled on the active array, generally maintaining a 1:1 RNA-

DNA ratio, while we observed much more variation in RNA-DNA ratios at centromere-

inactive arrays. Additionally, the pattern of transcription across centromere-inactive 

arrays varies between inactive arrays in different cell lines, possibly indicating more 

stochastic transcription on inactive arrays or the presence of an additional factor that 

controls the origin of transcripts associated with inactive arrays.  
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Figure 30: Origin of alpha satellite RNAs across the active, variant D17Z1 array (H1) 
and the inactive, variant D17Z1 array (H2) in HTD cells. 

(A) Detection of D17Z1 HOR RNAs from Subfragments A, A.1, B, and C in HTD cells. 

RNAs emanating only from Subfragment A were detected by RNA FISH (green) in the 

variant, active D17Z1 array on HSA17 H1 and the variant, inactive D17Z1 array on 

HSA17 H2. Scale bars, 5 µm. Schematic of variant D17Z1 HOR (dominant HOR on both 

the active H1 and inactive H2) indicates the D17Z1 HOR subfragment regions tested for 

the presence of RNA. Green-filled monomers indicate transcripts were detected in this 

region, while red-filled monomers indicate no detectable transcripts were present from 

this region. (B) Quantitation of D17Z1 HOR Subfragment A RNA-DNA ratios (mean ± 

SEM). Each data point represents a single interphase centromere. Data were statistically 
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analyzed using a t test. (C) RT-PCR to detect RNA from monomers 5-6 (Subfragment 1) 

and monomers 15-16 (Subfragment 2). Genomic DNA was used as a positive control.  

 

4.2 Long-range organization of wild type and variant HORS 

Our study of noncoding alpha satellite RNAs from variant and invariant arrays 

focused on the effects of genomic variation on a HOR scale to explore changes in 

transcripts as a possible molecular mechanism for the poor functional potential of 

variant D17Z1 HORs. On the scale of the full array, however, we considered that the 

long-range organization of variant HORs might also affect centromere function. 

Previous work in the laboratory documented the instability of chromosomes with highly 

variant alpha satellite arrays and demonstrated that highly variant arrays are a poor 

platform for stable centromere and kinetochore assembly compared to wild type arrays. 

Therefore, the overall organization or placement of variant versus wild type HORs along 

the array might influence whether an array can provide a suitable platform of wild type 

HORs for centromere recruitment and maintenance (Figure 31A). For example, if variant 

HORs are clustered into a single or a few small domains distinct from a large, 

continuous domain of wild type HORs, chromosome stability may be unaffected (Figure 

31B). In contrast, if variant and wild type HORs are highly interspersed and no suitable 

platform exists for centromere formation, chromosome instability may result (Figure 

31C). Alternatively, if the highly variant array is incapable of recruiting or maintaining 

adequate amounts of centromere proteins, the centromere may instead assemble at the 

neighboring D17Z1-B array (Figure 31D). Few studies have explored the spatial 
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organization of variation along D17Z1 alpha satellite arrays and, due to the challenges of 

assembling highly repetitive reads, no linear maps of the D17Z1 array have been 

generated by high-throughput sequencing to date. Therefore, we utilized the high 

resolution of extended DNA fibers to optically map the location of wild type and variant 

HORs across the D17Z1 array of HSA17s with varying levels of stability to explore the 

relationship between HOR organization and chromosome stability.    

 

Figure 31: Model of the effect of variant D17Z1 HOR organization on chromosome 
stability and centromere location. 
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(A) D17Z1 arrays containing mostly wild type D17Z1 HORs (blue-filled arrows) tend to 

be the site of centromere assembly (green and blue spheres) and are associated with high 

HSA17 stability. (B) and (C) Chromosomes containing centromeres built on D17Z1 

arrays composed of variant HORs (red-filled arrows) have a reduced number of CENPs 

(transparent green and blue spheres) and are less stable than those assembled on wild 

type arrays, but the overall organization of variant HORs across the array may affect 

chromosome stability. Wild type D17Z1 HORs could be grouped together to form a 

homogeneous domain sufficient for centromere assembly largely on wild type HORs 

(B), allowing for near-normal levels of CENPs and a relatively stable centromere. In 

contrast, if wild type and variant HORs are highly interspersed, there may not be a 

homogeneous domain of wild type HORs of sufficient size for stable centromere 

assembly (C), leading to chromosome instability. (D) When the D1Z1 array is highly 

variant, the neighboring D17Z1-B array (gray-filled arrows) may provide a more 

suitable platform for centromere assembly. HSA17s containing active D17Z1-B arrays 

are associated with high stability. Model adapted from Aldrup-MacDonald et al., 2016.  

 

4.2.1 Visual method for assessing the spatial organization of wild type 
HORs 

Long-range HOR organization of the D17Z1 array was previously explored in 

two human-mouse somatic cell hybrid lines, one containing a HSA17 with a Haplotype I 

D17Z1 array (L65-14A) and one containing a HSA17 with a Haplotype II D17Z1 array 

(LT23-4C) (O'Keefe et al., 1996; Warburton and Willard, 1990). These studies revealed 

the existence of multiple distinct domains that are homogeneous in HOR size 

composition. Two-dimensional gel electrophoresis was used to first separate large 

fragments of the D17Z1 array, then determine the composition of these domains in 

terms of 16-mers, 15-mers, 14-mers, 13-mers, and 12-mers. Wild type (16-mer, 15-mer, 

and 14-mer) HORs along the Haplotype I D17Z1 array in L65-14A cells were shown to 

be nonrandomly distributed across the length of the array, with some large domains 

containing a single type of HOR (a single domain at least 500 kb in length consisting 
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only of 16-mers, for example) (Warburton and Willard, 1990). Homogeneous domains of 

wild type or variant (13-mer and 12-mer) HORs were also identified on the Haplotype II 

array in LT23-4C cells. These studies were the first to investigate the overall structure of 

alpha satellite arrays and suggested that arrays are organized into distinct, locally 

homogeneous domains.  

The two-dimensional gel electrophoresis method allows each individual size 

polymorphism to be distinguished, but provides no information about how these 

individual domains are spatially organized in linear relation to each other. To build 

upon these data and to gain more information about their linear long-range 

arrangement, we used extended DNA fibers to map the location of wild type and 

variant HORs across the length of the D17Z1 array on variably stable HSA17s (each in a 

human-mouse somatic cell hybrid line). We detected the full length of the D17Z1 array 

with a whole-HOR D17Z1 probe and distinguished wild type HORs on the same fiber 

with a probe specific to monomers 10-12, which are deleted in variant HORs (Figure 

32A). By using these two probes in combination, we could identify the location of 

domains predominately composed of wild type HORs and domains predominately 

composed of variant HORs across the length of the D17Z1 array. To confirm that the 

probe specific to monomers 10-12 only detected wild type HORs, we first tested the 

probe on a Haplotype I array composed only of wild type HORs (HSA17 H1 from 

parental line A549, human-mouse somatic cell hybrid line LA549.5). As expected, the 
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probe specific to monomers 10-12 was visible along the length of the entire D17Z1 array 

(Figure 32B). In contrast, this probe did not significantly hybridize to a 92% variant 

Haplotype II array (HSA17 H2 from parental line HCT116, LHCT14C3.6) (Figure 32C). 

The results from these positive and negative control arrays indicated that our approach 

using the wild type HOR-specific probe was suitable for discriminating between wild 

type and variant HORs and could be used to map domains of each type of HOR across a 

D17Z1 array.  

 



 

 139 

Figure 32: Detection of wild type HORs on extended DNA fibers. 

(A) A probe specific to monomers 10-12 was used to detect wild type HORs. The probe 

is not expected to bind to variant HORs, such as the 13-mer HOR, due to the deletion of 

monomers 10-12. (B) Detection of wild type D17Z1 HORs (green) across the D17Z1 array 

(red) in LA549.5 cells. The D17Z1 array in LA549.5 cells is composed almost entirely of 
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wild type HORs, thus probe signal was visible along the length of the entire array. Scale 

bar, 5 µm. (C) Detection of wild type D17Z1 HORs (green) across the D17Z1 array (red) 

in LHCT14C3.6 cells. The D17Z1 array in LHCT14C3.6 cells is composed almost entirely 

of variant HORs, thus very little probe signal was visible along the length of the array. 

Scale bar, 5 µm. 

 

4.2.1.1 Degree of interspersion of wild type and variant HOR domains varies between 
D17Z1 arrays containing moderate levels of genomic variation 

We investigated the pattern of wild type and variant HOR domain organization 

across the length of two D17Z1 arrays with intermediate levels of variation, but differing 

stability. Using the same wild type HOR-specific probe and the entire HOR probe, we 

detected domains predominately composed of wild type HORs in one fluorophore and 

domains predominately composed of variant HORs across the length of each D17Z1 

array in a second fluorophore. We then visually determined the length of each 

individual domain by comparing the overlap of the two probe signals. We first mapped 

domains on individual fibers (n = 15) of the intermediately variant (65%) and moderately 

stable (75%) Haplotype II array (HSA17 H2 from parental line A549, human-mouse 

somatic cell hybrid line LA549.1). Overall, we detected multiple distinct domains 

composed predominately of either wild type or variant HORs across the array (Figure 

33A). We observed an average of 11.4 total domains per fiber, with an average of 5.7 

domains composed predominately of wild type HORs per fiber and 5.7 domains 

composed predominately of variant HORs per fiber (Figure 33C). Variable stretching 

among individual fibers, as well as differential extension along each fiber, was 

presumed to account for differences in the number of domains, such that individual 
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domains that resolved on a longer, more stretched fiber were observed as a single 

domain on shorter fibers. Although we did not include a FISH probe to sequence 

outside of the D17Z1 array, such as the D17Z1-B or D17Z1-C array, to orient the fibers 

and cannot conclusively determine the orientation of each fiber, we did repeatedly 

observe the presence of one to three large wild type domains at one end of the array, 

which we used to arbitrarily orient all fibers (Figure 33A). On average, the largest 

domain of wild type HORs per fiber was ~610 kb, occupying ~23% of the 2.6 Mb array 

(Figure 33D). Based on our previous findings correlating the proportionate size of the 

CENP-A domain to total alpha satellite array size (Ross et al., 2016; Sullivan et al., 2011), 

the CENP-A domain on the 2.6 Mb array is predicted to encompass ~910 kb. A 610 kb 

domain of wild type HORs could provide a sufficiently sized platform for CENP 

recruitment and centromere and kinetochore assembly, contributing to the relative 

stability of this HSA17. 

We also investigated the pattern of wild type and variant HORs across another 

moderately variant (61%) Haplotype II D17Z1 array with a much lower level of 

chromosome stability (31%) (human-mouse somatic cell hybrid line LT23-4C derived 

from parental human lung cell line LT23). Again, we detected multiple distinct domains 

composed predominately of either wild type or variant HORs across the array (Figure 

33B), but observed an increase in the number of total distinct domains on the array, with 

an average of 14.3 total domains per fiber (average of 6.9 domains composed 
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predominately of wild type HORs per fiber and 7.4 domains composed predominately 

of variant HORs per fiber) (Figure 33C). We also noted the presence of a moderately 

sized domain of wild type HORs skewed toward one end of the array, which we used to 

orient fibers. Overall, the wild type domains were smaller than those observed in 

LA549.1 cells, spanning ~465  kb on average (~14% of the total 3.3 Mb array), and were 

less continuous (Figure 33D). The pattern of distinct domains across the D17Z1 array in 

LT23-4C cells was more highly interspersed than observed in LA549.1 cells and we 

speculate that this linear organization does not create a large platform of wild type 

HORs sufficient to recruit and/or maintain appropriate amounts of centromere proteins. 

We suggest that the highly interrupted spatial organization of variant and wild type 

HORs along the length of the array contributes to the high level of HSA17 instability 

observed in this cell line.  
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Figure 33: Long-range spatial organization of wild type and variant HORs across the 
D17Z1 array. 
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(A) Detection of wild type D17Z1 HORs (green) across the D17Z1 array (red) in LA549.1 

cells by DNA FISH. Blue and red annotations above the fiber indicate the locations of 

domains of wild type (blue) or variant (red) HORs. Scale bar, 5 µm. Schematics below 

the fiber image summarize the size and location of wild type HOR domains (blue) and 

variant HOR domains (red) across each fiber analyzed (n = 15). Wild type D17Z1 HORs 

were visible in multiple discrete domains, but a relatively homogeneous domain of wild 

type HORs was visible at one end of the array. Fibers 2-15 are arranged in order of 

increasing total fiber length. (B) Detection of wild type D17Z1 HORs (green) across the 

D17Z1 array (red) in LT23-4C cells by DNA FISH. Blue and red annotations above the 

fiber indicate the locations of domains of wild type (blue) or variant (red) HORs. Scale 

bar, 5 µm. Schematics below the fiber image summarize the size and location of wild 

type HOR domains (blue) and variant HOR domains (red) across each fiber analyzed (n 

= 15). Wild type D17Z1 HORs were visible in multiple discrete domains, but their spatial 

organization was much more interrupted, leading to fewer homogeneous wild type 

domains than observed in LA549.1 cells. Fibers 2-15 are arranged in order of increasing 

total fiber length. (C) Bar graph of the average number and composition (variant or wild 

type) of distinct domains on fibers from LA549.1 and LT23-4C cells. (D) Dot plots of the 

length of the largest domain composed predominately of wild type HORs observed on 

each LA549.1 or LT23-4C fiber (mean ± SEM). Each data point represents a single 

domain on a single D17Z1 fiber. Data were statistically analyzed using a t test.  

 

4.3 Conclusions and discussion 

In this chapter, we investigated the effect of alpha satellite genomic variation on 

two scales: the individual HOR, with respect to the pool of alpha satellite transcripts 

produced, and the long-range organization of the array, with respect to how the 

distribution of domains relate to chromosome stability. We observed markedly different 

transcriptional patterns at different D17Z1 arrays that correlate with the presence of 

variation within the array. Strikingly, HSA17 homologs in the same cell could each be 

associated with a unique set of alpha satellite transcripts, further suggesting that alpha 

satellite transcripts are cis-acting and do not move between chromosomes, even 

homologs of the same chromosome. In our assessment of transcripts arising from 
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individual regions of the D17Z1 HOR, we noted that centromere-active, variant arrays 

often produce little to no detectable RNAs from the first two monomers of the HOR 

(monomers 1 and 2) and the terminal two monomers of the HOR (monomers 15 and 16), 

despite the fact that these monomers are not thought to differ in sequence between wild 

type and variant HORs. Therefore, HOR size polymorphisms may have widespread 

effects on the pool of transcripts associated with the array. We speculate that sequence 

changes in variant HORs may impact transcription in a number ways. Disruption of a 

promoter may lead to lower levels of transcription downstream in monomers 15, 16, 1, 

and 2, since these regions on two consecutive HORs are continuous due to the tandem 

structure of alpha satellite DNA. Other functionally relevant sequence motifs, such as an 

RNAP termination sequence, may also be present within the deleted region of variant 

HORs, possibly leading to alterations in the overall size of transcripts produced from 

variant HORs compared to wild type HORs. Indeed, we have preliminary evidence that 

variant arrays produce longer D17Z1 transcripts than wild type arrays (Figure 34), 

although additional experiments and further investigation in other cell lines are needed 

to fully understand how variation might alter D17Z1 alpha satellite RNA length. It is 

also important to consider that all regions of variant arrays are competent for 

transcription when the array is centromere-inactive, although the expression of 

monomers 1, 2, 15, and 16 varies between individual HSA17 homologs (Figures 29 and 

30). This finding suggests that other factors may affect the transcription of certain 
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regions of the variant HOR. These could include additional sequence polymorphisms, 

such as the EcoRI SNP in monomer 13 of the D17Z1 HOR, or involve other mechanisms, 

like three-dimensional structure changes that affect the accessibility of a promoter, for 

example. 

 

 

 

 

 

 

 

 

 

Figure 34: Preliminary determination of D17Z1 alpha satellite RNA size differences 
between wild type and variant arrays. 

Northern blot detection of D17Z1 RNA in total RNA isolated from multiple cell lines, 

with each cell line in duplicate (15 µg total RNA or 30 µg total RNA). The diploid parent 

(A549) contains two HSA17 homologs, with one homolog containing a variant D17Z1 

array and the other homolog containing a wild type D17Z1 array. Transcripts from these 

two HSA17 homologs were studied independently in human-mouse somatic cell hybrid 

lines (variant D17Z1, LA549.1; wild type D17Z1, LA549.5). Red dashed boxes indicate 

size range of transcripts from variant and wild type D17Z1 arrays.  

 

Ultimately, we hypothesize that the alterations observed in the pool of 

transcripts associated with variant arrays may contribute to making variant arrays a 

poor platform for stable centromere and kinetochore function. Changes in the sequence 
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and length of RNAs might affect their ability to bind and recruit CENPs, reduce their 

stability after production, or alter their three-dimensional structure to prevent RNA-

DNA hybrid formation (see Section 5.1.1.3: “Detection of RNA-DNA hybrids at the 

centromere and pericentromere”). To address these possibilities, we are collaborating 

with the O’Neill Laboratory at the University of Connecticut to more thoroughly 

examine the differences between RNAs produced by wild type and variant arrays using 

global run-on sequencing (GRO-seq). This approach will allow us to determine the 

sequence of nascent D17Z1 alpha satellite RNAs. We are also interested in identifying 

transcription promoter and termination sequences, which have not yet been identified in 

alpha satellite DNA. Although regulatory motifs might be part of the canonical 

centromere sequence, like the bidirectional RNAP promoters identified in the 

centromere region of Plasmodium falciparum (Li et al., 2008), some groups have 

speculated that transposable elements interspersed within alpha satellite repeats may 

drive transcription in the region (Klein and O'Neill, 2018). To this end, we are using 

GRO-seq to identify important regulatory sequence motifs and determine if these are 

deleted or disrupted in variant HORs.  

We are also taking a high-throughput approach to characterizing the spatial 

organization of wild type and variant HORs across the length of the D17Z1 array in 

collaboration with the O’Neill Laboratory. The challenges of assembling repetitive alpha 

satellite reads have hindered the realization of complete genome assemblies in the 
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centromere region. However, advancements in long-read sequencing technologies 

recently allowed the assembly of the linear sequence of the DYZ3 array on HSAY via 

nanopore sequencing of DYZ3-containing bacterial artificial chromosomes (Jain et al., 

2018). We are using long-read sequencing to build upon our visual data from extended 

DNA fibers that suggests that differences in the long-range arrangements of HORs may 

impact chromosome stability, such that arrays containing many short blocks of wild 

type and variant HORs do not contain a sufficiently sized domain of wild type HORs for 

proper centromere and kinetochore assembly. Linear assemblies of multiple D17Z1 

arrays with different levels of genomic variation will be a powerful tool for determining 

the organization of known HOR size polymorphisms, as well for identifying and 

mapping new size and sequence variants in alpha satellite DNA. Linear sequence data 

will also power our examination of differences in secondary structure between wild type 

and variant arrays. For example, the formation of non-B-form DNA structures at 

centromeres has been proposed as a mechanism for centromere specification 

(Kasinathan and Henikoff, 2018). Wild type (16-mer) HORs contain 10 predicted non-B-

form motifs (inverted repeats and cruciform structures), while variant (13-mer) HORs 

are predicted to contain only 8 of these motifs (Cer et al., 2012). Assessing the presence 

and distribution of non-B-form structures across the D17Z1 array will be important for 

understanding the role of alpha satellite sequence and genomic variation in centromere 

function.  
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We can also combine sequencing results with cytological approaches to map the 

location of the CENP-A domain on variant and wild type D17Z1 arrays to test our 

working model that the CENP-A domain will preferentially form on the most 

homogeneous wild type domain available. Finally, further functional studies with HACs 

containing only variant HORs could be used to directly test the ability of these 

sequences to recruit and maintain centromere and kinetochore proteins. Together, these 

avenues of research have the potential to provide important insight into how alpha 

satellite genomic variation affects chromosome stability. 

4.4 Materials and methods 

4.4.1 Cell culture conditions 

Human lung epithelial A549 cells (male) were maintained in Roswell Park 

Memorial Institute 1640 medium (ThermoFisher). The human-mouse somatic cell hybrid 

lines LA549.1, LA549.5, LHCT14C3.6, and LT23-4C, each containing a single HSA17, 

were maintained in Minimum Essential Medium Alpha (ThermoFisher) supplemented 

with hypoxanthine-aminopterin-thymidine (ThermoFisher) and ouabain (Fluka). Hybrid 

line LT23-4C was acquired from the Willard laboratory (Willard et al., 1987). Hybrid 

lines LA549.1, LA549.5, and LHCT14C3.6 were generated previously in the Sullivan 

laboratory from the parental cell lines A549 and HCT116. All cell culture media were 

supplemented with 10% Fetal Bovine Serum (Cellgro) and 1X antibiotic-antimycotic 
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(ThermoFisher) and all cell lines were grown at 37 °C with 5% CO2. HCT116, HTD, and 

RPE1 cells were maintained as described in Chapter 2. 

4.4.2 RNA-DNA FISH 

 RNA-DNA FISH was completed on interphase cells as described in Chapter 2. 

Probes specific to individual monomers of the D17Z1 HOR (Table 5) were labeled and 

prepared as described in Chapter 2. Imaging, RNA-DNA ratio quantifications, and 

statistical analyses were completed as described in Chapter 2. 

Table 5: Plasmids used to generate probes for D17Z1 HOR subfragment FISH. 

Plasmid1 Monomer
s  

Primer Sequences for PCR 
Amplification of D17Z1 Subfragment 

Probe 
Amount2,3 

pCR2.1-BS109/518 

 

M1-M2 

267 bp 

F: 5’ AATTTCAGCTGACTAAACA 3’ 

R: 5’ AAAACTGCGCTCTCAAAAGG 3’ 

400 ng 

 

p8146Z-1 

 

M1-M6 

850 bp 

F: 5’ AATTTCAGCTGACTAAACA 3’ 

R: 5’ AATTTCAGCTGACTAAACA 3’ 

300 ng 

 

pCR2.1-BS745/746 

 

M9-M12 

569 bp 

F: 5’ATGGTCACATAAAAACTGGAG 3’ 

R: 5’ CTCAGTCGTCACCAAGAGTTT 3’ 

300 ng 

pZ1m15-7 

 

M15-M16 

171 bp 

F: 5’ TTGGAAACGGGATAAACTG 3’ 

R: 5’ ACTACGGTACTCCTCAAAG 3’ 

800 ng 

1 All plasmids were generated by TA cloning the PCR amplified D17Z1 subfragment  
2 FISH probe amounts specified are for an 18 mm x 18 mm area 
3 All probes were hybridized and washed at 68% formamide stringency 

 

4.4.3 RT-PCR 

 RNA for cDNA generation was isolated from 1x106 HT1080 cells with the RNeasy Mini 

Plus Kit (Qiagen) following the manufacturers’ recommendations. Genomic DNA 

contamination was eliminated by treatment with the RNase-Free DNase Set (Qiagen). 

Briefly, 10 µL of each RNA sample was diluted to 0.1 µg/µL. Buffer RDD (1 µL) and 
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DNaseI (1 µL) were added to each sample and incubated for 20 min at 37 °C. An 

additional 2 µL DNase I was added and cells were incubated for 30 min at 37 °C. cDNA 

was synthesized from 1 µg total RNA using the Transcriptor First Strand cDNA 

Synthesis Kit (Roche) with a mix of anchored-oligo(dT)18 primer and random hexamer 

primer. A control reaction containing no reverse transcriptase enzyme (RT-) was 

included for each sample to confirm that RNA samples were not contaminated with 

genomic DNA. The resulting cDNA from the RT+ and RT- reactions was then amplified 

with monomer-specific primer sets (Table 6). Genomic DNA was also amplified with 

these primer sets to serve as a positive control. All RT-PCR products were run on an 

ethidium bromide-stained 2% agarose gel alongside a 100 bp Molecular Weight DNA 

Ladder (New England Biolabs). Gels were visualized using the G:Box CHEMI XT4 

system and GeneSys software (Syngene). 

Table 6: Primers used in RT-PCR. 

Target Product Size Primer Sequences  
M5-M6 

(BS621/BS622) 

109 bp F: 5’ CTTTGGATGGAGCAGGTTTGAGAC 3’ 

R: 5’ CCGTTTAGTTAGGTGCAGTTATCC 3’ 

M15-M16 

(BS619/BS620) 

171 bp F: 5’ TTGGAAACGGGATAAACTG 3’ 

R: 5’ ACTACGGTACTCCTCAAAG 3’ 

 

4.4.4 DNA fiber preparation 

DNA fibers were prepared as previously described (Aldrup-MacDonald et al., 

2016). Briefly, cells were harvested by trypsinization and washed in 1X PBS before 

dilution to 1x104 cells/mL and swelling in hypotonic buffer (1:1:1 75 mM KCl: 0.8% 
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sodium citrate: dH2O) for 5 min. Cells were cytospun using a Shandon Cytospin 4 

(ThermoFisher) onto slides at 800 rpm. Each cell spot was covered with lysis buffer 

(0.75% SDS, 5 mM EDTA, 100 mM Tris-HCl, pH 7.5) for 6 min. The lysis buffer was then 

slowly dragged down the length of the slide to manually pull DNA into long fibers. 

Fibers were fixed in 3:1 methanol-acetic acid for 5 minutes at room temperature and 

aged overnight at room temperature before use in DNA FISH.  

4.4.5 Wild type HOR-specific DNA FISH on DNA fibers 

After aging at room temperature, slides were pretreated in 2X SSC containing 

100 µg/mL RNase A (Invitrogen) at 37 °C for 30 min to 1 h. Slides were then dehydrated 

in an ice cold ethanol series (70%, 95%, 100) for 2 min each and dried before 

denaturation in 70% formamide, 2X SSC, pH 7 at 70 °C for 55 seconds. Slides were 

dehydrated and dried again, as described above. Probes detecting the entire D17Z1 

HOR (p17H8) and the monomers present only in wild type HORs (pCR2.1-BS773/746) 

(Table 7) were labeled with digoxygenin-11-dUTP (Roche) and biotin-16-dUTP (Roche), 

respectively, as described in Chapter 2.  Labeled probes were combined and precipitated 

with 1 µL 10 mg/mL salmon sperm DNA and 100% ethanol. After precipitation, probes 

were pelleted, washed with 70% ethanol, and resuspended in hybridization buffer (10% 

dextran sulfate, 2X SSC, 1% Tween-20) containing 68% formamide. Following slide 

dehydration, probes were hybridized simultaneously with both denatured probes at 

high stringency conditions (68% formamide hybridization buffer, to prevent cross 
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hybridization the D17Z1-B array) for 24-48 h at 37 °C. Slides were washed in (1) 2X 

SSC/0.05% Tween-20 containing 68% formamide, three times, at 37 °C, (2) 2X SSC/0.05% 

Tween-20, three times, at 37 °C, (3) 1X SSC/0.05% Tween-20 at RT, and (4) 4X SSC/0.1% 

Tween-20 at RT. Biotin-labeled probes were detected with Alexa Fluor 488 Streptavidin 

(ThermoFisher) and digoxygenin-labeled probes were detected with anti-digoxin 

conjugated to Cy3 (Jackson ImmunoResearch Laboratories). Biotin signals were 

amplified to improve signal-to-noise ratio by detection with biotinylated anti-avidin 

(Vector Laboratories) and Alexa Fluor 488 Streptavidin. Slides were mounted in 

VECTASHIELD containing 5 µg/mL DAPI.  

Table 7: Plasmids used to generate probes for mapping wild type HORs by 
DNA FISH. 

Plasmid Monomer
s  

Primer Sequences for PCR Amplification of 
Specific D17Z1 Monomers  

Probe 
Amount2 

pCR2.1-

BS773/7461 

M10-M12 

408 bp 

F: 5’ AAACGGGAGAATCTTCACAGGA3’ 

R: 5’ CTCAGTCGTCACCAAGAGTTT 3’ 

600 ng 

p17H8 M1-M16 

2.7 kb 

N/A; Plasmid acquired from Hunt Willard, 

PhD (Waye and Willard, 1986b) 

200 ng 

1 This plasmid was generated by TA cloning the PCR amplified D17Z1 subfragment  
2 FISH probe amounts specified are for a 24 mm x 30 mm area 

 

4.4.6 DNA fiber imaging, processing, and analyses 

All microscopy images were collected using a DeltaVision Elite imaging system 

(Applied Precision/GE Healthcare) equipped with an inverted Olympus IX-71 

microscope coupled to the CoolSNAP HQ2 CCD camera (Photometrics). Images were 

acquired using a 100X (PLAN APO 1.40 NA) oil objective (Olympus) with 0.2 µm z 
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sections. When the fiber extended across multiple planes of view, the panel acquisition 

function was used. Images were deconvolved using the conservative algorithm with 10 

iterations, and image stacks were viewed as quick projections that were saved as TIFF 

and PSD formats. If the fiber was acquired using the panel acquisition function, multiple 

panels were stitched together using the stitch function after quick projection and saved 

as a TIFF.  

The number and length of wild type domains on an individual fiber were 

determined by visual comparison of p17H8 signal (detects all D17Z1 HORs) and 

pCR2.1-BS773/746 signal (detects only wild type D17Z1 HORs). Regions of the fiber 

containing overlapping signals from both probes were designated domains of 

predominately wild type HORs, while stretches of the fiber containing only p17H8 

signal were designated domains of predominately variant HORs. The length of each 

domain as a percentage of the total array was calculated and displayed as a “parts of a 

whole” graph in Prism (GraphPad). To determine the length of the longest wild type 

domain on each fiber, the longest wild type domain as a percentage of the total array 

was identified and its corresponding length in kb was calculated using known lengths of 

the D17Z1 array (2.6 Mb in LA549.1 cells and 3.3 Mb in LT23-4C cells (Aldrup-

MacDonald et al., 2016; Warburton and Willard, 1990)).  
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4.4.7 Chromosome stability estimation 

 Chromosome stability was estimated by assessing HSA17 copy number in 

individual interphase cells via DNA FISH, as previously described (Aldrup-MacDonald 

et al., 2016). Briefly, cells were harvested by trypsinization and washed in 1X PBS before 

swelling in hypotonic buffer (1:1:1 75 mM KCl: 0.8% sodium citrate: dH2O). Cells were 

then repeatedly fixed in cold methanol-acetic acid, dropped onto microscope slides, and 

aged overnight at 37 °C. After aging at room temperature, slides were pretreated in 2X 

SSC containing 100 µg/mL RNase A (Invitrogen) at 37 °C for 30 min to 1 h. Slides were 

then dehydrated in an ice cold ethanol series (70%, 95%, 100) for 2 min each and dried 

before denaturation in 70% formamide, 2X SSC, pH 7 at 70 °C for 55 seconds. Slides 

were dehydrated and dried again, as described. HSA17 was identified with a probe 

detecting the entire D17Z1 HOR (p17H8) labeled with digoxygenin-11-dUTP (Roche). 

Probes were precipitated and resuspended in hybridization buffer (10% dextran sulfate, 

2X SSC, 1% Tween-20) containing 68% formamide, as described in Chapter 2. Following 

slide dehydration, probes were hybridized with 70 ng denatured D17Z1 probe at high 

stringency conditions (68% formamide hybridization buffer, to prevent cross 

hybridization the D17Z1-B array) for 24 h at 37 °C. Slides were washed in (1) 2X 

SSC/0.05% Tween-20 containing 68% formamide, three times, at 37 °C, (2) 2X SSC/0.05% 

Tween-20, three times, at 37 °C, (3) 1X SSC/0.05% Tween-20 at RT, and (4) 4X SSC/0.1% 

Tween-20 at RT. Digoxygenin-labeled D17Z1 probe was detected with anti-digoxin 
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conjugated to FITC (Jackson ImmunoResearch Laboratories). Microscopy images of 

interphase nuclei were collected using a DeltaVision Elite imaging system (Applied 

Precision/GE Healthcare) equipped with an inverted Olympus IX-71 microscope 

coupled to the CoolSNAP HQ2 CCD camera (Photometrics). Images were acquired using 

a 40X (PLAN APO 1.35 NA) oil objective (Olympus) with 0.2 µm z sections. The number 

of D17Z1 signals in each cell was recorded and HSA17 chromosome stability was 

calculated as the number of cells containing a single HSA17.  

4.4.8 Northern blotting 

 RNA was isolated from A549, LA549.1, and LA549.5 cells as described in 

Chapter 2. Denaturing gels, transfers, probe preparation, hybridization with a probe 

specific to the D17Z1 HOR (p17H8), washes, detection, and imaging were all completed 

as described in Chapter 2.  
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5. Preliminary experiments and future directions 

Some sections of this chapter are adapted from a review published by Shannon M. McNulty and 

Beth A. Sullivan in the journal Chromosome Research in 2018 (McNulty and Sullivan, 2018). 

The preceding data chapters describe our work to characterize alpha satellite 

RNA and understand how these transcripts drive centromere and pericentromere 

function, as well as our study of how genetic variation in alpha satellite DNA is linked 

to changes in alpha satellite RNA and defects in chromosome stability. In this chapter, I 

discuss additional, preliminary experiments I have completed and tools I have 

developed to begin to address other outstanding questions in alpha satellite biology as 

they relate to centromere and pericentromere function, as well as broader questions in 

the centromere field surrounding the role of genetic and epigenetic factors in centromere 

maintenance.  

5.1 Additional experiments, tools to characterize alpha satellite RNA 

Here, I discuss efforts to characterize the dynamics of alpha satellite RNA, 

including the cell cycle timing of transcription, abundance throughout the cell cycle, 

incorporation into hybrid structures, methods for alpha satellite overexpression and 

transcriptional inhibition, and experiments to determine the role of CENP-A in 

centromere positional memory.  
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5.1.1 Preliminary experiments to understand alpha satellite RNA 
dynamics 

The centromere and kinetochore are dynamic regions of the genome. New 

CENP-A is loaded into centromeric chromatin in G1 and subsequently distributed 

equally to each daughter strand in S phase (Bodor et al., 2014; Jansen et al., 2007; Schuh 

et al., 2007; Shelby et al., 2000; Silva et al., 2012). From late S phase through G2 and into 

mitosis, outer kinetochore assembly occurs in preparation for microtubule capture and 

chromosome segregation (Nishino et al., 2013; Prendergast et al., 2011). Following 

chromosome segregation, centromere priming via Mis18 prepares the cell for new 

CENP-A loading in G1 (Fujita et al., 2007). Understanding when alpha satellite 

transcription occurs, how RNA abundance changes, and what stabilizes alpha satellite 

transcripts could provide additional insight into the role of transcription and the 

resulting RNAs at the centromere and neighboring pericentromere. In this section, I 

discuss my efforts to further investigate findings from the preceding chapters related to 

alpha satellite RNA production, abundance, and stability throughout the cell cycle. 

5.1.1.1 System to determine the cell cycle timing of alpha satellite transcription 

There are conflicting reports of when nascent alpha satellite transcripts are 

produced. Utilizing both RNAP presence and nascent RNA detection to determine the 

timing of active transcription, reports have described transcription at the core 

centromere in G1 (Quenet and Dalal, 2014) and mitosis (Chan et al., 2012; Liu et al., 2015) 

and at the pericentromere in late G2/mitosis (Johnson et al., 2017). Interestingly, on 
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chromosomes containing a neocentromere and inactive alpha satellite arrays, elongating 

RNAP II (identified by serine 2 phosphorylation) was only observed at the 

neocentromere and not the inactive array during mitosis, further suggesting that there 

may be a cell cycle timing difference between RNAP II localization at active and inactive 

arrays (Chan et al., 2012).  

To detect the location and timing of nascent RNA production in individual cells, 

we exposed cells in culture to pulses of the uridine analog 5-ethynyl uridine (EU) 

containing an alkyne group and detected the nascent EU-containing RNA with an azide-

linked dye via a copper-catalyzed cycloaddition reaction (Jao and Salic, 2008; Rostovtsev 

et al., 2002). By varying the timing and duration of the pulse, we can determine when in 

the cell cycle nascent RNA appears at the centromere. We initially tested this system 

using relatively long pulses of EU up to 23 h before harvesting for EU detection with an 

azide-containing fluorescent dye. We observed nucleolar EU staining in HDF and RPE1 

interphase cells after long EU pulses, as well as shorter, 4 h pulses (Figure 35A). To 

determine if nascent RNA produced during mitosis was visible at the centromere of 

metaphase chromosomes, we also treated cells with nocodazole for 1.5 h to initiate 

mitotic arrest and then introduced EU for 4 h. Interestingly, we did not observe 

centromeric EU staining under these conditions (Figure 35B). However, after treating 

cells with a 3.5 h pulse of EU and omitting nocodazole treatment, we did observe EU 

staining localized near the primary constriction of RPE1 metaphase chromosomes, 
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colocalizing, at least partially, with CENP-A (Figure 35C). Together, these results may be 

indicative of active transcription late in G2 phase that is not visible on nocodazole-

treated cells due to spindle assembly checkpoint arrest-induced transcriptional 

inhibition caused by the drug treatment, which has been observed previously (Mena et 

al., 2010). Additional experiments using EU treatment for varying durations with and 

without cell cycle synchronization are needed to determine exactly when nascent RNA 

is produced at the centromere. Furthermore, introducing a “chase” period following the 

EU pulse and combining EU detection with D17Z1 alpha satellite HOR RNA FISH could 

be utilized to determine if RNAs produced from variant arrays have reduced stability.  

We also tested a higher resolution approach to localizing nascent transcription 

using extended chromatin fibers that could be used to determine if nascent RNA 

colocalizes with alpha satellite RNA. We optimized this approach by testing for 

colocalization of EU with rRNA on extended chromatin fibers. Cells were treated with 

EU for 3 hours and harvested for fiber preparation, EU detection, and RNA FISH with 

probes specific to 18S rRNA. We observed distinct pockets of EU staining along the 

length of 18S rRNA-associated chromatin fibers (Figure 35D). This suggests that RNA 

FISH can be applied to chromatin fibers in regions where RNA is stably associated with 

DNA, such as the R loops formed at rDNA loci (El Hage et al., 2010; Ginno et al., 2012). 

Given the stability of alpha satellite RNA, this approach may be applicable to alpha 

satellite RNA on chromatin fibers. Future work will be required to optimize EU 
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treatment and alpha satellite RNA FISH on chromatin fibers, as well as to couple these 

methods with immunostaining to identify centromere proteins, such as CENP-A, or 

modified nucleosomes, such as H3K9me3. These experiments will be important to 

determine if we are observing the same pericentric nascent alpha satellite RNA 

identified in collaboration with the Straight Laboratory (Johnson et al., 2017) or a unique 

population of RNA. Modifications to lysis conditions to preserve the interaction between 

RNA and centromere/pericentromere proteins and chromatin may also be required. 

Combining nascent RNA detection with immunostaining and RNA FISH at the 

resolution provided by extended chromatin fibers will be a powerful method to 

determine when and where new transcripts localize within an active or inactive alpha 

satellite array.  
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Figure 35: Optimization of nascent RNA detection on interphase cells, metaphase 
chromosomes, and extended chromatin fibers. 
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(A) EU-containing RNA (green) was visible in the nucleolus of HDF and RPE1 cells after 

long (23 h) and short (4 h) pulses of EU. EU staining did not visibly accumulate at 

interphase centromeres, identified by CENP-A immunostaining (red), after a 4 h EU  

pulse. Scale bars, 5 µm. (B) Nascent RNA (green) was not visible at RPE1 metaphase 

centromeres, identified by CENP-A staining (red), following combined nocodazole and 

EU treatment. Scale bars, 5 µm. (C) Nascent RNA (green) was visible at RPE1 metaphase 

centromeres, identified by CENP-A staining (red), following 3.5 h EU treatment in the 

absence of nocodazole. Scale bars, 5 µm. (D) Nascent RNA (green) was detected on RPE1 

extended chromatin fibers partially colocalizing with 18S rRNA (red) following 3 h EU 

treatment. Scale bars, 5 µm.  

 

5.1.1.2 Assessment of alpha satellite RNA abundance on metaphase chromosomes 

In our study of alpha satellite abundance, we noted a stable RNA-DNA ratio of 

approximately 1:1 at the active alpha satellite array in interphase nuclei. This finding, 

along with the RNA half-life estimates could indicate that, once produced, alpha satellite 

RNA is very stable and there is relatively little additional transcription above the level 

needed to maintain a 1:1 ratio. In other words, we did not observe an increase in RNA 

levels suggestive of a burst of alpha satellite transcription during interphase. However, 

some reports, as well as our own preliminary evidence, suggest that alpha satellite is 

actively transcribed late in G2 and in mitosis (Chan et al., 2012; Johnson et al., 2017) 

and/or in G1 (Quenet and Dalal, 2014). Although the prevailing thought is that very little 

transcription occurs during mitosis in mammalian cells (Parsons and Spencer, 1997; 

Prescott and Bender, 1962; Taylor, 1960), alpha satellite RNA may escape full 

condensation and transcriptional repression.  

Given the evidence for active alpha satellite transcription late in the cell cycle, we 

extended our RNA abundance quantitation to HSA7 and HSA17 metaphase 
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chromosomes in HAP1 and RPE1 cells to determine if there is an increase in alpha 

satellite RNA levels above the 1:1 ratio observed in interphase cells (Figure 13). In HAP1 

cells, the centromere is assembled on the D7Z1 array, while the D7Z2 array is inactive. 

RPE1 cells, however, exhibit epialleles on HSA7, with one homolog (designated H1) 

assembling the centromere on the D7Z2 array and the second homolog (designated H2) 

assembling the centromere on the D7Z1 array. We were able to distinguish between 

these two homologs using size differences in the D7Z1 and D7Z2 arrays, with H1 

containing larger D7Z1 and D7Z2 arrays than H2 (Figures 36B and 36D). In some cases, 

we observed an increase in the level of RNA at the active array on HSA7 and HSA17 

during metaphase (Figures 36A and 36B and Figure 37B), which may be indicative of 

active transcription late in G2 or mitosis. However, an increase in the RNA-DNA ratio 

during metaphase was not observed at all arrays analyzed (Figures 36B-36D and Figures 

37A and 37D) and an increase in the inactive array RNA-DNA ratio at metaphase 

compared to interphase was only observed at one array (Figure 36B). Clearly, additional 

replicates of these preliminary experiments and an expansion of this analysis to 

additional cell lines is necessary to determine if the level of alpha satellite RNA increases 

on metaphase chromosomes. This information will also need to be coupled with nascent 

RNA detection approaches to definitively determine when alpha satellite RNA is 

actively transcribed.   
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Figure 36: Quantification of metaphase RNA-DNA ratios on HSA7 alpha satellite 
arrays. 
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(A) RNA FISH with HOR probes specific for D7Z1 (green) detected transcripts on HAP1 

metaphase chromosomes. Scale bar, 5 µm. Dot plots of D7Z1 RNA-DNA ratios at 

interphase and metaphase from RNA-DNA FISH. (B) RNA FISH with HOR probes 

specific for D7Z1 (green) detected transcripts on RPE1 metaphase chromosomes. Scale 

bar, 5 µm. The centromere assembles on the D7Z2 array on H1 and on the D7Z1 array on 

H2. Dot plots of active and inactive D7Z1 array RNA-DNA ratios at interphase and 

metaphase from RNA-DNA FISH. (C) RNA FISH with HOR probes specific for D7Z2 

(green) detected transcripts on HAP1 metaphase chromosomes. Scale bar, 5 µm. Dot 

plots of D7Z2 RNA-DNA ratios at interphase and metaphase from RNA-DNA FISH. (D) 

RNA FISH with HOR probes specific for D7Z2 (green) detected transcripts on RPE1 

metaphase chromosomes. Scale bar, 5 µm. The centromere assembles on the D7Z2 array 

on H1 and on the D7Z1 array on H2. Dot plots of active and inactive D7Z2 array RNA-

DNA ratios at interphase and metaphase from RNA-DNA FISH. For all plots, mean ± 

SEM are shown and each data point represents a single centromere. Data were 

statistically analyzed using a t test. n.s., not significant.  
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Figure 37: Quantification of RNA-DNA ratios on HSA17 alpha satellite arrays. 

RNA FISH with HOR probes specific for D17Z1 (green) detected transcripts on HAP1 

metaphase chromosomes. Scale bar, 5 µm. Dot plots of D17Z1 RNA-DNA ratios at 

interphase and metaphase from RNA-DNA FISH.  (B) RNA FISH with HOR probes 

specific for D17Z1 (green) detected transcripts on RPE1 metaphase chromosomes. Scale 

bar, 5 µm. Dot plots of D17Z1 RNA-DNA ratios at interphase and metaphase from 

RNA-DNA FISH. (C) RNA FISH with HOR probes specific for D17Z1-B (green) detected 

transcripts on HAP1 metaphase chromosomes. Scale bar, 5 µm. Dot plots of D17Z1-B 
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RNA-DNA ratios at interphase and metaphase from RNA-DNA FISH. For all plots, 

mean ± SEM are shown and each data point represents a single centromere. Data were 

statistically analyzed using a t test. n.s., not significant. 

 

5.1.1.3 Detection of RNA-DNA hybrids at the centromere and pericentromere 

RNA-DNA hybrid formation has been observed in many different organisms, 

including human, and is associated with diverse functions, such as double-strand DNA 

break repair, origin-independent replication, and transcription factor binding (Boque-

Sastre et al., 2015; Britton et al., 2014; Li et al., 2016; Ohle et al., 2016; Stuckey et al., 2015). 

RNA-DNA hybrids have also been reported to form at the centromere and 

pericentromere in humans and other organisms, but their role is less clear. In fission 

yeast, noncoding RNAs produced from the pericentric repeat region form RNA-DNA 

hybrids and serve as a target for the RITS complex to perpetuate heterochromatin 

assembly (Nakama et al., 2012). Mouse major satellite transcripts involved in SUV39H 

association form an RNA-DNA hybrid at the pericentromere, but SUV39H appears to 

directly interact only with single-stranded major satellite RNA, suggesting that the 

RNA-DNA hybrid structure itself is not essential for SUV39H localization (Shirai et al., 

2017; Velazquez Camacho et al., 2017). In cultured human cell lines, RNA-DNA hybrids 

are visible at the centromere during mitosis and thought to be involved in localizing 

ATR kinase to the centromere where it stimulates Aurora B activation to promote 

faithful chromosome segregation (Kabeche et al., 2018). Given the implication of RNA-

DNA hybrids at both the centromere and pericentromere, we were interested in whether 
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these hybrids form at the active array, inactive array, or both in human cells. We used 

the S9.6 antibody, thought to recognize the A-type/B-type double helical intermediate 

structure of RNA-DNA hybrids (Boguslawski et al., 1986; Fedoroff et al., 1997), to detect 

RNA-DNA hybrids in interphase cells and on metaphase chromosomes. We observed 

nucleolar S9.6 staining in interphase cells (Figure 38A), consistent with previous reports 

of RNA-DNA hybrid formation at ribosomal DNA arrays in both yeast and human 

(Chan et al., 2014; El Hage et al., 2010; Ginno et al., 2012; Nadel et al., 2015). We also 

observed strong cytoplasmic signal from this antibody, which has also been noted in 

previous reports (Nadel et al., 2015), but was abolished by omitting the fixation step 

(Figure 38B). We did not detect S9.6 signal at the centromere region of unsynchronized, 

unfixed metaphase chromosomes (Figure 38C). Although the absence of RNA-DNA 

hybrids at the centromere we observed agrees with the findings published by the 

Greally Laboratory (Nadel et al., 2015), it is in contrast to a recent report that identified 

RNA-DNA hybrids, as well as the DNA damage response protein ATR kinase, at all 

centromeres on mitotic chromosomes (Kabeche et al., 2018). This study used nocodazole 

to initiate mitotic arrest prior to RNA-DNA hybrid detection with the S9.6 antibody. 

Given the ability of mitotic arrest to initiate DNA breaks (Dalton et al., 2007; Orth et al., 

2012) and the recent implication of RNA-DNA hybrids as an intermediate in DNA 

damage repair (Ohle et al., 2016), additional experiments using drug-free methods to 

capture cells in mitosis will be necessary to clarify the presence and role of RNA-DNA 
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hybrids at active and inactive arrays and to determine if they are a naturally occurring 

phenomenon at the centromere during mitosis.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: RNA-DNA hybrid detection in interphase nuclei and metaphase 
chromosomes. 

(A) Localization of RNA-DNA hybrids (green) in PFA-fixed HTD interphase nuclei. 

RNA-DNA hybrids were visible in the nucleolus and the cytoplasm. Scale bar, 10 µm. 

(B) Localization of RNA-DNA hybrids (green) in unfixed HTD interphase nuclei. RNA-
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DNA hybrids were visible only in the nucleolus. Scale bar, 5 µm. (C) Localization of 

RNA-DNA hybrids (green) relative to the centromere (CENP-A, red) on 

unsynchronized, unfixed HTD metaphase chromosomes. Scale bar, 5 µm. 

 
5.1.1.4 Future work 

Many open questions about the dynamics of alpha satellite RNA remain and are 

important to address to fully understand the role of alpha satellite transcripts in human 

centromere and pericentromere function. In addition to the avenues of investigation 

discussed above, further studies will be needed to understand potential attributes of 

alpha satellite RNA, other than possible RNA-DNA hybrid formation, that could confer 

stability. For instance, we have not yet determined if alpha satellite RNAs contain a 5’ 

cap and 3’ poly(A)-tail, which could stabilize the RNA after production.    

Studies of CENP-A distribution in proliferating cells have characterized the 

distribution of CENP-A as symmetric between daughter cells (Bodor et al., 2014; Ross et 

al., 2016). However, a recent report observed asymmetric CENP-A distribution in 

Drosophila stem cells, such that preexisting CENP-A is retained in the stem daughter cell, 

while newly synthesized CENP-A is distributed to the differentiated, non-proliferating 

cell (Garcia Del Arco et al., 2018). Interestingly, CENP-A was found to be essential in 

non-proliferating cells, particularly for the process of endoreduplication. Given the close 

association of alpha satellite RNA with CENP-A, this raises the question of how alpha 

satellite RNA is distributed to daughter cells in human cells and whether or not alpha 

satellite RNA is retained and/or produced in post-mitotic cells. Additional work to 
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characterize this distribution and retention in cells that no longer divide could further 

elucidate the role of alpha satellite transcripts.  

5.1.2 Tools for inducing alpha satellite overexpression 

Changes in satellite expression have been reported in a variety of human cancer 

cell types (Eymery et al., 2009; Hall et al., 2017; Ting et al., 2011), but there are conflicting 

reports of alpha satellite overexpression in human cancer cells. Alpha satellite was 

found to be overexpressed in human breast tumors isolated from individuals carrying 

BRCA1 mutations and accompanies other hallmark changes in BRCA1 mutant cell lines, 

including mitotic checkpoint errors, homologous recombination deficiencies, DNA 

damage, and centrosome amplification (Zhu et al., 2011). Ectopic overexpression of 

alpha satellite in a primary mammary epithelial cell line phenocopies many of these 

defects, suggesting that alpha satellite RNA overexpression may be the cause of some of 

the abnormalities noted in BRCA1 mutants and a source of genomic instability in cancer 

cells (Zhu et al., 2011). These findings are further supported by an additional study that 

reported morphological changes and increased chromosome missegregation in both 

primary and cancer cell lines following ectopic alpha satellite overexpression (Chan et 

al., 2017). However, in a separate study, alpha satellite overexpression was only 

observed in ~20% of cancer cell lines studied and the authors suggest that BRCA 

mutation status is not correlated with alpha satellite overexpression (Hall et al., 2017). 

This is in agreement with a previous study that found that alpha satellite transcription is 
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not upregulated in heat-shocked HeLa cells (Eymery et al., 2009). While these studies are 

suggestive of a possible role for alpha satellite misregulation to contribute to genomic 

instability, little is known about the mechanism of action of these RNAs. None of these 

studies have tracked the endogenously overexpressed alpha satellite RNA in tumor cells 

or the exogenously expressed RNA to determine where these RNAs are acting within 

the cells. Given the clear role for alpha satellite RNA at the centromere and 

pericentromere, it is possible that these overexpressed RNAs are localizing to the 

centromere region and negatively affecting centromere protein recruitment or 

pericentric heterochromatin maintenance. It is also possible that these RNAs are 

localizing elsewhere in the cell and affecting unknown processes, as observed for 

overexpressed satellite II relocalization to nuclear bodies in cancer cells (Hall et al., 

2017). To test these possibilities in the future, we created constructs to induce alpha 

satellite overexpression via ectopic expression or transcriptional activation and plan to 

use these systems to determine the effect of elevated active and inactive alpha satellite 

RNA levels at the centromere and pericentromere.  

5.1.2.1 Alpha satellite overexpression via ectopic expression  

We generated a construct for D17Z1 overexpression by inserting a single copy of 

the D17Z1 HOR into the pCAGEN plasmid under the control of the CAG promoter 

(Figure 39A) (Matsuda and Cepko, 2004; Niwa et al., 1991). Although we have not yet 

tested this construct by transfection or electroporation into cultured cells, it will likely be 
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necessary to co-transfect with a GFP plasmid to mark successfully transfected cells. An 

alternative approach would be to generate a stable cell line expressing alpha satellite 

RNA under the control of a doxycycline-responsive promoter, allowing for long-term 

alpha satellite overexpression, as well as the ability to control the level of expression. 

One caveat of this method of overexpression is that the ectopically expressed RNAs may 

be unable to localize to the D17Z1 alpha satellite array to participate in centromere 

function and may instead remain free in the nucleus.  

5.1.2.2 Modulating alpha satellite expression via transcriptional activator targeting 

An alternative strategy that could be used to induce alpha satellite expression in 

situ is the tethering of transcriptional activators directly to the alpha satellite array. This 

has been accomplished in other regions of the genome in many organisms and on HACs 

through multiple different tethering systems that utilize a DNA-binding component to 

direct transcriptional modifiers to the desired sequence, including lac operon-lac 

repressor (lacO-lacI), tetracycline operator-tetracycline repressor (tetO-tetR), 

transcription activator-like effector nucleases (TALEN), and clustered regularly 

interspaced short palindromic repeats-Cas9 (CRISPR-Cas9) (Cardinale et al., 2009; 

Meister et al., 2010; Nakano et al., 2008; Qi et al., 2013; Tumbar et al., 1999). The TALENS 

and CRISPR approaches have the advantage of not requiring integration of lacO/tetO 

sequences into the target DNA, which would be difficult in repetitive regions. Instead, 

the transcriptional activator can be tethered directly to the sequence that already exists 
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in the genome. We chose to use the CRISPR-Cas9 system with a catalytically inactive 

Cas9 protein (dCas9) to tether VP64, a tetrameric repeat of the Herpes simplex 

transcriptional activator VP16, to alpha satellite DNA and generated two dual 

expression constructs that each express the dCas9VP64 fusion protein (Beerli et al., 1998; 

Cheng et al., 2013) and one of two guide RNAs to D17Z1 (Figure 39B and 39C).  

 

 

 

 

 

 

 

 

 

 

 

Figure 39: Approaches for alpha satellite overexpression. 

(A) Map of D17Z1 HOR overexpression construct expressing a single copy of the D17Z1 

HOR under the control of the CAG promoter. (B) Map of D17Z1 sgRNA and dCas9-

VP64 tethering construct. (C) Schematic of dCas9-VP64 tethering to alpha satellite RNA. 

Given the repetitive nature of alpha satellite arrays, multiple copies of dCas9-VP64 are 

expected to tile across the array and activate transcription.  
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5.1.2.3 Future work 

Future work will test the ability of these constructs to increase alpha satellite 

RNA levels. We can directly monitor alpha satellite RNA abundance and localization 

both at individual arrays and globally in the cell via RNA FISH and detect alterations in 

centromere protein levels or turnover by immunostaining or SNAP-tagged protein 

monitoring. The dCas9 tethering system has also been used to target transcriptional 

repressors, such as the Krüppel associated box (KRAB) domain (Margolin et al., 1994; 

Witzgall et al., 1994) to the sequence of choice (Gilbert et al., 2013; Thakore et al., 2015). 

We have created constructs co-expressing dCas9-KRAB and alpha satellite array-specific 

guide RNAs and ongoing work in the laboratory by Lori Sullivan uses this system to 

repress transcription at active alpha satellite arrays and determine the effects on 

centromere protein recruitment, maintenance, and location, as well as cell cycle 

progression. Unlike dsRNA-mediated alpha satellite RNA depletion, this approach 

directly affects the act of transcription by physically altering centromeric chromatin. 

Future work to tether VP64 to alpha satellite could use the conditions previously 

optimized for KRAB tethering. Combining results from these experiments with the 

findings from dsRNA-mediated alpha satellite RNA depletion will be a powerful 

approach to dissecting the roles of alpha satellite transcription and RNA in centromere 

function.  
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5.2 Preliminary experiments to investigate centromere memory and 

plasticity 

The determinants of centromere position have been difficult to study, partially 

due to the long half-lives of centromere proteins. Some evidence suggests CENP-A may 

have a limited role in centromere specification, as CENP-C and CENP-T are sufficient to 

drive ectopic kinetochore assembly, but CENP-A is not (Gascoigne et al., 2011), while 

work from our laboratory suggests the presence of existing CENP-A serves as a marker 

to direct the location of newly loaded CENP-A (Ross et al., 2016). To test the role of 

CENP-A in centromere location and memory, we rapidly depleted CENP-A to remove 

the putative memory component of centromeric chromatin location. We then allowed 

CENP-A to be synthesized and reloaded and subsequently determined the location of 

the reassembled CENP-A domain (Figure 40A). We hypothesized that the CENP-A 

domain might form at four possible locations on a chromosome with a single alpha 

satellite array, such as HSAX: (1) on a chromosome arm (possibly containing other 

satellite sequences, repeat sequences, or unique sequences), (2) on monomeric alpha 

satellite neighboring the alpha satellite array (either completely on monomeric alpha 

satellite or straddling the boundary between monomeric alpha satellite and the 

neighboring alpha satellite array), (3) on the DXZ1 array but in a new location, (4) on the 

DXZ1 array in the same location (Figure 40B).  

Multi-array chromosomes, particularly those known to be epialleles, are unique 

because they contain multiple alpha satellite arrays that could serve as the site of CENP-



 

 178 

A domain formation. CENP-A degradation and recovery allow us to test how plastic the 

site of CENP-A domain formation is when there are multiple possible locations for 

protein deposition. We hypothesized that the CENP-A domain may form at five possible 

locations on a chromosome with two alpha satellite arrays, such as HSA7: (1) on a 

chromosome arm (possibly containing other satellite sequences, repeat sequences, or 

unique sequences), (2) on monomeric alpha satellite neighboring alpha satellite (either 

completely on monomeric alpha satellite or straddling the boundary between 

monomeric alpha satellite and the neighboring alpha satellite array), (3) on the 

neighboring D7Z2 array, (4) on the D7Z1 array but in a new location, (5) on the D7Z1 

array in the same location (Figure 40C).  
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Figure 40: Testing centromere memory plasticity in the absence of CENP-A. 

(A) Schematic of experimental approach to determine if centromere relocation occurs 

following AID-mediated CENP-A depletion and recovery in DLD1 CENP-AAID cells. (B) 

Possible CENP-A domain locations on the single-array chromosome HSAX following 

CENP-A depletion and recovery. (C) Possible CENP-A domain locations on the multi-

array chromosome HSA7 following CENP-A depletion and recovery. 
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5.2.1 Single-array chromosomes 

We first investigated a single-array chromosome, HSAX, to determine if, upon 

rapid CENP-A depletion and subsequent recovery utilizing a cell line expressing an 

AID-tagged CENP-A, the CENP-A domain repositioned to neighboring non-alpha 

satellite sequence or remained on the DXZ1 alpha satellite array. By using extended 

chromatin fibers to achieve high resolution, we could also conclude if the CENP-A 

domain relocated along the DXZ1 alpha satellite array. Previous work in the Sullivan 

laboratory found that the CENP-A domain is stably positioned toward the p arm-

proximal side of the DXZ1 alpha satellite array in HTD and HDF cells, with little 

variation from one chromosome to another (Ross et al., 2016) (Figure 41A). We first 

established the normal position of the CENP-A domain on HSAX in DLD1 CENP-AAID 

cells, as well as the percentage of the DXZ1 array occupied by CENP-A. We found that 

the CENP-A domain reproducibly occupies ~26% of the DXZ1 array and is skewed 

toward one end of the array, agreeing with our previous findings in other cell lines (Lam 

et al., 2006; Mravinac et al., 2009; Ross et al., 2016; Sullivan et al., 2011) (Figures 41B and 

41D). However, because we did not also use FISH probes to unique sequences outside of 

the DXZ1 array to orient the fibers, it remains to be determined if the CENP-A domain is 

positioned toward the p arm or q arm-proximal side of the array.  

We next used IAA treatment to deplete AID-tagged CENP-A over a 32 h period. 

We found that 32 h IAA treatment degraded CENP-A to a level below visual detection 
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in >90% of cells (Figure 41C). IAA washout and a 32 h or 48 h recovery period allowed 

CENP-A synthesis, loading, and reaccumulation into punctate foci in >98% of cells 

(Figure 41C). Following IAA washout, the CENP-A domain repeatedly returned to the 

DXZ1 array, with no visible spreading to neighboring alpha satellite (Figure 41B). 

Additionally, the CENP-A domain was consistently oriented toward one arm of the 

DXZ1 array, although the exact orientation has not yet been determined. Notably, we 

observed that the CENP-A domain was reduced in size after a 32 h recovery period, 

occupying ~12% of the DXZ1 array, but expanded to the pre-IAA treatment size (26%) 

following a 48 h recovery period (Figures 41B and 41D). Together, these data suggest 

that the CENP-A domain is maintained on alpha satellite after complete CENP-A loss. 

By assessing the CENP-A domain size at two time points post-IAA washout, we also 

have preliminary evidence that, upon reestablishment, the CENP-A domain is seeded at 

a central position and expands outward, as opposed to demarcating boundaries on 

either end and filling in as CENP-A deposition continues. Overall, these results suggest 

that other cues aside from CENP-A and its downstream effectors are involved in 

directing the location of the centromere.  
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Figure 41: The CENP-A domain reassembles on DXZ1 alpha satellite and expands to 
the occupy the same percentage of the array following CENP-A depletion and 

recovery. 

(A) Schematic of CENP-A domain location on DXZ1 array of HSAX in previously 

studied cell lines (Ross et al., 2016). The CENP-A domain is repeatedly skewed toward 

the p-arm proximal side of the DXZ1 array in HTD and HDF cells. (B) Detection of 
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CENP-A domain (green) on DXZ1 chromatin fibers (red) isolated from untreated DLD1 

CENP-AAID cells, as well as following 32 h IAA treatment and 32 h or 48 h recovery. 

Scale bars, 5 µm. (C) Bar graph indicating significant reduction of the number of DLD1 

CENP-AAID cells containing CENP-A after 32 h IAA treatment and nearly complete 

CENP-A reaccumulation after 32 h IAA treatment and 48 h IAA recovery (mean ± SEM). 

n ≥ 100 cells analyzed for each treatment. (D) Dot plots of CENP-A domain size as a 

percentage of the total DXZ1 array in untreated DLD1 CENP-AAID cells or following 32 h 

IAA treatment and 32 h or 48 h recovery (mean ± SEM). Each data point represents a 

single DXZ1 array fiber. Data were statistically analyzed using a t test. n.s., not 

significant.  

 

5.2.2 Multi-array chromosomes 

 The centromere did not reassemble away from alpha satellite and appeared to 

remain in the same position within the DXZ1 array on the single-array chromosome 

HSAX, possibly because another suitable replacement sequence, such as another HOR 

alpha satellite array, did not exist nearby. To test this possibility, we investigated 

centromere memory on HSA7, a multi-array chromosome containing two arrays, D7Z1 

and D7Z2, that are capable of recruiting CENP-A and behave as centromeric epialleles 

(see Section 2.1.2: “Alpha satellite RNA is present at both active and inactive alpha 

satellite arrays”). Given that either array is competent for centromere formation, we 

considered the possibility that, following CENP-A depletion and recovery, centromere 

assembly might shift to the neighboring, previously inactive, array. We assessed the 

location of the CENP-A domain on HSA7 after IAA-mediated CENP-A depletion and 48 

h recovery to test whether the CENP-A domain at one array reforms on the neighboring 

array following CENP-A degradation. In untreated DLD1 CENP-AAID cells, the CENP-A 

domain forms on the D7Z1 array on both homologs, designated H1 and H2, which we 
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distinguished visually based on differences in the total D7Z1 array size (Figures 42A and 

42B). Following CENP-A degradation and reloading, the centromere repeatedly 

reformed on the D7Z1 array on both homologs (Figure 42C). We did not observe any 

cases (n = 40) on either homolog where the CENP-A domain relocated to the D7Z2 array 

or to another region on HSA7, suggesting that even in the presence of a centromere-

competent array nearby, the centromere preferentially reforms at the original site after 

CENP-A depletion and recovery. Again, these data suggest that cues other than CENP-

A are the primary effectors of positional centromere memory.   
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Figure 42: The CENP-A domain reassembles on the D7Z1 array, rather than the 
neighboring D7Z2 array, following CENP-A depletion and recovery. 
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(A) Schematic of CENP-A domain location on D7Z1 array of HSA7 in DLD1 CENP-AAID 

cells. The CENP-A domain is assembled on the D7Z1 array on both homologs (H1 and 

H2) in this cell line. (B) Detection of CENP-A domain (green) on the D7Z1 array (red) on 

HSA7 metaphase chromosomes (H1 and H2) harvested from untreated DLD1 CENP-

AAID cells. Scale bar, 2.5 µm. Line plots demonstrate the colocalization of CENP-A with 

D7Z1 DNA on both homologs. (C) Detection of CENP-A domain (green) on the D7Z1 

array (red) on HSA7 metaphase chromosomes (H1 and H2) harvested from DLD1 

CENP-AAID cells following 32 h IAA treatment and 48 h recovery. Line plots 

demonstrate the continued colocalization of CENP-A with D7Z1 DNA on both 

homologs. Scale bar, 2.5 µm.  

 

 5.2.3 Future work 

The molecular changes that occur to centromeric chromatin after IAA-mediated 

CENP-A depletion are unclear. Presumably, IAA addition causes degradation of CENP-

A molecules already incorporated into the centromere and degrades prenucleosomal 

CENP-A, preventing its incorporation in G1. It is not known if other histones, such as 

canonical H3-containing histones or H3.3 histones, fill in these gaps or if the DNA 

remains histone-free. If these regions do remain histone-free, they may be a more 

favorable location for CENP-A reassembly upon IAA washout simply because they are 

more accessible. Additional characterization of the chromatin environment in the 

absence of CENP-A will be necessary to further address the cues that direct centromere 

location. 

Modifications to the method used to deplete CENP-A and allow recovery could 

make centromere formation away from the original array and location within the array 

more likely, particularly in light of indications that heterochromatin directs the site of 

CENP-A assembly in fission yeast (Folco et al., 2008). This could be tested by coupling 
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AID-mediated CENP-A depletion with SUV39H1 loss using either SUV39H1 DKO cells 

or AID-tagged SUV39H1. Additionally, given that alpha satellite RNAs act upstream of 

CENP-A, these transcripts might be one of the cues maintaining centromere positional 

memory. Combining AID-mediated CENP-A depletion with dCas9-KRAB tethering to 

repress array-specific alpha satellite transcription in situ or with array-specific double-

stranded RNA transfection to mediate transcript depletion could be used to test the role 

of alpha satellite transcription and RNA in directing CENP-A back to the original 

location.  

Given the impact of centromere location on chromosome stability, it will be 

important to continue to address the role of CENP-A and other factors, both genetic and 

epigenetic, in this process. Additional work will also be needed to characterize the level 

of depletion of other centromere proteins upon IAA-mediated CENP-A degradation. 

Previous studies indicate CENP-C, CENP-I, and CENP-T are reduced by 60-75% after 24 

h IAA treatment (Hoffmann et al., 2016). Extending IAA treatment to multiple days may 

further reduce the levels of these proteins below the amount required to mark 

centromere location. Alternatively, these experiments could be repeated with cell lines 

expressing other AID-tagged centromere and kinetochore proteins to determine the 

effect of their loss on centromere location upon recovery. 
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5.3 Materials and methods 

5.3.1 Quantitative metaphase RNA-DNA FISH 

 Unsynchronized, rapidly dividing HAP1 or RPE1 cells were harvested for RNA-

DNA FISH, as described in Chapter 1. No anti-mitotic agents were used prior to harvest. 

RNA-DNA FISH, imaging, quantification, and statistical analyses were completed as 

described in Chapter 2.  

5.3.2 Extended chromatin fiber preparation 

Chromatin fibers were prepared as previously described (Blower et al., 2002; 

Sullivan, 2010). Briefly, cells were harvested by trypsinization and washed in 1X PBS 

before dilution to 1x105 cells/mL and swelling in hypotonic buffer (1:1:1 75 mM KCl: 

0.8% sodium citrate: dH2O) for 10 min. Cells were cytospun using a Shandon Cytospin 4 

(ThermoFisher) onto slides at 800 rpm. Slides were then immersed in lysis buffer (25 

mM Tris-HCl, pH7.5, 0.5 M NaCl, 1% Triton X-100, 0.5 M urea) for 10 min (RPE1 cells) to 

17 min (DLD1 CENP-AAID cells) and slowly removed from lysis buffer to stretch DNA 

into long fibers. Fibers were fixed in 4% PFA and permeabilized in KCM.  

5.3.3 EU incorporation and labeling 

Rapidly dividing HDF or RPE1 cells were seeded in 6-well plates and incubated 

with cell culture medium containing 0.5 mM EU (Invitrogen) for 3-23 h. When specified, 

cells were incubated with cell culture medium containing 20 ng/mL nocodazole (Sigma) 

for 1.5 h to initiate microtubule depolymerization and prometaphase arrest prior to 
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adding EU. Cells were harvested by trypsinization and washed in 1X PBS before 

dilution and swelling in hypotonic buffer (1:1:1 75 mM KCl: 0.8% sodium citrate: dH2O) 

for 10 min. Cells were cytospun using a Shandon Cytospin 4 (ThermoFisher) onto slides 

treated with RNase AWAY (Molecular Bioproducts) at 800 rpm (interphase cells and 

chromatin fibers) or 2000 rpm (metaphase chromosomes). Extended chromatin fibers 

were prepared as described above. EU-containing nascent RNA was detected with Alexa 

Fluor 488 azide (Invitrogen) following manufacturers’ recommendations and slides were 

fixed again in 4% PFA. CENP-A immunofluorescence (using Abcam antibody ab13939) 

and RNA FISH were completed as described above. The plasmid used to generate FISH 

probes to 18S rRNA (p18SrDNA) was generated by inserting a 372 bp PCR-amplified 

18S rDNA fragment into the pCR-TOPO plasmid. The labeled probe was used at 68% 

formamide stringency and 200 ng was used for a 22 mm x 40 mm area. 

5.3.4 RNA-DNA hybrid detection 

Unsynchronized HTD cells were harvested and cytospun onto slides as 

described in Chapter 2. Slides were permeabilized in KCM at room temperature, fixed in 

4% PFA in PBS at room temperature (this step was omitted for unfixed preparations), 

and incubated again in KCM at room temperature. Slides were blocked in 1X PBS/0.5% 

Triton X-100/1% bovine serum albumin before incubation overnight at 4° C with 

primary antibodies to RNA-DNA hybrids (Kerafast S9.6) and human CENP-A (custom 

polyclonal AP3497) (Maloney et al., 2012) overnight. Slides were washed in PBS/0.1% 
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Triton X-100, incubated with fluorophore-conjugated secondary antibodies for 2 h at 

room temperature, and washed as before.  

5.3.5 Generation of dCas9 transcriptional activator tethering constructs 

 A plasmid containing the dCas9VP64 fusion protein and an empty guide RNA 

region (pAC152-dual-dCas9VP64-sgExpression) was obtained from the Addgene 

plasmid repository (plasmid #48238) (Cheng et al., 2013). We generated D17Z1-specific 

dsDNA by annealing D17Z1 HOR-specific oligonucleotides containing BbsI overhangs 

and added these dsDNAs to the BbsI site of the plasmid. The sequences of the 

oligonucleotides used for the D17Z1 Site 1 guide RNA are: (F) 5’ 

CACCGTTTGAGGAGTACCGTAGTAA 3’ and (R) 5’ AAACTTACTACGGTACTCCTC 

AAAC 3’. The sequences of the oligonucleotides used for the D17Z1 Site 2 guide RNA 

are: (F) 5’ CACCGGATAACTGCACCTAACTAAA 3’ and (R) 5’ AAACTTTAGTTAGGT 

GCAGTTATCC 3’. Clones were screened by diagnostic digestion and Sanger sequencing 

(Eton Bioscience) to confirm proper insertion of the guide RNA sequence. dCas9KRAB-

guide RNA expression constructs were generated by inserting the D17Z1 Site 1 and Site 

2 dsDNAs into pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-GFP (Addgene plasmid 

#71237) (Thakore et al., 2015), as described above. 

5.3.6 AID depletion and recovery 

DLD1 CENP-AAID cells were treated with 500 µM IAA (Sigma-Aldrich) dissolved 

in H2O for 32 h to induce AID-mediated CENP-A degradation. IAA was removed by 
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washing three times with complete growth medium and incubating cells in complete 

growth medium for 30 min to allow excess compound to diffuse from cells. Cells were 

again washed three times with complete growth medium, then grown in complete 

growth medium for 32-48 h to allow for synthesis and incorporation of CENP-A. Cells 

were harvested for extended chromatin fiber preparation or metaphase preparation and 

IF-DNA FISH. Slides were then subjected to IF-DNA FISH to detect CENP-A protein 

and DXZ1, D7Z1, and D7Z2 arrays, as described previously. On fibers, Abcam ab13939 

anti-CENP-A antibody concentration was increased to 1:75 and DXZ1 HOR DNA FISH 

probe (pBAMX7B) amount was also increased to 400-500 ng (22 mm x 40 mm area). 
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6. Conclusions 

The proper function of the centromere of each chromosome is integral to 

maintaining genome stability by ensuring the faithful distribution of genetic information 

during cell division. Defects in defining and maintaining the centromere and 

pericentromere, as well as imperfect function, result in aneuploidy and are strongly 

associated with birth defects and cancer (Barber et al., 2008; Chiang et al., 2010; Manning 

et al., 2010). Recent evidence also suggests that mitotic errors resulting in micronuclei 

formation and aneuploidy may lead to chromothripsis and could be a driver of 

tumorigenesis (Crasta et al., 2012; Holland and Cleveland, 2009; Varetti et al., 2014). 

Many questions remain about the specification and maintenance of this 

important locus, but increasing evidence points to the involvement of both sequence-

independent (or epigenetic) and sequence-dependent factors, with alpha satellite 

sequence variation, transcription, and noncoding RNA recently emerging as integral 

players. However, previous studies of alpha satellite RNA function at the human 

centromere and pericentromere have been hindered by the inability to differentiate 

between transcripts from these two diverse regions of the chromosome. In the preceding 

chapters I have used human chromosomes containing multiple, distinct alpha satellite 

arrays as tools to dissect the role of alpha satellite transcripts and the effect of genomic 

variation at the centromere and pericentromere. This system provided insight into the 

pervasiveness of alpha satellite RNA at both active and inactive arrays throughout the 
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cell cycle and allowed us to better define functional links between alpha satellite RNAs 

and human centromere and pericentromere function, as well as assess the impact of 

genetic variation on alpha satellite RNAs and chromosome stability. 

Although functional variation in coding and regulatory regions of the genome is 

rapidly being described and annotated, few studies have investigated the implications of 

variation in the repetitive regions of the genome. Our finding that variation in alpha 

satellite DNA alters the pool of RNA associated with an alpha satellite array and that 

certain spatial organizations are correlated with chromosome instability highlights the 

importance of expanding efforts to define alpha satellite variation in multiple 

individuals. Furthermore, the study of noncoding RNA is a developing area of the 

centromere biology field and an improved understanding of transcription at this locus 

has the potential to shed light on the broader role of noncoding RNAs in a variety of 

cellular processes, particularly those that are cis-acting. Given the observed role of 

dysfunctional centromeres in cancer and diseases caused by chromosome number 

alteration, a basic understanding of centromere specification and maintenance is 

essential. This work provides insight into the role of alpha satellite transcripts in the 

maintenance and function of the centromere region, as well as the effects of alpha 

satellite genomic variation on centromere specification and chromosome stability. 

Continued efforts to understand these key attributes of alpha satellite will be important 

for identifying new treatments that target irregular centromeres, like those observed in 
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human cancer, and for developing more stable chromosomal vectors for gene therapy 

applications. 
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Appendix 

A.1 Experimental replicates of dsRNA-mediated alpha satellite RNA 

depletion to determine the effect on centromeric protein levels  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43: Replicate of dsRNA-mediated targeted depletion of alpha satellite 
transcripts and assessment of centromeric protein levels. 
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(A-B’) Replicate of experiment described in Sections 3.1.3.2: “Effect of alpha satellite 

RNA depletion on CENP-A levels on a single-array chromosome” and 3.1.3.3 “Effect of 

alpha satellite RNA depletion on CENP-C levels on a single-array chromosome”. 

Depletion of DXZ1 transcripts using array-specific dsRNAs (A’, B’) reduced CENP-A 

(A) and CENP-C (B) only at DXZ1. Transcripts, CENP-A, and CENP-C at control array 

D7Z1 (HSA7) were not decreased. (C-C’) Replicate of experiment described in Section 

3.1.3.4: “Effect of alpha satellite RNA depletion on CENP-A levels and centromere 

location on an epiallele chromosome”. Depletion of D17Z1-B transcripts using array-

specific dsRNAs (C’) decreased CENP-A (C). Transcripts at control array D17Z1 were 

not decreased. For all plots, mean ± SEM are shown and each data point represents a 

single centromere at interphase. Data were statistically analyzed using a t test. n.s., not 

significant.  

 

A.2 Experimental replicates of dsRNA-mediated alpha satellite RNA 

depletion to determine the effect on CENP-A loading  

 

 
 

 

 

 

 

 

 

Figure 44: Replicate of dsRNA-mediated targeted depletion of alpha satellite 
transcripts and assessment of cell cycle progression and CENP-A loading. 
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(A-C) Replicate of experiment described in Section 3.1.5: “Active-array alpha satellite 

RNA is required for complete CENP-A loading”. (A and B) Quantitation of new (SNAP) 

CENP-A (A) and total CENP-A (B) at mock-treated and targeted DXZ1 arrays. (C) RNA-

DNA ratios of mock-treated and dsRNA-targeted DXZ1. (D-E) Replicate of experiment 

described in Section 3.1.4: “Active-array alpha satellite RNA depletion results in cell 

cycle disruption”. (D) Quantitation of DXZ1 RNA-DNA ratios at targeted DXZ1 arrays. 

(E) Quantitation of Ki67-staged (G1/S/G2) interphase cells from mock-treated and DXZ1 

RNA-depleted cells. n ≥ 60 cells analyzed for each treatment. For plots in (A), (B), (C), 

and (D), mean ± SEM are shown and each data point represents a single centromere at 

interphase. Data were statistically analyzed using a t test, except for (E), in which the 

chi-square test was used. 
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