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ABSTRACT OF THE DISSERTATION 

Analysis of Heterochromatin-Associated Genomic Instability 

by 

Yehong Wang 

Doctor of Philosophy, Graduate Program in Environmental Toxicology 
University of California, Riverside, December 2009 

Dr. David A. Eastmond, Chairperson 
 
 

 Heterochromatin represents special regions in the genome that have been found 

to be prone to breakage and rearrangements in cancer cells.  Through two separate but 

related projects on heterochromatin, this dissertation demonstrates the important role of 

heterochromatin in maintaining genomic integrity.  In the first project by transfecting 

non-coding heterochromatic sequences into cells, a significant increase in genomic 

instability was induced as demonstrated by increased Comet tails using the Comet assay. 

In the second project, we developed a more precise approach to measure the size of 

constitutive heterochromatin bands on human chromosomes. Using this new technique, 

we have seen increased variability of the heterochromatin regions of chromosomes 1 and 

9 in lymphoblastoid cells derived from breast cancer patients as compared to that of age-
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matched controls. These results indicate that heteromorphisms in the heterochromatin of 

these chromosomes may be used as a biomarker to identify women with a higher 

susceptibility to breast cancer.  In summary, these observations of heterochromatin- 

associated genomic instability suggest that heterochromatin regions are fragile sites for 

breakage and rearrangements and these alterations may act in a cis fashion to promote 

genomic instability.  
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Chapter 1 

General Introduction 

Genomic instability plays an important role in carcinogenesis, and it is frequently 

accompanied by chromosomal alterations such as chromosomal breakage and 

translocations.  Interestingly, repetitive DNA sequences, such as those found in the 

constitutive heterochromatin regions, are often involved either in the chromosome 

alterations themselves or are immediately adjacent to the breakpoints of the alterations 

(Butner and Lo 1986; Grosovsky et al. 1996; Smith et al. 1998). It is known that 

repetitive DNA sequences comprise a significant portion of the human genome. A large 

fraction of these sequences is organized as long arrays of head-to-tail tandem repeats, 

commonly known as satellite DNAs (Charlesworth et al. 1994; Elder and Turner 1995). 

Although they do not encode for proteins, their functions in maintaining genomic 

integrity are indispensible, ranging from facilitating the organization and correct pairing 

of chromosomes to cell metabolism and speciation (John and Miklos 1979). The 

objective of this research is to investigate the role of heterochromatic sequences, 

specifically at centromeric and pericentromeric regions, in various aspects of genomic 

instability, and thereby provide additional insight into the functions and impact of 

heterochromatic sequences in genomic instability and carcinogenesis.  

This dissertation is comprised of two separate but related projects on 

heterochromatin. The first uses an artificial system where clones were constructed by 

transfection of heterochromatic sequences. These clones were further tested for 
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chromosomal and genomic instability. The second project used lymphoblastoid cell lines 

derived from breast cancer patients in which the frequencies of heterochromatin 

polymorphisms were analyzed and compared with matched controls. To provide a 

background for these two projects, an introduction on chromosome morphology, the 

basic features of satellite DNAs, and the stability and repair of repetitive sequences will 

be reviewed. The possible mechanisms by which they may be involved in genomic 

instability will also be reviewed.  

 

Chromosomes and Basic Morphology 

Each human chromosome has two arms joined by a centromere. The shorter arm 

is termed p and the longer arm, q.  A normal human karyotype contains 22 pairs of 

autosomes and one pair of sex chromosome (either XX or XY).  Using special staining 

techniques, such as G-banding, distinct banded patterns for each chromosome can be 

revealed allowing each to be unambiguously identified.  

The chromosome comprises a very long DNA molecule packaged by proteins into 

a condensed DNA and protein- containing structure called “chromatin”. The DNA-

protein complex which underlies chromosome organization may exist in the interphase 

state in two distinct conformations, diffuse or condensed. This difference in state reflects 

different levels of condensation resulting from the interaction of DNA with chromosomal 

or other proteins (Weith 1985). Consequently, chromatin is divided into euchromatin and 

heterochromatin. Euchromatin is less condensed, and encompasses the majority of the 
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chromosome. It contains most genes and other unique sequences.  In contrast, 

heterochromatin is enriched in noncoding, highly repetitive satellite sequences, which are  

typically located around the centromere and telomeres (Leach et al. 2000).  

There are two types of heterochromatin, constitutive heterochromatin and 

facultative heterochromatin. Constitutive heterochromatin is stable during all stages of 

development and in all tissues while facultative heterochromatin is reversible depending 

on the stage of development or the cell type examined. The C-banding technique stains 

constitutive heterochromatin regions but not facultative heterochromatin regions (Wyandt 

and Tonk 2004). Constitutive heterochromatin contains a particular type of repetitive 

DNA called satellite DNA, and transcription of these regions is permanently repressed. In 

addition to these properties, heterochromatin is also characterized by a condensed 

appearance, late replication during S phase, and hypermethylation of its DNA (Elgin and 

Grewal 2003). 

 

Repetitive sequences and Satellite DNAs 

The initial sequence of the human genome suggested that repetitive sequences 

take at least 50% of the human genome (Lander et al. 2001). They can be classified into 

two major categories. One is the interspersed repeated sequences, such as the Alu family 

(Houck et al. 1979) and the Kpn family (Adams et al. 1980); the other is tandemly 

repeated sequences, which include satellites, minisatellites and microsatellites.   
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Alu repeats are the most abundant short interspersed repeats (SINE) in the human 

genome. The average size is 282bp and it appears at a frequency of every 3300bp in the 

human genome (Rinehart et al. 1981).  Kpn I/ L1 repeats are long interspersed repeats 

with a full length about 7000 bp (Skowronski and Singer 1985). The microsatellite 

(includes di-, tri-, tetra-, and pentanucleotide tandem repeats) and minisatellite repeats 

(also known as variable number tandem repeats, VNTR) are also dispersed in the genome. 

In contrast, satellite sequences are clustered distributed. For example, alpha satellite 

DNAs and classical satellite DNAs are clustered at centromeric and pericentromeric 

regions, while the telomeric tandem repeats (TTAGGG)n  are located at the end of 

chromosomes.   

In our study, we mainly focus on the alpha and classical satellite DNAs. There are 

three major types of classical satellite DNAs which were isolated from the bulk genomic 

DNAs by gradient density centrifugation, designated as I, II, and III (Corneo et al. 1967; 

Ginelli and Corneo 1976; Jones et al. 1973). The discovery of "alphoid" satellite DNAs is 

from the observation of distinct DNA bands on agarose gel following the use of 

restriction enzymes (Maio et al. 1981). Classical satellite DNAs were found to be 

distributed very unevenly, with the major sites on chromosomes 1, 9, 16 and the Y, and 

minor sites on some acrocentric chromosomes (Gosden et al. 1975; Jones et al. 1973), 

which correspond to heterochromatic C-band regions. The alphoid sequences were found 

near the centromeres of all human chromosomes (Mitchell et al. 1985).  

Classical satellites II and III (2% and 1.5% of the genome respectively) are much 

more abundant, and constitute the most conspicuous autosomal heterochromatin blocks, 
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as compared with satellite I (0.5% of the genome) (Gosden et al. 1975; Jones et al. 1974; 

Mitchell et al. 1979).  Classical satellite II and III are closely related, and both of them 

are based on the simple repeat ATTCC (Frommer et al. 1982; Hollis and Hindley 1988; 

Mitchell et al. 1979; Prosser et al. 1986) although each of classical satellite DNAs (I, II, 

and III) is composed of a mixture of different repeated sequences. It has been 

demonstrated that both satellite II and III DNA are present in the heterochromatin block 

of chromosome 1 with satellite II as the prominent portion. Satellites II and III do not co-

exist on the other prominent heterochromatin- containing chromosomes. Only satellite III 

is located on chromosome 9 and satellite II is located on chromosome 16 (Tagarro et al. 

1994).  

 

“Hotspots” for genomic Instability: repetitive sequences and fragile sites 

As mentioned earlier, repetitive sequences are abundant in the human genome, 

some are clustered, and some are interspersed, and they can be distributed in coding or 

non-coding regions (Toth et al. 2000).   Repetitive sequences are frequently involved in 

chromosomal rearrangement by a variety of recombinational processes which are 

correlated with uncontrolled cell growth and tumorigenesis. For example, more than forty 

neurological, neuro-degenerative and neuromuscular disorders were believed to be 

associated with repetitive sequences- induced stability (Pearson et al. 2005). Palindromic 

AT-rich repetitive sequences have been found to contribute to a diverse group of genomic 

rearrangements including translocations, deletions, and amplifications (Kurahashi et al. 

2006). Unlike static mutations, which are retained in somatic tissues and may be stably 
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transmitted to offspring, the repetitive sequence-associated mutation process is dynamic, 

with products that continue to mutate within tissues and across generations. Therefore, 

they are named “dynamic mutations” (Richards and Sutherland 1992).  

Microsatellite sequences (with a repetitive unit of 1~6 bp), especially 

trinucleotide repeats (TNRs), often undergo additions or deletions of repeated units, 

resulting size variations (polymorphisms). The instability increases with expanding of 

repeat lengths, so normal polymorphic repeat regions can develop into pathologic 

situation when the repeat is above the threshold length (Pearson and Sinden 1998). The 

underlying mechanisms for such “dynamic mutations” may involve the formation of the 

secondary structures, such as hairpins, in the repeat sequences. The unusual DNA 

structures may create situations for the slippage of the replication fork during replication 

(Pearson and Sinden 1998; Tautz and Schlotterer 1994), or slippage of base pairing 

during recombination or during gap filling in repair (Pearson et al. 2005).  The most 

common TNR is (CAG)n •(CTG)n ,  which is linked to at least nine different disease loci 

(Pearson and Sinden 1998).  

 Fragile sites are also “hotspots” for chromosomal breakage and rearrangement 

contributing to genomic instability. Fragile sites are specific loci in the genome that 

preferentially exhibit breaks and gaps during metaphase when DNA synthesis is inhibited. 

Some fragile sites, such as FRAXA in the FMR1 gene, are linked to human genetic 

disorders.  The study of fragile sites has led to the identification of nucleotide-repeat 

expansion as a frequent mutational mechanism in humans (Durkin and Glover 2007).  

Twenty-four fragile sites have been identified with the trinucleotide (CGG)n •(CCG)n  
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(Durkin and Glover 2007).  Today, over 100 fragile sites have been identified in human 

genome. They are categorized as rare fragile sites (RFS) and common fragile sites (CFS) 

depending on their population frequency and pattern of inheritance. They both are AT-

rich regions with late replicating feature, which may be as a result of the formation of 

secondary structures which can block the progression of replication forks (Gacy et al. 

1995). The use of DNA polymerase inhibitors, such as aphidicolin, can sensitize the 

fragile sites with increased instability, probably due to a further delay in replication in 

these late-replicating regions (Le Beau et al. 1998).  CFSs are often involved in 

chromosome breakage and rearrangements in cancer cells (Lee et al. 2001; Michael et al. 

1997; Yunis and Soreng 1984), with the most frequent alteration as large deletions within 

the CFS region, resulting in inactivation of the associated genes. Two well studied CFS 

are FRA3B and FRA16D, both of which lie within the large tumor-suppressor genes, 

FHIT and WWOX, respectively (Corbin et al. 2002; Ried et al. 2000). 

 

DNA damage and repair in heterochromatin regions 

Clustered at centromeric and pericentromeric regions, heterochromatin represents 

another “hotspots” for chromosome breakage and rearrangements.  Studies have shown 

an overrepresentation of breakage and rearrangements in the heterochromatin regions in 

cancer cells (Mertens et al. 1997; Mitelman et al. 1997), especially for pericentromeric 

rearrangements involving chromosomes 1 and 16 (Chr1 and Chr16). (Brito-Babapulle 

and Atkin 1981; Le Baccon et al. 2001). It has been suggested that pericentromeric 

rearrangements of Chr1 and Chr16 can favor tumorigenesis or tumor progression by 
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forming gene imbalances that affect tumor suppressor genes or proto-oncogenes.  

Furthermore, such rearrangements are sometimes the sole detected cytogenetic 

abnormality in cancer cells (Pandis et al. 1994). Using cytogenetic approaches, 

researchers studied chromosome aberrations in cancer cells and revealed that 

chromosome 1 (band 1q12) was frequently involved chromosome alterations (Busson-Le 

Coniat et al. 1999; Itoyama et al. 2002; Le Baccon et al. 2001).  It is known that 1q12 is 

formed by highly repetitive heterochromatin sequences which are highly condensed in 

metaphase and interphase. By using FISH and micronucleus assay (MN) to monitor the 

DNA breaks at 1q12, Surralles et al (1997) demonstrated that a low level of DNA 

excision repair may account for the extreme fragility at this region.   

The high concentrations of repeated sequences in heterochromatin present serious 

challenges to human genome with respect to the fidelity of DNA replication, repair and 

recombination (Peng and Karpen 2008).  When a double-strand break is generated at 

heterochromatin regions, two major mechanisms are involved during the repair process, 

homologous recombination (HR) and non-homologous end joining (NHEJ). These two 

pathways may collaborate or compete each other, and sometimes shifts occur between the 

two as the cell cycle progresses (Hartlerode and Scully 2009). Normally, NHEJ is 

preferred in mammalian cells over HR except during S phase where the sister chromatid 

is more readily available for homologous repair (Johnson and Jasin 2000). HR normally 

does not lead to mutations; however, it may lead to mutations during the repair of 

repetitive sequences, and genomic instability (Pearson et al. 2005). Misalignment of sister 

chromatids can cause an unequal exchange between homologous repeats and affect the 
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length of the repetitive region, leading to expansions or deletions.  When recombination 

happens between two homologous sequences on the same physical chromosome, 

dicentric or acentric chromosomes can be produced, which can subsequently result in 

aneuploidy (Pearson et al. 2005). When recombination occurs between nonhomologous 

chromosomes, chromosome translocations can result. Non-homologous end-joining 

(NHEJ) is another repair pathway, which does not require significant homology. Broken 

ends are normally processed before joining; therefore it may yield small deletion 

mutations. Re-joining with different chromosome ends can result in chromosome 

translocations. DSBs can also sometimes be repaired by single-strand annealing when 

there is homology between DNA sequences flanking the DSB. The repair procedure 

involves the unwinding of double stranded DNA on either side of the break, and 

annealing of single stranded DNA on one side of the break to its complimentary sequence 

on the other side of the break (Fishman-Lobell and Haber 1992; Fishman-Lobell et al. 

1992). Evidence in yeast has shown that the non- base paired 3’ tail has to be removed 

before the recombination can be completed (Davies et al. 1995; Prado and Aguilera 1995). 

As a consequence, the DNA region flanked by the repeats can be lost, resulting in a 

deletion mutation.   

In order to maintain genomic integrity, heterochromatic replication, repair, and 

recombination need to be well regulated. Not only the sequences, but also the epigenetic 

modifications on these domains are needed to be accurately duplicated in a replication-

coupled manner in order for proper chromosome segregation (Ekwall et al. 1997; Peters 

et al. 2001). Several properties of chromatin ensure the faithful DNA replication and 
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repair on these regions (Groth et al. 2007). For example, heterochromatin has unique 

histone modifications (e.g. hypoacetylation, H3K9 trimethylation) and associated 

proteins (e.g. HP1). All these properties might help to reduce the frequency of 

spontaneous DNA damage during replication, and possibly provide resistance to DNA 

damaging agents (Peng and Karpen 2008).  Mutations in H3K9 methyltransferases are 

found to be more likely to make heterochromatic DNA sequences subject to spontaneous 

and/or induced damage (Peng and Karpen 2008). Heterochromatin is found to be 

recombinationally silent during meiosis, which alleviates problems that could arise from 

reciprocal exchange between sister chromatids (Peng and Karpen 2008).  Once DNA 

damage occurs, the repetitive structure of heterochromatin or its composition may also 

impact the cellular positioning of damaged heterochromatin and help to reduce the 

probability of homologous exchange, which might lead to genome instability. This is 

supported by evidence that the recruitment of specific DNA repair machinery to the 

damage sites is different in heterochromatin than in euchromatin (Unal et al. 2004). 

Phosphorylated H2AX, together with epigenetic  modifications in heterochromatin 

regions, regulate a preferential utilization of non-HR mechanisms to repair DNA damage 

in repeated DNAs, such as single-strand annealing repair, non-homologous end joining, 

or gene conversion (Peng and Karpen 2008). In addition, it has been recently suggested 

that damaged repeated DNAs might rapidly change their three-dimensional organization 

and move into euchromatic ‘territories’ for repair, which could reduce the probability of 

interactions with undamaged homologous repeats that remain heterochromatic (Peng and 

Karpen 2008).   
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Heterochromatin / Repetitive Sequences Instability and Human Diseases 

As indicated above, the human genome is partitioned into heterochromatin and 

euchromatin, which are cytologically, genetically, and functionally distinct. Although 

heterochromatin contains transcriptionally silenced non-coding sequences, it can 

contribute to genomic instability and promote human diseases in various ways ranging 

from alterations in DNA replication, to aberrant DNA repair and recombinations. Due to 

its repetitive nature, heterochromatin may undergo expansions or deletions, as well as 

chromosomal rearrangements, which can initiate genomic instability.  

In reviewing the large deletions and translocations in inherited diseases and 

cancers, it was noted that these chromosomal rearrangements were not located randomly 

but were rather confined to specific regions in the genome (Abeysinghe et al. 2006). 

Studies have revealed the occurrence of various types of repetitive sequence elements in 

the vicinity of breakpoint junctions (Edelmann et al. 2001; Zucman-Rossi et al. 1998).  

As mentioned above, microsatellite instability has been the causes of many human 

diseases, such as  myotonic muscular dystrophy (Brook et al. 1992), fragile-X syndrome 

(Kremer et al. 1991), Huntington's disease (Gacy et al. 1995; Group 1993), various 

spinocerebellar ataxias, and others (Mirkin 2006).   

Heterochromatin regions are particular prone to DNA breakage and chromosome 

rearrangements. A detailed karyotypic analysis of clones of irradiated cells indicated that 

the heterochromatin regions are frequently involved in irradiation-induced chromosomal 

abnormalities, including deletions or translocations (Grosovsky et al. 1996; 

Pongsaensook et al. 2004). Using dual-color FISH analysis with chromosome 1 
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centromere and 1q12- specific probes, constitutive heterochromatin band 1q12 is the 

most frequent breakpoint in both NHL and MM (comprising 39% and 89% of 1q breaks, 

respectively) (Le Baccon et al. 2001). Previous results in our laboratory have shown that 

2, 6-diaminopurine (DAP) treatment can cause a high level of chromosomal instability, 

with DNA breakage mostly located within large blocks of pericentromeric 

heterochromatin on chromosomes 1, 9, and 16, which may initiate damage capable of 

inducing persistent genomic instability (Smith et al. 1998).   

Heterochromatic regions can be polymorphic in normal populations, and such 

heteromorphisms are generally inherited in a Mendelian fashion (Verma and Lubs 1976). 

However, some variations of the heterochromatic regions were suggested to be associated 

with deleterious effects, such as mental retardation (Soudek and Sroka 1979), infertility 

(Patil and Lubs 1977), and increased susceptibility to cancer.  In 1977, Atkin (1977) first 

reported that the lymphocytes of patients with ovarian carcinoma exhibited higher 

variability of heterochromatin regions on chromosome 1 than controls. He suggested a 

possible relationship between C-band heteromorphisms on chromosome 1 and the 

susceptibility to malignant diseases. Later in the same year, he and Baker further 

investigated the frequencies of pericentric inversions of chromosome 1 and suggested a 

possible association with cancer (Atkin and Baker 1977a, b). Subsequently, the 

associations between heteromorphisms affecting particular heterochromatin regions and 

clinical abnormalities have attracted considerable attention in the 1980s to 1990s. 

Observations of increased heterochromatic variations on chromosome 1, 9 or 16 were 

reported in patients with various malignancies, both in solid tumors (Adhvaryu and 
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Rawal 1991; Berger et al. 1985; Heim et al. 1985), such as breast cancer, colorectal 

carcinomas, and in hematological disorders (Shabtai and Halbrecht 1979).  

In addition to the DNA alterations itself, epigenetic changes of heterochromatin 

regions also impact the genomic stability.  Constitutive heterochromatin is featured with 

hypermethylation (H3K9 trimethylation), hypoacetylation (low degrees of H4 

acetylation), as well as a high percentage of C methylation.  (Jiang et al. 2004; Lehnertz 

et al. 2003; Narayan et al. 1998; Yang et al. 2004).  Loss of methylation of H3 K9 leads 

to increased spontaneous DNA damage specific to heterochromatin and activation of cell 

cycle checkpoints for DNA repair (Peng and Karpen 2009). Histone H3 (K9) methylation 

is associated with decreased transcriptional activity. It has been shown that abnormal 

alterations of methylated H3 (K9) and histone methyltransferase (HMT) expression were 

correlated with transcriptional dysfunction and subsequent neurodegeneration in animal 

models of Huntington's disease (HD) (Ryu et al. 2006; Stack et al. 2007).  

DNA hypomethylation on heterochromatin region of chromosomes 1 and 16 (1qh 

and 16qh) has been implicated in pericentromeric rearrangements from studies of the ICF 

syndrome, a rare autosomal recessive disorder termed for immunodeficiency, centromeric 

instability, and facial anomalies (Ehrlich 2002; Hansen et al. 1999). ICF is usually caused 

by mutations in DNMT3B (Gowher and Jeltsch 2002; Hansen et al. 1999), a DNA 

methyltransferase gene. ICF has exhibited almost exclusively instability of chromosomes 

1 and 16, and sometimes 9. Chromosomes 1 and 16 have satellite 2 DNA (sat2) in their 

pericentromeric heterochromatin (Tagarro et al. 1994). Hypomethylation of Sat2 as well 

as Satα have also been demonstrated in the majority of breast adenocarcinomas and 



14 
 

ovarian epithelial carcinomas (Corneo et al. 1967; Ehrlich et al. 2003; Jackson et al. 2004; 

Narayan et al. 1998; Qu et al. 1999a; Qu et al. 1999b; Widschwendter et al. 2004). 

Chromosome 9 also has a large pericentromeric heterochromatin region predominantly 

containing satellite 3 (Sat3), which is distantly related to Sat2.  Both Sat2 and Sat3 are 

hypomethylated in ICF tissues and cell cultures (Jeanpierre et al. 1993; Tuck-Muller et al. 

2000). Hypomethylation of Sat3, which is mostly in 9qh, has also been found during 

human hepatocarcinogenesis (Saito et al. 2001).  In addition, centromeric satellite α 

DNAs (Satα) frequently exhibit hypomethylation in pediatric cancers, such as Wilms 

tumor (Ehrlich et al. 2003).  Relative to normal somatic tissues, 83% of the Wilms tumors 

were hypomethylated in centromeric satellite DNAs, and 51% were hypomethylated in 

pericentromeric satellite II on chromosome 1. By cytogenetic analysis, rearrangements in 

these heterochromatin regions were found to be the most frequent type of structural 

aberrations (Ehrlich et al. 2003).  The high degree of targeting of DNA hypomethylation 

in centromeric and pericentromeric heterochromatin regions in cancer cells suggests that 

hypomethylation of heterochromatin may contribute to carcinogenesis.  

Another piece of evidence that hypomethylation of heterochromatin leads to 

increased chromosomal rearrangement comes from the use of DNA methylation 

inhibitors. Hernandez (1997) showed that a normal pro-B cell line gave ICF-like 

rearrangements in about 25-50% of the examined metaphases after treatment of 5-

azacytidine or 5- azadeoxycytidine. About 80% of the induced rearrangements in this 

treated cell line involved Chr1, and almost 90% of the rearrangements were in the 

pericentromeric regions. 
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Gene Amplification and Genomic Instability 

Gene amplification is a hallmark of genomic instability and is closely linked to 

carcinogenesis (Otto et al. 1989). For example, amplification of oncogenes can promote 

initiation and progression of a variety of solid tumors, while amplification of genes that 

modify or detoxify drugs can cause resistance to chemotherapeutic agents (Albertson et al. 

2003). Amplification of chromosomal regions can lead to karyotypic alterations and 

ploidy changes (aneuploidy and polyploidy) that play an important role in tumor 

pathogenesis.  

 Two types of amplification events can be detected cytogenetically: extra- and 

intrachromosomal amplicons (Debatisse and Malfoy 2005; Stark et al. 1989; Windle and 

Wahl 1992). Extrachromosomal amplicons or double minutes (DM) have up to several 

hundred copies of a genomic segment and form mini-chromosomes with inverted 

symmetry. Intrachromosomal amplicons, also described as abnormally banded or 

homogeneously staining regions (HSR), are head-to-tail or tail-to-tail tandem repeats, 

which generally have ten or fewer copies at early stages of amplification. Some gene 

amplifications are accompanied by aneuploidy, deletions, or translocations (Albertson et 

al. 2003). 

 A large body of evidence indicates that DNA DSBs can trigger gene amplification, 

probably through the activation of recombination based mechanisms (Pipiras et al. 1998; 

Poupon et al. 1996; Toledo et al. 1992; Windle et al. 1991). The amplification of portions 

of chromosomes can result in the formation of expanded chromosomal regions, 

extrachromosomal elements, or dicentric chromosomes (Windle and Wahl 1992). In a 
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study of how human papillomavirus (HPV) integrated and amplified within the host 

genome, two mechanisms, overreplication and breakage-fusion-bridge amplification, 

were suggested (Herrick et al. 2005) as evidenced by direct repeats and inverted repeats 

in the amplified sequences.  The observation of direct repeats in the amplicon implied the 

involvement of either overreplication or replication fork arrest, both of which can form 

substrates to stimulate unequal recombination (Johnson and Jasin 2000).  

 

Genomic Instability and Mechanisms 

Genomic instability refers to abnormally high rates of genetic change occurring 

persistently in clonal cell populations, as they have descended from the same ancestral 

cell. Genomic instability is often associated with carcinogenesis. It appears in cancer in 

three major forms : (1) aneuploidy; (2) intra- or inter- chromosomal instability; (3) point 

mutations, which may affect critical genes that play roles in the tumorigenesis.   

Aneuploidy is a type of chromosomal abnormalities with incorrect chromosome 

numbers. It may result from disruption of mitosis which leads to errors of chromosome 

segregation.  It frequently occurs as a result of weakened mitotic checkpoint, the major 

cell cycle control mechanism to prevent chromosome missegregation.  During mitosis, 

sister chromatids are organized on the mitotic bipolar spindle and are attached through 

their kinetochores. Stable bipolar attachment of kinetochores to microtubules ensures 

equal bipolar segregation of sister chromatids.  The checkpoint is activated when 

kinetochores lack tension or no microtubules are attached, and cell cycle is arrested until 
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all kinetochores are completely bound to the spindle microtubules (Bannon and Mc Gee 

2009).   

Aneuploidy is commonly seen in cancer cells, such as trisomy 8 and monosomy 5 

and 7 in acute myelogenous leukemias.  The hypothesis of the causal role for aneuploidy 

in tumorigenesis was initially proposed 100 years ago by Theodor Boveri [1862-1915].  

In supporting this hypothesis, aneuploidy can contribute to tumorigenesis through the loss 

of heterozygosity (LOH) mutations of tumor suppressor genes or DNA mismatch repair 

proteins (Weaver and Cleveland 2006). However, Boveri’s hypothesis has been revised 

in recent years. Current modified model proposed that partial loss of the mitotic 

checkpoint results in low levels of aneuploidy and promotes tumor initiation and 

progression, whereas complete loss of the mitotic checkpoint induces high levels of 

aneuploidy which results in lethality (Weaver and Cleveland 2007).  

Inter- or intra- chromosomal instability covers broad range of chromosomal 

abnormalities, including insertion/deletion, translocation, gene amplification, 

microsatellite instability, and other forms that all share the feature of utilizing DNA 

breakage as an early step. Chromosomal rearrangements have been documented in 

studies of many childhood and haematological malignancies (Helman and Malkin 2001; 

Rabbitts 1994). It has been suggested that stable chromosomal rearrangements (such as 

reciprocal translocations, insertions and inversions) are initiators of tumorigenesis and 

can produce a mutator/recombinator phenotype (Radford 2004). The completion of the 

sequencing of the human genome and recent technological developments in DNA 

sequencing now permit more complete analyses of the genomes and transcriptomes of 
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tumors. These analyses have indicated that individual tumors contain an estimated 80 

point mutations in protein coding genes of which 15 are likely to contribute to 

tumorigenesis (Simpson 2009). Mutations caused by large chromosomal rearrangements 

also appear to be common in tumors.   

All the forms of genomic instability mentioned above are believed to participate 

in cancinogenesis through the following mechanisms.  

• Cis- and Trans- acting mechanisms  

Currently, two mechanisms, one cis-acting and the other trans-acting, have been 

proposed to be responsible for genomic instability. Cis-acting mechanism proposes that 

critical structure alterations on a chromosome may act as a hotspot for chromosomal 

breakage and rearrangement thus perpetuate genomic instability. In trans-acting 

mechanism, mutations or deletions of critical genes that maintain the genomic integrity 

will lead to instability.  The latter mechanism is more accepted and is supported by 

multiple lines of evidence. For example, mutations in BRCA1 or BRCA2 are found to 

predispose individuals to breast and ovarian cancers. Inactivations of p53 and Rb genes 

are found in many cancer cells. The trans- acting mechanism stresses that mutations in 

genes important in controlling cellular growth, cell cycle progression or arrest will induce 

instability by enhancing the accumulation of mutations over many cell generations.  

However, such a trans-acting mechanism for genomic instability is not a comprehensive 

or complete explanation. For example, studies using ionizing radiation showed that 10-50% 

clones exhibited high frequencies of chromosomal rearrangements as well as extensive 
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clonal heterogeneity (Little 1998; Morgan et al. 1996). These changes cannot  be 

explained by mutation of a single gene or even a large family of genes as these changes 

vary greatly among the daughter and sibling clones (Grosovsky et al. 1996).  Additional 

observations have shown that some clones surviving from irradiation exposure exhibit 

persistent subclonal chromosome rearrangements during subsequent cell culture 

(Grosovsky et al. 1996; Pongsaensook et al. 2004).  

These findings have prompted a search to identify additional mechanisms that 

contribute to the overall yield of genomic instability in clonal populations. Research from 

the Grosovsky laboratory as well as others has suggested that a cis-acting mechanism 

may be involved.  Novel chromosomal junctions due to chromosomal rearrangements 

induced by radiation may be prone to additional breakage in subsequent cell generations, 

which would perpetuate the instability.  To test the cis- model, the karyotypic distribution 

of chromosomal rearrangements in clones and subclones after irradiation was tracked and 

analyzed. This sub-clonal analysis demonstrated that newly occurring chromosomal 

rearrangements in sub-clonal populations were indeed preferentially located near 

previously identified rearrangement junctions in unstable parental clones, with a 

secondary preference for rearrangements involving heterochromatic sequences 

(Grosovsky et al. 1996; Pongsaensook et al. 2004). 

The recurring breaks in chromosome 1q in several human diseases can be 

regarded as a cis-acting factor contributing to tumorigenesis. For example, rearrangement 

of 1q occurs in about 20% of follicular and diffuse large B-cell lymphomas (Offit et al. 

1991). The rearrangements could selectively promote tumorigenesis by creating a novel 
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fusion which may result in amplification through breakage-fusion-bridge cycle.  

Amplification or gain of 1q21 is frequent seen in solid tumors such as breast and ovarian 

cancers and in soft-tissue sarcomas (Forus et al. 1998; Mertens et al. 1997).  
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Overview of the Project 

 The focus of this dissertation is on two projects related to heterochromatin- 

associated genomic instability.  Previous studies in our laboratory have compared 

instability in clones constructed by transfection of alpha or classical satellite sequences, 

euchromatic TK sequences, or plasmid DNAs, as well as those induced by gamma- 

radiation exposure. The analyses focused on alterations involving the single human 

chromosome 11 in the cells. The results indicated that heterochromatic sequences could 

produce a level of karyotypic instability similar to that of radiation exposure, both of 

which are much higher than that seen after transfection with control sequences. As a 

result, a cis-acting mechanism was proposed. In the first project, we employed the Comet 

assay to demonstrate that transfection of non-coding heterochromatic sequences induces a 

global genomic instability in the transfected clones.   

The second project focuses on determining whether size polymorphisms of the 

constitutive heterochromatin on chromosomes 1 and 9 can serve as a biomarker of 

increased susceptibility to breast cancer in women. Previous research has suggested that 

there is an association between size heteromorphism of these chromosomes and 

susceptibility to various malignancies; however, other studies have not seen an 

association. Comparing those observations is difficult as they were performed using older 

C-banding techniques on different kinds of cells by different laboratories using different 

approaches. A more recent study from India (Roy et al. 1999) reported a strikingly high 

incidence of C-band heteromorphism in breast cancer patients and their healthy relatives 
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as compared to controls.  In the second project described here, we have used FISH with 

DNA probes specific for the heterochromatin regions on chromosomes 1 and 9 to 

compare the size heteromorphism in a panel of lymphoblastoid cell lines derived from 

breast cancer patients and age-matched controls. The results provide evidence that 

heterochromatin polymorphism can be used to indicate increased susceptibility for breast 

cancer.  Some initial studies to investigate possible mechanisms contributing to the size 

heteromorphisms are also presented.  

  



23 
 

References 

Abeysinghe SS, Chuzhanova N, Cooper DN (2006) Gross deletions and translocations in 
human genetic disease. Genome Dyn 1: 17-34 

Adams JW, Kaufman RE, Kretschmer PJ, Harrison M, Nienhuis AW (1980) A family of 
long reiterated DNA sequences, one copy of which is next to the human beta 
globin gene. Nucleic Acids Res 8: 6113-28 

Adhvaryu SG, Rawal UM (1991) C-band heterochromatin variants in individuals with 
neoplastic disorders: carcinoma of breast and ovary. Neoplasma 38: 379-84 

Albertson DG, Collins C, McCormick F, Gray JW (2003) Chromosome aberrations in 
solid tumors. Nat Genet 34: 369-76 

Atkin NB (1977) Chromosome 1 heteromorphism in patients with malignant disease: a 
constitutional marker for a high-risk group? Br Med J 1: 358 

Atkin NB, Baker MC (1977a) Abnormal chromosomes and number 1 heterochromatin 
variants revealed in C-banded preparations from 13 bladder carcinomas. Cytobios 
18: 101-9 

Atkin NB, Baker MC (1977b) Pericentric inversion of chromosome 1: frequency and 
possible association with cancer. Cytogenet Cell Genet 19: 180-4 

Bannon JH, Mc Gee MM (2009) Understanding the role of aneuploidy in tumorigenesis. 
Biochem Soc Trans 37: 910-3 

Berger R, Bernheim A, Kristoffersson U, Mitelman F, Olsson H (1985) C-band 
heteromorphism in breast cancer patients. Cancer Genet Cytogenet 18: 37-42 

Brito-Babapulle V, Atkin NB (1981) Break points in chromosome #1 abnormalities of 
218 human neoplasms. Cancer Genet Cytogenet 4: 215-25 

Brook JD, McCurrach ME, Harley HG, Buckler AJ, Church D, Aburatani H, Hunter K, 
Stanton VP, Thirion JP, Hudson T, et al. (1992) Molecular basis of myotonic 



24 
 

dystrophy: expansion of a trinucleotide (CTG) repeat at the 3' end of a transcript 
encoding a protein kinase family member. Cell 68: 799-808 

Busson-Le Coniat M, Salomon-Nguyen F, Dastugue N, Maarek O, Lafage-Pochitaloff M, 
Mozziconacci MJ, Baranger L, Brizard F, Radford I, Jeanpierre M, Bernard OA, 
Berger R (1999) Fluorescence in situ hybridization analysis of chromosome 1 
abnormalities in hematopoietic disorders: rearrangements of DNA satellite II and 
new recurrent translocations. Leukemia 13: 1975-81 

Charlesworth B, Sniegowski P, Stephan W (1994) The evolutionary dynamics of 
repetitive DNA in eukaryotes. Nature 371: 215-20 

Corbin S, Neilly ME, Espinosa R, 3rd, Davis EM, McKeithan TW, Le Beau MM (2002) 
Identification of unstable sequences within the common fragile site at 3p14.2: 
implications for the mechanism of deletions within fragile histidine triad 
gene/common fragile site at 3p14.2 in tumors. Cancer Res 62: 3477-84 

Corneo G, Ginelli E, Polli E (1967) A satellite DNA isolated from human tissues. J Mol 
Biol 23: 619-22 

Davies AA, Friedberg EC, Tomkinson AE, Wood RD, West SC (1995) Role of the Rad1 
and Rad10 proteins in nucleotide excision repair and recombination. J Biol Chem 
270: 24638-41 

Debatisse M, Malfoy B (2005) Gene amplification mechanisms. Adv Exp Med Biol 570: 
343-61 

Durkin SG, Glover TW (2007) Chromosome fragile sites. Annu Rev Genet 41: 169-92 

Edelmann L, Spiteri E, Koren K, Pulijaal V, Bialer MG, Shanske A, Goldberg R, 
Morrow BE (2001) AT-rich palindromes mediate the constitutional t(11;22) 
translocation. Am J Hum Genet 68: 1-13 

Ehrlich M (2002) DNA hypomethylation, cancer, the immunodeficiency, centromeric 
region instability, facial anomalies syndrome and chromosomal rearrangements. J 
Nutr 132: 2424S-2429S 



25 
 

Ehrlich M, Hopkins NE, Jiang G, Dome JS, Yu MC, Woods CB, Tomlinson GE, 
Chintagumpala M, Champagne M, Dillerg L, Parham DM, Sawyer J (2003) 
Satellite DNA hypomethylation in karyotyped Wilms tumors. Cancer Genet 
Cytogenet 141: 97-105 

Ekwall K, Olsson T, Turner BM, Cranston G, Allshire RC (1997) Transient inhibition of 
histone deacetylation alters the structural and functional imprint at fission yeast 
centromeres. Cell 91: 1021-32 

Elder JF, Jr., Turner BJ (1995) Concerted evolution of repetitive DNA sequences in 
eukaryotes. Q Rev Biol 70: 297-320 

Elgin SC, Grewal SI (2003) Heterochromatin: silence is golden. Curr Biol 13: R895-8 

Fishman-Lobell J, Haber JE (1992) Removal of nonhomologous DNA ends in double-
strand break recombination: the role of the yeast ultraviolet repair gene RAD1. 
Science 258: 480-4 

Fishman-Lobell J, Rudin N, Haber JE (1992) Two alternative pathways of double-strand 
break repair that are kinetically separable and independently modulated. Mol Cell 
Biol 12: 1292-303 

Forus A, Berner JM, Meza-Zepeda LA, Saeter G, Mischke D, Fodstad O, Myklebost O 
(1998) Molecular characterization of a novel amplicon at 1q21-q22 frequently 
observed in human sarcomas. Br J Cancer 78: 495-503 

Frommer M, Prosser J, Tkachuk D, Reisner AH, Vincent PC (1982) Simple repeated 
sequences in human satellite DNA. Nucleic Acids Res 10: 547-63 

Gacy AM, Goellner G, Juranic N, Macura S, McMurray CT (1995) Trinucleotide repeats 
that expand in human disease form hairpin structures in vitro. Cell 81: 533-40 

Ginelli E, Corneo G (1976) The organization of repeated DNA sequences in the human 
genome. Chromosoma 56: 55-68 



26 
 

Gosden JR, Mitchell AR, Buckland RA, Clayton RP, Evans HJ (1975) The location of 
four human satellite DNAs on human chromosomes. Birth Defects Orig Artic Ser 
11: 168-9 

Gowher H, Jeltsch A (2002) Molecular enzymology of the catalytic domains of the 
Dnmt3a and Dnmt3b DNA methyltransferases. J Biol Chem 277: 20409-14 

Grosovsky AJ, Parks KK, Giver CR, Nelson SL (1996) Clonal analysis of delayed 
karyotypic abnormalities and gene mutations in radiation-induced genetic 
instability. Molecular and Cellular Biology 16: 6252-6262 

Groth A, Rocha W, Verreault A, Almouzni G (2007) Chromatin challenges during DNA 
replication and repair. Cell 128: 721-33 

Group HDCR (1993) A novel gene containing a trinucleotide repeat that is expanded and 
unstable on Huntington's disease chromosomes. The Huntington's Disease 
Collaborative Research Group. Cell 72: 971-83 

Hansen RS, Wijmenga C, Luo P, Stanek AM, Canfield TK, Weemaes CM, Gartler SM 
(1999) The DNMT3B DNA methyltransferase gene is mutated in the ICF 
immunodeficiency syndrome. Proc Natl Acad Sci U S A 96: 14412-7 

Hartlerode AJ, Scully R (2009) Mechanisms of double-strand break repair in somatic 
mammalian cells. Biochem J 423: 157-68 

Heim S, Berger R, Bernheim A, Mitelman F (1985) Constitutional C-band pattern in 
patients with adenomatosis of the colon and rectum. Cancer Genet Cytogenet 18: 
31-5 

Helman LJ, Malkin D (2001) Cancers of childhood. Section 1 Molecular biology of 
childhood cancers. Cancer: Principles and Practice of Oncology (Philadelphia: 
Lippincott Williams & Wilkins): 2161-2169 

Hernandez R, Frady A, Zhang XY, Varela M, Ehrlich M (1997) Preferential induction of 
chromosome 1 multibranched figures and whole-arm deletions in a human pro-B 
cell line treated with 5-azacytidine or 5-azadeoxycytidine. Cytogenet Cell Genet 
76: 196-201 



27 
 

Herrick J, Conti C, Teissier S, Thierry F, Couturier J, Sastre-Garau X, Favre M, Orth G, 
Bensimon A (2005) Genomic organization of amplified MYC genes suggests 
distinct mechanisms of amplification in tumorigenesis. Cancer Res 65: 1174-9 

Hollis M, Hindley J (1988) Satellite II DNA of human lymphocytes: tandem repeats of a 
simple sequence element. Nucleic Acids Res 16: 363 

Houck CM, Rinehart FP, Schmid CW (1979) A ubiquitous family of repeated DNA 
sequences in the human genome. J Mol Biol 132: 289-306 

Itoyama T, Nanjungud G, Chen W, Dyomin VG, Teruya-Feldstein J, Jhanwar SC, 
Zelenetz AD, Chaganti RS (2002) Molecular cytogenetic analysis of genomic 
instability at the 1q12-22 chromosomal site in B-cell non-Hodgkin lymphoma. 
Genes Chromosomes Cancer 35: 318-28 

Jackson K, Yu MC, Arakawa K, Fiala E, Youn B, Fiegl H, Muller-Holzner E, 
Widschwendter M, Ehrlich M (2004) DNA hypomethylation is prevalent even in 
low-grade breast cancers. Cancer Biol Ther 3: 1225-31 

Jeanpierre M, Turleau C, Aurias A, Prieur M, Ledeist F, Fischer A, Viegas-Pequignot E 
(1993) An embryonic-like methylation pattern of classical satellite DNA is 
observed in ICF syndrome. Hum Mol Genet 2: 731-5 

Jiang G, Yang F, Sanchez C, Ehrlich M (2004) Histone modification in constitutive 
heterochromatin versus unexpressed euchromatin in human cells. J Cell Biochem 
93: 286-300 

John B, Miklos GL (1979) Functional aspects of satellite DNA and heterochromatin. Int 
Rev Cytol 58: 1-114 

Johnson RD, Jasin M (2000) Sister chromatid gene conversion is a prominent double-
strand break repair pathway in mammalian cells. EMBO J 19: 3398-407 

Jones KW, Prosser J, Corneo G, Ginelli E (1973) The chromosomal location of human 
satellite DNA 3. Chromosoma 42: 445-51 



28 
 

Jones KW, Purdom IF, Prosser J, Corneo G (1974) The chromosomal localisation of 
human satellite DNA I. Chromosoma 49: 161-71 

Kremer EJ, Pritchard M, Lynch M, Yu S, Holman K, Baker E, Warren ST, Schlessinger 
D, Sutherland GR, Richards RI (1991) Mapping of DNA instability at the fragile 
X to a trinucleotide repeat sequence p(CCG)n. Science 252: 1711-4 

Kurahashi H, Inagaki H, Ohye T, Kogo H, Kato T, Emanuel BS (2006) Palindrome-
mediated chromosomal translocations in humans. DNA Repair (Amst) 5: 1136-45 

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon K, Dewar K, 
Doyle M, FitzHugh W, Funke R, Gage D, Harris K, Heaford A, Howland J, Kann 
L, Lehoczky J, LeVine R, McEwan P, McKernan K, Meldrim J, Mesirov JP, 
Miranda C, Morris W, Naylor J, Raymond C, Rosetti M, Santos R, Sheridan A, 
Sougnez C, Stange-Thomann N, Stojanovic N, Subramanian A, Wyman D, 
Rogers J, Sulston J, Ainscough R, Beck S, Bentley D, Burton J, Clee C, Carter N, 
Coulson A, Deadman R, Deloukas P, Dunham A, Dunham I, Durbin R, French L, 
Grafham D, Gregory S, Hubbard T, Humphray S, Hunt A, Jones M, Lloyd C, 
McMurray A, Matthews L, Mercer S, Milne S, Mullikin JC, Mungall A, Plumb R, 
Ross M, Shownkeen R, Sims S, Waterston RH, Wilson RK, Hillier LW, 
McPherson JD, Marra MA, Mardis ER, Fulton LA, Chinwalla AT, Pepin KH, 
Gish WR, Chissoe SL, Wendl MC, Delehaunty KD, Miner TL, Delehaunty A, 
Kramer JB, Cook LL, Fulton RS, Johnson DL, Minx PJ, Clifton SW, Hawkins T, 
Branscomb E, Predki P, Richardson P, Wenning S, Slezak T, Doggett N, Cheng 
JF, Olsen A, Lucas S, Elkin C, Uberbacher E, Frazier M, et al. (2001) Initial 
sequencing and analysis of the human genome. Nature 409: 860-921 

Le Baccon P, Leroux D, Dascalescu C, Duley S, Marais D, Esmenjaud E, Sotto JJ, 
Callanan M (2001) Novel evidence of a role for chromosome 1 pericentric 
heterochromatin in the pathogenesis of B-cell lymphoma and multiple myeloma. 
Genes Chromosomes Cancer 32: 250-64 

Le Beau MM, Rassool FV, Neilly ME, Espinosa R, 3rd, Glover TW, Smith DI, 
McKeithan TW (1998) Replication of a common fragile site, FRA3B, occurs late 
in S phase and is delayed further upon induction: implications for the mechanism 
of fragile site induction. Hum Mol Genet 7: 755-61 



29 
 

Leach TJ, Chotkowski HL, Wotring MG, Dilwith RL, Glaser RL (2000) Replication of 
heterochromatin and structure of polytene chromosomes. Mol Cell Biol 20: 6308-
16 

Lee SH, Kim WH, Kim HK, Woo KM, Nam HS, Kim HS, Kim JG, Cho MH (2001) 
Altered expression of the fragile histidine triad gene in primary gastric 
adenocarcinomas. Biochem Biophys Res Commun 284: 850-5 

Lehnertz B, Ueda Y, Derijck AA, Braunschweig U, Perez-Burgos L, Kubicek S, Chen T, 
Li E, Jenuwein T, Peters AH (2003) Suv39h-mediated histone H3 lysine 9 
methylation directs DNA methylation to major satellite repeats at pericentric 
heterochromatin. Curr Biol 13: 1192-200 

Little JB (1998) Radiation-induced genomic instability. International Journal Of 
Radiation Biology 74: 663-671 

Maio JJ, Brown FL, Musich PR (1981) Toward a molecular paleontology of primate 
genomes. I. The HindIII and EcoRI dimer families of alphoid DNAs. 
Chromosoma 83: 103-25 

Mertens F, Johansson B, Hoglund M, Mitelman F (1997) Chromosomal imbalance maps 
of malignant solid tumors: a cytogenetic survey of 3185 neoplasms. Cancer Res 
57: 2765-80 

Michael D, Beer DG, Wilke CW, Miller DE, Glover TW (1997) Frequent deletions of 
FHIT and FRA3B in Barrett's metaplasia and esophageal adenocarcinomas. 
Oncogene 15: 1653-9 

Mirkin SM (2006) DNA structures, repeat expansions and human hereditary disorders. 
Curr Opin Struct Biol 16: 351-8 

Mitchell A, Gosden J, . DM (1985) A cloned sequence, p82H, of the alphoid repeated 
DNA family found at the centromeres of all human chromosomes. Chromosoma 
95: 369-377 

Mitchell AR, Beauchamp RS, Bostock CJ (1979) A study of sequence homologies in four 
satellite DNAs of man. J Mol Biol 135: 127-49 



30 
 

Mitelman F, Mertens F, Johansson B (1997) A breakpoint map of recurrent chromosomal 
rearrangements in human neoplasia. Nat Genet 15 Spec No: 417-74 

Morgan WF, Day JP, Kaplan MI, McGhee EM, Limoli CL (1996) Genomic instability 
induced by ionizing radiation. Radiation Research 146: 247-258 

Narayan A, Ji W, Zhang XY, Marrogi A, Graff JR, Baylin SB, Ehrlich M (1998) 
Hypomethylation of pericentromeric DNA in breast adenocarcinomas. Int J 
Cancer 77: 833-8 

Offit K, Jhanwar SC, Ladanyi M, Filippa DA, Chaganti RS (1991) Cytogenetic analysis 
of 434 consecutively ascertained specimens of non-Hodgkin's lymphoma: 
correlations between recurrent aberrations, histology, and exposure to cytotoxic 
treatment. Genes Chromosomes Cancer 3: 189-201 

Otto E, McCord S, Tlsty TD (1989) Increased incidence of CAD gene amplification in 
tumorigenic rat lines as an indicator of genomic instability of neoplastic cells. J 
Biol Chem 264: 3390-6 

Pandis N, Bardi G, Jin Y, Dietrich C, Johansson B, Andersen J, Mandahl N, Mitelman F, 
Heim S (1994) Unbalanced t(1;16) as the sole karyotypic abnormality in a breast 
carcinoma and its lymph node metastasis. Cancer Genet Cytogenet 75: 158-9 

Patil SR, Lubs HA (1977) A possible association of long Y chromosomes and fetal loss. 
Hum Genet 35: 233-5 

Pearson CE, Nichol Edamura K, Cleary JD (2005) Repeat instability: mechanisms of 
dynamic mutations. Nat Rev Genet 6: 729-42 

Pearson CE, Sinden RR (1998) Trinucleotide repeat DNA structures: dynamic mutations 
from dynamic DNA. Curr Opin Struct Biol 8: 321-30 

Peng JC, Karpen GH (2008) Epigenetic regulation of heterochromatic DNA stability. 
Curr Opin Genet Dev 18: 204-11 



31 
 

Peng JC, Karpen GH (2009) Heterochromatic genome stability requires regulators of 
histone H3 K9 methylation. PLoS Genet 5: e1000435 

Peters AH, O'Carroll D, Scherthan H, Mechtler K, Sauer S, Schofer C, Weipoltshammer 
K, Pagani M, Lachner M, Kohlmaier A, Opravil S, Doyle M, Sibilia M, Jenuwein 
T (2001) Loss of the Suv39h histone methyltransferases impairs mammalian 
heterochromatin and genome stability. Cell 107: 323-37 

Pipiras E, Coquelle A, Bieth A, Debatisse M (1998) Interstitial deletions and 
intrachromosomal amplification initiated from a double-strand break targeted to a 
mammalian chromosome. EMBO J 17: 325-33 

Pongsaensook P, Ritter LE, Parks KK, Grosovsky AJ (2004) Cis-acting transmission of 
genomic instability. Mutation Research/Fundamental and Molecular Mechanisms 
of Mutagenesis 568: 49-68 

Poupon MF, Smith KA, Chernova OB, Gilbert C, Stark GR (1996) Inefficient growth 
arrest in response to dNTP starvation stimulates gene amplification through 
bridge-breakage-fusion cycles. Mol Biol Cell 7: 345-54 

Prado F, Aguilera A (1995) Role of reciprocal exchange, one-ended invasion crossover 
and single-strand annealing on inverted and direct repeat recombination in yeast: 
different requirements for the RAD1, RAD10, and RAD52 genes. Genetics 139: 
109-23 

Prosser J, Frommer M, Paul C, Vincent PC (1986) Sequence relationships of three human 
satellite DNAs. J Mol Biol 187: 145-55 

Qu G, Dubeau L, Narayan A, Yu MC, Ehrlich M (1999a) Satellite DNA hypomethylation 
vs. overall genomic hypomethylation in ovarian epithelial tumors of different 
malignant potential. Mutat Res 423: 91-101 

Qu GZ, Grundy PE, Narayan A, Ehrlich M (1999b) Frequent hypomethylation in Wilms 
tumors of pericentromeric DNA in chromosomes 1 and 16. Cancer Genet 
Cytogenet 109: 34-9 

Rabbitts TH (1994) Chromosomal translocations in human cancer. Nature 372: 143-9 



32 
 

Radford IR (2004) Chromosomal rearrangement as the basis for human tumourigenesis. 
Int J Radiat Biol 80: 543-57 

Richards RI, Sutherland GR (1992) Dynamic mutations: a new class of mutations causing 
human disease. Cell 70: 709-12 

Ried K, Finnis M, Hobson L, Mangelsdorf M, Dayan S, Nancarrow JK, Woollatt E, 
Kremmidiotis G, Gardner A, Venter D, Baker E, Richards RI (2000) Common 
chromosomal fragile site FRA16D sequence: identification of the FOR gene 
spanning FRA16D and homozygous deletions and translocation breakpoints in 
cancer cells. Hum Mol Genet 9: 1651-63 

Rinehart FP, Ritch TG, Deininger PL, Schmid CW (1981) Renaturation rate studies of a 
single family of interspersed repeated sequences in human deoxyribonucleic acid. 
Biochemistry 20: 3003-10 

Roy S, Trivedi A, Bakshi S, Patel S, Shukla P, Bhatavdekar J, Patel D, Shah P (1999) An 
increased incidence of C-band heteromorphism in hereditary breast cancer 
patients and their healthy blood relatives - An Indian experience Ind J Hum Genet 
5: 15-24 

Ryu H, Lee J, Hagerty SW, Soh BY, McAlpin SE, Cormier KA, Smith KM, Ferrante RJ 
(2006) ESET/SETDB1 gene expression and histone H3 (K9) trimethylation in 
Huntington's disease. Proc Natl Acad Sci U S A 103: 19176-81 

Saito Y, Kanai Y, Sakamoto M, Saito H, Ishii H, Hirohashi S (2001) Expression of 
mRNA for DNA methyltransferases and methyl-CpG-binding proteins and DNA 
methylation status on CpG islands and pericentromeric satellite regions during 
human hepatocarcinogenesis. Hepatology 33: 561-8 

Shabtai F, Halbrecht I (1979) Risk of malignancy and chromosomal polymorphism: a 
possible mechanism of association. Clin Genet 15: 73-7 

Simpson AJ (2009) Sequence-based advances in the definition of cancer-associated gene 
mutations. Curr Opin Oncol 21: 47-52 



33 
 

Skowronski J, Singer MF (1985) Expression of a cytoplasmic LINE-1 transcript is 
regulated in a human teratocarcinoma cell line. Proc Natl Acad Sci U S A 82: 
6050-4 

Smith LE, Parks KK, Hasegawa LS, Eastmond DA, Grosovsky AJ (1998) Targeted 
breakage of paracentromeric heterochromatin induces chromosomal instability. 
Mutagenesis 13: 435-443 

Soudek D, Sroka H (1979) Chromosomal variants in mentally retarded and normal men. 
Clin Genet 16: 109-16 

Stack EC, Del Signore SJ, Luthi-Carter R, Soh BY, Goldstein DR, Matson S, Goodrich S, 
Markey AL, Cormier K, Hagerty SW, Smith K, Ryu H, Ferrante RJ (2007) 
Modulation of nucleosome dynamics in Huntington's disease. Hum Mol Genet 16: 
1164-75 

Stark GR, Debatisse M, Giulotto E, Wahl GM (1989) Recent progress in understanding 
mechanisms of mammalian DNA amplification. Cell 57: 901-8 

Surralles J, Darroudi F, Natarajan AT (1997) Low level of DNA repair in human 
chromosome 1 heterochromatin. Genes Chromosomes Cancer 20: 173-84 

Tagarro I, Fernandez-Peralta AM, Gonzalez-Aguilera JJ (1994) Chromosomal 
localization of human satellites 2 and 3 by a FISH method using oligonucleotides 
as probes. Hum Genet 93: 383-8 

Tautz D, Schlotterer (1994) Simple sequences. Curr Opin Genet Dev 4: 832-7 

Toledo F, Le Roscouet D, Buttin G, Debatisse M (1992) Co-amplified markers alternate 
in megabase long chromosomal inverted repeats and cluster independently in 
interphase nuclei at early steps of mammalian gene amplification. EMBO J 11: 
2665-73 

Toth G, Gaspari Z, Jurka J (2000) Microsatellites in different eukaryotic genomes: survey 
and analysis. Genome Res 10: 967-81 



34 
 

Tuck-Muller CM, Narayan A, Tsien F, Smeets DF, Sawyer J, Fiala ES, Sohn OS, Ehrlich 
M (2000) DNA hypomethylation and unusual chromosome instability in cell lines 
from ICF syndrome patients. Cytogenet Cell Genet 89: 121-8 

Unal E, Arbel-Eden A, Sattler U, Shroff R, Lichten M, Haber JE, Koshland D (2004) 
DNA damage response pathway uses histone modification to assemble a double-
strand break-specific cohesin domain. Mol Cell 16: 991-1002 

Verma RS, Lubs HA (1976) Inheritance of acridine orange R variants in human 
acrocentric chromosomes. Hum Hered 26: 315-8 

Weaver BA, Cleveland DW (2006) Does aneuploidy cause cancer? Curr Opin Cell Biol 
18: 658-67 

Weaver BA, Cleveland DW (2007) Aneuploidy: instigator and inhibitor of tumorigenesis. 
Cancer Res 67: 10103-5 

Weith A (1985) The fine structure of euchromatin and centromeric heterochromatin in 
Tenebrio molitor chromosomes. Chromosoma 91: 287-96 

Widschwendter M, Jiang G, Woods C, Muller HM, Fiegl H, Goebel G, Marth C, Muller-
Holzner E, Zeimet AG, Laird PW, Ehrlich M (2004) DNA hypomethylation and 
ovarian cancer biology. Cancer Res 64: 4472-80 

Windle B, Draper BW, Yin YX, O'Gorman S, Wahl GM (1991) A central role for 
chromosome breakage in gene amplification, deletion formation, and amplicon 
integration. Genes Dev 5: 160-74 

Windle BE, Wahl GM (1992) Molecular dissection of mammalian gene amplification: 
new mechanistic insights revealed by analyses of very early events. Mutat Res 
276: 199-224 

Wyandt EH, Tonk VS (2004) Atlas of Human Chromosome Heteromorphisms. 
Dordrecht ; Boston : Kluwer Academic Publishers  



35 
 

Yang F, Shao C, Vedanarayanan V, Ehrlich M (2004) Cytogenetic and immuno-FISH 
analysis of the 4q subtelomeric region, which is associated with 
facioscapulohumeral muscular dystrophy. Chromosoma 112: 350-9 

Yunis JJ, Soreng AL (1984) Constitutive fragile sites and cancer. Science 226: 1199-204 

Zucman-Rossi J, Legoix P, Victor JM, Lopez B, Thomas G (1998) Chromosome 
translocation based on illegitimate recombination in human tumors. Proc Natl 
Acad Sci U S A 95: 11786-91 

 

 

 



36 
 

Chapter 2  

Analysis of Genomic Instability 

in Clones Transfected with Heterochromatic Sequences 

 

Abstract 

Genomic instability, an abnormally high rate of genetic changes that persist in a 

clonal population, is believed to be necessary for carcinogenesis. Our laboratory has 

proposed that a cis-acting mechanism contributes to persistent genomic instability 

through chromosomal rearrangement junctions that act as the driving force of instability.  

In our previous study with ionizing radiation, it was found that chromosomal 

rearrangement junctions preferentially formed secondary breaks and rearrangements 

(Pongsaensook et al., 2004). In addition, transfection of cells with heterochromatic 

sequences, without damaging the DNA, was also found to be able to induce chromosomal 

instability as evidenced using fluorescence in situ hybridization with whole chromosome 

probe (Allen, 2007). To extend these earlier observations, we have confirmed these 

earlier results and further analyzed the transfected clones using the Comet assay, a 

different type of assay which produces a quantitative assessment of the extent of DNA 

damage in the transfected cells.  Using this approach, we have observed increased DNA 

breakage and an extensive heterogeneous phenotype within the clonal populations in the 

heterochromatin- transfected clones. The results suggest that the improper integration of 

heterochromatin sequences is sufficient for creating the unstable phenotype seen in these 

experiments. Our results provide additional support for previously proposed cis-acting 
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mechanism in which formation of breakage- prone junctions leads to persistent genomic 

instability.   
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Introduction  

     Numerous endogenous and exogenous factors have been shown to destabilize the 

mammalian genome and lead to genomic instability (Cheng and Loeb, 1997, 1993; 

Jackson and Loeb, 2001). Most mechanistic studies for genomic instability involve 

identifying mutations or deletions of genes that are critical for the maintenance of 

genomic stability. Loeb (1991) proposed that cells acquire a “mutator phenotype” via 

mutations in critical genes, or  described as “trans-acting factors” since these factors may 

act distally, and promote further genetic changes that lead to genomic instability.  For 

example, mutation of oncogenes or tumor suppressor genes can lead to an accumulation 

of more damaged DNA or mutations over many cell generations. The function of such a 

trans- acting mechanism is supported by the observation that all cancer cells that have 

been thoroughly studied contain multiple mutations.  However, trans-acting factors alone 

cannot explain some observations. For example, a detailed karyotypic analysis of clones 

that survived ionizing radiation showed a high frequency of chromosomal rearrangements 

and high clonal heterogeneity.  Such changes cannot be explained by mutation of a single 

gene or even a large family of genes as these changes are neither comparable nor 

predictable amongst the daughter and sibling clones as would be predicted by a trans-

acting mechanism (Grosovsky et al., 1996).  It was observed that the chromosomal 

abnormalities preferentially occurred near the site of a prior rearrangement, which 

provided support for a cis-acting model (Pongsaensook et al., 2004).  In this model, the 

formation of a chromosomal rearrangement junction may act as a de novo chromosomal 

breakage hotspot that is prone to additional breakage in subsequent generations, and can 
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thus account for persistent chromosomal instability (Pongsaensook et al., 2004; Murnane, 

1990).   

    Most evidence suggesting cis- acting mechanisms for genomic instability came 

from radiation studies (Little, 2003; Morgan, 2003).  The Grosovsky lab has previously 

investigated radiation- induced chromosomal instability and performed a detailed 

analysis of the delayed rearrangements in irradiated sub-clones.  These investigations 

revealed that newly occurring chromosomal rearrangements in the sub-clonal populations 

were not randomly distributed throughout the genome but preferentially occurred near the 

site of prior rearrangements (Pongsaensook et al., 2004). It was proposed that mega-base 

deletions induced by radiation had created unstable chromosome regions which served as 

focal centers for further rearrangement in progeny cells (Pongsaensook et al., 2004). 

Interestingly, it was noted that the chromosome rearrangements often involved 

centromeric or pericentromeric heterochromatin regions.  Detailed karyotypic analysis of 

clones surviving irradiation revealed that centromeric and pericentromeric 

heterochromatin regions were frequently involved in breaks and rearrangements (Suzuki 

et al., 2003).  Previously, Smith et al (1998) treated cells with diaminopurine (DAP) to 

select for APRT- mutants and found that DAP caused high frequencies of  breakage 

within the large blocks of pericentromeric heterochromatin on chromosomes 1, 9 and 16. 

DAP induced decondensation of pericentromeric heterochromatin which led to breakage 

within these regions. It was postulated that the initial breaks within the heterochromatin 

regions produced subsequent rearrangements leading to a progressive genomic instability.  

Other studies have shown that certain chromosome rearrangements, found in cancer cells 
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or in cells exposed to ionizing radiation, displayed a significant delay in replication 

timing (DRT) that was also associated with a delay in mitotic chromosome condensation 

(DMC). Chromosomes with DRT/DMC participated in frequent secondary 

rearrangements, also leading to further chromosomal instability (Breger et al., 2004; 

Smith et al., 2001).   

It was proposed that the juxtaposition of alpha or classical heterochromatin with 

euchromatin could result in breakage- prone sequence motifs (Breger et al., 2004; Smith 

et al., 2001).  Chromosomal rearrangements in tumor cells often result in such unstable 

motifs. It has been found that common chromosomal breakpoints in cancer cells 

disproportionately occur at constitutive heterochromatin locations, often with breakpoints 

at naturally occurring boundaries between euchromatin and heterochromatin (Grosovsky 

et al., 1996).  It was also noted that chromosome 1q (including 1q12 heterochromatin) is 

frequently involved in chromosomal rearrangement in a broad spectrum of human 

cancers, such as multiple myeloma (MM), B-cell non-Hodgkin’s lymphoma, and B-cell 

acute leukemia (Kokalj-Vokac et al., 1993; Mitchell and Santibanez-Koref, 1990). The 

rearrangement often leads to partial or total gain of 1q and the formation of novel 

heterochromatin/ euchromatin junctions (Fournier et al., 2007).  The pathological 

significance of these chromosomal aberrations was investigated using recent integrated 

gene expression and array comparative genomic hybridisation (aCGH) profiling based on 

the study of several haematological malignancies.  It suggested that the chromosome 1q 

rearrangement could affect many target genes through both genetic and epigenetic 

mechanisms(Fournier et al., 2007).  Transcriptional down-regulation of certain genes 
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mapping to chromosome 1 was proposed to contribute to disease progression in MM 

(Shaughnessy et al., 2007).  In addition, 1q12 constitutive heterochromatin rearrangement 

can induce long range epigenetic alterations that have the potential to induce gene 

silencing, which may play a pathological role in tumor.  

To test the effect of heterochromatic sequences on DNA structure and function, 

Heartlein et al (1988) transfected a plasmid containing alpha-heterochromatic DNA 

sequences into a DUKX cell line, a DHFR-mutant Chinese hamster ovary cell line. The 

insertion of the heterochromatic sequence led to an increased level of chromosome 

aberrations, sister chromatid exchanges and aneuploidy.  Recent experiments in our lab 

indicated that transfection of either alpha or classical satellite III DNAs into cells could 

induce chromosomal rearrangements detected by FISH with chromosome 11 whole 

chromosome painting (Allen, 2007)( Allen and Grosovsky, unpublished results).  Using a 

gamma radiation treatment as a positive control, the level of increased chromosomal 

heterogeneity (3 or more abnormal metaphase observed per 100) in heterochromatin- 

transfected clones is similar to that of positive control group.  Human alpha satellite DNA 

contains a highly repetitive sequences consisting of a fundamental monomer repeat unit 

of approximately 172 bp in length. It is present in all centromeres and accounts for 

several percent of the human genome (Darling et al., 1982; Waye and Willard, 1986). 

Classical satellite III is closely related to II, and both are based on simple repeat ATTCC 

(Mitchell et al., 1979; Frommer et al., 1982; Prosser et al., 1986). Satellite III DNA is 

located on the large blocks of heterochromatin regions on chromosomes 1 and 9 (Jones 

and Corneo, 1971; Evans et al., 1974; Jones, 1973).  
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Previous observations using FISH have supported our hypothesis that the 

integration of heterochromatic sequences could create “hotspots” for chromosome 

breakage and rearrangement.  To further test hypothesis that the integration has also elicit 

more global effect of genomic instability, we decided to use the Comet assay to 

quantitative assess the amount of DNA damage in clones transfected with 

heterochromatic sequences as compared with clones transfected with control plasmid. 

The Comet assay, also called single cell gel electrophoresis (SCGE), is a sensitive and 

rapid technique for quantifying and analyzing DNA damage in individual cells. It allows 

the detection of various types of DNA damage, such as double-stranded breaks, single-

stranded breaks, crosslinks, and incomplete repair sites (Miyamae et al., 1997). In the 

SCGE assay, cells are embedded in agarose, lysed, and electrophoresed under low 

voltage, so that fragmented and relaxed DNA migrate farther than intact DNA, 

resembling the image of a comet with the “tail” representing damaged DNA and the 

“head” representing the intact DNA. The extent of migration of the “tail” is related to the 

magnitude of DNA damage. With CometScore software, the percentage of DNA in the 

Comet tail can be automatically calculated. In our studies, 100 cells from each clone were 

analyzed and a distribution histogram of DNA breaks in the Comet tail was generated. 

The results indicate that the Comet assay is a useful tool for analyzing genomic instability 

in clones following transfection. The assay not only detects the DNA damage affecting 

individual cells, but also indicates the extent of genomic instability in the clonal 

population as shown in the binned histogram.  
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Materials and Methods 

Cell Culture 

The human- Chinese Hamster Ovary (CHO) hybrid cell line (AL) was a kind gift 

of Dr. Charles Waldren (Colorado State University). The AL hybrid cell line contains a 

standard set of CHO-K1 chromosomes plus a single human chromosome 11 (Henry-

Mowatt et al., 2003). AL cell cultures are grown at 37°C in 95% air/5% CO2, and 

maintained in exponentially growing monolayer in DMEM medium supplemented with 

10% heat inactivated iron- supplemented calf serum (Hyclone Laboratories), 2 mM L-

glutamine and 100ul/ml penicillin/streptomycin (Mediatech Cellgrow).  

Cloning Efficiency 

Cloning efficiencies were determined by diluting exponentially growing cultures 

of AL cells and distributing them into 96 well dishes at a density of 2 cells per well.  

Clone formation was evaluated after 2 weeks and counts were made by visual inspection. 

The cloning efficiency was determined using the p(0) method (assuming a Poisson 

distribution) using the following equation: 

Cloning efficiency (CE) = - [ln (negative wells/total wells)]/ number of cells in each well 

Transfected Sequences 

P82H is a pUC19-based plasmid with a 2.5 kb α -heterochromatin insert 

containing approximately 14 tandemly repeated copies of the 172 bp α-heterochromatin 

sequence (Waldren et al., 1984).  The 2.5 Kb α-satellite DNA (α-DNA) insert was 

isolated for transfection by PCR amplification as described (Mitchell et al., 1985). 
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PUC1.77 is a pUC18-based plasmid with a 1.77 kb classical satellite III insert.  The insert 

(Eastmond et al., 1994) was cloned into the EcoRI site of a pUC9 plasmid. For this and 

other PCR products, purification was performed using the Qiaquick PCR Purification Kit. 

 

Transfection and Clone Selection 

Procedures for transfection and clone selection were performed as previously 

described (R.N. Allen dissertation, 2007) and part of the description below is reproduced 

with few changes from Rebecca Allen’s dissertation.  Transfection by electroporation 

was adapted according to protocols for Chinese Hamster Ovary Cells (Cooke and 

Hindley, 1979) with some changes.  Briefly, exponentially–growing CHO cells were 

harvested by trypsinization (0.25% in 0.1% EDTA), counted and re-suspended at a final 

concentration of approximately 6 x 106 cells/ml.  Electroporation was performed using 

the Amaxa nucleofector instrument (Amaxa) using program U-23 with solution V.  Mock 

electroporations, which consisted of the same procedure without the addition of DNA, 

were performed routinely as parallel controls.   

To provide a means of selection for transfectants with alpha- or classical satellite 

DNA, cells were co-transfected with a circularized pMCNeo plasmid (Ortiz et al., 1995; 

Jaspers et al., 1994; Cortes et al., 1994).  The pMCNeo plasmid contains the neomycin 

cassette under control of the CMV promoter, which permits transfected cells to be 

selected by selection in G418. For co-transfections, the molar concentration of α- or 

classical satellite was adjusted to a 10:1 molar ratio with pMCNeo plasmid DNA.   This 
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ratio was chosen to maximize the probability that G418-resistant clones would also take 

up co-transfected test DNA sequences. Immediately following co-transfection cells were 

plated in 24-well dishes, and 48 hours later were treated with 480 µg/ml of G418. Fresh 

G418 was added every four days for two weeks, at which time colony formation 

efficiency was assessed.  Only one transfectant was collected for further analysis from 

any well, in order to ensure independence.  Control transfections using only pMCNeo 

were routinely performed as parallel controls.  Surviving clones were grown to 

confluency in a T75 flask. At confluence, the cells were trypsinized.  A portion of the 

culture was used for frozen storage of the clone, with the remainder re-seeded for 

additional growth.  

AL parental clones were generated by sub-cloning of AL cells line into 96-well 

plate at a concentration of 1 cell per well, and re-growing the individual clones that came 

up after 14 days.  

Fluorescence In Situ Hybridization (FISH) 

Metaphase chromosome preparations were performed as previously described 

(Thomas and Capecchi, 1987) with some modifications. Briefly, 1-5 x 106 cells were 

incubated with 0.05 μg/ml colcemid for 2 hours so that cells were blocked at metaphase.  

Cells were collected by mitotic shakeoff followed by centrifugation at 1000 RPM.  Cell 

pellets were then resuspended in 0.075M KCl for 15 minutes at 37°C, and 1 ml of ice- 

cold Carnoy’s fixative  (3:1 v/v methanol:acetic acid, Fisher Scientific) was added to 

each culture to stop further cell swelling. Cells pellets were collected by centrifugation.  
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Cell pellets were washed three times in ice-cold fixative and then used to prepare 

metaphase spreads by dropping onto cleaned glass microscope slides.  Slides were aged 

in a nitrogen- filled box for a week before FISH.  For the FISH analysis, slides were pre-

treated with 2x SSC for 30 minutes at 37°C, and dehydrated by incubation in ethanol at 

room temperature (2 minutes each in 70, 80, and 95% ethanol).  After drying, the 

chromosomal DNA was denatured in 70% formamide/ 2×SSC (pH 7.0) at 72°C for 2 

minutes and immediately dehydrated through an ethanol series at room temperature (2 

minutes each in 70, 80, and 95% ethanol). 

Whole chromosome 11 paint probe (WCP11) was labeled with digoxigenin and 

was created through Alu- mediated PCR amplification as previous described (Lengauer et 

al., 1990) using genomic DNA from untransfected AL cells. Since Alu sequences are only 

present in the human chromosomes, the single human chromosome 11 is the only 

substrate for Alu PCR in the AL cells.   

Procedures for fluorescence in situ hybridization were adapted from previously 

described methods (Marder and Morgan, 1993). Briefly, 10 μl of the chromosome 11 

probe mixture (7 μl of hybridization buffer, 1 μl of WCP11 probe, and 2 μl of purified 

water) was denatured at 72°C for 2 minutes and applied to denatured slides, immediately 

covered by a glass coverslip, and sealed with rubber cement.  After 16 hours of 

hybridization in a pre-warmed humidified box at 37°C, the slides were washed three 

times in 50% formamide/ 2xSSC at 45°C for 5 minutes each. The probe was visualized 

with flourescein-labeled anti-digoxigenin monoclonal antibody (Boehringer Manheim) 
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for 20 minutes, followed by a rinse in PX buffer for 5 minutes at room temperature.  

Counterstain (10 μl of 0.5µg/ml 4, 6-diamidino-2-phenylindole [DAPI]) was applied to 

slides, and a glass coverslip was applied.  Metaphase chromosomes were analyzed using 

an Olympus model BX-40 light microscope equipped with triple-band-pass filter 

(excitation at 360-370, 470-490 and 530-550 nm, and emission at 450-465, 505-535 and 

580-620 nm).   

 

Karyotypic Classifications of clones 

Karyotypic analysis was based on FISH using the chromosome 11 probe as an 

index of chromosomal instability. One hundred metaphases were examined for each 

clone. If no abnormalities were seen in all metaphases, the clone was classified as stable; 

Abnormal clones were defined as those with one or two abnormal metaphases among the 

100 metaphases examined; Unstable clones were those with 3 or more unstable 

metaphases per 100 as previously established in the literature. In case of clones exhibiting 

high frequencies of stable translocations or deletions/insertions, these were not counted as 

unstable clones because the types of distinct abnormal metaphases did not exceeded two. 

We have classified these clones, together with clones exhibiting high frequencies of 

polyploidy, as “clonally abnormal” clones.   
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Comet Assay   

The comet assay was performed as described previously (Olive et al., 1990; Ross 

et al., 1995).  Partly frosted microscope slides were coated with 1% normal melting point 

agarose and allowed to dry for 24 hours.  Before use, slides were kept cold by placing on 

a metal tray over the ice.  For each slide, about 3 x 104 well- suspended cells were used.  

The cell suspension was mixed with 9 times volume of 1% low melting point agarose, 

pipetted onto the slides, and overlaid with a coverslip briefly until set.  For each clone, 

three duplicate slides were made.  The slides were then placed into coplin jars filled with 

cold fresh-made lysis buffer (2.5M NaCl, 100 mM EDTA pH 8.0, 10 mM Tris-HCl pH 

8.0, 1% Triton X-100, and 1% DMSO, pH >10).  The jars were protected from light and 

kept in 4oC for at least 1 hour or overnight.  A horizontal electrophoresis tank was placed 

in a cold room (4oC) and filled with alkali buffer (0.3 M NaOH and 1 mM EDTA, pH 12).  

The slides were placed into the alkali buffer for 1 hour prior to electrophoresis in order to 

unwind the DNA.  Electrophoresis was performed at a constant voltage of 22V 

(approximately 300 mA) for 45 minutes.  The slides were then removed and rinsed 3 

times for 10 min each with cold neutralizing buffer (500 mM Tris-HCl, pH 7.5) and 

allowed to dry at room temperature.  The slides were then rehydrated, stained with a 

1:10,000 dilution of SYBR Gold (Molecular Probes/Invitrogen, Carlsbad, CA) in TE 

buffer (10 mM Tris-HCl pH 7.5 and 1 mM EDTA) stored at 4oC, and allowed to dry at 

room temperature protected from light.  To determine the average percent DNA in the 

comet tails, 100 cells per group were analyzed using TriTek CometScoreTM 1.5 Software.   
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The CometScore software automatically calculates the percentage of DNA in the 

head and tail based on the line profile (consider both area and intensity). A full spectrum 

option was used to increase the sensitivity as compared to normal monochrome viewing. 

To increase the signal detection and reduce the background interference, several 

approaches were used. For example, the exposure time was extended for weak signals. 

All pictures were taken with blank top areas so that these areas could be used for 

background correction. Using MATLAB (The MathWorks Inc., Natick, MA) 

programming, the background was automatically calculated and subtracted from each 

picture before analysis (See appendix for programming). At least 100 cell images were 

analyzed for each clone.   

Statistical Analysis   

Statistical Tests were performed using OriginPro 8 (OriginLab Corp., 

Northampton, MA). The comparison of cloning efficiency was done by two-tailed t-test 

at the 0.05 level. The distribution histograms of percent DNA in Comet tail for each 

clone were generated by binning with 10% intervals. For statistical analysis of the Comet 

data, the medians of pooled data for the percent DNA in Comet tail (at least 100 for each 

clone) were compared using Kruskal-Wallis nonparametric ANOVA. For comparisons 

between two categories, the Mann-Whitney U test was performed and a p-value was 

obtained.  
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Results  

To confirm the earlier findings from our laboratory that transfection of 

heterochromatic sequences could induce genomic instability, we repeated a number of the 

key transfection experiments and established a unique set of transfected clones. These 

clones were further tested for chromosomal instability using FISH and the proliferation 

rates were determined by measuring cloning efficiency. 

Lowered cloning efficiency and increased chromosomal rearrangements were detected 

in heterochromatin-transfected clones 

Previous work (Allen, 2007; Allen and Grosovsky, unpublished results) showed 

that unstable clones generally exhibited at lower cloning efficiency than stable clones.  A 

similar trend was seen with the new collection of transfected clones. The cloning 

efficiencies for the heterochromatin transfected AL clones and the plasmid transfected 

control clones are shown in Figure 2.1. As seen previously, the cloning efficiency of the 

heterochromatin-transfected clones was significantly lower (p < 0.05; 2 sample t-test) 

with many of the clones showing a much lower distribution. The mean cloning efficiency 

for the control clones transfected with the pMCNeo plasmid was 74.5% whereas the 

mean was 46.5% for the clones transfected with the alpha satellite DNAs along with the 

plasmid. 

 Chromosomal instability was evaluated by FISH using a FITC-labeled human 

chromosome 11 whole chromosome probe. Since there is only one human chromosome 

contained in the AL cell line, a CHO/human hybrid cell line, this approach conveniently 
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utilizes the single human chromosome 11 as an index of the chromosomal instability in 

the cells. A set of classical satellite DNA transfected clones, which were characterized by 

Rebecca Allen, were re-evaluated for the karyotypic instability using FISH. Clones were 

categorized as karyotypically stable, abnormal, or unstable respectively depending on the 

number of abnormal metaphases scored per 100 (see the Materials and Methods section 

for details on the classifications). Most of the results were in agreement with the previous 

findings, except for a few clones. Two clones previously categorized as stable clones 

(#20, #43) were found to become abnormal or unstable, and the other two stable clones 

(#36, #50) were found to be polyploid. These changes may be due to the cellular 

evolution during the outgrowth of the clones. By using the Comet assay discussed below, 

these stable clones were found to exhibit unstable phenotype with a high degree of DNA 

damage detected in cells.     

Examples of metaphase abnormalities are illustrated in Figure 2.2. 

Rearrangements, including translocations, deletions, and interstitial insertions of 

chromosome 11 were observed in some of the heterochromatin-transfected unstable 

clones. Based on previous unpublished observations from our lab (Allen and Grosovsky, 

unpublished results), almost a third of the AL clones (15/50) transfected with alpha 

satellite DNA were classified as cytogenetically unstable. In contrast, no unstable clones 

were observed in the plasmid transfected control clones and the untransfected clones.   
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Figure 2.1 Cloning efficiency comparisons between clones co-transfected with alpha 

satellite heterochromatic DNA with the plasmid and clones transfected with the plasmid 

alone. The cloning efficiencies of the heterochromatin-transfected clones were 

significantly lower than the plasmid control clones (two sample t-test at the 0.05 level). 
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Figure 2.2 Examples of normal and abnormal metaphases seen in the transfected clones 

using FISH analysis with the human chromosome 11 whole chromosome probe.  

(A) A stable clone metaphase with a normal chromosome 11.  

(B)-(D) Abnormal metaphases revealed extensive chromosomal rearrangements and 

abnormalities involving human chromosome 11.  (B)  A translocation showing an 

addition 11q+.  (C) Breakage and translocation of chromosome 11.  (D) an insertion of 

chromosome 11. 
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Table 2.1 Karyotypic analysis of AL clones transfected with classical satellite DNAs. 

Results were based on FISH analysis with FITC-labeled human chromosome 11 whole 

chromosome probe and 100 metaphases were scored for each clone. This experiment is a 

confirmation of previous findings so that a comparison with previous results 

characterized by Rebecca Allen is presented. Most data agree with previous findings 

except a few, probably due to an evolution of the clones as they proliferated. “Clonally 

abnormal” category is a new category based on the observations from the Comet assay. 

Two extreme unstable clones were described in greater detail below.  

1. clone #31: 87 abnormal metaphases per 100, comprising 14 interstitial insertion 

and 73 translocation/ addition.  

2. clone #20: 100 abnormal metaphases per 100, comprising 97 same type of 

translocations, 1 interstitial insertion and 2 additions.    
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clone # 

Previous Allen results Repeat Experiment results 

Abnormal 
metaphases per 

100 
FISH Categories 

Abnormal 
metaphases per 

100 

Updated 
Categories 

2 5 Unstable 3 Unstable 
8 4 Unstable 3 Unstable 
15 6 Unstable 6 Unstable 
19 3 Unstable 3 Unstable 

31 16 Unstable 871 Unstable 

44 4 Unstable 5 Unstable 
20 0 Stable 1002 Unstable 
28  Unknown 1 Abnormal 
43 0 Stable 2 Abnormal 
49 1 Abnormal 1 Abnormal 
52 1 Abnormal 1 Abnormal 
55 3 Unstable 1 Abnormal 
3 0 Stable 0 Stable 
21 1 Abnormal 0 Stable 
38 0 Stable 0 Stable 
41 0 Stable 0 Stable 
45 0 Stable 0 Stable 
40 1 Abnormal 0 Stable 

25 28 Unstable 
Stable 

translocation 
(100/100) 

Clonally abnormal

42  Unknown 
Stable addition 

(100/100) 
Clonally abnormal

36 0 Stable 
24/100 

polyploid 
Clonally abnormal

50 0 Stable 
49/100 

polyploid 
Clonally abnormal
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Comet assay revealed a global genomic instability in unstable clones 

Using the panel of selected clones shown in Table 2.1, the Comet assay was used 

to quantitatively determine DNA damage occurring in these cells. At least 100 cells were 

analyzed for each clone for the percent DNA in the Comet tail, and a distribution 

histogram was generated by binning using 10% intervals. It has been tested that slight 

inhibition of DNA replication and cell-cycle delay per se do not cause significant effects 

in the in vitro comet assay under standard test conditions (Speit and Schutz, 2008).  In 

our experimental condition, the tested cells were not synchronized, so the effect of cell 

cycle should be neglected although some unstable cells may proliferate slower than stable 

ones. 

Representative histograms for parental AL clone, as well as stable, abnormal and 

unstable transfected clones are shown in Figure 2.3. As illustrated in figure, the 

histograms of clones classified as stable using FISH were similar to those of the AL 

parental clones, in which the majority (60% ~ 80%) of cells had small Comet tails 

indicating that these cells exhibited little DNA damage  (cells contained <10% damaged 

DNA). In contrast, the abnormal and unstable clones displayed larger, and in some cases, 

dramatic increases in the amount of DNA in the Comet tails. The distributions are deeply 

shifted to the right and indicate that as the clones become more unstable, more cells 

within the clone exhibit larger amounts of damaged DNA.  

 In addition to examining the clones within the regular karyotypic categories 

(stable, abnormal, and unstable), we have also performed the Comet assay on clones with 

stable translocations or polyploidy, which were not previously considered to be 



57 
 

heterogeneous by FISH analysis. However, using the Comet assay, these clones exhibited 

an unstable phenotype with histograms similar to those of unstable clones. Therefore, 

based on the Comet Assay, we have categorized these clones as “clonally abnormal”.  

As mentioned above, we identified one unstable clone and one with polyploidy, 

both of which were characterized as stable previously. Using the Comet assay, we have 

also demonstrated these clones behave as unstable clones with high level of DNA breaks 

in the cells.  
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Figure 2.3 Representative histograms showing the percentage of DNA in the Comet tail 

in a (A) parental AL clone, (B) stable clone, (C) abnormal clone, and (D) unstable clone. 

Each clone was based on the Comet tail measurements from at least 100 cells. In the 

whole experiment, 10 parental clones, 7 pMCNeo plasmid transfected clones, and 21 

classical satellite DNA transfected clones (6 stable, 5 abnormal, 4 clonally abnormal, and 

6 unstable) were tested.   
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Figure 2.4 Representative histograms of a clone with a stable translocation (#20) or with 

polyploidy (#50). Clone #20 showed a stable translocation involving chromosome 11 in 

97 out of the 100 metaphases scored. Clone #50 showed polyploidy in 49 out of the 100 

metaphases scored.  The histograms for these clones are similar to those of unstable 

clones measured with the Comet assay reflecting an increased DNA damage in the cells. 
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Unstable clones showed a significant difference in Comet tail compared with controls  

Because the measurement of the percentage DNA in tail in each clone is not 

normally distributed, the median value has been used to describe the data. In Figure 2.5, 

the pooled medians for each clone were compared across the categories classified using 

FISH and the new clonally abnormal category. The interquartile range was used to reflect 

the distribution of DNA damage for each clone population. The two control groups, 

parental and plasmid transfected clones, showed low levels of DNA damage. 

Heterochromatin-transfected clones classified as stable using FISH do not show a 

significant difference from the two control groups. However, the remaining three groups, 

the abnormal, unstable and clonally abnormal groups, all exhibit much higher 

percentages of DNA in tails and are significant from the two control groups (p < 0.01 

compared with parental group, p < 0.05 compared with plasmid control group). The 

clones with either stable translocations or polyploidy displayed DNA damage histograms 

similar to unstable clones.  These two groups (clonally abnormal and unstable groups) 

also showed significant difference from the heterochromatin-transfected stable group (p < 

0.05). The wide range of the Comet tails within these heterochromatin-transfected clones 

indicates a heterogeneous phenotype following the integration of heterochromatin into 

the genome. Presumably, depending on the positions of the insertion of the transfected 

heterochromatic sequences, the consequences of induced instability may be different, 

ranging from stable to extremely unstable.  
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Figure 2.5 Comparison of percentage DNAs in Comet tail among all the categories that 

were classified by FISH analysis. Boxplot graph shows the medians (middle line), means 

(⊕) and interquartile range box (in shade) for each group (see text for description of each 

group). a, p < 0.01 as compared with parental group.  b,  p < 0.05 as compared with Neo 

group.  c,  p < 0.05 as compared with heterochromatin-transfected stable group.  
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Figure 2.6 Representative FISH images using FITC-labeled alpha-satellite DNA probe in 

an unstable clone. These two metaphases were obtained from the same clone. In addition 

to the endogenous signal on human chromosome 11, alpha satellite DNA probe has also 

hybridized with other regions which are integrated with the transfected heterochromatic 

sequences. The ability to detect the signal indicates that an amplification of the sequences 

within the clone has occurred. 
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Discussion 

This study is a continuation and expansion of previous research in our laboratory 

that showed that transfection of a non-coding heterochromatic sequence into cells could 

induce persistent genomic instability in these cells. Previously, two methods, 

chromosomal analysis using FISH and the cloning efficiency assay, were used to test for 

genomic stability. FISH measured chromosomal instability, which is an important 

component of genomic instability. Cloning efficiency is a reflection of the cell 

proliferation rate. Given their genetic instability, it is assumed that unstable clones will 

proliferate more slowly resulting in a low cloning efficiency. In this study, we have also 

extended this analysis using the Comet assay. The Comet assay measures DNA damage 

at the level of individual cells. It provides a measure of the extent of genomic instability 

in the cell population when the percent DNA in the Comet tail is presented as a histogram. 

As demonstrated above, the Comet assay has been shown to be a useful tool for 

quantifying the damaged DNA in cells and can be used as a convenient measure of 

genomic instability in transfected clones following transfection.  

Based on these assays, the objective of the study is to test the hypothesis that the 

integration of heterochromatic sequences would produce novel heterochromatin/ 

euchromatin junctions that are breakage-prone, and that these breakage “hotspots” can be 

the driving force to lead to genomic instability.  In conjunction with the results obtained 

using FISH, results from the Comet assay indicated that a greater amount of genomic 

instability were present in clones with high chromosomal instability than those in stable 

clones.  In some cases, the extent of DNA damage varied dramatically among cells within 
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a clone, suggesting the heterogeneous phenotype that was induced by heterochromatin 

transfection.  

In our study, the trends were similar to those seen previously: lowered cloning 

efficiencies and increased chromosomal rearrangements were seen in the 

heterochromatin- transfected clones as compared with plasmid–transfected control clones. 

Heartlein et al (1988) observed increased levels of chromosome aberrations and sister 

chromatid exchanges in clones transfected with a plasmid containing alpha-

heterochromatic DNA sequence. Apparently, the extensive chromosomal instability was 

induced simply by the introduction of the heterochromatic sequences into CHO cells. In 

our system, we have also observed elevated frequency of chromosome 11 abnormalities 

in heterochromatin- transfected clones. In addition, the degree of instability could have 

been underestimated since chromosomal instability was analyzed using a single human 

chromosome probe. The results provided by the Comet assay provide an additional 

dimension in analyzing the transfected clones.  

The results indicate that transfection of non-coding heterochromatic sequence, 

without directly damaging the DNA, was able to induce genomic instability. This finding 

suggests that nothing more than the improper integration of heterochromatin sequence is 

sufficient for creating an unstable phenotype similar to those seen in cancer cells or 

following treatment with DNA damaging reagents, such as ionizing radiation. The 

induction of instability was specific to the repetitive heterochromatic sequences since 

transfection of control plasmid (pMCNeo) or control euchromatic sequences (tk 

minigenes) did not induce instability (Allen, 2007; Allen and Grosovsky, unpublished 
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results). The control clones also demonstrate that transfection itself does not produce 

such instability.  The integration of the repetitive sequences into the genome may 

function as hotspots for further breakage and rearrangements.  As previously observed in 

our laboratory, the level of instability among alpha- or classical- satellite DNAs 

transfected AL clones was at least as high as for clones descended from parental cells 

irradiated with 6 Gy (Allen and Grosovsky, unpublished results).  

Insertion of heterochromatic sequences may induce genomic instability in several 

ways. Due to the repetitive nature of the sequence, it has the potential to form complex 

secondary structures, such as hairpin loops, which could form blocks to replication, 

resulting in replication fork stalling and chromosome breaks. Breaks in regions with the 

potential to form hairpin structures have been shown to lead to amplification and 

rearrangements (Narayanan et al, 2006). Similarly, the inserted heterochromatin could go 

through cycles of breaks and repair, leading to expansion or amplification. 

Instability has been reported to be intrinsically connected to repeat length. In the 

study of TNR-induced instability, only tracts above a stability threshold (~ 34 repeats) 

were found to become unstable (Pearson et al., 2005). If this holds true for our tested 

sequences, the transfected repetitive heterochromatic sequences must undergo 

amplifications at the junction site or the start of a tandem integration followed by further 

amplification since our sequences consisted of only 14 repeated blocks for alpha satellite 

DNA. According to Pearson et al (2005), longer tracts are more likely to undergo 

expansion mutation than shorter tracts. In our system, we were able to detect the 
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heterochromatin signal in some extremely unstable clones by FISH (Figure 2.6), although 

detection of the inserted heterochromatic sequences by FISH was not possible for most of 

the clones. Considering the small size of the transfected sequence as well as the practical 

detection limit of FISH, the detected heterochromatin signals almost certainly had been 

extensively amplified. The inserted heterochromatic sequences could have also formed 

heterochromatin structure with characteristic properties, such as hypoacetylated histones, 

H3-K9 methylation, and methylation on DNA itself. Such modifications would cause the 

sequence to be highly packaged and repressed during transcription. Juxtaposition of 

genes normally found in euchromatin with the heterochromatic domains, either by 

rearrangement or transposition, generally results in gene silencing,  giving rise to a 

variegating phenotype, termed position effect variegation (PEV)(Elgin and Grewal, 2003).  

So if the insertion leads to disruption or silencing of one or more genes, which function in 

maintenance of genomic stability, then the consequence of the insertion for instability is 

apparent. However, such a case would likely be rare because most DNA in the genome 

does not encode proteins, and particularly those involved in genomic maintenance.  We 

have hypothesized another scenario where the transfected heterochromatic sequence is 

inserted at a euchromatin region (without the involvement of functional genes). The 

novel heterochromatin-euchromatin junction may present challenge with respect to 

replication timing since euchromatin replicates early while heterochromatin replicates 

late (Keichline et al., 1976; Popescu and DiPaolo, 1979).  Replication fork may stall at 

various type of DNA structures (Hyrien, 2000).  For example, in a study of replication at 

TNR repeats, a bacterial plasmid containing these repeat sequences were used and the 
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progression of replication forks were studied using 2D gel electrophoresis of replication 

intermediates. The results showed that the TNR repeats stall the bacterial replication fork 

in vivo (Samadashwily et al., 1997).  It has also shown that hairpin structures, formed by 

either palindromes or inverted repeats, may form obstruction to polymerase progression. 

Using 2D gel electrophoresis of replication intermediates, it was demonstrated that 

replication fork stall at inverted Alu repeats in E. coli, S. cerevisiae, and COS-1 fibroblast 

cells (Weaver and DePamphilis, 1984; Voineagu et al., 2008).  In our case, it is 

reasonable to assume that inserted heterochromatic sequences may stall replication fork 

at the abnormal euchromatin-heterochromatin junctions, possibly due to the distinct 

secondary structure formed by heterochromatin. The incompatible structure as well as 

incompatible replication timing at the junction sites may contribute to the formation of 

chromosome breakage “hotspots” leading to instability. It was shown that chromosome 

rearrangements displayed a significant delay in replication timing that is also associated 

with a delay in mitotic chromosome condensation.  This could also lead to further 

chromosomal instability (Breger et al., 2004; Smith et al., 2001).  Moreover, it was 

demonstrated that novel late replicating regions within a larger early replication region 

could alter replication timing for that region, resulting in late replication of the entire 

region (Breger et al., 2004; Smith et al., 2001).   In some clones, the insertion could have 

taken place within endogenous heterochromatin regions, which may not produce a 

dramatic effect on genomic stability since the structure and replication timing would be 

compatible. This could also explain the results observed within the transfected stable 

clones.  It is also possible that the exogenous heterochromatic sequences preferentially 
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integrated into the chromosome fragile sites, and therefore exacerbated the stability of 

those regions that are already structural compromised.   To fully understand how the 

instability is mediated, it is necessary to locate where the integration sites are.  Future 

experiments are needed to construct the heterochromatic sequences with flanking marker 

DNAs so that the insertion sites can be identified by inverse PCR.  

In this study, we have confirmed the earlier results from this laboratory and also 

presented additional evidence using the Comet assay to show that the genomic instability 

can be induced by transfection of heterochromatic sequences into the genome. We have 

hypothesized that the integration of heterochromatic sequences results in novel 

heterochromatin-euchromatin junctions that are breakage-prone. These breakage hotspots 

could act in cis to drive instability. By transfecting the non-coding heterochromatic 

sequences into the genome, an unstable phenotype can be induced that is similar to those 

seen following radiation exposure (Kadhim et al., 1992; Sabatier et al., 1994) or in 

tumors (Mitelman, 2000).  
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Chapter 3  

Development of Methods for  

Measuring Heterochromatin Bands 

Introduction 

The development of banding techniques and the application of these cytogenetic 

techniques for human chromosome studies made it possible to identify the majority of 

structural chromosome abnormalities. Their use became an important part of medical 

research allowing the diagnosis of chromosome defects and elucidation of the possible 

causal mechanisms. A number of chromosome banding techniques are available for 

various purposes. In this chapter, we will focus on the cytogenetic observations made on 

the heterochromatin regions by using the C-banding technique. In our studies, we have 

used a more recent technique, fluorescence in situ hybridization (FISH) with specific 

classical satellite probes, to study selected C-banded regions. Our development of 

methods for image analysis and heterochromatin measurements will be detailed in this 

Chapter. 

 

Historical Background  

Giemsa banding, which uses trypsin and Giemsa staining, is the most commonly 

used banding technique in clinical cytogenetic studies.  The C-banding technique, 

developed by Sumner (1972) and based on the method by Arrighi and Hsu (1971), uses 

barium hydroxide and Giemsa staining.  C-banding has limited applications compared to 
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G-banding because it stains all centromeric regions and regions containing constitutive 

heterochromatin, primarily the secondary constrictions of human chromosomes 1, 9, 16, 

and the distal segment of the Y chromosome long arm.  

The advent of the C-banding technique facilitated investigations into 

heterochromatic variations in normal populations and in patients with malignancies. 

Heterochromatic heteromorphisms refer to the morphological variations of these regions 

between chromosome homologues, either in size or in location. The longer homologue is 

labeled qh+ and the shorter one qh-.  Sometimes, heteromorphism is used 

interchangeablely with the terms of “variant” or “polymorphism”. The main distinction is 

that the heteromorphism can be seen under the microscope, whereas a polymorphism or 

normal variant might not (Wyandt and Tonk 2004). In this dissertation, these terms will 

used interchangeably, and all refer to “heteromorphism”. Heteromorphisms are 

inheritable for every heteromorphic region on their chromosome, but sometimes they 

may be acquired by unknown mechanisms.   

The recognition of chromosome variations in morphology dates to before the 

advent of chromosome banding techniques  (Cooper and Hernits, 1963; Yunis and Gorlin, 

1963). For example, the examination of a patient with anomalous sex development 

revealed an asymmetrical chromosome 1 pair. An extra segment was found near the 

centromere of one homologue of chromosome 1 and the source of the material was 

suspected to have come from part of X chromosome so that it affected sex differentiation 

in the patient with an XY constitution.  However, due to the absence of a series of similar 
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cases, and the absence of other evidence, it was unclear whether or not a causal 

relationship existed between chromosomal heteromorphisms and clinical abnormalities.  

In 1970-71, many chromosome banding techniques, such as Q-, and C-banding, 

became available. These were standardized in the Paris conference in 1971, and helped 

reveal a much greater variety of heteromorphisms on chromosomes 1, 3, 4, 9, 13-16, 21, 

22 and Y than had previously been suspected (Arrighi and Hsu 1971; Geraedts and 

Pearson 1974; Paris Conference 1972).  Many studies started to determine the 

frequencies of chromosome variants in the general population by various banding 

techniques (Craig-Holmes et al. 1973; Craig-Holmes and Shaw 1971; Muller et al. 1975).  

Craig-Holmes and his colleagues observed variations at the heterochromatic regions by 

C-banding using 20 randomly selected blood-bank donors. They classified C-banded 

heterochromatic regions into four types: (1) centromeres of all chromosomes; (2) 

acrocentric short arms and satellites; (3) secondary constrictions of chromosomes 1, 9, 

and 16; and (4) the distal long arm of the Y chromosome. It was noted that the last three 

categories have exhibited particularly high frequencies of heteromorphisms.  Muller and 

Klinger (1975) studied polymorphisms in 376 neonates in a New York hospital. Their 

studies conducted by C-banding revealed that partial inversions of heterochromatin could 

be seen in the short arms of chromosome 1 in 1.6% of the patients, and partial inversions 

for chromosomes 9 and 16 were seen in 10.7% and 1.4% of patients, respectively. 

Complete inversion of heterochromatin were seen on chromosome 9 in 0.6% of patients.  
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Since these repetitive DNA sequences are normally transcriptionally silenced, 

variations are generally considered as clinically insignificant (John 1998).  However, 

there are some studies indicating an association between increased heteromorphisms and 

susceptibility to disease. For example, some studies suggested that the variations of 

heterochromatic (C-band) heteromorphisms might be associated with effects, such as 

mental retardation (Soudek and Sroka 1979), and infertility (Patil and Lubs 1977).  In 

1977, Atkin (1977) first reported an increased size of heterochromatin regions on 

chromosome 1 in lymphocytes from patients with ovarian carcinoma. He suggested a 

possible relationship between C-band heteromorphism on chromosome 1 and 

susceptibility to malignant diseases. Later in the same year, he and Baker (Atkin and 

Baker 1977a, b) further investigated the frequencies of pericentric inversions of 

chromosome 1 and also suggested a possible association with cancer. Subsequently, in a 

study of 13 bladder cancer patients, they reported a higher C-band heteromorphism on 

chromosome 1 along with increased structural abnormalities.  More observations of 

increased heterochromatic variations on chromosome 1, 9 and 16 were reported in 

patients with various malignancies, both in solid tumors (Adhvaryu and Rawal 1991; 

Berger et al. 1985; Heim et al. 1985), such as breast cancer, colorectal carcinomas, and in 

hematological disorders (Shabtai and Halbrecht 1979). Naujouks and Weil (1985) 

reported a high frequency of asymmetry (size differences) in the heterochromatic region 

on chromosome 1 between chromosome homologs in 13 patients with ovarian cancer 

compared to seven controls. Kopf et al (1990) also reported a high incidence of 1qh size 

variations as well as C-band inversions in 109 patients with ovarian cancer compared to 
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192 healthy controls.  Similarly, Shabtai and Halbrecht detected a higher frequency of 

chromosomes 1qh+ and 9qh+ variants in 30 patients with acute leukemia compared to 

controls (Shabtai and Halbrecht 1979).  

However, there are also studies reporting no differences in heteromorphisms 

between cancer patients and control groups. Lundgren et al. (1991) studied 52 prostatic 

cancer patients and 183 healthy individuals and found that there were no differences in C-

band heteromorphism on chromosomes 1, 9, and 16 between the patients and the controls.  

Burger et al (1983) reported on a study of 45 patients with soft tissue sarcomas and 78 

control individuals and found no consistent differences in C-band heteromorphisms of 

chromosome 1, 9 and 16 between controls and sarcoma patients. Aguilar et al (1981) 

reported a study of 23 patients with various malignant diseases and their respective 

cancer-free sibling controls, and they found no significant differences between the cancer 

and the control groups, except for chromosome 1 in breast cancer patients, where 

polymorphisms were more frequent in the controls than in the patients.   

A more recent study by Roy et al (1999) revealed a high incidence of C-band 

heteromorphism associated with Indian hereditary breast cancer patients and their healthy 

relatives compared with healthy controls based on 11 breast cancer patients, 36 their 

healthy relatives, and 22 control females.  

Previously, a number of experiments were done in our laboratory to use FISH 

probes to detect heterochromatin regions on chromosomes 1, 9 and 16. This technique 

provides better resolutions for the heterochromatin regions and gives more precise 

measurements.  By using the new approach, we have investigated heteromorphisms of 
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heterochromatin bands traditionally done by C-banding. The fluorescence signals were 

captured in the CCD camera attached with the microscope; therefore, measurements 

could be based on digitalized image rather than by visual inspection.  

This study is based upon a panel of lymphoblastoid cell lines derived from breast 

cancer survivors as well as their age- and etiology-matched controls from NIGMS 

Human Genetic Cell Repository.     
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Materials and Methods 

Cell Lines and Cell Culture 

Lymphoblastoid cell lines derived from female breast cancer survivors (BCS) and 

healthy matched controls (age-matched and ethnicity-matched where possible) were 

obtained from NIGMS Human Genetic Cell Repository (Coriell Cell Repositories, USA).  

The cells selected for further study were from women with ages ranging from 32 to 51 

years old and were selected from patients with familial breast cancer (FBC), and patients 

carrying mutations in BRCA1 or BRCA2. The list of cell lines used is listed in Table 3.1.  

All cell cultures were maintained in exponentially growing suspension cultures at 

concentrations up to106 cells/ml.  Cultures are grown at 37°C in 95% air/5% CO2 in 

RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 IU/ml penicillin-

streptomycin (Mediatech Cellgrow), and 10% iron-supplemented bovine calf serum 

(Hyclone Laboratories).  

  

Metaphase Preparation and Fluorescent in situ hybridization (FISH) 

The procedure used is briefly described as follows. Proliferating cells were 

harvested after 2 hours incubation with 0.05 μg/ml colcemid and centrifuged. Cell pellets 

were resuspended in 0.075M KCl for 15 minutes at 37°C, pre-fixed with 1 ml of 

Carnoy’s fixative (3:1 v/v methanol: acetic acid) and re-pelleted.  Cell pellets were 

washed three times in ice-cold fix and then used to prepare metaphase spreads by 
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dropping on glass microscope slides.  Slides were aged in nitrogen-filled slide box for a 

week before hybridization.   

For FISH analysis, slides were pre-treated with 2x SSC for 30 minutes at 37°C, 

and dehydrated by incubation in ethanol at room temperature (2 minutes each in 70%, 

80%, and 95% ethanol).  After drying, chromosomes were denatured in 70% formamide/ 

2× SSC (pH 7.0) at 72°C for 2 minutes and immediately dehydrated through ethanol 

series at room temperature (2 minutes each in 70%, 80%, and 95% ethanol). 

Classical satellite probes (Cs-1, Cs-9, and Cs-16) were prepared as described 

previously (Hasegawa et al. 1995). Briefly, the DNA probe is made by PCR amplification 

followed by nick translation with direct labels with either FITC or CY3.  For in situ 

hybridization, 10 μl satellite probes mixture (1 μl Cs-1, or 2 μl Cs-9 probe in a 

hybridization master mix which is composed of 55% formamide, 10% dextran sulfate and 

1×SSC) was denatured at 72°C for 5 minutes and applied to denatured slides, 

immediately covered by a glass coverslip, and sealed with rubber cement.  After 16 hours 

of hybridization in a pre-warmed humidified box at 37°C, slides were washed three times 

in 2 × SSC/50% formamide at 37°C for 5 minutes each, and then counterstained with 

1µg/ml 4’, 6’-diamidino-2-phenylindole (DAPI). 

 

Image detection and Heterochromatin size measurement 

The slides were coded and scored using an Olympus model BX-40 microscope 

with triple-band-pass filter (excitation at 360-370, 470-490, and 530-550 nm, and 
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emission at 450-465, 505-535, and 580-620 nm). For each cell line, 100 images were 

taken with CCD camera attached to the microscope. Select at least 50 well stained 

metaphase images for heterochromatin size measurement.  

XCAP version 2.2 (EPIX Inc., Buffalo Grove, IL) was used initially for the image 

analysis. Subsequently, Image J was used to replace XCAP for our analyses. Image J is a 

public domain Java image processing program downloadable at http://rsbweb.nih.gov/ij/.  

To make the measurements, several command options in Image J were necessary. The 

use of the “color composite” function allowed images to be separated into blue, green and 

red channels. For example, the FITC-labeled heterochromatin regions were analyzed 

using green channel.  By selecting “band width” (set within the range of 40-55), the 

measure of the heterochromatin was sufficiently wide to cover the heterochromatin band 

across the entire width of the chromosome, rather than using a line (when band width is 

set to 1) that only measures the band at one location.  A normalized intensity profile was 

displayed by using the function “Plot profile”. The width of FITC-labeled 

heterochromatin band was then measured as the distance between 1/e (~0.37)-maximum 

intensities. The choice to measure at the 1/e height of the maximum is due to the 

diffraction at the edge of the band which gives an exponential decay curve rather than a 

sharp drop in the line profile. The width was therefore measured at the average height of 

the peak which is 1/e based on an exponential model.   
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Table 3.1 List of cell lines derived from familial breast cancer survivors (BCS) or 
diagnosed with BRCA1 or BRCA2 mutations, together with their matched controls. 

Cell Line# Mutation Age Race 

GM13709 BRCA1 32 Caucasian 

GM05380 - 32 Caucasian 

GM14091 BRCA1 46 Caucasian 

GM14452 - 46 Caucasian 

GM14622 BRCA2 39 Caucasian 

GM10924 - 39 Caucasian 

GM14626 BRCA2 37 Caucasian 

GM14807* - 35 Caucasian 

GM14483 BCS 37 Unknown 

GM13870 BCS 43 Caucasian 

GM01814 - 44 Caucasian 

GM13806 BCS 45 Black 

GM14439 - 45 Black 

GM13639 BCS 46 Caucasian 

GM14453 - 46 Caucasian 

GM13643 BCS 42 Black 

GM14508 - 41 Black 

GM13869 BCS 44 Caucasian 

GM01954 - 44 Caucasian 

GM13790 BCS 51 Caucasian 

GM01990 - 51 Caucasian 

* This cell line served as the control for both GM14626 and GM14483 
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 Method Development for the Heterochromatin Band Measurement 

Heterochromatin Signal Detections 

Compared with conventional C-banding technique which stains all centromeres 

and constitutive heterochromatin regions, we have used specific classical satellite 

targeting FISH probes that only stain the heterochromatin regions of interest, in this case, 

the heterochromatin regions on chromosomes 1, and 9.  The generation and application of 

classical satellite probes for the detection of heterochromatin regions have been reported 

previously in our laboratory (Eastmond et al. 1994; Hasegawa et al. 1995; Smith et al. 

1998). In this study, images of the heterochromatin regions were digitally recorded using 

a CCD camera attached to the microscope. In contrast to the traditional “projector-and-

ruler” methods of measuring using the C-banding technique, the advantage of the 

digitalized approach is that the measurement is based upon a normalized intensity line 

profile which is more accurate and can be easily standardized.  

One challenge was whether a reliable measurement could be obtained for the 

labeled regions.  Initially, XCAP software was used to analyze the images. However, it 

was discovered that several aspects associated with the software could potentially affect 

the results (see discussion). Image J was then used to replace XCAP and it offered several 

advantages. Validation of the use of image J was then performed and the result showed 

that the measurements were reproducible. Details on the image analysis and the basis for 

our approach are described below.  
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Image Analysis 

During the process of developing a standard method for image analysis, it became 

apparent that several critical issues could potentially affect the results. Several of these 

are described below.  

(i) Multiple measurements increased accuracy. To measure the heterochromatin band 

width using the XCAP software, a line was drawn across the band (Figure 3.1) 

generating an intensity profile as shown in Figure 3.2 .   In practice, it is common 

that heterochromatin bands are bent and adopt an irregular shape. The 

measurement in these cases would be biased if only one line is drawn across a 

particular location of the band.  One way to overcome this problem is to have 

multiple measurements across the band at different locations and then take the 

average. As a result, three measurements were used for each heterochromatin 

band when using the XCAP software.    

The measurements turned out to be laborious, and they could still biased 

sometimes due to the fact the position of the measuring lines needed to be 

arbitrarily chosen.   Another software, Image J, enables us to average the depth of 

the band over the entire width of the chromosome. Thus, the measurement 

dependent on the shape of the band is made to the minimum.   

(ii) Exposure time. The apparent size of the heterochromatin band can be affected by 

exposure time. Figure 3.3 (a) illustrates several pictures of the same chromosome 

taken with various exposure times.  The longer exposure time, the wider signal 
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appears visually. Figure 3.3(b) shows the intensity line profile for individual 

images. To make the images comparable, the line profiles were normalized as 

illustrated in Figure 3.3(c). It is apparent that until saturation is reached, all three 

images yield the exact same curve, and yield the same measurement. The over-

saturated image yields a measurement which is about 35% larger.   Therefore, all 

our images were normalized and measured at 85% saturation to avoid problems 

with over-exposure.  

(iii) Degree of condensation. The degree of the chromosome condensation may affect 

the absolute value of the heterochromatin measurements. Therefore, an internal 

reference was used for comparison. Different laboratories have used different 

chromosomal regions, such as 16p (Geraedts and Pearson 1974), 9p (Madan and 

Bobrow 1974).  In this study, we have adopted a percentage difference which uses 

the shorter band of the two homologues as an internal condensation reference. 

1qh+ and 9qh+ were denoted for the longer heterochromatin bands, and 1qh- and 

9qh- for the shorter ones. The percentage difference was then calculated as [[(qh+) 

– (qh-)]/ (qh-)] ×100%. 
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Figure 3.1 A representative metaphase in which heterochromatin regions were detected 

by FITC-labeled classical satellite probe for chromosome 1 and CY3-labeled classical 

satellite for chromosome 16. A line is drawn across the heterochromatin band and the 

width of that region as measured by line profile analysis using XCAP software is shown 

in Figure 3.2. 
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Figure 3.2 A line profile was generated from the metaphase image shown in Figure 3.1. 

Three colors were analyzed in separate channels automatically. As the line across the 

heterochromatin band labeled with FITC (green), it generates a peak in the green channel. 

Due to a partial overlap of the emission spectrum for the green and red channels for our 

microscope, a weak peak was also generated in the red channel.    
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Figure 3.3 Effect of various exposure times on the measurement of the heterochromatin 

band. With different exposures, the qh band (green) is shown at its 40%, 70%, 99%, and 

130% saturation levels. (a) Impact of saturation on the apparent heterochromatin size as 

observed visually. (b) Intensity profile curves corresponding to the various exposure 

images above. (c) Intensity profiles from (b) after re-normalization. The same normalized 

line profile is seen for images prior to saturation, but not for that which is over-saturated. 
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Comparing Methods for Image Analysis 

 Originally, we used XCAP software for image analysis. Several aspects of the 

XCAP software were convenient for image analysis, such as user-defined coordinates and 

units, overlaid ruler, intensity report.   However, we realized that the measured distance 

was not an accurate representation of the real length of the band, but rather measured the 

pixels in the x or y coordinates. Since most chromosomes in the image are lying with an 

angle with respect to x and y axes, this posed a problem in comparing the data. Thus 

additional information, such as the angle, was needed to correct the measurements.  It 

came to our attention that another software, Image J, provided real length measurements 

as well as several other advantages over XCAP.  We then compared the two methods to 

see if they were compatible. A subset of the cell lines were selected and coded to be re-

counted by Image J. The results are shown in Table 3.2.  

 Most of the measurements obtained by XCAP software are significantly different 

than the results obtained by Image J, with a tendency to be larger. We decided to re-

measure all the previous results done using XCAP in order to be consistent with the 

future studies using Image J analysis.  

  



92 
 

Table 3.2  Comparison of measurements obtained by XCAP software and Image J 

software using a set of coded slides. Three out of the four measurements by XCAP did 

not fall into the standard error range of which obtained by Image J. In addition, two 

measurements showed significant difference between the two methods. 

 

Coded Cell 
Lines 

XCAP result Image J result 

Mean Mean Mean ± SE 
95% 

confidence 
interval 

H 13.21 11.99 (10.59, 14.0) (9.24, 14.74) 

G 16.01 11.14 (10.03, 12.25) (8.96, 13.32) 

B 19.82 14.84 (13.88, 15.80) (12.96, 16.72) 

A 5.27 6.92 (6.07, 7.78) (5.24, 8.60) 
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Figure 3.4  Comparisons of results obtained by SCAP and Image J softwares. Most 

measurements from XCAP are larger than those by Image J.  
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In order to assess the reliability of the measurements using Image J, we also 

coded a set of slides to compare the results of multiple measurements. The comparisons 

are presented in Table 3.3 and Figure 3.5.  The results showed that the two independent 

measurements were very close, indicating a high reproducibility of the method we 

adopted. 

Under our experimental setup, the measurement of each heterochromatin band 

normally ranges from 15-50 pixels, which corresponds to 698 nm to 2325 nm in real size.  

The heterochromatin bands are labeled with FITC. We have calculated the resolution for 

FITC channel which can be as small as ~230nm. This is also our detection limit for the 

heterochromatin band.  Such precision is a significant advantage when studying 

heteromorphism at heterochromatin regions compared to traditional methods which use 

C-banding staining combined with “projector–and–ruler” types of measurements. 
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Table 3.1 Test of the reproducibility of Image J measurements on a set of coded slides.  

Coded Cell Lines 
Image J result #1 

Mean ± SE 

Image J result #2 

Mean ± SE 

A 6.92 ± 0.86 6.35 ± 0.69 

B 14.84 ± 0.96 14.96 ± 1.48 

C 24.85 ± 2.05 24.47 ± 2.84 

D 6.12 ± 0.65 6.195 ± 0.83 

E 22.86 ± 1.92 30.71 ± 2.23 

F 8.30 ± 0.38 9.01 ± 0.11 

G 11.14 ± 0.11 14.41 ± 1.46 

H 11.99 ± 1.40 12.23 ± 1.29 
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Figure 3.5 Reproducibility of Image J analysis.  Two independent measurements were 

done on a set of coded slides. The results indicated that the two measurements are very 

close.  
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Discussion 

This chapter lays a foundation for the breast cancer susceptibility study presented 

in Chapter 4 and may also provide guidance for future mechanistic studies. Our studies 

have shown a high reproducibility for the measurements obtained using Image J software.  

The reproducibility is also due to the large sample size used for each cell line which 

resulted in more precise measurements.  As an example, we routinely took 100 

metaphase images and choose 50 well-spread metaphases for our measurements. In 

contrast, most previous studies evaluating C-banded chromosomes used only 5 to 10 

metaphases for each subject.  Another advantage of our method is also due to the fact that 

we measured the width of the heterochromatin band by averaging the band size across the 

entire depth of the chromosome.  However, it was noticed that the some judgment was 

needed in the choice of the measurement window. When a partial decondensed 

heterochromatin region protrudes outside of the band, including such a region in the 

measurement window will tend to exaggerate the size of the heterochromatin band. 

  There are also a few reports about heterochromatin polymorphisms on 

chromosome 16 and cancer. However, we decided not to focus on this chromosome. In 

considering the FISH detection limit, as well as relative small size of the heterochromatin 

region on chromosome 16, we decided that it could bring substantial experimental error 

to the measurements. As a result, our studies just focused on chromosomes 1 and 9.  As 

indicated earlier, the short arm of chromosome 16 (16p) has been historically used as an 

internal control for condensation. However, we have found that the percentage difference 

was calculated in such a way that the 16p control length was eliminated from both 
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numerator and denominator. The smaller homologue can naturally serve as an internal 

control for the level of condensation. 

 To summarize, we have optimized a new experimental approach to study the size 

of the heterochromatin regions. It employs FISH probes specific to heterochromatin 

regions on chromosomes 1 and 9 to detect signals followed by an image analysis using 

Image J software with a normalized line profile.   Our approach has been proved to be 

accurate and reliable and would appear to be more accurate than the traditional C-

banding technique. This approach will be used in the next chapter to investigate the 

possible relationship between heterochromatin heteromorphism and susceptibility to 

breast cancer.  
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Chapter 4 

Analysis of Heterochromatin Heteromorphism  

for Breast Cancer Susceptibility 

 

Abstract 

The objective of the study is to investigate if size polymorphisms of the 

constitutive heterochromatin on chromosomes 1 and 9 could serve as a biomarker of 

increased susceptibility to breast cancer in women. Previous clinical studies, all of which 

were based on C-banding technique, have yielded suggestive but inconsistent results. To 

investigate this association, we have developed more accurate approach to measure the 

heterochromatin size, which combines FISH probes that are specific to the 

heterochromatin regions and image analysis with normalized line profiles. Our results 

showed that significantly elevated incidences of heterochromatic heteromorphisms of 

chromosomes 1 and 9 are seen in breast cancer patient-derived lymphoblastoid cell lines 

as compared to control cell lines. In addition, we have shown that there is a positive 

association between the heterochromatin heteromorphisms on chromosomes 1 and 9. 

Therefore, one or the other could be used to identify high-risk individuals for developing 

breast cancer. This study has also provided a promising tool for further studies to 

understand the mechanisms underlying these polymorphisms.  

.  
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Introduction 

Breast cancer is the major form of cancer in women. It may arise from a 

combination of genetic, hormonal, and environmental factors. Cancer proneness due to 

genetic factors has been extensively studied, particularly for some genetic syndromes. 

For example, ataxia telengectasia is due to the mutation of ATM gene and Fanconi 

anemia (FA) is caused by mutations of at least thirteen related genes.  Among breast 

cancer cases, about 5% to 10% of the total cases have been linked to hereditary factors, 

which play a particularly important role in early onset cancers (Ellisen and Haber 1998; 

Nathanson et al. 2001; Rahman and Stratton 1998).  The inheritance of breast cancer risk 

is much higher for individuals with family history of breast cancer. 

Genetic mutations in BRCA1 or BRCA2 are well- known factors which 

predispose carriers to breast cancer. It is estimated that mutation carriers for those genes 

have increased lifetime risks as high as 80% for the development of breast and ovarian 

cancers, as well as other cancers, such as prostate and pancreatic cancers (King et al. 

2003; Struewing et al. 1997).  These two tumor suppressor genes are essential for normal 

cell development as they are involved in cell signaling and DNA repair. In response to 

DNA damage, the BRCA1 protein appears at double strand break (DSB) foci at an early 

stage, and has roles in homology- directed repair (Moynahan et al. 1999; Snouwaert et al. 

1999). In addition, BRCA1 can also be recruited to aberrant DNA structures, and 

participate in remodeling chromatin and recruiting other repair proteins (Ye et al. 2001). 

BRCA2 is also required for homology-directed repair (Moynahan et al. 2001). It has been 

reported that BRCA2 directly binds to Rad51 and transports Rad51 to the sites of DNA 
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damage (Chen et al. 1998; Davies et al. 2001; Wong et al. 1997). BRCA2 deficient cells 

were sensitive to ionizing radiation, which primarily causes DSBs.  Therefore, it has been 

suggested BRCA2 plays an important role for Rad51-dependent DNA repair of DSBs by 

homologous recombination. 

Human cancers often possess major alterations in their chromosomes, including 

large deletions, duplications, and rearrangements of DNA segments. These defects arise 

when cells fail to detect and respond to DNA damage. It is believed that these 

chromosomal alterations can, in turn, lead to further structural rearrangements and 

perpetuate genomic instability.  Chromosomal abnormalities involving centromeric and 

pericentromeric heterochromatin regions have been reported to be present in various 

diseases, such as the ICF syndrome (immunodeficiency, centromeric heterochromatin 

instability of chromosomes 1, 9 and 16 and facial anomalies) (Brown et al. 1995).   

Centromeric and pericentromeric heterochromatin contain highly repetitive DNA 

sequences that are normally transcriptionally silenced, so variations of these regions were 

generally considered to be clinically insignificant (John 1998).  Using C-banding 

techniques, variations in these heterochromatic regions were extensively studied in the 

1980s to 1990s and observations of increased variations in the heterochromatin regions 

were reported to be associated with various diseases (Kopf et al. 1990; Naujoks and Weil 

1985), including breast cancer (Adhvaryu and Rawal 1991; Berger et al. 1985), colorectal 

carcinomas (Heim et al. 1985), and in hematological disorders (Shabtai and Halbrecht 

1979).  There are also reports suggesting that the heterochromatic (C-band) 

heteromorphisms might be associated with clinical effects, such as mental retardation 
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(Soudek and Sroka 1979), and infertility (Patil and Lubs 1977).  In 1977, Atkin (1977) 

first reported an increased size of the heterochromatin regions on chromosome 1 in 

lymphocytes from patients with ovarian carcinoma. He suggested a possible relationship 

between C-band heteromorphism on chromosome 1 and susceptibility to malignant 

diseases. Later in the same year, he and Baker (Atkin and Baker 1977a, b) provided 

further evidence to indicate a possible association. 

There have been both positive and negative observations of whether a higher 

heterochromatin heteromorphisms are associated with susceptibility to breast cancer. 

Berger and his colleagues (1985) reported an increased amount of C-band 

heterochromatin on chromosomes 1, 9, and 16 as well as a higher incidence of inversions 

in the peripheral blood lymphocytes of chromosomes 1 and 9 in breast cancer patients 

based on a study of 54 patients and 78 controls.  However, in a study of 33 female 

patients with ovarian or breast adenocarcinoma and 180 control women, Kivi and 

Mikelsaar (1987) found no causal association between the presence of C-band variants on 

chromosomes 1, 9, and 16 and an elevated risk of ovarian and breast adenocarcinoma. 

Moreover, in a study of 23 patients with various malignant diseases and their respective 

cancer-free sibling controls, Aguilar et al (1981) reported  a higher frequency of 

heterochromatin polymorphisms on chromosome 1 in the controls than in lymphocytes of 

patients.  More recent study from Roy (1999) reported a high incidence of 

heterochromatin heteromorphisms in the lymphocytes of breast cancer patients and their 

healthy relatives as compared with healthy control subjects. The observation that the 

heteromorphisms were also seen in the healthy relatives of the breast cancer patients 
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suggested that this was a heritable trait that would indicate an increased risk for the 

family and be associated with genomic instability affecting the whole family. Genomic 

instability in patients with sporadic breast cancer was assessed by Colleu-Durel and 

colleagues  (Colleu-Durel et al. 2001) using the Comet assay. It was reported that the 

lymphocytes of cancer patients exhibited more damaged DNA than those of controls in 

the presence or absence of irradiation, suggesting elevated genomic instability in sporadic 

breast cancer patients.  

 Previous observations on heteromorphisms in heterochromatin regions were based 

on the use of C-banding techniques. A more recent technique, fluorescent in situ 

hybridization (FISH) provides us a more specific probe to the chromosome locations of 

interest. The benefit of using FISH probes to detect heterochromatin band is that 

metaphase images can be digitally captured and the size of the heterochromatin bands can 

be more precisely measured. In the previous Chapter, we have discussed the technical 

details and demonstrated that our approach is highly accurate and likely to be more 

precise than conventional C-banding.   Using this approach, we decided to investigate if 

variations in the heterochromatin can be used as an indicator of susceptibility to breast 

cancer.  A panel of lymphoblastoid cell lines derived from familial breast cancer patients 

and their matched controls were used for our analysis. Included among these cell lines are 

several carriers with mutations in BRCA1 or BRCA2 to allow us to see if these genetic 

factors contribute the generation of heterochromatin heteromorphisms.  

Materials and Methods 

Cell lines 
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Lymphoblastoid cell lines derived from female breast cancer survivors (BCS) and 

healthy matched controls (age-matched and ethnicity- matched where possible) were 

obtained from NIGMS Human Genetic Cell Repository (Coriell Cell Repositories, USA).  

The cells selected for further study were women with ages ranging from 32 to 51 years 

old and were selected from patients with familial breast cancer (FBC), and patients 

carrying mutations in BRCA1 or BRCA2. The list of cell lines used is shown in Table 4.1.  

All cell cultures were maintained in exponentially growing suspension cultures at 

concentrations up to 106 cells/ml.  Cultures are grown at 37°C in 95% air/5% CO2 in 

RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 IU/ml penicillin-

streptomycin (Mediatech Cellgrow), and 10% iron-supplemented bovine calf serum 

(Hyclone Laboratories).  

 Three pairs of cell lines were used for chemical treatments. One pair was from a 

black 42-year-old familial breast cancer patient and her matched control. The patients in 

the other two pairs were Caucasians carriers of BRCA1 and BRCA2 mutations, 

respectively.  

 

Chemical Treatments 

Mitomycin C (MMC) and diaminopurine (DAP) were purchased from Sigma 

Chemical (St. Louis, MO). A 0.05mM MMC working solution was freshly made prior to 

each treatment from 100mM stock solution (in DMSO) which was kept at -20°C. Cells 

were washed twice with culture medium after 24 hours treatment, and incubated in 



108 
 

MMC- free medium for 3 days followed by another MMC treatment and three days 

recovery. Then cells were harvested at metaphase. 

10 mg/ml stock solution of DAP is made by first dissolved in a minimum volume 

of KOH (1M), adjusted with distilled water, and then filtered and stored in room 

temperature. Cells were treated with DAP at 7µg/ml in a similar way as with MMC, 

except for the interphase harvesting, which is at 8 hours after treatment. 

 

Metaphase Preparation and Fluorescent in situ Hybridization 

The procedure is followed routine practice in the laboratory. In brief, 1-5 x 106 

cells were harvested after 2 hours incubation with 0.05 μg/ml colcemid. Cell pellets were 

resuspended in 0.075M KCl for 15 minutes at 37°C, pre-fixed with 1 ml of Carnoy’s 

fixative (3:1 v/v methanol: acetic acid) and re-pelleted.  Cell pellets were washed three 

times in ice-cold fix and then used to prepare metaphase spreads by dropping on glass 

microscope slides.  Slides were aged at nitrogen-filled box for a week before FISH.   

For FISH analysis, slides were pre-treated with 2x SSC for 30 minutes at 37°C, 

and dehydrated by incubation in ethanol at room temperature (2 minutes each in 70%, 

80%, and 95% ethanol).  After drying, chromosomes were denatured in 70% formamide/ 

2× SSC (pH 7.0) at 72°C for 2 minutes and immediately dehydrated through ethanol 

series at room temperature (2 minutes each in 70%, 80%, and 95% ethanol). 

Classical satellite probes (Cs-1, Cs-9, and Cs-16) were prepared as described 

previously (Hasegawa et al. 1995). Briefly, the DNA probe is made by PCR amplification 
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followed by nick translation with direct labels with either FITC or CY3.  For in situ 

hybridization, 10 μl satellite probes mixture (1 μl Cs-1, or 2 μl Cs-9 probe in a 

hybridization master mix which is composed of 55% formamide, 10% dextran sulfate and 

1×SSC) was denatured at 72°C for 5 minutes and applied to denatured slides, 

immediately covered by a glass coverslip, and sealed with rubber cement.  After 16 hours 

of hybridization in a pre-warmed humidified box at 37°C, slides were washed three times 

in 2 × SSC/50% formamide at 37°C for 5 minutes each, and then counterstained with 

1µg/ml 4’, 6’-diamidino-2-phenylindole (DAPI). 

 

Image Detection and Heterochromatin Size Measurement 

The slides were coded and scored using an Olympus model BX-40 microscope 

with triple-band-pass filter (excitation at 360-370, 470-490, and 530-550 nm, and 

emission at 450-465, 505-535, and 580-620 nm). For each cell line, 100 images were 

taken with CCD camera attached to the microscope. Select at least 50 well stained 

metaphase images for heterochromatin size measurement. Image J software was used for 

heterochromatin size measurement. (See details in chapter 3).  

The size of constitutive heterochromatin on chromosomes 1 and 9 were measured. 

The larger size of the two homolog is denoted as qh+ and the shorter as qh-. The percent 

of heteromorphism is defined as [(qh+) – (qh-)] / (qh-) × 100%. 
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Statistical analysis 

Statistical Tests were performed using OriginPro 8 (OriginLab Corp., 

Northampton, MA). The comparisons between patient-derived cell lines and control cell 

lines were performed using the two-tailed Mann–Whitney U test at the 0.05 level.  Pair-

wise comparisons were performed using a one-tailed Wilcoxon sign rank test. Correlation 

analyses were done using the Spearman rank correlation test.   
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Results 

Earlier clinical observations had indicated that the lymphocytes of breast cancer 

patients had high frequencies of size variations of the heterochromatin regions. To 

confirm these results and identify cells for future mechanistic studies, we obtained a 

panel of lymphoblastoid cell lines derived from female familial breast cancer patients 

with ages ranging from 32 to 51 years and age- and ethnicity- matched controls (Table 

4.1).   

Representative metaphase images following hybridization with an FITC- labeled 

probe to the heterochromatin on chromosome 1 are shown in Figure 4.1. The 

heterochromatin bands for the two homologues of chromosome 1 showed little difference 

in size in the lymphoblastoid cell from one healthy control individual (Figure 4.1A) 

whereas a dramatic difference in size was seen in the cell line from a breast cancer patient 

(Figure 4.1B).   
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Table 4.1 List of cell lines derived from familial breast cancer survivors (BCS) or 

diagnosed with BRCA1 or BRCA2 mutations, together with their matched controls. 

Cell Line# Mutation Age Race 

GM13709 BRCA1 32 Caucasian 

GM05380 - 32 Caucasian 

GM14091 BRCA1 46 Caucasian 

GM14452 - 46 Caucasian 

GM14622 BRCA2 39 Caucasian 

GM10924 - 39 Caucasian 

GM14626 BRCA2 37 Caucasian 

GM14807* - 35 Caucasian 

GM14483 BCS 37 Unknown 

GM13870 BCS 43 Caucasian 

GM01814 - 44 Caucasian 

GM13806 BCS 45 Black 

GM14439 - 45 Black 

GM13639 BCS 46 Caucasian 

GM14453 - 46 Caucasian 

GM13643 BCS 42 Black 

GM14508 - 41 Black 

GM13869 BCS 44 Caucasian 

GM01954 - 44 Caucasian 

GM13790 BCS 51 Caucasian 

GM01990 - 51 Caucasian 

* This cell line served as the control for both GM14626 and GM14483 



113 
 

Heterochromatic regions on Chromosome 1 and 9 

As discussed in Chapter 3, the heterochromatin bands were labeled with 

fluorescent probes and the images were digitally recorded and analyzed using normalized 

line profiles which ensured standard measurements across all cell lines.  The percentage 

differences of the classical heterochromatin regions on chromosomes 1 and 9 were 

calculated with at least 50 metaphases for each cell line and are shown in Tables 4.2 and 

4.3.  Comparisons between the cell lines and between patient-control pairs are shown in 

Figures 4.2 and 4.3.  

The patient-derived cell lines showed percentage differences ranging from 12.2% 

to 31.0% for the chromosome 1 and from 10.5% to 19.1% for the chromosome 9 

heterochromatins. In general, the variations on chromosome 1 were larger than those on 

chromosome 9.  To facilitate comparisons, we established a 10% reference line where a 

higher value would be considered to be heteromorphic for the heterochromatin region. 

Using this reference, 100% of the patient-derived cell lines exhibited heteromorphisms on 

chromosomes 1 and 9, whereas only 30% of control cell lines exhibited heteromorphisms 

that exceeded this value. Figure 4.2b and 4.3b show pair-wise comparisons between 

patient cell lines with their matched controls. 82% (9/11) and 91% (10/11) of the matched 

pairs showed a larger frequency of heteromorphisms on chromosome 1 and 9, 

respectively in the patient-derived lymphoblastoid cell lines.   
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Correlations of heteromorphisms on chromosome 1 and 9 

We were also interested in whether a higher heteromorphism for chromosome 1 

was accompanied by a higher heteromorphism for chromosome 9. To examine this 

possible relationship, a non-parametric approach, the Spearman rank correlation analysis 

was used.  First, we tested the correlation within each individual cell line, using a sample 

size of at least 50 metaphase measurements. For a given cell line, we found no 

correlations between the measurements of chromosomes 1 and 9 (correlation coefficient 

is -9.72×10-4) (Figure 4.4a). However, to compare the collection of cell lines, we used the 

average measurement for each cell line. When comparing across cell lines, there is a 

highly significant correlation between the frequencies of heteromorphisms on 

chromosomes 1 and 9, with correlation coefficient as 0.608 (with p value 0.00346) 

(Figure 4.4b). The positive association suggests that a large sample size is necessary to 

get an accurate assessment of the heteromorphism for an individual cell line, and that a 

person with a large heterochromatin polymorphism on chromosome 1 is more likely to 

have a large heteromorphism on chromosome 9.    
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Figure 4.1 FISH analysis of classical heterochromatin region on chromosome 1.   

An FITC- labeled α-classical satellite probe for chromosome 1 (green) and a CY3- 

labeled classical satellite probe for chromosome 16 (red) were used in the FISH analysis. 

A representative metaphase from control cell lines is illustrated in (a) and a metaphase 

from a breast cancer patient is illustrated in (b). The heterochromatin region on 

chromosome 1 shows a major difference in size between the chromosome homologues in 

the patient-derived cell line.  
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Figure 4.2 Comparison of chromosome 1 heteromorphism across the cell lines.  

(a) Comparison of all the lymphoblastoid cell lines showing 10% size difference 

reference line. Cell lines derived from breast cancer survivors (BCS) and controls are 

shown. Using the Mann-Whitney U test, the cell lines derived from the breast cancer 

patients were significantly different from the controls (p < 0.01)   (b) Pair-wise 

comparison between patient-derived cell lines and their matched controls. Using a one-

tailed paired sample Wilcoxon sign rank test, the cell lines derived from patients 

exhibited a larger heteromorphism in the heterochromatin for chromosome 1 than did the 

control cell lines (p < 0.01)  
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Table 4.2 Measured means and standard errors for the heteromorphisms of 

heterochromatin on chromosome 1. Data for each cell line were calculated based on at 

least 50 measurements.  

Breast Cancer 

Cell Lines 
Mean ± SE 

Matched Control 

Cell Lines 
Mean ± SE 

GM 14091 16.03 ± 1.64 GM14452 6.48 ± 0.50 

GM14626 15.19 ± 1.27 GM14807 6.36 ± 0.69 

GM13709 14.41 ± 1.46 GM05380 8.30 ± 0.83 

GM14622 24.85 ± 2.05 GM10924 30.71 ± 2.22 

GM13870 30.96 ± 3.28 GM01814 7.04 ± 0.77 

GM13806 15.00 ± 1.48 GM14439 6.35 ± 0.69 

GM13639 12.23 ± 1.29 GM14453 6.12 ± 0.65 

GM14483 14.39 ± 1.10 GM14807 6.36 ± 0.69 

GM13643 14.952 ± 1.46 GM14508 12.15 ± 0.98 

GM13790 19.48 ± 2.01 GM01990 7.04 ± 0.71 

GM13869 12.45 ± 1.16 GM01954 16.22 ± 1.61 
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Table 4.3 Measured means and standard errors for the heteromorphisms of 

heterochromatin on chromosome 9.  Each cell line was evaluated based on at least 50 

measurements.  

 

Breast Cancer 

Cell Lines 
Mean ± SE 

Matched Control 

Cell Lines 
Mean ± SE 

GM 14091 13.51 ± 1.25 GM14452 7.74 ± 0.82 

GM14626 13.26 ± 1.20 GM14807 8.88 ± 0.94 

GM13709 18.19 ± 1.82 GM05380 9.44 ± 0.92 

GM14622 15.81 ± 1.34 GM10924 33.81 ± 2.26 

GM13870 12.82 ± 1.41 GM01814 9.23 ± 0.81 

GM13806 13.05 ± 1.48 GM14439 8.86 ± 1.03 

GM13639 15.96 ± 1.36 GM14453 9.57 ± 0.88 

GM14483 19.10 ± 1.78 (GM14807) 8.88 ± 0.94 

GM13643 15.13 ± 1.49 GM14508 12.68 ± 1.29 

GM13790 10.48 ± 1.18 GM01990 7.64 ± 0.83 

GM13869 18.95 ± 1.42 GM01954 13.11± 1.27 
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Figure 4.3 Comparison of chromosome 9 heteromorphism across the cell lines.  

Heteromorphisms of the heterochromatin on chromosome 9 were investigated in cell 

lines derived from breast cancer survivors (BCS) and healthy matched controls. (a) 

Comparison of the lymphoblastoid cell lines showing 10% size difference reference line 

is shown. Using the Mann-Whitney U test, the cell lines derived from the breast cancer 

patients were significantly different from the controls (p < 0.01)   (b) Pair-wise 

comparison between patient-derived cell lines and their matched controls. Using a one-

tailed paired sample Wilcoxon sign rank test, the cell lines derived from patients 

exhibited a larger heteromorphism in the heterochromatin for chromosome 9 than did the 

control cell lines (p < 0.01)  
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Figure 4.4 Scatter plots with confidence ellipse to demonstrate correlations between 

heterochromatic polymorphisms on chromosome 1 and chromosome 9.   

Each dot represents the pair of heteromorphism measurements on chromosomes 1 and 9 

for each metaphase within representative cell line (A) or for the collection of cell lines 

(B).  Correlation coefficients were calculated using Spearman Rank analysis and the 95% 

confidence ellipses are shown.  (A) No correlation is seen between the two measurements 

on chromosomes 1 and 9 for individual metaphases within an individual cell line. (B) A 

positive correlation was observed between the average heteromorphisms for 

heterochromatin on chromosomes 1 and 9 based on the collection of 21 cell lines. 

(Spearman correlation coefficient is 0.608, with a p value of 0.00346.) 
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Susceptibility of Heterochromatin Heteromorphism to Chemical Treatments  

Since environmental factors may contribute to the development of breast cancer, 

we decided to investigate if the size heteromorphisms of the heterochromatin could be 

influenced by chemical exposures.  

We initially tested a DNA alkylating agent, MMC, which is known to form DNA 

interstrand cross-links (ICL) (Dorr et al. 1985; Iyer and Szybalski 1963; Keyes et al. 

1991). These ICL are known to impede the progression of replication forks and lead to 

the formation of double strand breaks.  MMC has been previously shown to cause a high 

incidence of breakage and exchange involving the heterochromatin regions on 

chromosomes 1 and 9. Another chemical, diaminopurine (DAP), was also tested since 

previous investigations from our laboratory showed that DAP could preferentially cause 

focused breaks in the heterochromatin regions.   

In an initial study, three pairs of cell lines with different genetic backgrounds 

were investigated. Cell lines from patients with a BRCA1 mutation, a BRCA2 mutation, 

and with familial breast cancer were selected with their respective controls.   

 

Heterochromatin heteromorphism is induced in control cell lines following the 

treatment of MMC or DAP, but not in breast cancer cell lines 

 The effects of treatment with MMC and DAP on the heterochromatin 

heteromorphisms of chromosomes 1 and 9 are shown in Figure 4.5 and 4.6, respectively. 

We had hypothesized that MMC treatment would increase the size of the 

heteromorphisms observed in patient cell lines. Surprisingly, no changes were observed 
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in the patient cell lines following treatment with either MMC or DAP. However, 

substantial increases in the sizes of the heteromorphisms were observed in the treated 

control cell lines. The trends were similar for the two treatments, and for the three 

different cell lines.  
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Figure 4.5 Comparisons of heterochromatin heteromorphism on chromosome 1 following 

treatments with MMC and DAP in three pairs of cell lines exhibiting a BRCA1 mutation, 

BRCA2 mutation, familial breast cancer with their respective controls.  

Measurements of each cell line were based on 50 metaphases, and the measured standard 

errors of the means are shown in error bars.  No significant changes of the 

heteromorphisms on chromosome 1 were observed in the patient cells following 

treatment with either MMC or DAP; However, substantial increases were observed in 

treated control cells. 
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Figure 4.6 Comparisons of heterochromatin heteromorphism on chromosome 9 following 

treatments with MMC and DAP in selected pairs of cell lines.  

Measurements of each cell line were based on 50 metaphases, and the measured mean 

and standard error of the mean are shown.  No significant changes of the 

heteromorphisms on chromosome 9 were observed in the patient cells following 

treatment with either MMC or DAP; However, substantial increases were observed in 

treated control cells. 
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Discussion 

The objective of the study was to investigate whether the size polymorphisms of 

the constitutive heterochromatin on chromosomes 1 and 9 could serve as a biomarker of 

increased susceptibility to breast cancer in women. Previous clinical studies, all of which 

were based on C-banding technique, have yielded inconsistent results. To investigate this 

association, we have developed more accurate approach to measure the heterochromatin 

size, which combines FISH probes that specific to heterochromatin regions and image 

analysis with normalized line profiles. In our study, significantly higher incidences of 

heterochromatic heteromorphisms for chromosomes 1 and 9 were observed in breast 

cancer patient-derived lymphoblastoid cell lines as compared to control cell lines. The 

heterochromatin heteromorphisms on chromosomes 1 and 9 are positive associated, 

therefore, one or the other could be used to identify high-risk individuals for developing 

breast cancer.  

Based on earlier C-banding techniques, a 25% difference in size was adopted  to 

define a C-band heteromorphism (Labal de Vinuesa et al. 1984). This value is quite large 

and small differences would be missed. Using our experimental setup, the measurement 

of each heterochromatin band depends on the resolution of the FITC channel, which can 

be as precise as ~230nm. As a result, we were able to detect very small differences 

between the heterochromatin band sizes.  Because of this increased precision, a 10% 

difference was used to define heteromorphisms in our study.  Using such criteria, we 

have shown that all the cell lines derived from familial breast cancer patients exhibited 

heteromorphisms for both chromosomes 1 and 9.  In contrast, only 30% of the matched 
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control cell lines exhibited heteromorphisms that exceeded the 10% cutoff.  These results 

are generally consistent with the earlier studies reporting an association between 

heteromorphisms and breast cancer. Adhvaryu and Rawal (1991) studied 55 breast cancer 

patients and 35 controls and found that 69% of the patients were heteromorphic in size on 

chromosomes 1 or 9 or 16 but only 23% in controls.  Roy et al (1999) also reported that 

the frequencies of heteromorphisms on chromosome 1 and 9 were 91% for familial breast 

cancer patients and 72% for their healthy relatives, but only 23% in controls.  We saw a 

higher incidence of heteromorphism in patient-associated group, partially because we 

have adopted much smaller criteria to define heteromorphism. If 25% criteria were used 

in our study, few of the cell lines would have been classified as heteromorphic.  As 

mentioned above, the more precise measurements that we used make it possible to 

identify subtle variations of the heterochromatin regions which would be missed by other 

methods.  This could also explain why some of the previous observations failed to detect 

the significant differences in heteromorphisms between patients and healthy controls.    

There can also be heterochromatic heteromorphism on chromosome 16, as some 

studies have previously reported.  However, for our experiments, given the relatively 

small size of heterochromatin region on chromosome 16, we decided not to measure size 

variations for this chromosome. We used FISH probe specific to heterochromatin on 

chromosome 16 primarily to easily identify the chromosome so that could be used as an 

internal control for condensation (Roy et al. 1999). However, we found that the 

percentage difference was calculated in such a way that 16p control length was canceled 

out in both the numerator and denominator. Consequently, we decided to use the smaller 
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homologue for the heterochromatin on chromosomes 1 and 9 as the internal control to 

adjust for the degree of chromosome condensation.  

Previous studies have indicated that size variations in the heterochromatic regions 

are heritable. In addition, our data indicate the heteromorphisms may occur as a 

consequence of genotoxic insults.  The reason why patients exhibit high heteromorphisms 

of the heterochromatin regions is not clear.  It has been previously shown that 

heterochromatin regions are chromosomal breakage hotspots by various environmental 

factors (Smith et al. 1998). For example, chromosome 1 contains a breakage-prone region 

within or at the border of 1q12 that associated with many malignancies (Rupa et al. 1995). 

It has been suggested that several tumor suppressor genes are present on the short as well 

as long arm of chromosome 1 (Devilee et al. 1991).  The heteromorphisms we observed 

may produce an imbalance of alleles on chromosome 1 or 9, which may contribute the 

breast cancer development. In addition, it is known that heterochromatin regions have 

low DNA repair capacity (Surralles et al. 1997), which may explain, at least partially, the 

fragility of these regions.  

One benefit of our study is that we have characterized a set of cell lines with 

known heterochromatin heteromorphisms. These cell lines can be used for testing 

susceptibility to various chemicals and for future mechanistic studies. A preliminary 

study was done to evaluate the susceptibility of cells containing heterochromatic 

heteromorphisms to breakage induced by mitomycin C and diaminopurine. It is known 

that crosslinking agents, such as MMC, preferentially cause breaks within the 

heterochromatin regions (Abdel-Halim et al. 2005; Joseph et al. 1982).  Our results (data 
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not shown) indicated that DNA breaks occurred within the heterochromatin regions of 

both chromosomes 1 and 9 following MMC and DAP treatments. However, the increase 

in DNA breakages was not associated with increased heteromorphism in the patient cell 

lines, but rather greater increases were seen in control cell lines.  Further investigation 

will be needed to investigate the different responses in the two groups of cells following 

treatment with these two agents. It was also noticed that the patient cell lines behaved 

similarly regardless of the presence of BRCA1 or BRCA2, suggesting that BRCA1 or 

BRCA2 may not be the major contributor to the size heteromorphisms seen in these cell 

lines.   

Although homologous recombination repair is not a major pathway in mammalian 

system, evidence of homology-directed repair in heterochromatin regions has been shown 

previously. Abdel-Halim et al (2005) showed pairing of the heterochromatin of 

chromosome 9 between the homologs following MMC treatment, suggesting that 

homologous recombination was involved in the repair. Pairing of the homologous 

heterochromatic regions of chromosomes 1, 9, and 16 has also been observed in 

metaphases of human lymphocytes after 5-azacytidine incorporation (Haaf et al. 1986). If 

homologous recombination is involved in the repair, these highly repetitive sequences 

might undergo expansions or contractions during the repair, and lead to the size 

polymorphisms seen on the different homologues.  

In summary, we have demonstrated that increased heterochromatic 

heteromorphisms on chromosomes 1 and 9 are much more common in women with 
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breast cancer. The basis for the observed heteromorphisms is not known, but the results 

suggest that a high incidence of heterochromatic heteromorphism may be used as a 

biomarker to identify women with an increased risk of susceptibility to breast cancer.  

In Chapter 1, it was proposed that critical structural alterations of chromosomes 

can contribute to further chromosomal breakage and rearrangement. Such breaks could 

act as a driving force for genomic instability. Heterochromatin, which is mostly located at 

centromeric and pericentromeric regions, are important structures for the maintenance of 

genomic integrity. The fragility of the heterochromatin regions could be an initiator of 

chromosomal rearrangements and genomic instability. Therefore, heteromorphisms in 

heterochromatin regions could be an early event that contributes to the development of 

breast cancer.  
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CONCLUSIONS 

Genomic instability is an important facet of carcinogenesis, and many 

endogenous and exogenous factors contribute to the initiation and promotion of genomic 

instability.  Generally, there are two mechanistic models to account for the genomic 

instability seen in cancer. The first model, the trans-acting model, proposes that 

mutations in critical genes, such as tumor suppressor genes or oncogenes, destabilize the 

genome by causing an accumulation of mutations in the progeny. This is also called 

mutator effect (Loeb 1991). This model has been extensive studied and is supported by 

multiple lines of evidence. For example, mutation of the p53 tumor suppressor gene leads 

to deficiency in cell cycle arrest (in the S phase) for DNA damaged cells and deficiency 

in DNA repair (Levine 1997), both of which can promote genomic instability and initiate 

carcinogenesis.  The other model, a cis-acting model, describes that chromosome 

structural alterations or rearrangement junctions can themselves be unstable and prone to 

additional breakage and rearrangement, and thus lead to persistent genomic instability.  

This model was proposed based on the observation of delayed genomic instability in 

post-irradiated clones. Carcinogenesis is a complex process and either model alone may 

be not enough to explain the genomic instability involved.  These two models may also 

synergistically promote genomic instability. For example, a high degree of microsatellite 

instability, including dinucleotide repeats (dAdT) and simple repeats, were observed in 

hereditary nonpolyposis colon cancer (HNPCC) (Ionov et al. 1993).  Such structural 

instability appears to drive the genomic instability in patient cells, however, it was found 

that all patients carry mutations in mismatch repair genes (such as hMSH2) (Fishel et al. 
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1993), which fails to correct slippage errors during DNA replication of repetitive 

sequences. Therefore, learning mechanisms responsible for genomic instability would 

help researchers and clinicians to understand the neoplastic process as well as to diagnose 

and prevent the development of malignancies.  

 As mentioned above, compared to the extensive studies on “mutator effect” or 

trans-acting mechanisms in generating genomic instability, research on cis-acting 

mechanisms is less advanced with most evidence from studies of radiation.  In this 

dissertation, we have presented two separate but related observations that indicate that 

non-coding heterochromatic sequences can contribute to genomic instability and provide 

support for a cis-acting mechanism.  

Project 1: Determine the effect of heterochromatic sequence insertion on the instability of 

AL cells.  

Non-coding heterochromatic sequences are transcriptionally silent; however, they have 

surprisingly high potential to induce genomic instability, as demonstrated by previous 

studies from our laboratory (Allen 2007; Allen and Grosovsky, unpublished results).  

These studies showed that transfection of heterochromatic sequences into AL cells 

induced high degree of karyotypic instability in the transfected clones, and that the degree 

was similar to clones exposed to gamma radiation.  The AL cell line is a CHO/human 

hybrid cell line containing a single human chromosome 11. Therefore, FISH with a probe 

to human chromosome 11 can be used to monitor chromosomal instability in the cells. In 

this research project, we have used the same method as previously used in our laboratory 
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to establish the transfected clones.  In addition to the FISH analysis, the Comet assay was 

used to quantitatively assess the degree of DNA damage in the cells. In our studies, we 

have demonstrated that clones exhibiting chromosomal instability on the chromosome 11 

also manifest a global genomic instability as seen by an increase in DNA breaks and an 

increase in the Comet tail. The fact that clones transfected with plasmid alone did not 

show an increase in DNA breakage suggests that only the improper insertion of 

heterochromatic sequences leads to the instability. The insertions may be random, or 

maybe occurs preferentially in endogenous heterochromatin regions. Nevertheless, 

breakage prone junctions were created when an improper insertion took place. That 

explains why some transfectant clones exhibited extremely unstable phenotype while 

some show much lower degree.  

Our results suggest that insertion of the heterochromatic sequence not only 

produces chromosomal instability locally, but also generates a more global genomic 

instability as detected in the Comet assay. The location of the heterochromatic insertion 

may act as a de novo chromosomal breakage “hotspot” and subsequently lead to multiple 

rearrangements of the chromosome containing the breakage-prone junction. Using this 

system, we have created chromosomal junctions similar to the chromosomal 

rearrangements seen in irradiated cells that lead to genomic instability.  
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Project 2: Determine if heterochromatin heteromorphism is a susceptibility factor for 

breast cancer incidence.  

The highly repetitive nature of heterochromatic sequences suggests that these 

regions might be prone to either homologous or non-homologous recombination, which 

could lead to heteromorphism of these regions. A number of investigators have 

previously studied C-banding polymorphisms in the lymphocytes of breast cancer 

patients using C-banding technique (Adhvaryu and Rawal 1991; Aguilar et al. 1981; 

Berger et al. 1985; Kivi and Mikelsaar 1987; Roy et al. 1999). Most reports revealed an 

increase in C-band heteromorphism in breast cancer patients while a few failed to see any 

relationship. The objective of our research is to determine if increased heteromorphisms 

are more common in breast cancer patients using a combination of fluorescence in situ 

hybridization and image analysis approach. A panel of lymphoblastoid cells derived from 

breast cancer patients and matched controls were used in our study.  Based on our 

observations, there is indeed a positive association.  All the cell lines derived from 

familiar breast cancer patients exhibited heteromorphisms on both chromosomes 1 and 9.  

In contrast, only 30% of the matched control cell lines exhibited heteromorphisms.  Our 

result is similar to what was reported recently by Roy et al (1999)  in which a high 

incidence of C-band polymorphisms was observed in breast cancer patients and their 

healthy relatives as compared to healthy controls.  One major difference in our study 

from previous ones is that our observation was based on the use of a combination of 

FISH staining and image analysis, which gave more accurate and reliable measurements 

of heterochromatin bands.  
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Heterochromatin is considered to play an important role in protecting genome 

against the mutagens (Sivakumaran et al. 1997). It was proposed that changes in the 

quantity and proportion of the different types of satellite DNA would increase the genetic 

susceptibility in people with heterochromatic variations, which in turn cause chromosome 

instability and predispose the individual to cancer (Sivakumaran et al. 1997).  Our 

observation of an association between heterochromatin heteromorphism and breast 

cancer incidence suggests that heterochromatin heteromorphism could be used as a 

biomarker to identify high-risk individuals to breast cancer.  In our experiments, we have 

also included cell lines from patients carrying BRCA1 or BRCA2 mutations. It is known 

that BRCA1 and BRCA2 are required for homology- directed repair (Moynahan et al. 

1999; Moynahan et al. 2001; Snouwaert et al. 1999).  However, these cell lines showed 

similar degree of heteromorphism with patient cells without mutations, suggesting other 

factors (not necessary involving those homologous recombination repair pathways) might 

contribute to the heterochromatin variations seen in breast cancer patients. The expansion 

or contraction of heterochromatin regions may suggest an elevated chromosomal 

instability in cells. As proposed in the cis-acting mechanism, such chromosome structural 

alterations may represent an early event of carcinogenesis, and act as an initiator to 

further contribute to a persistent genomic instability.  

One of the benefits of this research is that it has established a set of model cell 

lines characterized with distinct heteromorphism. It provides a promising tool for further 

mechanistic studies to understand the mechanisms underlying these polymorphisms. 
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In summary, through the investigation of two separate but related projects on 

heterochromatin, we have gained some insight of the role of heterochromatin involved in 

maintaining the genomic stability. We have shown that transfection of non-coding 

heterochromatic sequences into cells is sufficient in generating a global genomic 

instability as demonstrated in the Comet assay in addition to FISH analysis. We have also 

shown that the increased size polymorphisms on the constitutive heterochromatin regions 

on chromosomes 1 and 9 could be used as a biomarker to indicate a higher susceptibility 

to breast cancer in women.  
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