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ABSTRACT 

 

 Transposons were first discovered as “jumping genes” by Barbara 

McClintock, who continued to study them in maize through the 1940’s and 

1950’s.  Since then, transposons have been shown to make up a large 

percentage of eukaryotic genomes, including close to half of the human genome, 

but have been dismissed as simply “junk DNA.”    Recently, the importance of 

keeping transposons tightly regulated within the cellular environment has begun 

to be appreciated; the mechanisms to accomplish this have been studied and the 

current understanding of pathways governing transposon regulation is discussed 

within this dissertation.  However, recent work presented within the scope of this 

dissertation in Drosophila melanogaster revealed a previously unknown function 

for condensin complexes in transposable element regulation.  These studies 

provide a link between pathways governing chromosome pairing and transposon 

regulation.  The potential interplay between these two pathways is intriguing and 

until now, largely unexplored. 

 Aside from how transposons themselves are regulated, studies into 

potential roles they may play in the regulation of other protein coding genes 

within the cell may provide clues into the functionality of these elements within 

our genome.  As a specific example, BRCA1 has a high density of 

retrotransposon sequences within its primary transcript, and studies of BRCA1 

regulation presented within this dissertation has led to the development of a 
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model for a novel gene regulatory mechanism occurring in human cells involving 

retrotransposons.  This mechanism may provide direct relevance to cancer 

etiology, as retrotransposons have long been known to be misregulated in 

cancer. 

 As a sum, the work presented within this dissertation extends our 

knowledge of how transposons are regulated and provides some of the first 

evidence for their functionality in gene regulatory pathways within human cells. 
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CHAPTER 1: INTRODUCTION 

 

Dissertation format and context 

 

This dissertation is divided into four chapters.  Chapter 1 includes a review 

of transposon regulation in plants, various animal model systems, and human 

cells as well as a summary of recent studies into their expression in somatic cells 

and their potential roles in developmental processes and human disease.  This 

review provides the context for interpreting the experiments in Chapters 2 and 4 

that investigate transposon regulation.  Chapter 2 contains a set of experiments 

exploring the regulation of BRCA1 as a candidate for retrotransposon mediated 

gene regulation, which has been submitted for publication. We focused on 

BRCA1 because it is a tumor suppressor gene frequently downregulated in 

sporadic breast cancers; however, only ten percent of sporadic breast cancers 

exhibit hypermethylation at the BRCA1 promoter.  The mechanism behind 

BRCA1 loss in the remaining sporadic breast cancers is not understood.  

Therefore, elucidation of unknown pathways governing BRCA1 regulation is 

important for gaining understanding into breast cancer etiology.    Chapter 3 

contains a brief study comparing BRCA1 transcript decay kinetics in fibroblast 

cells, mammary epithelial cells, and cancer cells.  These studies led to the finding 

that BRCA1 transcripts appear to undergo decay and amplification cycles 

specifically in cells with overgrowth and tumorigenic characterstics, providing 
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some preliminary evidence that RNA templated RNA transcription activity could 

exist in humans and play a role in early cancer development and progression.  

Chapter 4 summarizes experiments exploring how condensins and other RNA 

binding proteins work together to regulate transposons in Drosophila 

melanogaster.  This work is part of an ongoing project and will be submitted for 

publication when additional experiments are completed after graduation. The 

work presented here is a crucial part of that future publication. 

 

Literature Review  

 

Small RNA mediated processes are beginning to be appreciated for the 

broad scope of functions they can play within biological systems.  As discussed 

in more detail below, there are a number of small RNA pathways that can 

influence transposon and other gene regulation through the life cycle of animals 

and plants.  In this introduction, I begin by briefly describing two well-studied 

small RNA classes, the microRNAs (miRNAs) and small inhibitory RNAs 

(siRNAs), including their biogenesis.  I then discuss early literature describing the 

protein and RNA components necessary for regulation of transposable elements 

in plants, Drosophila melanogaster, C. elegans, M. musculus, and human cells, 

as well as the small RNA class canonically associated with their regulation, PIWI 

interacting RNAs (piRNAs).  I also discuss recent models for biogenesis of 

piRNA molecules, which differs from that of other classes of small RNAs.  I then 
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review more recent literature on the expression of small RNAs from transposons 

in somatic cells and potential roles in developmental processes, and discuss 

consequences of deregulation, with particular emphasis on human disease 

etiology. 

 

Small RNA Classes 

 

One of the most well-studied classes of small RNAs are the siRNAs.  This 

class of small RNAs was first identified to be a component of the response to a 

broad biological response to double stranded RNA (dsRNA).  This process is 

called RNA interference (RNAi) and has come to refer to a wide range of small 

RNA mediated processes.  siRNAs are generated by the processing of dsRNA, 

typically of a length of 500 nt or more, into small RNAs 21-25 nucleotides in size 

by the action of Dicer.  These small RNAs are then incorporated into an enzyme 

complex called the RNA induced silencing complex (RISC), which provides the 

enzymatic activity needed to cleave target transcripts to which it is guided via 

sequence homology with its bound siRNA.  This transcript cleavage activity is 

termed “slicer activity” and occurs within RISC through the action of Argonaute 

family proteins.  siRNA biogenesis is reviewed in He and Hannon, 2004.   

miRNAs were first identified in a genetic screen in C. elegans assaying for 

genes controlling post-embryonic development (He and Hannon, 2004).  miRNAs 

are synthesized by a distinct mechanism than siRNAs.  First, miRNA genes are 



 21 

transcribed as a single-stranded transcript that forms an extensive secondary 

structure.  This structure is recognized by the RNA processing enzyme Drosha 

within the nucleus, which cleaves the primary miRNA (pri-miRNA) into an 

imperfect stem loop structure precursor miRNA (pre-miRNA) typically 70 nt in 

length.  The pre-miRNA is then exported into the cytoplasm through the action of 

Exportin 5.  Within the cytoplasm, Dicer further processes the pre-miRNA 

molecule into a mature miRNA, which associates with RISC and directs either 

transcript degradation or translational inhibition.  miRNA biogenesis is 

extensively reviewed in He and Hannon, 2004.  

 

Transposon regulation in plants 

 

 Transposon regulation has been extensively studied in plants, most 

extensively in Arabidopsis thaliana (Arabidopsis) and Zea mays (maize).  A major 

feature of how transposons are regulated in plants, as well as in animals, is the 

production of double stranded RNA (dsRNA) and its processing into small RNAs 

of various classes.  In plants, small RNAs from transposon sequences range in 

size from 21-26 nucleotides. These small RNAs are used to degrade transposon 

transcripts after they occur in a post-transcriptional gene silencing (PTGS) 

mechanism (Lisch 2009); additionally, they are used in a transcriptional gene 

silencing (TGS) mechanism to inhibit transcription of transposons by targeting 

DNA methylation to homologous genomic regions.  This latter process is termed 
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RNA-directed DNA methylation (RdDM) and has only been shown to occur in 

plants (Matzke and Birchler 2005).   Studies of RdDM in Arabidopsis have 

revealed that various factors known to function in RNA silencing pathways are 

required, including Nuclear RNA Polymerase IV (RNA Pol-IV), Nuclear RNA 

Polymerase V (RNA Pol-V), RNA-Dependent RNA Polymerase 2 (RDR2), Dicer-

Like 3 (DCL3), AGO4, and AGO6.  Other required factors include a DNA 

methyltransferase DRM2 and chromatin remodeling factor DRD1.  These 

findings are reviewed in (Lisch 2009).   

 The dsRNA trigger for transposon silencing is thought to come from one of 

two sources.  The first source is from transposons containing inverted repeats at 

their ends, which when transcribed will naturally form a hairpin structure capable 

of being recognized by RNA processing pathways.  The second source is by 

readthrough transcription of genes neighboring transposons.  Active transposons 

will produce insertions in different orientations with a high degree of sequence 

identity. Upon normal transcriptional processes, this will generate transposon 

sense and antisense RNA that can pair within the cell to form dsRNA.  Once this 

dsRNA is formed, it can serve to target transposon transcripts for PTGS or 

genomic DNA copies of transposons for TGS via RdDM.  These processes are 

reviewed in (Lisch 2009). 

 Once transposons are targeted for silencing, that silencing must be 

maintained through mitotic cell generations.   Maintenance of established 

silencing patterns is thought to occur by the following model: copies of 
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transposons at which DNA methylation occurs are hypothesized to produce an 

aberrant transcript by Pol-IV.  This RNA is then transported into a processing 

body in the nucleolus, called a Cajal body, where RDR2 generates dsRNA to the 

aberrant Pol-IV transcript.  These dsRNAs are then processed by DCL3 into 24-

26 nucleotide small RNAs and loaded onto the RNA induced silencing complex 

(RISC), which includes AGO4.  RISC is then exported from the nucleolus and 

associates with Pol-V, which directs DNA methylation at complementary 

sequences in conjunction with DRM2 by unknown mechanisms.  Experiments 

leading to the elucidation of this pathway are reviewed in (Lisch 2009), and the 

published model depicting this process is depicted in Figure 1.1. 

 As described below, transposon regulation in animals has some 

similarities to that in plants, but also some major differences.  RNAs regulating 

transposons in animals fall into two different size classes: 25-31 nucleotide PIWI 

interacting RNAs (piRNAs) in the germline and 21 nt small inhibitory RNAs 

(siRNAs) in somatic cells.  Table 1.1 describes characteristics of these and other 

small RNA classes.  Additionally, although transposons are transcriptionally 

silenced by DNA methylation in animals, and emerging evidence indicates that 

piRNAs may play a role in the establishment of DNA methylation at transposon 

sequences (discussed below), no mechanism has yet been elucidated for how 

this may occur in animals as it has been in plants.  Additionally, some of the 

enzymes known to play a role in transposon silencing in plants, such as Pol-IV  
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Figure 1.1 

 
 
Figure 1.1: Model for transposon silencing in plants (Lisch 2009). Pol IVa has 
been renamed to Pol-IV and Pol IV-b has been renamed to Pol-V subsequent to 
publishing of this review. 
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and Pol-V  have no known homologs in animals.  C. elegans has many RDR2 

homologs, but none have been found in other animal species. In S. pombe, 

which has a single RDR, Pol-II plays the role proposed for Pol-IV in plants.  While 

such homologs, particularly functional homologs lacking sequence identity, may 

exist, transposon silencing in animals has features that make it distinct from the 

pathway occurring within plants.  The pathways occurring to regulate 

transposons in Drosophila melanogaster, Caenorhabditis elegans, mouse, and 

human cells are each discussed in more detail below. 

 

Transposon regulation in Drosophila melanogaster 

 

One of the first studies into how repetitive sequences are regulated in 

Drosophila utilized the Stellate/Suppressor of Stellate system.  Stellate (Ste) is a 

protein coding gene found in about 200 copies on the X-chromosome. Y-

chromosome repetitive sequences termed Suppressor of Stellate [Su(Ste)] have 

homology to the Ste locus and have been shown to be essential for regulation of 

Ste expression.  These early experiments showed that both strands of the 

Su(Ste) locus are transcribed, resulting in the formation of Su(Ste) dsRNA, which 

in turn is processed into small RNAs in Drosophila testes (Aravin, Naumova et al. 

2001).  Two genes were identified that mediate regulation of Ste by Su(Ste): aub, 

an Argonaute family protein, and spn-E, a helicase.  These two genes were also 

shown to play a role in the regulation of expression of retrotransposons and other 
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Table 1.1: Small RNA classes shown to regulate transposable elements in 

animals 

 
 
Name Abbreviation Size Range Organism 
Repeat 
Associated Small 
Inhibitory RNA* 

rasiRNAs 25-31 nt Drosophila 
melanogaster 

PIWI Interacting 
RNA* 

piRNA 25-31 nt Drosphila 
melanogaster, M. 
musculus, human, 
rhesus macaque 

21-U RNAs 
 

21-U 21 nt C. elegans 

22-G RNAs 
 

22-G 23 nt C. elegans 

Small Inhibitory 
RNAs 

siRNAs 21-24 nt Drosophila 
melanogaster; M. 
musculus; human 

 
 
 
 
 
 
 
*Transposon derived small RNAs were first termed rasiRNAs in Drosophila 
melanogaster; subsequent characterization revealed them to be associated with 
PIWI proteins and were additionally termed piRNAs.  Within Drosophila, these 
two names are used interchangeably. 
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repetitive elements in both the male and female germline of Drosophila (Aravin, 

Naumova et al. 2001).  The existence of common components between Ste 

silencing and transposon silencing hinted at a common mode of regulation; the 

findings that an RNA mediated mechanism functioned to regulate Ste indicated 

that transposons may also be regulated by an RNA pathway.  Table 1.2 

describes certain characteristics of all genes discussed within this literature 

review that have been shown to play a role in transposon regulation in 

Drosophila melanogaster. 

Further studies into the requirement of various RNA processing enzymes 

for Su(Ste) small RNA accumulation revealed that mutations in genes known to 

function in the “classical” RNAi pathway had no effect: Drosophila testes mutant 

for dcr-2, one of two Dicer proteins in Drosophila, r2d2, a dsRNA binding protein, 

and ago2, an Argonaute family protein, showed no reduction in Su(Ste) small 

RNAs (Vagin, Sigova et al. 2006).  Conversely, in testes mutant in armi, a 

helicase, spn-E, or aub exhibited a reduction in Su(Ste) small RNAs (Vagin, 

Sigova et al. 2006). As expected by these results, steady state mRNA levels of 

Ste were increased in armi, spn-E, and aub mutant testes but not affected in dcr-

2, r2d2, or ago2 mutant testes (Vagin, Sigova et al. 2006).     Direct testing of 

transposon expression levels in male testes revealed similar requirements as for 

silencing of Ste: loss of armi, spn-E, aub, and the additional factor piwi resulted in 

increased expression of various retrotransposons, but loss of dcr-2, r2d2, and 

ago2 had no effect (Vagin, Sigova et al. 2006).  These genetic requirements 
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Table 1.2: Drosophila melanogaster genes involved in transposon regulation 

 
Gene Name 
(Abbreviation) 

Known/Proposed 
Function 

Tissue Lineage of 
Action 

Aubergine (aub) PIWI family member; 
cleavage of RNA 
transcripts 

Germline 

Spindle-E (spn-E) Helicase Germline 
Armitage (armi) Helicase Germline and Somatic 
PIWI (piwi) PIWI family member; 

cleavage of RNA 
transcripts 

Germline and Somatic 

Argonaute 3 (AGO3) PIWI family member; 
cleavage of RNA 
transcripts 

Germline 

Vasa (vasa) Helicase Germline 
Zucchini (zuc) Nuclease Germline and Somatic 
Squash Nuclease Germline 
Flamenco Genomic site for 

generation of transposon 
transcripts 

Somatic 

Yb (yb) Helicase Somatic 
Dicer-2 (dcr2) RNA Endonuclease Somatic 
Argonaute 2 (AGO2) PIWI family member; 

cleavage of RNA 
transcripts 

Somatic 
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for transposon regulation were found to be identical in the female germline 

(Vagin, Sigova et al. 2006).  Additionally, small RNAs specific to the roo 

retrotransposon were shown to physically associate with PIWI and AUB, but not 

AGO1, which is an Argonaute family protein known to function in the miRNA 

pathway (Vagin, Sigova et al. 2006). Small RNAs from other repeat sequences, 

such as copia, TART, and Responder, were also shown to associate with PIWI 

and not AGO1 in Drosophila ovaries (Saito, Nishida et al. 2006). These small 

RNAs from repeat sequences were termed repeat associated small inhibitory 

RNAs, or rasiRNAs, and later PIWI interacting RNAs or piRNAs.  In sum, these 

results led to the conclusion that transposons are silenced by a distinct pathway 

with some similarities to classical RNAi mechanisms. However, the specific 

genes required differ from those that are necessary for siRNA and miRNA 

biogenesis and function, leading to the conclusion that transposon silencing 

occurs via a similar but unique pathway.  

Multiple sequencing efforts have shown that some of the proteins 

described above as responsible for transposon regulation and small RNA 

production physically bind to transposon small RNAs (Brennecke, Aravin et al. 

2007; Nishida, Saito et al. 2007), indicating they have a direct role in their 

processing.  The majority of small RNAs associated with PIWI in Drosophila 

testes mapped to transposable elements and other types of repetitive 

sequences; similarly, PIWI associated small RNAs in Drosophila ovaries were 

also predominately mapped to repeat sequences (Saito, Nishida et al. 2006; 
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Nishida, Saito et al. 2007). Deeper sequencing efforts to characterize small 

RNAs associated with each Drosophia piwi protein (PIWI, Aubergine, and AGO3) 

revealed that all associated predominately with sequences from transposons 

(Brennecke, Aravin et al. 2007).  AUB was shown not to associate with known 

microRNA (miRNA) genes miR-310 and miR-186 in Drosophila ovaries (Nishida, 

Saito et al. 2007); additionally, sequencing of small RNAs associated with PIWI 

in Drosophila ovaries revealed no miRNAs (Saito, Nishida et al. 2006).  These 

results further confirm that AUB and PIWI function in a distinct pathway than that 

responsible for generation of miRNAs.  Other genes that are essential for 

transposon control in the Drosophila germline include vasa, a helicase (Vagin, 

Klenov et al. 2004), zucchini, and squash, both putative nucleases (Pane, Wehr 

et al. 2007). 

Aside from protein regulators, RNA has been implicated as a major factor 

in transposon regulation in Drosophila.  Experiments analyzing control of a 

retroviral element called gypsy identified a large genetic region essential for its 

regulation; this region was given the name flamenco (Prud'homme, Gans et al. 

1995).   Flamenco was mapped to the X chromosome initially, and then further 

localized by recombination and deficiency mapping to the 20A1-3 region in β-

heterochromatin (Prud'homme, Gans et al. 1995).  This same region was also 

identified as playing a role in regulation of the ZAM and Idefix retrotransposons, 

although the specific sequences regulating ZAM and Idefix were localized by 

deficiency mapping to a distinct region than that controlling gypsy (Desset, 
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Meignin et al. 2003).  One possible reason for this result may be distinct control 

sequences for different transposons occurr within specific regions of the broader 

flamenco locus.  In an attempt to characterize the flamenco locus, it was 

mutagenized by p-element insertion and flanking sequences were analyzed by 

chromosome walking (Robert, Prud'homme et al. 2001).  It was shown to contain 

mainly repetitive DNA, with some unique sequences comprising four genes; one 

of these genes, Dip1, is a nuclear protein with motifs to bind dsRNA and 

therefore appeared to be a good candidate for regulation of retrotransposons.  

However, genotypes permissive for gypsy expression were not rescued by Dip1 

transgenes, leading to the conclusion that Dip1 is not the flamenco component 

responsible for regulating gypsy expression (Robert, Prud'homme et al. 2001).  

Further evidence that gypsy is not regulated by a single repressor protein 

encoded by flamenco came from experiments in which multiple different 

deletions of the gypsy promoter region were fused to a lac-Z reporter gene and 

tested for sensitivity to regulation by flamenco: all were silenced in genetic 

backgrounds containing functional flamenco (Sarot, Payen-Groschene et al. 

2004).  Additionally, fusion of any of 3 different fragments from the gypsy 5’ UTR 

to a reporter gene resulted in silencing of the reporter gene in restrictive 

genotypes; however, sequence alignment of the deleted fragments revealed no 

discernable common sequence motif (Sarot, Payen-Groschene et al. 2004).  

Together, these results have led to the conclusion that there is no single cis-
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acting sequence regulating gypsy expression, making it unlikely that a protein 

factor is binding to directly regulate its expression.   

Mapping of small RNAs associated with PIWI, AUB, and AGO3 in 

Drosophila ovaries revealed that the majority localized to clusters at discrete 

locations within the genome; one of these clusters occurred at the flamenco 

locus (Brennecke, Aravin et al. 2007).   Further, gypsy expression was 

upregulated in flamenco mutant alleles generated by p-element insertions.  This 

upregulation correlated with a loss of piRNAs from the flamenco locus 

(Brennecke, Aravin et al. 2007), thereby providing a functional link between small 

RNAs generated by flamenco and repression of gypsy.  Flamenco was also 

functionally linked to PIWI, as 94% of uniquely mapping flamenco RNAs were 

shown to bind PIWI (Brennecke, Aravin et al. 2007).   

Together, these data support the following model for transposon 

regulation in Drosophila: the flamenco locus, as well as other distinct regions 

containing remnants of multiple defective transposon copies, are transcribed and 

the resulting RNAs are processed, thereby generating small RNAs with 

complementarity to a wide variety of transposons.  These small RNAs bind to 

Drosophila PIWI proteins and direct them via sequence homology to cognate 

transposon transcripts generated from multiple locations in the Drosophila 

genome.  PIWI proteins direct the degradation of these transposon transcripts, 

thereby effectively silencing their expression.  Thus, a few genomic locations 

(flamenco and other piRNA clusters) control the expression of all Drosophila 
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transposons with sequence similarity by an RNA mediated mechanism distinct 

from other small RNA regulatory processes.  This model is depicted in Figure 

1.2.  Interestingly, a similar model has been proposed for the silencing of MuDR 

DNA transposons in maize: transcription of the Mu killer (MuK) locus, composed 

of defective copies of the MuDR transposon sequence, and subsequent 

processing into small RNAs functions to downregulate transcript levels of all 

MuDR copies (Slotkin, Freeling et al. 2003).  A key difference between this 

pathway in maize and that of Drosophila is that, as described above, plant 

transposon RNAs target DNA methylation to homologous genomic sequences, 

which has not been exhibited in Drosophila. However, the existence of a 

common theme in that genomic loci containing copies of defective transposons 

can generate transcripts and small RNAs that can function to silence active 

genomic elements throughout the genome suggests that some components of 

transposon regulation pathways are conserved. 

 

Transposon regulation in C. elegans 

 

 Genetic screens have been useful in determining genes responsible for 

transposon regulation in the nematode C. elegans. Such studies have focused 

primarily on regulation of the Tc1 transposon, which is one of the most active 

transposable elements in C. elegans (Bessereau 2006).   Many genetic studies 

on transposon regulation in C. elegans utilize a system in which a Tc1 element is 
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inserted into a gene controlling muscle development and movement, such as the 

unc-54 gene, which encodes the myosin heavy chain (Collins, Saari et al. 1987).  

Animals containing Tc1 insertion alleles in certain unc genes are uncoordinated 

and exhibit muscle twitching.  Genetic screens that assay for rescue of the 

twitching phenotype are capable of recovering mutations that caused increased 

excision of Tc1 from the unc gene of interest, which therefore are candidate 

genes controlling transposon activity.  Because the uncoordinated phenotype is 

recessive, excision of the Tc1 transposon from one copy of the unc gene is 

sufficient to alleviate twitching; therefore, mutants reverting to a wildtype  

phenotype can be recovered in the F1 generation.  The ease and speed of 

phenotypic screening and applicability to the question of interest make this an 

attractive system for analysis of transposon regulation in C. elegans.  

 Variation exists between commonly used laboratory strains in terms of the 

degree of naturally occurring transposition: Tc1 transposition is rare in the Bristol 

strain, but a common event in the Bergerac strain. One of the first screens to use 

the unc system did so with Tc1 insertions in the unc-54 gene in the Bergerac 

background.  These experiments yielded mutations in three different genes, 

termed “mutator” genes named mut-1, mut-2, and mut-3, which gave a greater 

percentage of revertants of the unc-54 phenotype than average for the Bergerac 

strain.  Each of these revertants was confirmed to result from excision of Tc1 

from one copy of unc-54 (Collins, Saari et al. 1987).  An additional study to 

broadly define genetic regions controlling transposon mobility generated hybrid 
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Figure 1.2 

 
 

 
 
 
Figure 1.2: Model for transposon silencing in Drosophila melanogaster.   
Flamenco is transcribed as one long transcript, which is processed by unknown 
mechanisms into primary piRNAs.  These piRNAs then target transcripts from 
genomic copies of transposons for degradation by PIWI proteins.  Thus, 
transcripts from transposable elements are effectively silenced at the post-
transcriptional level. Different transposon sequences are represented by different 
colors, PIWI proteins are depicted in black. 
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strains between Bergerac and Bristol, and mapped regions of mutator activity 

based on polymorphisms between the two parental strains (Mori, Moerman et al. 

1988).  These experiments used Tc1 insertions in unc-22 rather than unc-54 but 

operated on the same principle: animals reverting from the uncoordinated 

phenotype were likely to do so by excision of Tc1 from the gene.  This screen 

unveiled three more genes playing a role in transposon regulation, which were 

termed mut-4, mut-5, and mut-6 (Mori, Moerman et al. 1988).  The biological 

functions of mut-1 through mut-6 have yet to be elucidated save for mut-2, which 

has been shown to have nucleotidyltransferase activity (Chen, Simard et al. 

2005).  

 More recent screens in C. elegans have been performed to identify genes 

responsible for the general process of RNAi; some of the genes isolated in such 

experiments have also been shown to play a role in transposon regulation.  One 

EMS screen to discover mutants insensitive to RNAi revealed mutations in four 

different genes: rde-1, rde-2, rde-3, and rde-4 (Tabara, Sarkissian et al. 1999).  

Testing each of these mutants for reversion of Tc1 insertions within the unc-22 

gene showed that rde-2 and rde-3 were able to activate transposition whereas 

rde-1 and rde-4 were not (Tabara, Sarkissian et al. 1999), indicating that not all 

genes responsible for the general process of RNAi mediated gene knockdown 

also play roles in transposon regulation.  rde-3 has been shown to be the same 

gene previously identified as mut-2 (Chen, Simard et al. 2005).  A similar EMS-

based screen identified mutations in a seventh gene, mut-7, that activated not 
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only Tc1 transposons but also other family members Tc3, Tc4, and Tc5, 

indicating that multiple transposons can be regulated by a single genetic 

mechanism in C. elegans (Ketting, Haverkamp et al. 1999).  mut-7  was also 

shown to play a role in general RNAi and therefore is not specific to transposon 

regulation; molecular characterization revealed it to be a homolog of RNAseD, 

which is a 3’ to 5’ RNA exonuclease (Ketting, Haverkamp et al. 1999), showing 

that RNA degradation is an essential part of transposon regulation in C. elegans 

as it is in Drosophila.  A genome-wide RNAi screen to directly test for genes 

involved in transposon regulation was carried out; this screen unveiled 27 genes 

that were successful in generating revertants of unc-22 Tc1 insertions 

(Vastenhouw, Fischer et al. 2003).  These genes were grouped into three 

general categories: genes with a known mitochondrial function, genes involved in 

ribosome biogenesis and translation, and a group of genes of diverse function 

(Vastenhouw, Fischer et al. 2003).  Notably, ppw-2 was uncovered in this screen 

and was the first example of an Argonaute family member shown to play a role in 

transposon regulation in C. elegans (Vastenhouw, Fischer et al. 2003).  

Together, these findings led to the conclusion that transposon control in C. 

elegans, like in Drosophila, occurs by an RNAi like mechanism that contains 

some elements overlapping with “classical” RNAi as well as some unique 

components. 

 Evidence that transposons are transcribed and generate small RNAs in C. 

elegans is essential to a model wherein they are controlled by an RNAi-like 
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pathway.  Indeed, dsRNA and small RNAs ranging in size from 20-27 nt to the 

terminal inverted repeat (TIR) of the Tc1 sequence have been detected in C. 

elegans (Sijen and Plasterk 2003).  Mutants defective in transposon silencing 

were shown to exhibit a reduction in these small RNAs, whereas mutants 

defective in general RNAi but not transposon silencing did not (Sijen and Plasterk 

2003), indicating that small RNAs against transposon sequences correlate with 

transposon silencing.  Further, placement of TIR sequences within the 

transcribed portion of GFP:histone 2B transgenes result in silencing of the 

transgene in wildtype, but not in animals with transposon silencing mutants (Sijen 

and Plasterk 2003). Conversely, placement of TIR sequences 3’ to the 

transcription stop site did not result in transgene silencing in wildtype animals, 

leading to the conclusion that transposon sequences are targeted for silencing at 

the RNA, not the DNA level (Sijen and Plasterk 2003). 

 More recent experiments designed to investigate all small RNA classes 

within C. elegans confirmed that small RNAs do exist within C. elegans that are 

similar to piRNAs in other animals.  Classes of small RNAs that have been 

shown to regulate transposons in C. elegans are described in Table 1.1.  A class 

of small RNAs termed 21-U RNAs was found to exist and be dependent on a 

PIWI related gene, prg-1, for their biogenesis (Das, Bagijn et al. 2008; Wang and 

Reinke 2008).  A second PIWI related gene, piwi-2, was found not to be essential 

for 21-U RNA abundance (Wang and Reinke 2008).  Further experiments 

confirmed a role for prg-1 in accumulation of 21-U RNAs and showed that the 
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prg-1 protein interacts directly with them (Batista, Ruby et al. 2008; Das, Bagijn 

et al. 2008).  Further, miRNAs were shown not to interact with PRG-1 (Batista, 

Ruby et al. 2008) or be affected in prg-1 mutants, indicating a specific role for 

PIWI proteins in accumulation and interaction with the specific class of 21-U 

RNAs (Das, Bagijn et al. 2008).  Mutants in genes critical for siRNA and miRNA 

processes in C. elegans did not affect piRNA expression (Das, Bagijn et al. 

2008).  prg-1 has also been shown to be essential for silencing of the Tc3  

transposon, but not Tc1; furthermore, Tc3 small RNAs were found to be 

dramatically reduced in prg-1 mutants (Das, Bagijn et al. 2008).  Together, these 

results indicate a connection between prg-1, 21-U RNAs, and silencing of 

specific transposable elements in C. elegans. 

Deep sequencing efforts of small RNAs in C. elegans revealed that most 

21-U RNAs mapped predominately to two regions of Chromosome IV (Ruby, Jan 

et al. 2006).  Clustering of 21-U RNAs to distinct regions within the genome, as 

well as interaction with RNA processing proteins that do not play a role in siRNA 

and miRNA biogenesis, make this class of small RNAs similar to the piRNAs 

discovered in Drosophila (discussed above).  Additionally, the preference for a 5’ 

uracil is a common feature of piRNAs of various other species (Girard, 

Sachidanandam et al. 2006; Brennecke, Aravin et al. 2007).  Therefore, 21-U 

RNAs are, in some respects, good candidates for the piRNAs of C. elegans. 

However, 21-U RNA sequences are not enriched for transposons (Wang and 

Reinke 2008); rather, another class of small RNAs termed 22G-RNAs, are (Gu, 
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Shirayama et al. 2009).   22-G RNAs were shown to match both transposon 

sequences and gene specific sequences (Gu, Shirayama et al. 2009). Genes 

that were previously identified as important in control of transposons, rde-3 and 

mut-7, were shown to be required for biogenesis of 22-G RNAs; similarly, genes 

that were shown to mediate sensitivity to general RNAi processes but not play a 

role in transposon regulation, rde-4 and rde-1, were not essential for the 

accumulation of 22-G RNAs.  Analysis of the specific sequences of 22-G RNAs 

depleted in rde-3, mut-7, and another gene shown to be critical for 22-G RNA 

accumulation, wago-1, an Argonaute family protein, revealed that sequences 

matching genes were not significantly depleted, whereas sequences matching 

transposons were; further, 22G-RNAs were shown to physically interact with 

WAGO-1 (Gu, Shirayama et al. 2009).  Together, these results indicate that the 

22-G class of small RNAs are also good candidates for the piRNAs of C. 

elegans; however, their characteristics (genomic distribution, size, sequence 

characteristics) differ from small RNAs regulating transposons in Drosophila.  It is 

interesting to speculate that both 21-U and 22-G RNAs play a role in transposon 

regulation in C. elegans in heretofore undefined ways: for example, one class 

may be critical for the biogenesis of the other.  In support of this idea, a positional 

effect has been observed in which antisense 22-G RNAs map downstream of 21-

U RNA loci, and their abundance is reduced in piwi mutants (Das, Bagijn et al. 

2008).  Further studies are necessary to determine how these two classes of 

small RNAs may function together to regulate transposons in C. elegans. 
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Transposon regulation in mouse 

 

 Just like in the invertebrate model systems, the PIWI family of Argonaute 

proteins has been shown to play essential roles in transposon regulation in the 

mouse.  Three piwi proteins exist in mouse: MIWI, MILI, and MIWI2.  miwi2 and 

mili mutants have been shown to exhibit increases in steady state levels of 

retrotransposon transcripts in the male germline (Aravin, Sachidanandam et al. 

2007; Carmell, Girard et al. 2007). Additionally, MIWI and MILI have both been 

shown to bind small RNAs of roughly 30 nt in length, also in the male germline 

(Aravin, Gaidatzis et al. 2006; Girard, Sachidanandam et al. 2006); The 

abundance of these piRNAs has been shown to be drastically reduced in miwi  

and mili mutant testes, indicating a role for both proteins in their biogenesis 

(Grivna, Beyret et al. 2006; Aravin, Sachidanandam et al. 2007). Together, these 

results have led to the conclusion that mouse piwi proteins play a role in 

transposon regulation through a small RNA mediated mechanism. 

 Mapping of piRNAs associated with MILI and MIWI to the mouse genome 

revealed that they arose from distinct clusters in the genome (Aravin, Gaidatzis 

et al. 2006); (Girard, Sachidanandam et al. 2006; Aravin, Sachidanandam et al. 

2007).  Detection of the primary transcript from one such cluster occurred in 

independent experiments analyzing meiotic RNA species binding to a known 

mRNA transport protein called Translin: this cluster was termed Nct1 and was 

shown by sequencing to be a source of piRNAs abundant in the male germline; a 
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second cluster with partial homology, Nct2, was located nearby (Iguchi, Xu et al. 

2007).  Deletion of Nct1/2, which contains sequences homologous to LINE-1 

retrotransposon sequences, resulted in increased LINE-1 transcripts and a loss 

of piRNAs mapping to this specific cluster (Xu, You et al. 2008).  Intracisternal A 

Particle (IAP) elements, a mouse specific SINE that are not found within the 

deleted cluster, were not affected, leading to the conclusion that specific classes 

of retrotransposons are regulated from different genomic regions, and that 

specificity is driven by sequence homology (Xu, You et al. 2008).  Sequencing of 

piRNAs in mouse testes revealed that not all map to repetitive DNA elements: 

they have been shown to also map to intergenic and RNA coding sequences, 

both intronic and exonic; additionally, they have been shown to exhibit a strong 

strand bias (Girard, Sachidanandam et al. 2006; Grivna, Beyret et al. 2006; 

Aravin, Sachidanandam et al. 2007). Comparison of MILI associated piRNAs at 

different meiotic stages showed differences in genomic sequences from which 

they originated: pre-pachythene piRNAs were more enriched for transposons 

than pachythene piRNAs (Aravin, Sachidanandam et al. 2007).  These results 

suggest that, because piRNAs are developmentally controlled in mouse meiosis, 

specific sequences regulated by piRNAs may in turn be developmentally 

controlled through stage specific piRNA biogenesis. 

 Additional sequencing efforts confirmed the existence of small RNAs 26-

30 nt in size in mouse testes; interestingly, sequencing of small RNAs from the 

mouse female germline revealed that repeat derived small RNAs are smaller and 
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range in size from 20-24 nt (Watanabe, Takeda et al. 2006).  Additionally, 

retrotransposon derived small RNAs did not exhibit a strand bias in the ovary 

(Watanabe, Takeda et al. 2006).  These discrepancies between the male and 

female germlines of the mouse lead to the hypothesis that regulation of 

transposons and/or biogenesis of retrotransposon specific small RNAs occurs by 

different mechanisms in testes and ovaries.  Other deep sequencing experiments 

of mouse oocyte small RNA populations has revealed the presence of 

transposon derived small RNAs in both the 25-31 nt class, as well as the 21-24 

nt class (Tam, Aravin et al. 2008; Watanabe, Totoki et al. 2008).  Additionally, a 

Dicer knockout increased steady state transcript levels of two specific types of 

retrotransposons, LTR 10 (RLTR10) and mouse transcript A (MTA) in mouse 

oocytes, and mili mutant oocytes exhibited an increase in expression of 

intracisternal-A particle (IAP) retrotransposons (Watanabe, Totoki et al. 2008). 

These results lead to the hypothesis that retrotransposons may be processed by 

both the siRNA and piRNA pathway in mouse oocytes; reminiscent of the C. 

elegans system, in which there is evidence for two distinct classes of small 

RNAs, each with characteristics that make them similar to the piRNA/rasiRNA 

class of small RNAs in Drosophila (discussed above).  
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Transposon regulation in human cells 

 

 Evidence for the existence of mechanisms to control transposons in 

human cells has begun to accumulate.  One of the earliest studies into 

retrotransposon expression and associated small RNAs in human cells focused 

on LINE-1 retrotransposons and showed that these elements are bidirectionally 

transcribed from the promoter region, which results in small RNAs approximately 

21 nt in size (Yang and Kazazian 2006).  Dicer knockdown cells exhibited a loss 

of these LINE-1 small RNAs, and loss of the promoter region that is 

bidirectionally transcribed resulted in increased transposition (Yang and 

Kazazian 2006).  Together, these results indicate that human cells have an 

active mechanism to suppress transposon expression involving small RNA 

pathways. Deep sequencing of small RNAs from human testes revealed the 

presence of piRNAs roughly 29-30 nt in size (Girard, Sachidanandam et al. 

2006); the size discrepancy observed between these and LINE-1 small RNAs in 

human cell culture could reflect that different mechanisms exist to process 

repetitive element transcripts in germline and somatic cells.  Such differences 

could be brought about by the apparent restriction of expression of PIWI proteins 

in humans to germline cells. One compelling idea brought about by this literature 

synthesis is that perhaps the siRNA/miRNA pathways act as the primary 

mechanism to repress transposon activity in somatic cells, as PIWI proteins are 

either not present or are present in reduced amounts such that a “back up” 
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mechanism is necessary to regulate transposon expression.  Small RNA deep 

sequencing experiments in HeLa cells support a dual mechanism for the piRNA 

pathway and siRNA/miRNA pathway for transposon regulation: HeLa cells 

overexpressing HILI, one of four human PIWI proteins, exhibited a decrease in 

LINE-1 mRNA transcripts (Lu, Li et al. 2010), indicating that PIWI proteins can 

function to downregulate transposons in human somatic cells.  Knockdown of 

HILI, however, caused an increase in 18-20 nt LINE-1 small RNAs by almost 3 

fold relative to cells expressing wildtype levels of HILI protein (Lu, Li et al.).  The 

shift in size of repeat element small RNAs upon loss of PIWI protein expression 

supports the idea that other small RNA pathways can function to downregulate 

transposon transcripts in the absence of PIWI proteins. 

Further evidence for retrotransposon transcription in human cells comes 

from a Cap Analysis of Gene Expression (CAGE) analysis to define, in a high 

throughput manner, transcription start sites of all genes in multiple human tissue 

types.  These experiments showed that 31.4% of all human transcripts initiate 

within various types of repetitive elements; the proportion that initiated 

specifically within retrotransposons varied between tissue types and was highest 

in embryonic tissues, at 16% (Faulkner, Kimura et al. 2009).  These experiments 

also show that the degree of transcription from specific types of repetitive 

elements is tissue specific in both mouse and human (Faulkner, Kimura et al. 

2009).  This result leads to the hypothesis that retrotransposons may play 
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important roles in establishment and/or maintenance of cell differentiation 

(discussed below).    

 

Mechanisms of piRNA biogenesis 

 

 The finding that Dicer is not essential for piRNA abundance in model 

organisms (discussed above) has led to the hypothesis that piRNA biogenesis 

differs from that of small RNAs in the siRNA and miRNA class, for which Dicer is 

required.   Further supporting this idea is the finding that piRNAs map 

predominantly to one strand of genomic DNA at the locus from which they 

originate (Girard, Sachidanandam et al. 2006; Brennecke, Aravin et al. 2007), 

and structural folding software has shown no propensity for hairpin or other 

secondary structures that would occur in unidirectional piRNA primary 

transcripts. siRNA and miRNAs are processed from a dsRNA or hairpin 

intermediate, respectively. Should piRNAs originate by a similar mechanism, they 

would map to both strands of genomic DNA or show evidence for extensive 

secondary structure when transcribed unidirectionally. 

 A model for piRNA biogenesis in Drosophila has been proposed and 

involves alternate binding of sense and antisense piRNAs to AGO3 and 

PIWI/AUB, respectively, followed by cleavage of the complementary transcript 

through the slicer activity of each enzyme (Brennecke, Aravin et al. 2007).  Deep 

sequencing of piRNAs associated with each of the three PIWI enzymes in 
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Drosophila (AUB, AGO3, and PIWI) revealed that PIWI and AUB preferentially 

associated with piRNAs mapping to the antisense strand of transposons, 

whereas AGO3 associated predominantly with piRNAs from the sense strand 

(Brennecke, Aravin et al. 2007).  Examination of the sequence characteristics of 

sense and antisense piRNAs revealed that the distance between the 5’ end of 

complementary piRNAs was most frequently ten nucleotides; further, while 

antisense oriented piRNAs have a strong bias for a 5’ uridine, the tenth 

nucleotide of sense oriented piRNAs exhibit a strong preference for adenine 

(Brennecke, Aravin et al. 2007; Gunawardane, Saito et al. 2007).  The sense 

orientation of piRNAs associated with AGO3, as well as their preference for an 

adenine at the tenth position, was confirmed by independent sequencing 

experiments of AGO3 associated small RNAs (Gunawardane, Saito et al. 2007).  

These observations support a model wherein antisense piRNA primary 

transcripts occur and are processed, generating antisense piRNAs which bind to 

AGO3 or PIWI.  These antisense piRNA/enzyme complexes then target sense 

oriented piRNA primary transcripts and cleave them ten nucleotides in the 5’ 

direction internally to the piRNA/sense transcript binding region, generating 

sense oriented transposon transcript with a defined 5’ end and an adenine at its 

tenth position.  The 3’ end of this sense transposon transcript is then processed 

by an unknown mechanism, and the resulting sense piRNA loaded onto AGO3. 

This fully processed sense oriented piRNA is called a secondary piRNA.  The 

piRNA/AGO3 complex then goes on to direct cleavage of antisense transposon 
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transcripts arising from piRNA clusters, again cleaving them ten nucleotides in 

the 5’ direction, resulting antisense piRNAs with a preference for a 5’ uracil.  The 

3’ end of the processed antisense transposon transcript is subsequently 

processed, again by an unknown mechanism, and is loaded onto PIWI or AUB 

as a mature antisense piRNA to complete the cycle and begin a new round of 

piRNA biogenesis.  AUB, AGO3, and PIWI have all been shown to exhibit slicer 

activity (Saito, Nishida et al. 2006; Gunawardane, Saito et al. 2007; Nishida, 

Saito et al. 2007), indicating that cleavage at the 5’ end of newly formed piRNAs 

can occur without the requirement of another associated protein.  This model, 

termed the “ping-pong model” and depicted in Figure 1.3 (Brennecke, Aravin et 

al. 2007; Gunawardane, Saito et al. 2007), was the first to describe how piRNAs 

can be generated without the necessity for a dsRNA or hairpin RNA intermediate.  

Notably, it does require that some sense transcription from transposons occurs; 

however, there is a strong bias for an antisense orientation in piRNAs obtained 

from total RNA extractions (Brennecke, Aravin et al. 2007), indicating that the 

level of steady state sense transposon transcripts must somehow be kept low 

enough to prevent transposition but at sufficient levels to contribute to the ping-

pong mechanism of transposon suppression.   

 Analysis of mouse germline piRNAs revealed similar sequence 

characteristics as was found for those in Drosophila: the 5’ ends of sense and 

antisense piRNA partners were separated by ten nucleotides, there was a 

preference for adenine at the tenth position in sense-derived piRNAs whose 
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antisense partner began with a 5’ uridine, and this preference was lost for sense 

partners of uniquely mapping antisense piRNAs, which do not retain a preference 

for a 5’ uridine (Aravin, Sachidanandam et al. 2007).  These sequence 

characteristics have led to the hypothesis that the ping-pong mechanism of 

piRNA biogenesis is conserved and functions in the mouse germline as well.  In 

support of this hypothesis, analysis of transposon-derived piRNAs in mouse 

revealed that MILI binds predominantly sense piRNAs and MIWI2 binds both 

sense and antisense piRNAs; further, MILI has been shown to bind primarily to 

primary piRNAs, whereas MIWI2 exhibits about a 2-fold enrichment in secondary 

piRNAs (Aravin, Sachidanandam et al. 2008).  Together, these data support the 

idea that MILI and MIWI2 play roles similar to the PIWI proteins in Drosophila in 

the ping pong model for piRNA production. 

  

Transposon expression in somatic cells 

 

 Until recently, it was widely believed that in animals post-transcriptional 

transposon control by an RNAi-like mechanism was restricted to germline 

tissues, and that these elements were silenced transcriptionally by DNA 

methylation and heterochromatic modifications within the soma. However, recent 

emerging evidence indicates that transposons are expressed and generate small 

RNAs in the somatic cells of Drosophila as well as other animals. Additionally, 
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Figure 1.3 

 
 

 
 
  
 
 
Figure 1.3: Ping-pong model for piRNA biogenesis in Drosophila melanogaster 

(Brennecke, Aravin et al. 2007) 
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the protein components required for regulating transposon expression have been 

shown to differ between the germline and soma of Drosophila.  Some of the 

earliest studies in this regard attempted to define differences in transposon 

control between somatic cells and germline cells of the Drosophila ovary, which 

is composed of an oocyte and nurse cells (germline) as well as follicle cells 

(somatic).  Interestingly, it was shown that specific transposons generate differing 

amounts of piRNAs in somatic cells vs. germline cells: for example, LTR 

elements such as ZAM and gypsy generate abundant piRNAs in somatic cells 

but not germline cells (Malone, Brennecke et al. 2009).  Analysis of the genetic 

requirements for the generation of germline specific and somatic specific piRNAs 

revealed that many genes previously described as playing a role in transposon 

control did not affect somatic piRNA levels: squash, armi, aub, spn-E, and vasa 

mutants significantly reduced germline specific piRNAs but had little to no effect 

on somatic piRNA levels.  Mutants in piwi and zuc exhibited reduction in both 

germline and somatic piRNAs, and flamenco mutations resulted in loss of only 

somatic piRNAs (Malone, Brennecke et al. 2009).   Ago3 mutants similarly 

showed no loss of piRNAs from somatically expressed transposons (Li, Vagin et 

al. 2009).  Additionally, it was observed that many elements contributing piRNAs 

specifically within the somatic cell population are controlled by flamenco, 

whereas elements controlled by other genomic piRNA clusters contribute more 

significantly to the germline pool of piRNAs (Malone, Brennecke et al. 2009).  

Elements that were not affected in ago3 mutants also mapped predominantly to 
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flamenco (Li, Vagin et al. 2009), indicating that flamenco may play a critical role 

specifically in somatic transposon repression.  Analysis of transposons known to 

generate piRNAs that bind with a strong bias to PIWI, as opposed to AUB and 

AGO3, showed a strong correlation with somatically expressed transposons 

(Malone, Brennecke et al. 2009).  Interestingly, ectopic expression of AGO3 in 

the somatic cells of the Drosophila ovary led to de-repression of somatically 

expressed gypsy (Li, Vagin et al. 2009).  It was hypothesized that, while AGO3 

competes with PIWI for gypsy piRNAs, it cannot perform the same role as PIWI 

in downregulation of somatic transposons; this hypothesis predicts that PIWI has 

specific functions in somatic regulation of transposons that AGO3 does not 

share. Together, these data have led to a model wherein somatic control of 

transposons occurs through flamenco and PIWI in a pathway distinct from that 

occurring within germline cells (Malone, Brennecke et al. 2009).  Notably, 

biogenesis of piRNAs within somatic cells is not predicted to occur by the ping-

pong model (described above): searching for ping-pong signature elements in 

piRNAs derived predominantly in somatic cells revealed that they lacked 

predicted sequence characteristics that would arise by the ping-pong 

amplification cycle (Malone, Brennecke et al. 2009).     

 A screen to identify genes specific to somatic control of transposons used 

RNAi knockdown driven specifically in Drosophila ovarian follicle cells and 

assayed for de-repression of the gypsy retroviral element (Olivieri, Sykora et al. 

2010).  Loss of piwi, armi, and zucchini resulted in expression of gypsy in follicle 
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cells; however, knockdown of spn-E, aub, vasa, and squash did not (Olivieri, 

Sykora et al. 2010), indicating that some genes previously known to function in 

transposon silencing in the germline (spn-E, aub, vasa, and squash) were 

dispensable for regulation of these elements in somatic cells.  Some genes (piwi 

and armi), on the other hand, appeared to play roles in both germline and 

somatic regulation.  An additional factor, yb, a putative RNA helicase, was also 

shown to be essential for somatic silencing of transposons (Olivieri, Sykora et al. 

2010).  Transposons previously shown to be expressed predominately in somatic 

cells were upregulated in piwi, armi, zuc, and yb mutant ovaries; however, 

transposons expressed primarily in germline cells were not.  Interestingly, PIWI 

bound piRNAs mapping to the flamenco cluster were specifically depleted in piwi, 

armi, zuc, and yb knockdown ovaries; other depleted piRNAs were those that 

mapped to somatically expressed transposons, but not germline expressed 

transposons, further confirming a role for these genes in somatic regulation of 

transposon regulation (Olivieri, Sykora et al.),. 

 Analysis of other Drosophila tissues and cell lines has confirmed the 

presence of piRNAs in somatic tissues; intriguingly, it seems that it is a 

combination of both the piRNA and siRNA pathways that function to regulate 

transposons in these analyzed cell types.  The ovary somatic sheet (OSS) cell 

line is postulated to be composed of a homogenous population of ovarian 

somatic cells and has been shown to express PIWI and only primary piRNAs, 

which would be expected of somatic cells lacking ping-pong amplification 
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mechanism (Lau, Robine et al. 2009).  Deep sequencing of small RNAs in OSS 

cells revealed the presence of transposable element derived sequences in the 

21-nt class, indicating that some transposable element transcripts are processed 

by the siRNA pathway rather than the piRNA pathway in this cell type (Lau, 

Robine et al. 2009). piRNAs were also shown to be present and map to 

transposable elements in OSS cells; their abundance was also shown to be 

almost twice as high as total miRNAs (Lau, Robine et al. 2009). Interestingly, 

genomic locations of piRNA clusters differed in OSS cells compared to ovaries 

(Lau, Robine et al. 2009). Additionally, different transposable elements were 

shown to generate different amounts of siRNAs relative to piRNAs, as defined by 

size class (Lau, Robine et al. 2009), indicating there may be a sequence 

specificity to which pathway particular transposable elements are processed by. 

Notably, transposable element derived siRNAs did not exhibit a large 

antisense bias, as was shown for piRNAs (Chung, Okamura et al. 2008; 

Ghildiyal, Seitz et al. 2008; Kawamura, Saito et al. 2008; Lau, Robine et al. 

2009), indicating that transposable element processing by the siRNA pathway 

may occur by a dsRNA intermediate.  Transposable element derived siRNAs 

have also been shown to occur in Drosophila adult heads, S2 cells, and Kc cells 

(Chung, Okamura et al. 2008; Ghildiyal, Seitz et al. 2008).  Clustering of 

transposable element siRNAs revealed some overlap with piRNA clusters 

(Chung, Okamura et al. 2008; Czech, Malone et al. 2008; Kawamura, Saito et al. 

2008), indicating that the same genomic region can give rise to both classes of 
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transposon small RNAs (Brennecke, Aravin et al. 2007).  Analysis of genetic 

requirements for siRNAs mapping to transposable elements revealed 

requirements for dcr-2 and ago-2 (Chung, Okamura et al. 2008), further 

confirming their processing by the known siRNA pathway.  Roles for dcr-2 and 

ago-2 in production of transposon-derived siRNAs have been confirmed by 

independent experiments (Czech, Malone et al. 2008; Kawamura, Saito et al. 

2008), and analysis of AGO2 bound small RNAs in S2 cells revealed the 

presence of transposon and other repeat associated sequences (Kawamura, 

Saito et al. 2008).  In summary, these data have led to the conclusion that the 

siRNA pathway functions to regulate transposable elements in collaboration with 

the piRNA pathway in Drosophila somatic cells (Chung, Okamura et al. 2008).  

In addition to Drosophila somatic cells, there is evidence to indicate that 

the piRNA pathway is functional in mammalian somatic tissues. Analysis of 

mouse and rhesus macaque revealed the presence of piRNA-like small RNAs 

(pilRNAs): small RNAs in the correct size range and with the correct sequence 

characteristics (ie preference for 5’ uridine) were shown to occur in various 

somatic tissue types (Yan, Hu et al.).  While the abundance of piRNAs in somatic 

cells was low relative to piRNAs in the germline, their occurrence and the finding 

that PIWIL2 and PIWIL4 are expressed at detectable levels in certain rhesus 

macaque tissues (Yan, Hu et al.) indicates that the piRNA pathway may operate 

in mammalian somatic cells.  A cooperation between the siRNA and piRNA 

pathway for regulation of transposons has been indicated in the mouse ovary 
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(Watanabe, Takeda et al. 2006) discussed above); however, transposon-derived 

siRNAs, and therefore evidence for a cooperation of these pathways in 

mammalian somatic cells, has not been reported. 

 

Consequences of disregulation 

 

Deregulation of transposons has been linked to various biological 

phenomena and is starting to be recognized as a factor in the etiology of certain 

human diseases.  Below I discuss one of the most well-studied consequences of 

transposon deregulation in Drosophila, hybrid dysgenesis, as well as newly 

emerging links to human pathologies. 

 

  Hybrid dysgenesis 

 

 Hybrid dysgenesis is a term used to describe the observations that hybrid 

progeny between different Drosophila strains exhibit a syndrome of phenotypes 

that are induced in a non-reciprocal manner and do not occur in non-hybrid 

progeny of the same parental strains (Kidwell, Kidwell et al. 1977).  Two types of 

hybrid dysgenesis have been described in Drosophila: P-M hybrid dysgenesis 

(Kidwell, Kidwell et al. 1977) and I-R hybrid dysgenesis (Picard 1976).  In P-M 

hybrid dysgenesis, Drosophila strains are classified as P or M, according to 

whether they produce dysgensis when contributing to the next generation 
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paternally (P) or maternally (M) (Kidwell, Kidwell et al. 1977).  M strain females 

crossed to P strain males were shown to cause the phenotypes typical of 

dysgenesis, such as an increased mutation rate, sterility, male recombination, 

chromosomal aberrations, local increases in female recombination rate, and 

chromosomal non-disjunction (Kidwell, Kidwell et al. 1977). However, P strain 

females crossed to M strain males did not yield progeny with these phenotypes; 

this non-reciprocality was thought to be caused by a cytoplasmic factor 

interacting with a chromosomal factor of the different strain (Kidwell, Kidwell et al. 

1977).  Drosophila strains participating in I-R hybrid dysgenesis are classified as 

either inducer (I) or reactive (R) strains.  Like P-M hybrid dysgenesis, R strain 

females crossed to I strain males give rise to sterile female progeny, but the 

reciprocal cross does not (Picard 1976).  The heritability of the “R factor”, or 

resistance to hybrid dysgenesis, was also assumed to be cytoplasmic (Picard 

1976).  It was noted that when chromosomes of I strain and R strain origin come 

together in heterozygous progeny, R strain chromosomes undergo an irreversible 

change and become inducers (Picard 1976).  Addtionally, inheritance of the “P-

factor” and the “I-factor” was shown to occur from all of the three major 

chromosomes rather than one genetic locus (Picard 1976, Picard 1979).  The 

above observations led to the “P-factor” hypothesis, which stated that hybrid 

dysgenesis is caused by a dispersed repetitive transposable element family, the 

“P-factor family,” which is present in P strains and absent in M strains and that 

the capability for P-factors to transpose is activated in the progeny of males 
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carrying the P-factor crossed to females lacking the P-factor (Bingham, Kidwell et 

al. 1982).  Several genetic tests were designed to test this hypothesis.  For 

example, one supposition of this model is that de-novo mutations induced in 

hybrid progeny should be insertions of the activated transposable elements.  This 

was indeed shown to be the case in P-M dysgenic progeny: mutations of the 

white gene in such animals were shown to be caused by insertions that varied in 

size but were all homologous in sequence (Rubin, Kidwell et al. 1982).   Further 

testing of the sequence responsible for insertional mutations revealed it to be 

repetitive in nature and found only in P strains, not M strains (Bingham, Kidwell et 

al. 1982).   

 Similar to the above experiments in the P-M hybrid dysgenesis system, 

multiple mutations of the white gene in the dysgenic progeny of I-R crosses were 

all shown to be caused by 5.4 kb insertions of identical sequence (Bucheton, 

Paro et al. 1984), indicating that crossing of I strains and R strains also activates 

transposable elements.  Analysis of the sequence comprising the white insertions 

revealed it to be a repetitive sequence found in both reactive and inducer strains; 

however, it was found at higher copy number in the inducer strains (Bucheton, 

Paro et al. 1984).  Further investigation showed that both reactive and inducer 

strains contained I-element sequences within the chromocenter of the nucleus, 

but additional I-element sites on the chromosome arms were detected only in the 

inducer strains (Bucheton, Paro et al. 1984).  These results led to the hypothesis 

that, while R strains do contain I-element sequences, they are not actively 
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expressed and therefore introduction of functional I-elements into R strains from I 

strains result in dysgenesis (Bucheton, Paro et al. 1984).  This hypothesis raises 

the conundrum that repetitive sequences must be expressed to be functionally 

regulated.   

Once piRNAs were discovered in Drosophila, and were shown to target 

repetitive elements for downregulation, a study was undertaken to see if piRNAs 

could serve the role of the cytoplasmic factor mediating resistance to the 

introduction of active transposable elements.  Analysis of the piRNA content in 

ovaries of inducer and reactive strains revealed that I-element sequences were 

drastically reduced in reactive strains compared to inducer strains (Brennecke, 

Malone et al. 2008).  Comparison of ovarian and embryonic libraries revealed 

that maternal deposition of piRNAs occurs, and analysis of embryonic piRNAs 

revealed that reactive mothers deposited significantly less I-element matching 

piRNAs than inducer mothers (Brennecke, Malone et al. 2008).  These 

embryonic differences were shown to extend into adulthood, with sterile female 

progeny from reactive mothers containing fewer I-element piRNAs than female 

progeny from inducer mothers (Brennecke, Malone et al. 2008).  Increased levels 

of piRNAs matching I-elements in female progeny of inducer females compared 

to female progeny of reactive females was confirmed by an independent study 

(Chambeyron, Popkova et al. 2008).  Together, these data are consistent with 

the hypothesis that reactive strains lack piRNAs that act as an immunity against 

novel I-element expression.  Additionally, they explain why expression of a 
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particular transposable element is necessary for its regulation: without 

expression, piRNAs cannot be generated, and therefore immunity against 

transposable elements does not occur.  Therefore, while misregulation of 

transposons has long been known to be the underlying cause of hybrid 

dysgenesis in Drosophila, the piRNA pathway has been shown to mediate 

defense against invading transposon sequences and the maternal inheritance of 

piRNAs provide an explanation for the elusive mechanism behind the non-

reciprocality of dysgenic crosses. 

 

Human disease: cancer 

 

Loss of methylation at repetitive DNA sequences has long been known to 

be a characteristic of cancer cells (reviewed in (Wilson, Power et al. 2007).  The 

consequence of hypomethylation at repetitive DNA sequences has largely been 

considered to be the generation of genomic instability caused by non-allelic 

homologous recombination events at repetitive DNA regions as well as mutations 

caused by de novo transposition events.  While this is likely a major factor driving 

cancer progression, other consequences of hypomethylation at retrotransposon 

elements have begun to be elucidated.  One such example is the finding that 

hypomethylation of LINE-1 promoter sequences allows for over-expression of 

genes within their vicinity: the MET oncogene, frequently overexpressed in 

bladder cancers, has been shown to be upregulated by such a mechanism 
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(Wolff, Byun et al. 2010).  Other recent studies have shown that components of 

the human piRNA pathway are disrupted in human cancer cells.  For example, 

expression of HIWI has been shown to occur in esophageal squamous cell 

carcinomas and a high level of cytoplasmic expression was correlated with poor 

prognosis (He, Wang et al. 2009).  HIWI has also been shown to be expressed 

and associated with poor prognosis in gliomas (Sun, Wang et al.) and to be 

upregulated in both colon cancer cells and primary colon cancer tissue; further, 

its knockdown by siRNA inhibited growth of colon cancer cell lines (Liu, 2006).   

Additionally, one of 4 human PIWI proteins, Piwil2, has been shown to be 

expressed in cell lines established from a wide variety of human cancer types, 

including MDA-MB-231 and MCF7 (breast), PC-3, LNCAP, and DU-145 

(prostate), Jurkat (T-cell leukemia), Daudki (Burkitt’s lymphoma), and HeLa 

(cervix) (Lee, 2006).  piRNAs have also been shown to be upregulated in human 

cancer cells: array analysis of gastric cancer cells and paired control cells 

revealed upregulation of various piRNAs as well as downregulation of other 

piRNAs; a commonly upregulated piRNA in all gastric cancer samples was piR-

651 (Cheng, Guo et al.).  piR-651 was also shown to be highly expressed in 

colon, lung, and breast cancer tissues (Cheng, Guo et al.).   These results 

suggest that the piRNA pathway becomes disrupted in cancer development and 

progression; however, the functional role of piRNAs and PIWI proteins in the 

etiology of the disease remain to be determined.  It may be that upregulation of 

transposons (perhaps by loss of DNA methylation) activates the piRNA pathway 
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and targets genes for downregulation as “collateral damage” in an attempt to 

control transposon activity.  Indeed, specific examples of genes that can be 

targeted by the piRNAs have begun to emerge (discussed below). 

 

Functions in development 

 

 Retrotransposons have been studied for their roles in influencing cis 

aspects of gene regulation: for example, Alu elements have been shown to 

influence translation initiation, transcription initiation or elongation, alternative 

splicing, and adenosine to inosine editing of RNA molecules (reviewed in (Hasler 

and Strub 2006; Cordaux and Batzer 2009; Walters, Kugel et al. 2009).  Recent 

studies have shown further and more complicated roles for retrotransposons in 

various developmental processes and have also provided evidence for specific 

examples of protein-coding gene transcript regulation in trans.   

 

DNA methylation 

 

An intriguing link has been shown to exist between the mouse PIWI 

proteins and DNA methylation at repetitive elements: mutations derepressing 

transposons have also been shown to result in loss of DNA methylation at the 

specific elements released for expression.  Mutations in mili cause increased 

LINE-1 expression that correlates with loss of DNA methylation at LINE-1 DNA 
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sequences (Aravin, Sachidanandam et al. 2007); similar results were obtained in 

miwi2 mutant testes, which also release the expression of LINE-1 elements 

(Carmell, Girard et al. 2007).  Mutations in another gene shown to be essential 

for silencing of LINE-1 and IAP retrotransposons in the mouse, MVH, or mouse 

VASA homolog, also exhibited loss of DNA methylation at retrotransposon 

genomic locations (Kuramochi-Miyagawa, Watanabe et al. 2008).  Further 

experiments showed that LINE-1 and IAP elements were affected at the de novo 

methylation stage in mouse fetal testes mutant for mili and miwi2, and 

sequencing of piRNAs in mouse fetal testes revealed them to be much more 

enriched for repetitive element sequences compared to the piRNA population of 

meiotic cells; while mouse fetal testes piRNAs did cluster in the genome, the 

specific location of these clusters differed from those observed in meiotic cells 

(Kuramochi-Miyagawa, Watanabe et al. 2008).  These experiments indicate that 

the piRNA population in fetal germ cells differs from that of meiotic cells.  The 

findings that the piRNA population contains mainly repetitive DNA at the stage in 

which de novo methylation is established at these elements, and the apparent 

role for PIWI proteins in establishing DNA methylation at repeat sequences, raise 

intriguing correlations and the possibility that piRNAs and their associated 

proteins may direct DNA methylation at the early stages of germ cell 

development.  Other experiments have implicated piRNA pathway components in 

de novo methylation of a mouse imprinted gene Rasgrf1, which contains a LINE-

1 retrotransposon within its differentially methylated region (DMR).  Mili and 
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miwi2 mutant sperm exhibit loss of DNA methylation at the DMR of rasgrf1, and 

piRNAs from a cluster on chromosome 7 were shown to match to the LINE-1 

sequence located within this DMR (Watanabe, Tomizawa et al. 2011).  DMRs of 

other imprinted genes H19, Dlk1-Gtl2, and Gpr1-Zdbf2 were unaffected in mili 

and miwi2 mutant testes (Watanabe, Tomizawa et al.), indicating that effects 

were restricted to DMRs containing retrotransposon sequences.  These results 

further confirm a link between the piRNA pathway and establishment of DNA 

methylation in the mouse and implicate piRNAs in the process of imprinting. 

 

Mammalian brain development 

 

Exciting evidence for a role of retrotransposons in shaping brain 

development in both mouse and humans has begun to emerge.  Analysis of 

changes in gene expression in differentiating rat adult hippocampus neural stem 

cells revealed that LINE-1 transcripts were upregulated approximately one and a 

half to two fold (Muotri, Chu et al. 2005), raising the hypothesis that LINE 

transcripts may play a functional role in development of mammalian nervous 

systems.  To test this hypothesis, a plasmid was engineered to include a human 

LINE-1 under the control of its endogenous promoter upstream of a CMV 

promoter-driven GFP reporter containing an intron and inserted in an antisense 

orientation, such that it would only be expressed once the entire LINE-1 locus is 

transcribed, spliced, reverse transcribed, and integrated elsewhere in the 
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genome.  Therefore, expression of GFP serves as an indicator that 

retrotransposition has taken place.  A schematic of the plasmid and experimental 

theory is depicted in Figure 1.4.  Transfection of this plasmid, termed a 

retrotransposition indicator cassette, into rat adult hippocampus neural stem cells 

and adult hippocampus-derived neural progenitor cells resulted in GFP positive 

cells after seven days; no GFP positive cells arose after transfection of the 

retrotransposition indicator cassette into rat primary neurons and astrocytes 

derived from hippocampus stem cells, rat mesenchymal stem cells, and rat 

fibroblasts (Muotri, Chu et al. 2005), indicating that a relatively undifferentiated  

cell state is necessary to support retrotransposition of LINE-1 sequences.  

Additionally, stimulation of differentiation within neuronal stem cells that exhibited 

retrotransposition revealed that they retained the ability to become any of three 

neural cell types (neurons, astrocytes, and oligodendrocytes); intriguingly, upon 

differentiation, GFP expression became detectable (Muotri, Chu et al. 2005), 

indicating that the regulatory networks governing LINE-1 expression were altered 

during neuronal differentiation.  Analysis of genomic regions into which the 

retrotransposition indicator cassette inserted revealed that some insertions 

occurred within neuronally expressed genes; further, retrotransposition into 

specific genes that influence differentiation programs was shown to occur, 

suggesting that retrotransposition events can alter cell fate decisions through 

disruptions of gene regulatory processes (Muotri, Chu et al. 2005).  Generation of 

transgenic mice containing the retrotransposition indicator cassette resulted in 
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Figure 1.4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4: Retrotransposition indicator cassette schematic 
(Muotri, Chu et al. 2005) 
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animals expressing GFP within both male and female germline cells as well as 

male and female brains; however, in contrast to rat cells in vitro, GFP positive 

mouse brain cells in vivo were only neuronal and not astrocyte or 

oligodendrocyte, showing that retrotransposition occurred in neuronal precursor 

cells rather than at an earlier stage common to all three cell types (Muotri, Chu et 

al. 2005). This result may show that retrotransposition may occur at a later 

developmental stage in live animals than what is indicated by adult hippocampal 

stem cells in vitro.  However, these results do indicate that retrotransposition 

occurrence within neuronal stem cells may be a conserved mechanism between 

mammals.   

In accordance with this hypothesis, transfection of the retrotransposition 

indicator cassette into human fetal brain stem cells resulted in GFP positive cells, 

albeit at a low frequency (Coufal, Garcia-Perez et al. 2009).  These cells retained 

the capability to differentiate into both neural and glial cell types; additionally, 

transfection of the retrotransposition indicator cassette into primary human 

astrocytes or fibroblasts did not result in GFP expression (Coufal, Garcia-Perez 

et al. 2009), again showing that a relatively undifferentiated cell state is required 

to allow retrotranposition events to occur.  Neural progenitor cells (NPC) derived 

from human embryonic stem cells similarly supported retrotransposition, as 

indicated by GFP expression, and these NPCs were able to differentiate into both 

neuronal and glial cell lineages (Coufal, Garcia-Perez et al. 2009).   
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ChIP analysis revealed that MeCP2, a methyl CpG binding protein, 

associated with the LINE-1 5’ UTR to a greater extent in human fetal brain stem 

cells than in embryonic stem cell derived NPCs and in neurons (Coufal, Garcia-

Perez et al. 2009), indicating that a reduction in DNA methylation and methyl 

DNA binding proteins may release retrotransposons for expression in non-

differentiated cell types.  In accordance with this finding, luciferase assays have 

shown LINE-1 promoter activity to be more active in mouse neuroepithelial cells 

lacking MeCP2; this increase in promoter activity correlated with an increase in 

endogenous LINE-1 RNA levels (Muotri, Marchetto et al.).   ChIP analysis 

revealed that the level of MeCP2 binding to the LINE-1 5’ UTR shifted during 

differentiation, being higher in neural stem cells than in neurons, indicating that 

DNA methylation and consequent MeCP2 binding play a role in the shift of 

retrotranspositional capability during neuronal differentiation (Muotri, Marchetto et 

al. 2010).  Intriguingly, analysis of LINE-1 copy number in MeCP2 knockout 

mouse brains compared to wildtype brains revealed a significant increase in cells 

lacking MeCP2; however, the copy number in fibroblast cells from the same 

samples did not differ, indicating a brain specific effect (Muotri, Marchetto et al. 

2010).  This increase in LINE-1 copy number was additionally observed in brain 

samples from Rett Syndrome patients, a human disorder characterized by 

mutation in MeCP2; an increase in copy number was not observed in affected 

patients’ heart samples (Muotri, Marchetto et al. 2010).  Similarly, derivation of 

NPCs from Rett syndrome patients’ and control individuals’ fibroblasts revealed a 
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greater capacity for retrotransposition upon transfection of the GFP 

retrotransposition indicator cassette in Rett’s Syndrome patients (Muotri, 

Marchetto et al. 2010).  These results show that increased expression of 

retrotransposons may contribute to the etiology of Rett’s Syndrome.   

 LINE-1 retrotransposition has also been shown to occur in human 

embryonic stem cells: transfection of a retrotransposition indicator cassette, 

containing either a GFP or neomycin resistance reporter, showed that nine 

different human embryonic stem cell lines support the occurrence of 

retrotransposition events (Garcia-Perez, Marchetto et al. 2007).  One of these 

lines also showed expression of endogenous LINE-1 RNA and protein (Garcia-

Perez, Marchetto et al. 2007), indicating that endogenous elements are 

expressed.  Analysis of insertion sites of the engineered retrotransposition 

indicator cassette showed that introns of known and predicted genes were 

targeted; additionally, two of seven analyzed insertions occurred within 344 bp of 

each other (Garcia-Perez, Marchetto et al. 2007), indicating that there may be 

hotspots for integration of retrotransposition events.  These results, along with 

those described above for retrotransposition in neural stem cells, indicate that 

retrotransposons can contribute to differentiation programs of developing 

animals.  The functional impact of retrotransposon expression at specific 

developmental time points remains to be determined; however, their strict 

regulation between various differentiation phases may imply that such a 
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functional role exists.  Additionally, these results indicate that retrotransposons 

can generate somatic mosaicism within developing animals. 

 Other recent evidence indicates that retrotransposon expression may 

contribute to senescence in human cells.  Analysis of senescent vs. self-

renewing human adult adipose derived mesenchymal stem cells (hADSCs) 

revealed that transcripts from Alu elements, a primate specific SINE, were 

increased in senescent cells (Wang, Geesman et al. 2011).  Additionally, 

downregulation of Alu transcripts in senescent hADSCs by transduction of 

lentiviral particles containing shRNA sequences targeting a consensus sequence 

within Alu elements resulted in an increase in cell proliferation, of senescence-

associated β-galactosidase staining, and an increase in expression of 

pluripotency genes Nanog and Oct4 (Wang, Geesman et al. 2011).  These 

results show that expression of retrotransposons could be a major contributing 

factor to senescence, increasing the breadth of functional roles they are 

implicated in within common biological processes. 

  

Specific examples of protein regulation 

 

Evidence is beginning to emerge that transposon-derived small RNAs can 

play a role in direct regulation of protein-coding genes.  Early studies into the 

sequences of piRNAs provided evidence for this: for example a significant portion 

(23%) of PIWI associated small RNAs mapped to protein-coding genes in the 
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sense orientation (Nishida, Saito et al. 2007).  piRNAs with homology to coding 

genes were also found in deep sequencing efforts (Brennecke, Aravin et al. 

2007).  Recent studies in the Drosophila somatic OSS cell line have revealed an 

abundance of piRNAs mapping to protein-coding genes, and that the majority of 

such piRNAs are 3’ UTR directed (Robine, Lau et al. 2009).   Like piRNAs 

targeting transposons, 3’ UTR directed piRNAs exhibited a preference for a 5’ 

uridine and required piwi and zucchini for their biogenesis; like other piRNAs in 

somatic tissues of Drosophila, 3’ UTR piRNAs did not exhibit characteristics of 

the ping-pong amplification cycle (described above) (Robine, Lau et al. 2009).  3’ 

UTR directed piRNAs were also found in mouse testes and Xenopus tropicalis 

eggs, indicating their evolutionary conservation (Robine, Lau et al. 2009).  

Analysis of specific genes targeted by 3’ UTR derived piRNAs in Drosophila OSS 

cells revealed enrichment for the Gene Ontology terms of development, 

morphogenesis, regulatory processes, DNA binding proteins, kinases, and 

phosphatases; conversely, Gene Ontology terms showing a significant lack of 3’ 

UTR directed piRNAs were biosynthesis, metabolism, translation, ribosome 

components, and general transcription machinery (Robine, Lau et al. 2009).  

These results suggest that genes with “housekeeping” functions are not targeted 

by piRNAs, whereas genes that play roles in development or regulatory 

processes can be: perhaps regulation by the piRNA pathway allows for more 

fine-tuning of where certain genes are expressed, therefore regulation of genes 

required for specific cell types or at precise times in development are more 
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amenable to targeting by this pathway.  In support of this hypothesis, 

transposons have been shown to be expressed in a tissue specific manner in 

various human and mouse cell types (Faulkner, Kimura et al. 2009) and piRNAs 

in the rhesus macaque were expressed at various levels in different somatic 

tissues (Yan, Hu et al. 2011).  It may be that certain transposons themselves are 

expressed in a tissue or developmental specific or manner, which leads to the 

tissue and/or developmental specific targeting of genes containing piRNA 

targeting sequences.  Genes with housekeeping functions may have evolved to 

not contain transposon sequences to avoid this type of regulation, as they are 

likely to be required across a wide variety of developmental time points and 

within a majority of somatic cell types.  Other recent intriguing examples of 

protein coding gene regulation by retrotransposon elements come from the 

finding that Alu elements within the 3’ UTR of a coding gene can cause targeting, 

in trans, by long non-coding RNAs (lncRNAs) containing Alu elements for the 

STAU1-mediated mRNA decay pathway in human cells (Gong and Maquat 2011) 

and the finding that piRNA piR_015520, encoded within the intron of the 

MTNR1A gene in humans, can directly downregulate transcripts from MTNR1A 

(Esposito, Rendina et al. 2011).   
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Conclusions and future directions 

 

 The potential role for transposons and their small RNAs in various 

biological processes is only beginning to be appreciated.  The potential role they 

play in cell differentiation, development, and even learning and memory is an 

exciting new avenue of research with many possibilities for future experiments.  

One example of such includes a deeper analysis of transposon activity across 

various differentiation programs, including how expression of various transposon 

classes or sequences may contribute to specificity of cell fate decisions.  Another 

example is an analysis of how inducing greater transposon expression or 

repressing it completely affects early neural development as well as maintenance 

of established neural circuitry. Additionally, the consequences of perturbing 

transposon regulatory pathways in human somatic cells is an unexplored avenue 

that is sure to add novel insights into unexplained causes of human disease. 
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CHAPTER 2: RETROTRANSPOSON MEDIATED REGULATION OF 

BRCA1 IN HUMAN CELLS 

 

Introduction 

 

Retrotransposons in the human genome 

 

 Transposons were first identified by Barbara McClintock as “jumping 

genes” capable of copying themselves and inserting into new genomic locations 

(McClintock 1956).  Various types of transposons occur within humans, and 

together they make up close to half of the human genome.  Most of the 

transposon content of the human genome is retrotransposons, which copy 

themselves by an RNA intermediate.  These include non-LTR and LTR 

retrotransposons.  All retrotransposons known to be currently active in the human 

genome fall into the non-LTR class, which include long interspersed nuclear 

elements (LINEs), autonomous elements encoding their own enzymes needed 

for reverse transcription and genomic integration, and short interspersed nuclear 

elements (SINEs), non-autonomous elements that rely on the enzymes encoded 

within LINE sequences. A comprehensive review on transposons in the human 

genome and their impact through human evolution can be found here (Cordaux 

and Batzer 2009). 
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Until relatively recently, these repetitive DNA elements were considered to 

be “junk DNA,” but recent experiments have implicated that they may be 

functional in establishing DNA methylation, in cell differentiation, and in 

mammalian brain development (discussed in Chapter 1).  Our study, as well as 

those described briefly below, also indicate that retrotransposons may play a role 

in regulation of protein-coding gene transcripts. 

 

Studies of retrotransposon cis-mediated gene regulation 

 

 Various examples of retrotransposon mediated gene regulation in cis exist 

in mammals. Perhaps the most well known example is that of the agouti gene in 

the mouse.  The Avy allele of the agouti gene contains an IAP element, a mouse 

specific retrotransposon, within its first exon.  Ectopic expression of agouti can be 

driven by a cryptic promoter within the IAP element, resulting in a yellow coat 

color, obesity, diabetes, and tumorigenesis (Morgan, Sutherland et al. 1999).  

Dietary supplementation with methyl group donors of isogenic Avy pregnant 

females resulted in offspring with a wide range of coat colors.  The different coat 

colors were shown to be due to differential methylation of the IAP element, 

thereby affecting expression levels of the agouti gene (Waterland and Jirtle 

2003). A similar mechanism has been reported in humans: a transcript variant of 

the MET gene, which is frequently overexpressed in bladder cancers, has been 

shown to be driven by a LINE-1 promoter within its first exon when it becomes 
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hypomethylated in cancer progression (Wolff, Byun et al. 2010). These results 

show that retrotransposons can affect gene expression in cis by providing 

alternative promoters.  Further, manipulation of the regulatory status of such a 

retrotransposon can result in expression changes of nearby protein coding genes 

and alter phenotypes.  Other noted mechanisms of retrotransposon effects on 

gene regulation in cis include the findings that Alu elements, primate specific 

SINEs, can play roles in alternative splicing, RNA editing, translational initiation, 

and transcription initiation and elongation.  These studies are reviewed in (Hasler 

and Strub 2006; Cordaux and Batzer 2009; Walters, Kugel et al. 2009) 

 

Examples of gene regulation in trans 

 

 Evidence is beginning to accumulate to indicate that transposons may 

play roles in gene regulation in trans.  Current models for regulation of 

transposable elements in model organisms include a trans effect of small RNAs 

derived from defective retrotransposon copies, often found in clusters within the 

genome.  As discussed in Chapter 1, these models have been most well 

developed in Drosophila melanogaster and postulate that defective 

retrotransposons are transcribed and processed by PIWI proteins into small RNA 

molecules, termed piwi interacting RNAs (piRNAs).  These transposon small 

RNAs are then amplified by a mechanism unique to the piRNA pathway called 

the ping-pong model of piRNA biogenesis, and proceed to target transposon 
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transcripts from across the genome for degradation (Brennecke, Aravin et al. 

2007).  Small RNAs derived by this pathway have been shown to target protein-

coding genes: piR_015520, encoded within the intron of the MTNR1A gene in 

humans, can directly downregulate coding transcripts from MTNR1A (Esposito, 

Rendina et al. 2011).  Additionally, transcripts that contain Alu elements within 

their 3’ UTR have been shown to be targeted by long non-coding RNAs 

(lncRNAs) with complementary Alu sequences for the STAU-1 RNA decay 

pathway (Gong and Maquat 2011).   

 Evidence from Drosophila somatic cells also indicates that piRNAs may 

play a role in trans mechanisms for regulation of protein coding genes.  Deep 

sequencing of piRNAs in OSS cell lines revealed that abundant species mapped 

to protein coding genes, and the vast majority that did were directed to the 3’ 

UTR (Robine, Lau et al. 2009).  Intriguingly, genes containing piRNA target 

sequences within their 3’ UTR were enriched for the gene ontology terms of 

development, morphogenesis, and regulatory processes and depleted for the 

gene ontology terms of biosythesis, metabolism, general transcription machinery, 

and translation; further, 3’ UTR directed piRNAs were also shown to occur in 

Xenopus tropicalis eggs as well as mouse testes (Robine, Lau et al. 2009).  

These findings not only show that a potential for trans gene regulation mediated 

by transposon small RNAs may occur, but also indicate that certain types of 

genes are more susceptible to this type of regulation and that this mechanism 

could be evolutionarily conserved.  
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BRCA1 as a candidate 

 

 Evidence exists that piRNAs occur and are regulated by PIWI proteins in 

human somatic cell culture exists: specifically, deep sequencing of small RNAs in 

HeLa cells revealed the presence of piRNAs, and knockdown or overexpression 

of HILI, one of four human PIWI proteins, altered characteristics of the piRNA 

population (Lu, Li et al. 2011).  Therefore, gene regulation by piRNAs may occur 

in human somatic cells.  Genes that can be particularly susceptible to such a 

regulatory mechanism may be those that contain a high density of 

retrotransposons at their genomic loci.   BRCA1 is found on human chromosome 

17 at a locus that underwent a series of duplications throughout the primate 

lineage (Jin, Selfe et al. 2004): an intrachromosomal segmental duplication 

occurred, resulting in a partial copy of the NBR1 gene, termed NBR2, and a 

partial copy of the BRCA1 gene, which is considered a pseudogene.  Other 

interchromosomal segmental duplications exist within this genomic region of 

interest and are dispersed across the genome.  Numerous retrotransposons 

occur at the locus as well, and are notably found in high density within BRCA1 

introns.  A schematic of the greater BRCA1 genomic region, as it occurs in 

humans, is depicted in Figure 2.1.  Given its genomic structure, and particularly 

its high density of SINEs, BRCA1 is a good candidate for transposon mediated 

gene regulation in trans within human cells. 
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Figure 2.1 

 

 

Figure 2.1: Human BRCA1 genomic structure 
 
 
(A) The human BRCA1 genomic region of approximately 175 kb contains four 
genes and various types of repetitive sequences.  A large intrachromosomal 
segmental duplication resulted in a partial pseudogene with homology to BRCA1 
(ψ BRCA1) and a partial copy of NBR1 (NBR2). Two small (<250 bp) promoters 
drive divergent transcription of the four genes.  The various regions presented 
are not to scale. Hatched region: intergenic sequence. (B) Image from the UCSC 
genome browser of the BRCA1 gene and location of SINE and other repetitive 
sequences as they occur within BRCA1.  
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Relevance to breast cancer 

 

 BRCA1 is frequently downregulated in sporadic breast cancers, which 

account for roughly 90% of total breast cancer cases; however, DNA methylation 

at the BRCA1 promoter only occurs in about 10% of sporadic cases exhibiting 

BRCA1 downregulation (Catteau, Harris et al. 1999).  Therefore, elucidation of 

unknown mechanisms governing BRCA1 regulation can be critical to 

understanding how it is lost in a majority of total breast cancer cases.  As 

mutations in the coding region or promoter region of BRCA1 have not been found 

to occur in sporadic breast cancer cases (Thompson, Jensen et al. 1995; 

Catteau, Xu et al. 1999), downregulation of BRCA1 in breast cancer can be 

considered epigenetic. We chose to investigate epigenetic regulation of BRCA1, 

with the hypothesis that retrotransposons and other repetitive elements within its 

vicinity could play a role in governing its expression level. 
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Materials and methods 
 
 
 

Cell culture 
 
 
 

WI-38 VA-13 cells were a kind gift from the lab of Kathleen Dixon and 

cultivated in DMEM supplemented with 10% FBS, 1 U/mL penicillin, 1 U/mL 

streptomycin, and 0.5 ng/L amphotericin in a 95% air 5% CO2 atmosphere at 37 

C.  MDA-MB-231 and MCF7 cells were obtained from the stock collection at the 

University of Arizona Cancer Center and grown in RPMI-1640 supplemented with 

10% FBS, 1% L-glutamine, 1 U/mL penicillin, 1 U/mL streptomycin, and 0.5 ng/L 

amphotericin in a 95% air 5% CO2 atmosphere at 37 C.  UACC2087, UACC893, 

and ZR-75-1 cells were obtained from the stock collection at the University of 

Arizona Cancer Center and grown in Liebovitz’s L-15 supplemented with 5% 

FBS, 0.01 M HEPES, 0.01 mg/L catalase, 0.02 mg/L insulin, 0.02 mg/L 

transferrin, 0.01 ug/L hydrocortisone, 0.02 ug/L epidermal growth factor, 1 mg/L 

glutathione, 1 mg/L ornithine, 1 mg/L orotic acid, 0.25 ug/L β-estradiol, 2 mg/L 

carboxymethylcellulose, and 1 mg/L polyvinylpyrolidine, 1 U/mL penicillin, 1 U/mL 

streptomycin, and 0.5 ng/L amphotericin in a 100% air atmosphere at 37 C. 
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RNA extraction, reverse transcription, and qRT-PCR 

 

RNA was extracted from cell pellets immediately following their collection 

using RNeasy Kit (Qiagen).   RNA was eluted in 100 uL DEPC treated water and 

incubated with 11 uL 10X DNAse buffer and 4 U DNase (Ambion) at 37 C for 1 

hr.    RNA was subsequently purified using the RNA Clean and Concentrator Kit 

(Zymo) according to manufacturer’s instructions.  Quality of RNA was assessed 

on a 1% agarose gel; only samples with clear ribosomal RNA bands and no 

apparent degradation were used for subsequent analyses.  Concentration was 

calculated by nanodrop measures of absorbance at 260 nm.  1 ug of total RNA 

was reverse transcribed using the i-Script cDNA synthesis kit (Bio-Rad) 

according to manufacturer’s instructions. 1 uL of cDNA (about 50 ng) was used in 

a PCR reaction containing 2X SensiMix plus SYBR Green fluorescein 

(Quantace) to 1X, 300 nM each forward and reverse primers, and water to 20 uL. 

Cycling conditions were an initial denaturation at 95 C for 5 minutes followed by 

45 cycles of denaturation at 95 C for 30 seconds, primer annealing at 58 C for 30 

seconds, and elongation at 72 C for 45 seconds.  Fluorescence data was 

collected following the completion of the elongation step. Two reactions for each 

primer set served as technical replicates for all samples. Transcript measures 

were normalized to β-actin.  Data was quantified using MyIQ Software (Bio-Rad).  

Statistics were done using student’s t-test for unpaired samples.  
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Sodium bisulfite conversion of DNA and Sequenom analysis 

 

Genomic DNA was bisulfite converted using the EZ DNA Methylation Gold 

Kit (Zymo Research) according to manufacturer’s instructions.  The BRCA1 

promoter was amplified from converted DNA in a PCR reaction containing 1.5 

mM MgCl2, 300 uM dNTPs, 200 nM primers, 50 ng template, 1X Mango Taq 

Buffer, 0.2 U Mango Taq (BioLine), and water to 40 uL. Cycling conditions were 

an initial denaturation at 95 C for 5 min followed by 40 cycles of denaturation at 

95 C for 30 seconds, primer annealing at 56 C for 30 seconds, and elongation at 

72 C for 30 seconds.  The correct product was gel purified using the QIA Quick 

Gel Extraction Kit (Qiagen) for samples generating multiple products.  100 ng of 

the resulting DNA was submitted for a sequenom analysis through the University 

of Arizona Genetics Core.  Data was analyzed using the EpiTyper software 

(Sequenom).   

 

Nuclear run-on 

 

Probes were synthesized by in vitro transcription of PCR fragments 

carrying T3 promoter tails using T3 RNA Polymerase (Promega) according to 

manufacturer’s instructions.  200 ng of riboprobe was printed on each dot blot 

membrane. Nuclei were extracted from approximately 75 million cells as 

described previously (Dorweiler, Carey et al. 2000) with minor modifications. Cell 
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pellets were used rather than ground plant material.  Nuclei were pelleted by two 

sequential repetitions of suspension in 4 mL lysis buffer followed by a 5 minute 

centrifugation at 500 x g at 4 C.   Nuclei were resuspended in 200 uL reaction 

buffer immediately following the second centrifugation.  The run on reactions 

were carried out as described previously (Alleman, Sidorenko et al. 2006). 

Membranes were exposed in a PhosphorImager and signals quantified using 

Quantity One software (BioRad). All signals were normalized to β-actin. Lambda 

phage genomic DNA was used as a negative control. 

 

Small RNA enrichment and end label small RNA filter blots 

 

Small RNA was enriched from total RNA samples by filtration through YM-

30 columns (Millipore) according to manufacturer’s instructions.  Small RNA 

portions were quantified by nanodrop measures of absorbance at 260 nm.  1-2 

ug of small RNA samples were end labeled in a reaction using T4 Kinase 

(Invitrogen), according to manufacturer’s instructions.  Samples were hybridized 

to the dot blot membranes prepared for nuclear run-on in Ultra Hyb oligo buffer 

(Ambion) at 50 C overnight.  Two 15 minute washes were carried out in 0.1% 

SDS, 2X SSC at 50 C.  Membranes were exposed in a PhosphorImager and 

signals quantified using Quantity One software (BioRad).  All signals were 

normalized to miR-16.  
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Plasmid generation and nucleofection 

 

SINE plasmid inserts were generated using PCR primers with appended 

restriction enzyme recognition site tails and cloned in p-Tracer SV-40 (Invitrogen) 

using standard cloning techniques.  Nucleofection was accomplished according 

to Amaxa guidelines for cell line WI-38 VA-13. Statistics were done using 

student’s t-test for unpaired samples. 

 

Knockdowns 

 

Lentiviral transduction particles were purchased from Sigma and MDA-

MB-231 cells were infected according to manufacturer instructions.  Cells were 

grown in 1.5 ug/mL puromycin containing media after infection to maintain 

knockdown. Knockdown was verified by q-RTPCR as described above.   

Dicer, catalog # NM_0306212-1322s1c1; PIWIL4, catalog # NM_152431 1-

1403s1c1; Drosha, catalog #NM_0132352-4340s1c1 

 
 
 
 
 
 
 
 
 
 
 
 



 91 

Table 2.1: Primers used in qRT-PCR Experiments 
 
Primer Name Sequence 
BRCA1 Region 1 F GTGGTGCTTCTGTGGTGAAG 
BRCA1 Region 1 R ACAGGTGCCTCACACATCTG 
BRCA1 Region 2 F GGCTATCCTCTCAGAGTGACATT 
BRCA1 Region 2 R CTGATGTGCTTTGTTCTGGA 
PIWIL4 F TGCTGATGTGAGTTACAAAGTCC 
PIWIL4 R CCTATTAGCTGCTTCTCACACG 
Drosha F GGAATTAGGCACAGCATTTATCC 
Drosha R GAGACTGTGATCCGGTAGTGG 
Dicer F AAATACATGCACTATGTGAAGAGC 
Dicer R TCGCTCATATGGTTTATATTTGC 
BAZ2B F GTGGCTTCAGTAGTTTCAAAAGG 
BAZ2B R GACACTGTGGACAGGTTAAACG 
DYNC1H1 F GACTCTGGATATCTTGAAACATGG 
DYNC1H1 R AGAGGGAAATCTTTCATCAGAGG 
SETD1A F AAGATCGAGAGGAAGCTGTGG 
SETD1A R AGTCTGATGTGCTGTCATTTTCG 
USP48 F TAGTGACTACATGCTGGGAGACG 
USP48 R AATGTATCGCCTATTACTGTTTTGC 
β-Actin F TGGTGATGGAGGAGGTTTAGTAAGT 
β-Actin R AACCAATAAAACCTACTCCTCCCTTAA 
 
 
 
 
Table 2.2: Primers used in Sequenom Experiment 
 
Primer Name Sequence 
BRCA1 Promoter A F AGGAAGAGAGTAATTGGAAGAGTAGAGGTTAG 

AGGGT 
BRCA1 Promoter A R CAGTAATACGACTCACTATAGGGAGAAGGCTC 

CAAAACAAAAAATAAAAACCTCCT 
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Table 2.3: Primers used in preparation of dot blot membranes 
 
Primer Name Sequence 
Actin F TCATGTTTGAGACCTTCAACACC 
Actin R CACAGCTTCTCCTTAATGTCACG 
BRCA1 Exon 9 F AATGTCACCTGAAAGAGAAATGG 
BRCA1 Exon 9 R TGCTAAAAACAGCAGAACTTTCC 
BRCA1 Exon 11 F ATAAAGCTCCAGCAGGAAATGG 
BRCA1 Exon 11 R TTTCTGATGTGCTTTGTTCTGG 
BRCA1 Exon 13 F ATAGGTGGTACATGCACAGTTGC 
BRCA1 Exon 13 R AGTAAGATGTTTCCGTCAAATCG 
BRCA1 3’ UTR F GAAGCTGTTGCTTTCTTTGAGG 
BRCA1 3’ UTR R GAAGACCTAGTCCTTCCAACAGC 
Pseudo F AGCTCGCTGAGACGTTCTGG 
Pseudo R CCCCTCGCATAAGAATACCC 
NBR2 F TTCACTGTGTTAGCCAGGATGG 
NBR2 R TGAGAAAACAGGCTTAAAAGAGG 
AA622657/DB546216 F TGAGACAGTTTGGCTCATTCC 
AA622657/DB546216 R CTTTGGGATCACTTGAGGTTAGG 
BRCA1 Promoter A F ACGGAAACCAAGGGGCTACC 
BRCA1 Promoter A R ATGCAATAAGCCGCAACTGG 
BRCA1 Promoter B F GAATCCTCGTGATAGGAACTGG 
BRCA1 Promoter B R GGTCCCATCCTCTCATACATACC 
14-1 F CAGAAGAGGCATGATGTTTGG 
14-1 R GCACCTTGACCTATCTGATGTCC 
14-2 F TAATCCAGGAGGATATTGTAGGG 
14-2 R CAATGTTGGTACAAGTTATCTCAGG 
14-3 F AAGTCAAAAATGTTATAGTCATAGG 
14-3 R TGTTTTCTAGCTTTTCATTGC 
14-4 F GGTAATTTTAAATAGGGGTGTCTGG 
14-4 R TTCATTGGAACAGAAAGAAATGG 
14-5 F AAACCAAAGAACTAATGACAACG 
14-5 R GACTGCTTTGGACAATAGGTAGC 
14-6 F CAGCTAATCGTTTTAGTGACAGG 
14-6 R CAAGAACAAAGCTTCCACAGC 
14-7 F TAGCATTTATCTGCTGGTAACAC 
14-7 R ATCGAGGTCATCCTGGCTAACG 
14-8 F TATTTCAGAATATCCGCTTTTGG 
14-8 R AAATGAGCTAAGCGCTACTTCG 
BRCA1 SINE 1 F GCAGACACTGACAATGAAGAGACC 
BRCA1 SINE 1 R ACCCAAGTCTCCTTGACCTTACC 
BRCA1 SINE 2 F TTTTTCTATTTCCAATCCCTTCTGC 
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BRCA1 SINE 2 R CTGTTCCCTCCCCAGACAACC 
BRCA1 SINE 3 F TTTTTAAAAGATAGGGTCTCAGTCACC 
BRCA1 SINE 3 R TATAGGCCCTTCCTTGCTTTGG 
BRCA1 SINE 4 F CCAAATGCTTAAAAATATCAGTGACC 
BRCA1 SINE 4 R CCAAAGTATGGGCTACAGAAACC 
BRCA1 SINE 5 F GCTAACACTCAGTGATGAGGATGC 
BRCA1 SINE 5 R TAAGTGCTATGTTCCCAGTCTGC 
BRCA1 SINE 6 F AGGCAGGAGAATCTTTTGAATGC 
BRCA1 SINE 6 R TTACTTGCTTTTGGTCAAATCTCTGC 
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Results 
 
 

Downregulation of BRCA1 transcript levels is not associated with promoter 
hypermethylation or reduced transcription in sporadic breast cancer cells 

 

To establish a system to elucidate unknown mechanisms of BRCA1 

regulation, BRCA1 transcript levels were measured in six breast cancer cell lines 

(UACC893, UACC2087, UACC3199, MCF7, MDA-MB-231, and ZR-75-1) and in 

three non-cancerous cell lines (HMEC and MCF10A, both mammary epithelial 

cell lines, and fetal lung fibroblast cell line WI-38 VA-13).  BRCA1 mRNA levels 

were measured using quantitative reverse transcription PCR (qRT-PCR).  

Compared to the fibroblast cell line, all breast cancer cell lines showed reduced 

levels of BRCA1 mRNA.  The two epithelial cell lines showed comparable or 

lower levels of BRCA1 mRNA as compared to the breast cancer cell lines.  

Compared to all other cells, BRCA1 mRNA was two to ten-fold higher in the 

fibroblast cell line (Figure 2.2A). Two regions of BRCA1 were analyzed and  

showed similar expression profiles.  Region 1 spans exon 22 and the 3’ UTR, 

region 2 spans exons 10 and 11.  Results depicted are an average of both 

regions across two biological replicates.  BRCA1 mRNA levels were normalized 

to β-actin transcript levels. One possibility for the observed low levels of BRCA1 

mRNA in the sporadic breast cancer cell lines and mammary epithelial cell lines 

could be hypermethylation within the BRCA1 promoter. To test this possibility,  
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Figure 2.2 

A. 
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E.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Characterization of cell lines 
 
(A) BRCA1 mRNA levels analyzed by qRT-PCR. Expression levels are 
normalized to β-actin and shown relative to the fibroblast cell line WI-38 VA-13, 
established from fetal lung fibroblast, which was set to one.  MCF10A and HMEC 
are non-cancerous mammary epithelial cell lines. Remaining cell lines are 
sporadic breast cancer lines. Two regions of BRCA1 were analyzed within each 
replicate; both behaved similarly and were therefore averaged into one value for 
each replicate.  Average and standard error of two biological replicates for each 
cell line are shown. (B) BRCA1 promoter methylation levels as analyzed by 
Sequenom.   A total of 18 CpG residues across 317 bp spanning the first exon of 
BRCA1 and the first exon of NBR2 were analyzed; average and standard error 
for each cell line is shown. (C) BRCA1 transcription in fibroblast cells, non-
cancerous mammary epithelial cells MCF10A, and two sporadic breast cancer 
cell lines MCF7 and UACC893, as analyzed by nuclear run-on. Probes 9, 11, 13, 
and 3’ UTR are from BRCA1 exons and assay transcription solely from the 
BRCA1 gene; pseudo probe assays transcription from exon one of both the 
BRCA1 gene and pseudogene. See panel E for location of probes. Transcription 
signal was normalized to β-actin. S: sense; AS: antisense. (D) BRCA1 
transcription in fibroblast cell line and sporadic breast cancer cell lines. Probes 
are as described in panel C legend.  (E) Schematic of BRCA1 locus and 
approximate location of probes used in nuclear run-on and small RNA blot 
analyses. 
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DNA methylation levels at the BRCA1 promoter were analyzed in the breast 

cancer and non-cancerous cell lines using the Sequenom technology (Ehrich, 

Nelson et al. 2005), which enables quantitative comparisons (Figure 2.2B).   

UACC3199, previously shown to be hypermethylated at the BRCA1 promoter 

(Rice, Massey-Brown et al. 1998), served as a positive control. The analyzed 

sequence contains the region shown to have optimal promoter activity in 

transient transfection experiments (Xu, Chambers et al. 1997).  All the sporadic 

breast cancer cell lines tested showed very little methylation at the BRCA1 

promoter and did not differ significantly from the fibroblast cells or from MC10FA, 

in which BRCA1 was also relatively unmethylated (Figure 2B).  In contrast, the 

HMEC line showed extensive methylation of the BRCA1 promoter. The data 

shown is an average across 18 CpG dinucleotides within the BRCA1 promoter 

region (see Materials and Methods) and the methylation levels did not differ 

greatly between individual CpG dinucleotides within each cell line. These data 

demonstrate limited DNA methylation of the BRCA1 promoter in the sporadic 

breast cancer lines, suggesting that the observed low BRCA1 transcript levels 

are not due to promoter hypermethylation. Previous reports indicated that 

BRCA1 expression was higher in the HMEC line relative to sporadic breast 

cancer cells and that the promoter was relatively unmethylated (Rice, Massey-

Brown et al. 1998), but this was not replicated, presumably because the BRCA1 

promoter became methylated during passage of the HMEC cell line.  The 

difference in BRCA1 promoter DNA methylation between HMEC and the 
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sporadic breast cancer cell lines eliminated HMEC as a control, given that 

different mechanisms were likely to be regulating BRCA1 expression. 

To determine whether the low levels of BRCA1 mRNA were associated 

with reduced transcription, nuclear run-on experiments were performed with the 

sporadic breast cancer cell lines and the remaining potential controls, MCF10A 

and the fibroblast cell line.  Nuclei were isolated and transcription that had 

initiated in vivo was allowed to be completed in vitro with the addition of 

ribonucleotides and 32P CTP and 32P UTP.  Radiolabeled RNA was subsequently 

hybridized to membranes with strand specific riboprobes representing sense and 

antisense sequences from areas of interest within the genomic region of the 

BRCA1 gene (Figure 2.2E).  Probes from four different BRCA1 exons (exons 9, 

11, 13, and the 3’-UTR) that were specific for the BRCA1 gene (but not within the 

pseudogene) and probes specific to BRCA1 and the pseudogene (denoted as 

“pseudo”) were used. While hypermethylation at the BRCA1 promoter in 

MCF10A was not observed, BRCA1 was transcribed at a reduced rate compared 

to the cancer cell lines and the fibroblast line (Figure 2.2C).  The observed low 

level of transcription of BRCA1 in MCF10A relative to the other cell lines 

eliminated it as a control, as different mechanisms are operating to regulate 

BRCA1 expression.  No significant difference in transcription rate was observed 

between the breast cancer cell lines and the fibroblast control cell line (Figure 

2.2D), in spite of significant 2 to 10-fold differences (P<0.01) in BRCA1 mRNA 
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levels.  These data suggest that differences in transcription are not contributing 

to the reduced BRCA1 mRNA levels in the cancer cell lines. 

Because the fetal lung fibroblast cell line exhibited higher levels of BRCA1 

steady state transcript compared to the sporadic breast cancer cell lines (figure 

2.2A), yet had similar transcription rates and similar levels of promoter 

methylation, it was used as a control in all subsequent experiments to investigate 

the regulatory mechanisms producing low levels of BRCA1 mRNA not associated 

with extensive promoter methylation.  While the use of a non-tissue specific 

control cell line precludes us from making concrete statements about direct 

relevance of our findings to breast cancer, our findings remain applicable to the 

elucidation of novel mechanisms governing regulation of BRCA1 transcript 

levels. 

 

Repeat sequences are highly transcribed in sporadic breast cancer cell 

lines  

 

The observation that the BRCA1 transcription rate does not differ between 

the fibroblast cells exhibiting high levels of BRCA1 transcripts and the sporadic 

breast cancer cells exhibiting lower levels of BRCA1 transcripts supports the 

hypothesis that low steady-state mRNA levels of BRCA1 in the cancer cells is a 

consequence of post-transcriptional gene silencing. One possible mechanism 

through which post-transcriptional silencing could occur is through the production 
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of double stranded RNA (dsRNA) with homology to the BRCA1 gene transcript 

and subsequent processing into small RNAs, thereby generating small RNAs that 

could target the BRCA1 transcript for degradation.  One possible source of 

dsRNA could be bidirectional transcription from repetitive DNA sequences that 

either occur within the BRCA1 locus or at other regions in the genome that have 

homology to those found within the BRCA1 region.   

To test this hypothesis, nuclear run-on transcription was analyzed from 

repetitive regions within and surrounding BRCA1, including introns containing 

multiple SINEs (Figure 2.3B, 2.3C, 2.3D).  Transcription from repetitive 

sequences homologous to those found within the BRCA1 locus was increased in 

the sporadic breast cancer cell lines in both the sense (S) and antisense (AS) 

orientations compared to the fibroblast cell line.  Transcription from NBR2 was 

elevated 2 to 6-fold (Figure 2.3B); transcription across the 14-kb segmental 

duplication was elevated 2 to 30-fold (Figure 2.3C); and transcription of SINEs 

containing sequence homology to those within BRCA1 introns was upregulated 2 

to 15-fold (Figure 2.3D).  Other probes containing SINE sequences (Promoter B 

and DB546216/AA622657) were upregulated 2 to 8 fold (Figure 2.3B).  

 Probes for the nuclear run-on experiments were designed with 100% 

identity to the BRCA1 locus; however, it is likely that the experimental conditions 

would also allow hybridization of sequences with less than 100% identity to these 

probes.  To determine the stringency of the hybridization conditions in the 

nuclear run-on analyses, probes were engineered with various degrees of  
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Figure 2.3 
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Figure 2.3: Transcription of the BRCA1 genomic region  
 
Nuclear run-on experiments were performed with each of the indicated cell lines 
to determine transcriptional activity from repetitive sequences within and 
surrounding the BRCA1 gene.  Transcription signal was normalized to β-actin. S: 
sense; AS: antisense.  Location of all probes but 14 kb segmental duplication 
tiling probes is shown in Figure 2E. (A) Schematic of 14 kb segmental duplication 
tiling probes and relative location of probes shown in Figure 2E that fall within 
this region. (B) Transcription of sequences within the BRCA1 genomic region.  
NBR2: NBR2 exon; Promoter A, bidirectional promoter shared between BRCA1 
and NBR2; Promoter B, alternative BRCA1 promoter within first exon; DB546216 
and AA622657, two ESTs transcribed from same sequence but in opposite 
orientations located in region of interchromosomal segmental duplications.  The 
NBR2, Promoter B, DB546216 and AA622657 probes all contain SINEs.  (C) 
Transcription of regions within the 14-kb segmental duplication.  Probe location is 
depicted in panel A. Location of the 14 kb segmental duplication relative to the 
BRCA1 gene is depicted in Figure 1. (D) Transcription of SINEs within BRCA1 
introns.  Each probe spans 3-4 individual SINEs.   
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identity (ranging from 65%-100%) to lamin B2, a unique sequence in the human 

genome, and the transcription signal quantified for each of these probes.  

Detection of signal fell off significantly between the 85% and 80% identity probes 

(Figure 2.4), indicating that transcription of sequences approximately 85% 

identical or higher would be detected using the experimental conditions. A 

bioinformatic query of the entire human genome suggests that each SINE probe 

could detect transcripts from a different number of sequences, ranging from 

approximately 150 to 180,000, with a minimum length of 250 bp and with a 

minimum of 85% sequence identity (Table 2.4). Thus, it was not possible to 

identify the specific location(s) from which SINE transcription was occurring. 

 

Small RNA species from BRCA1 and associated retrotransposons are 

elevated in breast cancer cell lines 

 

Bidirectional transcription from SINEs could generate dsRNA, which could 

potentially be processed by RNAi pathways within the cell. Small RNAs from 

SINE sequences could then target transcripts containing one or more SINE 

sequences.  One prediction of this hypothesis is that SINE small RNAs from both 

strands should be detected within the cancer cell lines.  The levels of small RNAs 

complementary to sequences within the BRCA1 genomic region were compared 

between the breast cancer cell lines and the fibroblast cell line.  RNAs 60 

nucleotides or smaller were enriched from total RNA samples using column 
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Figure 2.4 

 

Figure 2.4: Stringency of hybridization conditions in nuclear run-ons 

Signal intensity for probes of a range of sequence identity to Lamin B1.  Data is 
presented as average and standard error of percent signal relative to the 100% 
identity probe in nuclear run-ons of the control fibroblast and all five sporadic 
breast cancer cell lines.  Percent signal of lambda DNA, present as a negative 
control, is presented as a determination of background signal levels. 
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Table 2.4: Characteristics of SINE probes 
 
 

Probe Number of Hits Genome 
Wide (>250 bp, >85% 
Sequence Identity) 

Highest Percent Identity, 
non-BRCA1 

SINE1 143 89.6 
SINE2 3693 89.4 
SINE3 121,177 91.3 
SINE4 95,322 91.5 
SINE5 105,706 92.1 
SINE6 178,780 96.1 
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fractionation and end-labeled using T4 kinase and 32P labeled γ-ATP.  The 

labeled RNAs were used to probe membranes containing the same target 

sequences used for the nuclear run-on analyses (see Figure 2.2E and 2.3A for 

probe locations).  Small RNA levels were normalized to miR-16, a microRNA that 

has been shown to be abundant and relatively unchanged in primary healthy 

mammary epithelial cells and primary breast cancer cells (Davoren, McNeill et al. 

2008).  Small RNA species from both the sense (S) and antisense (AS) strand 

from multiple regions within the BRCA1 genomic locus, including repetitive 

sequences within the 14 kb segmental duplications and SINEs containing 

homology to those with BRCA1 introns, were elevated in the sporadic breast 

cancer cell lines relative to the control (Figure 2.5A, 2.5B, 2.5C, 2.5D).  The 

sequences showing the highest signals were those containing SINEs, which 

were increased by 1.2 to 15-fold (Figure 2.5D).  Small RNAs with homology to 

the 14-kb segmental duplication were increased 1.2 to 12-fold (Figure 2.5C).  

The observation that BRCA1 exon-specific (non-repeat) small RNAs were also 

increased 2 to 6-fold in several of the breast cancer cell lines relative to the 

fibroblast cell line (Figure 2.5A) was consistent with a post-transcriptional RNA 

degradation mechanism being responsible for the reduced mRNA levels.  
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Figure 2.5 
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Figure 2.5: Small RNA levels from BRCA1 and greater genomic region 

Small RNA abundance from indicated sequences was analyzed by small RNA 
fractionation followed by radioactive end-labeling and hybridization to 
membranes containing the same sequences analyzed in nuclear run-on.  Small 
RNA levels are normalized to miR-16. (A) BRCA1 exons and pseudogene; (B) 
sequences surrounding and within BRCA1; (C) 14-kb segmental duplication; and 
(D) SINEs within BRCA1 introns.   Probe nomenclature described in legend of 
figure 2.3 and location of probes are indicated in Figure 2E and Figure 3A.  
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BRCA1 downregulation occurs through Dicer and Drosha 

 

The correlation of low BRCA1 mRNA levels with increased small RNA 

species from both BRCA1 specific sequences and the repetitive sequences 

within BRCA1 suggested RNA processing/degradation pathways may be 

involved. To test this hypothesis, the cancer cell line MDA-MB-231 was treated 

with lentiviral particles containing short hairpin RNA (shRNA) constructs against 

known RNA processing enzymes.  The cells were individually treated with 

lentiviral constructs targeting PIWIL4, Drosha, and Dicer to test for possible roles 

of the piRNA, miRNA, siRNA, or combinations in BRCA1 regulation. Controls 

included non-infected cells and cells infected with a lentiviral shRNA construct 

against GFP, which does not target any sequence in the human genome.   A 

qRT-PCR assay was used to confirm successful knockdown of the enzyme of 

interest, and for measuring BRCA1 transcript levels in response to shRNA 

knockdowns.  In all experiments, expression of both BRCA1 and the targeted 

RNA processing gene of interest is normalized to β–actin and graphed relative to 

RNA levels from cells infected with the control GFP shRNA.  Data are presented 

on RNA levels in the non-infected cells, but these were not used for direct 

comparison as infection with lentiviral particles altered gene expression patterns 

of various RNA processing enzymes, as shown by comparing transcript levels 

from cells infected with GFP shRNA to non-infected cells. PIWIL4, Dicer, and 

Drosha showed differential expression in MDA-MB-231 GFP shRNA infected 
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cells relative to non-infected cells (Figure 2.6).  Expression levels of four other 

RNA processing enzymes, AGO2, AGO3, AGO4, and PIWIL2, were additionally 

analyzed in cells infected with GFP shRNA compared to non-infected cells.  

AGO3 and PIWIL2 were downregulated in two cell lines treated with GFP 

shRNA, MDA-MB-231 and MCF7.   AGO1 was downregulated only in MCF7 

infected with GFP shRNA, and AGO4 was not affected in either cell line (Figure 

2.7). These data indicate that expression levels of RNA processing enzymes 

fluctuate upon exposure to viral infection; therefore, cells infected with shRNA 

targeting GFP are the most suitable control for knockdown of the enzymes of 

interest as well as the resulting effects on BRCA1 levels.   

The same two regions of BRCA1 were analyzed as described previously.  

Successful knockdown of all three genes of interest was achieved (Figure 2.6); 

however, there was no significant effect on BRCA1 transcript levels in PIWIL4 

knockdown cells (Figure 2.6A).  Dicer knockdown significantly increased BRCA1 

transcript levels by an average of 6-fold, +/- 1.5, across four biological replicates 

relative to both the GFP shRNA control (Figure 2.6B, p<0.04). Similarly, Drosha 

knockdown resulted in an increase of BRCA1 mRNA levels by an average of 

four-fold, +/- 1, across six biological replicates (Figure 2.6C, p<0.02).  Average 

and standard error for expression of each region of BRCA1 are shown 

individually, as the two regions consistently behaved differently in degree of 

rescue upon knockdown of Dicer and Drosha. Together, these results indicate 

that both Dicer and Drosha contribute to downregulation of BRCA1 transcripts 
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Figure 2.6 

A. 
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Figure 2.6: BRCA1 downregulation requires Dicer and Drosha but not PIWIL4 

MDA-MB-231 cells were infected individually with lentivirus containing shRNA 
constructs targeting PIWIL4, Dicer, and Drosha to knockdown expression of 
these RNA processing enzymes.  Knockdown of target gene mRNA was verified 
and effects of knockdown on BRCA1 transcript levels were analyzed by qRT-
PCR. Expression of all genes was normalized to β-actin and data for all genes is 
depicted relative to the GFP shRNA control, which was set to 1.  (A) PIWIL4 and 
BRCA1 expression in PIWIL4 knockdown MDA-MB-231 cells, non-infected cells, 
and GFP shRNA infected cells. These results represent the average and 
standard error of BRCA1 and PIWIL4 expression in two independent infections 
with PIWIL4 shRNA lentivirus.  (B) Dicer and BRCA1 expression in Dicer 
knockdown MDA-MB-231 cells, non-infected cells, and GFP shRNA infected 
controls.  The two analyzed regions of BRCA1 are depicted individually, as they 
consistently behaved differently in degree of rescue of BRCA1 expression.  
These results represent the average and standard error of BRCA1 and Dicer 
expression in four independent infections with Dicer shRNA lentivirus. P-values 
compare expression levels of BRCA1 between GFP shRNA treated cells and 
Dicer shRNA treated cells; value for region 1 is 0.03, value for region 2 is 0.015.  
(C) Drosha and BRCA1 expression in Drosha knockdown MDA-MB-231 cells, 
non-infected cells, and GFP shRNA infected controls. The two analyzed regions 
of BRCA1 are depicted individually, as they consistently behaved differently in 
degree of rescue of BRCA1 expression.  These results represent average and 
standard error of BRCA1 and Drosha expression in six independent infections 
with Drosha shRNA lentivirus. P-values compare expression levels of BRCA1 
between GFP shRNA treated cells and Dicer shRNA treated cells; value for 
region 1 is 0.014, value for region 2 is 0.005. 
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Figure 2.7 

A. 
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B. 

 

Figure 2.7: Expression of RNA processing enzymes in non-infected cells and 
GFP shRNA infected cells 
 
Expression of the indicated RNA processing enzymes in non-infected cells and 
GFP shRNA infected cells for (A) MDA-MB-231 cell line and (B) MCF7 cell line.  
Expression was analyzed by qRT-PCR and transcript levels for all enzymes were 
normalized to β-actin.  Expression of all genes in the GFP shRNA infected cells 
was set to 1. Data shown is average and standard error for two technical 
replicates of each primer pair. 
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in the sporadic breast cancer cell lines, implicating the miRNA and/or siRNA 

pathways.  

 

Ectopic expression of SINE sequences induces downregulation of BRCA1 

in non-cancer cells 

 

 To determine whether increased dsRNA from SINE sequences could 

directly downregulate BRCA1 mRNA levels, transient transfection assays were 

used to test effects of SINE expression on BRCA1 transcript levels.  An inverted 

repeat of one of the SINE probes (SINE 1) was cloned downstream of a strong 

promoter and transfected into the fibroblast cell line (Figure 2.8A).  When 

transcribed, the inverted repeat construct should form hairpin dsRNA, which 

could be a substrate for RNA processing pathways. In addition to the inverted 

repeat, the vector construct contained a GFP marker to ascertain transfection 

efficiency (Figure 2.8A).  Total RNA was isolated 6 hours post-transfection and 

subjected to qRT-PCR to determine BRCA1 mRNA levels. Non-transfected cells, 

a mock treatment, and cells transfected with the empty vector were used as 

controls.   

Transfection efficiency was near 100%, as nearly all cells in the culture 

exhibited GFP expression 6 hours after treatment (Figure 2.8B).  Cells 

transfected with the SINE inverted repeat construct showed 2-fold, +/-0.1 

(p=0.004) lower BRCA1 mRNA levels as compared to the mock treatment  
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Figure 2.8 
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Figure 2.8: Ectopic expression of SINE sequences induces downregulation of 
BRCA1  
 
(A) Diagram of plasmid and experimental strategy.  An inverted repeat to SINE 1, 
one of the probes used in the run-on and small RNA blots, was cloned under the 
control of the strong SV40 promoter.  Sense and antisense plasmids contain only 
one arm of the inverted repeat and were named according to their orientation 
relative to the BRCA1 coding transcript (not shown).  Within the same plasmid, 
GFP is expressed under the control of the strong CMV promoter, which monitors 
transfection efficiency. (B) Transfection efficiency as shown by number of cells in 
bright field (left) exhibiting GFP expression (right).  Upper image shown is cells 
treated with the empty vector 6 hours post transfection; lower image is one 
biological replicate of SINE 1 inverted repeat 6 hours post transfection. (C) 
BRCA1 transcript levels 6 hours post-transfection, as determined by qRT-PCR.  
Two regions of BRCA1 were analyzed and as they behaved similarly, their 
expression levels were combined as described previously.  Non-transfected, 
mock and empty vector transfections serve as controls for BRCA1 transcript 
levels in the starting cell population, effects of the treatment, and effects of the 
vector, respectively.  Data depicted is average and standard error of four 
biological replicates. Expression of all genes was normalized to β-actin and data 
is depicted relative to the mock treatment control, which was set to 1.  P-value for 
BRCA1 expression between the mock treatment and treatment with the SINE 1 
IR is 0.004.  (D) Expression of BRCA1 was determined by analyzing and 
combining expression data from the two regions, as described previously, 6 and 
24 hours post-transfection of plasmids containing the SINE 1 probe in either the 
sense or antisense orientation relative to the BRCA1 coding transcript. Non-
transfected, mock and empty vector transfections serve as controls.  Expression 
was normalized to β-actin and data is depicted relative to the mock treatment 
control, which was set to 1. Data depicted is average and standard error of two 
biological replicates. 
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(average of four biological replicates, Figure 2.8C).   Two regions of BRCA1 were 

analyzed, as described previously.  Both regions behaved similarly and therefore 

the results depicted are an average for expression values of these two regions. 

Constructs containing SINE sequences that would be expressed in either the 

sense or antisense orientation relative to the BRCA1 coding transcript were also 

transfected to assay the effects of strand specific SINE expression on BRCA1 

transcript levels; no significant alterations in BRCA1 mRNA levels after treatment 

of the single stranded SINE constructs up to 24 hours post-transfection was 

observed (Figure 2.8D).   These data indicate that increased transcription of a 

hairpin SINE RNA is sufficient to downregulate BRCA1 transcripts in the non-

cancer cell line and that double-stranded SINE RNA is able to mediate BRCA1 

downregulation. 

 

Transcription of SINE hairpin RNA does not downregulate all genes with 

homologous sequences 

 

To test whether SINE hairpin RNA can downregulate other protein coding 

genes, expression of other genes containing the SINE 1 sequence was assayed 

after transfection of the SINE 1 inverted repeat.  First, we identified all genomic 

sequences containing 85% or greater identity to the SINE 1 sequence.  We then 

parsed the results to include only SINEs within the introns of protein coding 

genes. Of the ~150 genes identified to contain such SINEs within their introns, 
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four genes were tested for downregulation upon transfection with the SINE 1 

inverted repeat: BAZ2B, a bromodomain containing protein, DYNC1H1, a dynein 

heavy chain gene, SETD1A, a subunit of histone methyl transferase complexes, 

and USP48, a ubiquitin specific protease.  These four genes were chosen 

because they all perform general functions within the cell that would place them 

into the broad category of “housekeeping genes,” and therefore they each 

seemed likely to be expressed at sufficient levels in the fibroblast cells that 

knockdown upon transfection of the inverted repeat would be detectable by qRT-

PCR.  None of these genes were significantly downregulated six hours post 

transfection in three independent transfections of the inverted repeat relative to 

mock treated cells (Figure 2.9).  While this experiment tested a small subset of all 

candidate genes identified in the bioinformatics search, the lack of an effect on 

their RNA levels suggested that downregulation of genes by SINE1 hairpin RNA 

is not a global phenomenon.  
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Figure 2.9 
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Figure 2.9: Expression of candidate genes for SINE dsRNA induced knockdown 

Genes containing SINE sequences homologous to the SINE 1 construct used in 
the transfection experiments within their introns were identified by a 
bioinformatics search and were defined as candidate genes for SINE 1 IR 
mediated knockdown.  Expression level of all genes 6 hours post transfection 
was analyzed by qRT-PCR and normalized to β-actin.  3 independent replicates 
of inverted repeat transfection were compared to an empty vector transfection, a 
mock treatment, and non-transfected cells.  Expression of all genes was 
normalized to β-actin and data for all genes is depicted relative to the mock 
treatment control, which was set to 1. Results for expression of BRCA1 are 
depicted for comparison.  Data shown is average and standard error for two 
technical replicates of each primer pair. 
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Discussion 

 

In the vast majority of breast cancer cases, mutations in BRCA1 or 

promoter hypermethylation does not account for the inactivation of BRCA1 

expression (Thompson, Jensen et al. 1995; Catteau, Harris et al. 1999).  We 

examined transcription rates of BRCA1 in breast cancer cell lines and control 

fetal lung fibroblast cells and found that although breast cancer lines had lower 

steady state levels of BRCA1 mRNA these cells did not differ in BRCA1 

transcription rate when compared to control cells.  This suggests a post-

transcriptional mechanism is operating to downregulate BRCA1.  Our results also 

demonstrate a correlation with increased transcription of both the sense and 

antisense orientation from retrotransposons, specifically SINEs, and a reduction 

in BRCA1 steady state transcript levels. Furthermore, cancer cell lines had 

increased levels of small RNAs homologous to SINE sequences and BRCA1 

specific sequences that was coincident with low BRCA1 transcript levels.  Low 

BRCA1 mRNA levels could be rescued by depleting Dicer and Drosha functions. 

We propose a model (Figure 2.10) whereby BRCA1 is regulated post-

transcriptionally in these cell lines by a pathway initiated through increased 

bidirectional transcription of retrotransposons.  This bidirectional transcription 

may generate retrotransposon dsRNA that subsequently could be processed into  

retrotransposon small RNAs. BRCA1 has a high density of SINEs with its introns; 

therefore, these retrotransposon small RNAs could target the BRCA1 transcript  
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Figure 2.10 
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Figure 2.10: Model 

Loss of DNA methylation at SINE sequences has been reported to occur in 
cancer and could correlate with increased SINE transcription.  Transcription may 
occur bidirectionally from the same SINE element (single black box), in opposite 
orientations from SINE elements at distant locations in the genome (black and 
white boxes), or both.  Arrowheads symbolize direction of transcription.  RNA 
transcribed bidirectionally from the same sequence, or in opposite orientations 
from distant locations retaining high sequence homology, could subsequently 
bind to form dsRNA, which could then be processed into small RNA by Dicer.  
The resulting small RNA molecules may target any transcript with homologous 
sequences for degradation by Dicer or Drosha, therefore making any transcribed 
gene containing SINEs susceptible to post-transcriptional gene regulation.  
Processing of these transcripts could then generate small RNAs that are gene 
specific. These specific small RNAs add to the small RNA pool of the cell and 
may subsequently target transcripts for degradation, thereby functioning in 
combination with SINE generated small RNAs to downregulate the sequence 
from which they originated at the post-transcriptional level.   
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for degradation.  This may generate BRCA1 specific small RNAs, which in turn 

could target BRCA1 mRNA for degradation themselves.  Our results 

demonstrating that expression of a SINE hairpin RNA is sufficient to induce a 

decrease in BRCA1 transcript levels is consistent with this hypothesis.   

We further hypothesize that Dicer and Drosha play a role in this model by 

mediating BRCA1 mRNA degradation after targeting by SINE small RNAs or 

BRCA1 specific small RNAs.  Involvement of both Dicer and Drosha in BRCA1 

regulation is indicated by knockdown experiments; whether this implicates both 

the miRNA pathway and the siRNA pathway or solely the miRNA pathway is 

impossible to determine by these results alone (discussed below).  However, we 

hypothesize that both pathways are involved due to the combination of the 

knockdown results and the SINE inverted repeat transfection results.  We 

speculate that the miRNA pathway could play a role in targeting of the 3’ UTR of 

BRCA1 by small RNAs derived from SINE sequences or BRCA1 specific 

sequences, as it has been shown that placement of a retrotransposon sequence 

into the 3’ UTR of GFP induces its downregulation in mouse oocytes (Watanabe, 

Takeda et al. 2006).   Targeting of the 3’ UTR de-stabilizes the transcript and 

leaves it open to further degradation by small RNAs targeting BRCA1 internal 

sequences.  We hypothesize that the siRNA pathway plays a role in this 

subsequent processing step, and that it can degrade BRCA1 transcripts without 

initial targeting of the 3’ UTR; however, this happens by a less efficient 

mechanism.  Evidence for each of these points is discussed in more detail below. 
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 In our model, initial targeting of the BRCA1 transcript for degradation by 

SINE small RNAs would have to occur within the nucleus, as small RNA species 

from repetitive DNA regions would likely target the precursor mRNA for 

degradation: although one SINE is found within the BRCA1 3’ UTR (discussed 

below), they are found with much greater density within BRCA1 introns.   Splicing 

occurs before message exportation into the cytoplasm; however retrotransposon 

small RNAs could target precursor BRCA1 for downregulation, as Dicer has been 

shown to localize to the nucleus as well as the cytoplasm in human cells (Ando, 

Tomaru et al. 2011).  Once BRCA1 specific small RNAs are formed, they could 

target BRCA1 mRNA either within the nucleus or the cytoplasm, as they would 

guide RNA processing machinery to both the precursor and mature form of the 

transcript. 

 

Small RNA pathways mediating downregulation of BRCA1 

 

Results from our knockdown experiments indicate that both Dicer and 

Drosha play a role in downregulation of BRCA1.  While we did not observe 

rescue of BRCA1 transcript levels in the PIWIL4 knockdown cells, we can not 

definitively rule out the piRNA pathway as playing a role in BRCA1 regulation: it 

is possible that the piRNA pathway does affect BRCA1 transcript levels, but to 

observe an effect, multiple PIWI proteins may need to be knocked down.  It is 

tempting to speculate that the piRNA pathway may be at least partially 
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responsible for downregulation of BRCA1 in the sporadic breast cancer cells, 

given our observations of increased transcription and small RNA species from 

retrotransposon sequences; however, our results indicate that PIWIL4 alone 

does not play a role in BRCA1 regulation.  

Our results implicate the miRNA pathway as playing a role in BRCA1 

downregulation, as knockdown of Drosha significantly rescues BRCA1 transcript 

levels in cancer cells and Drosha is known to function solely in the miRNA 

pathway (Chapman and Carrington 2007).  However, it is unclear whether the 

siRNA pathway plays a role as well.  Dicer is known to function in both the siRNA 

and miRNA pathways (Chapman and Carrington 2007); therefore, our results 

showing that knockdown of Dicer also significantly rescues BRCA1 transcript 

levels may merely confirm the role of the miRNA pathway.  Conversely, it may 

indicate that the siRNA pathway plays a role as well.  Our results indicate that 

Dicer knockdown rescues BRCA1 transcript levels to a slightly greater extent 

than Drosha knockdown; this could indicate that both the miRNA and siRNA 

pathways are involved in BRCA1 regulation, because Dicer knockdown is 

expected to affect both pathways and therefore results in a combinatorial effect 

on rescue of BRCA1. Results from the SINE1 IR transfection experiments may 

indicate that the siRNA pathway does in fact play a role in BRCA1 

downregulation.  Processing of the hairpin RNA generated by transcription of the 

SINE inverted repeat is expected to generate small RNAs with perfect sequence 

complementarity to SINEs within the BRCA1 intron.  Downregulation of BRCA1 
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upon expression of this hairpin SINE RNA indicates that targeting of sequences 

internal to the BRCA1 transcript, rather than those in the 3’ UTR, is sufficient for 

its degradation.  This type of regulation would be expected to occur through the 

siRNA, not the miRNA, pathway.   

 Another interesting observation is the differences in degree of rescue of 

BRCA1 expression between region 1 and region 2 of the BRCA1 transcript in 

both the Dicer and Drosha knockdown experiments.  Region 1 spans the 3’ UTR 

and exon 22 of BRCA1 (of 24 total); region 2 spans exon 10 and 11.  The 

discrepancy between the degree of rescue between the two regions could reflect 

that the BRCA1 transcript is cleaved first at the 3’ UTR, through the miRNA 

pathway, as directed by the increased levels of small RNA complementary to the 

3’ UTR, and that knocking down Dicer or Drosha alleviates this first step in 

processing. Targeting of region 2 by Dicer and Drosha may be less efficient, as it 

is more internal within the BRCA1 transcript, and therefore differences between 

knockdown and non-knockdown cells are not as dramatic. 

 

 

Gene regulation in trans 

 

One key requirement of our model is that regulation of protein coding 

genes by retrotransposons occurs in trans: a transcript can be initially targeted by 

retrotransposon small RNAs that arose due to bidirectional or sense/antisense 
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transcription from separate locations in the genome. It has been shown that there 

are multiple examples of sense/antisense transcription occurring from distant 

locations in the genome: such complementary transcripts retaining roughly 90% 

sequence identity occur and are processed by Dicer (Watanabe, Totoki et al. 

2008), indicating that RNAs do not have to originate from a single locus to form 

dsRNA and do not need to match perfectly to be recognized as substrates by 

RNA degradation pathways. While this published investigation focused on 

sense/antisense transcription and the resulting effects on gene regulation 

between gene and pseudogene pairs, which are relatively unique sequences 

compared to retrotransposons, it is possible that retrotransposon transcripts can 

have similar effects on protein coding mRNAs whose primary and mature 

transcripts contain tracts of transposon sequences. Although our experiments 

analyzing knockdown candidates in the SINE 1 transfection experiments indicate 

that 90% identity is not sufficient for SINE hairpin RNA mediated knockdown, this 

could be due to the limited length of sequence matching the SINE 1 IR in each 

candidate gene.    Independent studies give further support for protein coding 

genes being regulated in trans by antisense pseudogene transcripts, as well as a 

role for Dicer in this regulatory process (Tam, Aravin et al. 2008).  

Although we cannot confirm that the increased transcription from 

retrotransposon elements shown in our experimental results occur specifically 

from SINEs within the BRCA1 genomic region, transcription from any SINE 

above a certain threshold of percent identity could contribute to downregulation 
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of BRCA1. With this model, bidirectional transcription of SINEs not found within 

the BRCA1 genomic region, or even transcription in opposite orientations from 

SINEs at distant locations in the genome, might result in a feedback loop wherein 

any gene containing a high density of SINEs within its sequence has the potential 

to be downregulated. This idea is reminiscent of the observation that piRNAs in 

both the fruit fly and mouse model systems arise from few distinct clusters, which 

then regulate all other repeat elements in trans (Aravin, Sachidanandam et al. 

2007; Brennecke, Aravin et al. 2007), showing that RNA from a few genomic 

regions can regulate transcripts from across the genome.  

Retrotransposons within the coding region of a gene can influence its 

expression level. For example, the number of retrotransposon sequences within 

a gene’s 3’ UTR was shown to be inversely correlated with its expression level 

(Faulkner, Kimura et al. 2009).  While these results looked solely at the 3’ UTR, 

retrotransposon density in other gene regions, such as introns, could have similar 

effects if primary transcripts were targeted. This idea is supported by the 

observation that Dicer is found in the nucleus (Ando, Tomaru et al. 2011).  

Additionally, it has been reported in soybean that targeting of hairpin-RNAs to the 

intron of a coding transcript is sufficient for its post-transcriptional silencing 

(Hoffer, Ivashuta et al. 2010), indicating that small RNAs against intronic 

sequences can function in RNAi pathways.  
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Retrotransposons are transcribed and processed in mammalian cells 

 

Retrotransposon transcription has previously been shown to occur in a 

variety of mammalian tissues: CAGE analysis to define transcription start sites of 

multiple human and mouse tissue types showed that 18.1% of mouse transcripts 

and 31.4% of human transcripts initiate within all types of repetitive elements 

(Faulkner, Kimura et al. 2009).  The proportion that initiated specifically within 

retrotransposons varied between tissue types and was highest in embryonic 

tissues, at 16% (Faulkner, Kimura et al. 2009). An independent study confirmed 

that LINE retrotransposons are transcribed in human cells: these experiments 

showed that LINEs are transcribed bidirectionally within their promoter region, 

which results in generation of LINE small RNAs; additionally, Dicer knockdown 

resulted in loss of these small RNAs (Yang and Kazazian 2006).  These findings 

are consistent with our model in that retrotransposons are transcribed in human 

cells; they also raise interesting possibilities in terms of how retrotransposon 

expression may contribute to establishment and maintenance of tissue specific 

patterns of gene expression by a regulatory mechanism similar to that which we 

propose. 

There is also evidence to support retrotransposon generated small RNA 

occurring endogenously in mammalian cells.  Multiple deep sequencing efforts of 

mouse oocyte small RNAs revealed the presence of retrotransposon sequences 

in the 25-31 nt class, typically regarded as piRNAs, and in the 21-24 nt class, 
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regarded as siRNAs and miRNAs (Watanabe, Takeda et al. 2006; Tam, Aravin et 

al. 2008; Watanabe, Totoki et al. 2008).  The occurrence of retrotransposon 

small RNAs in both size classes has led to the conclusion that both the piRNA 

and siRNA pathway work in combination to regulate retrotransposons in mouse 

oocytes.  Indeed, a Dicer knockout increased steady state transcript levels of two 

specific types of retrotransposons, LTR 10 (RLTR10) and mouse transcript A 

(MTA) in mouse oocytes (Watanabe, Totoki et al. 2008), indicating that Dicer 

functions directly to negatively regulate transposon transcript levels.  Conversely, 

Mili mutant oocytes exhibited an increase in expression of intracisternal-A 

particle (IAP) retrotransposons (Watanabe, Totoki et al. 2008), indicating that the 

piRNA pathway and the siRNA pathway regulate distinct classes of 

retrotransposons in mouse oocytes.  Given these findings, it may seem that Dicer 

knockdown experiments reported here would simultaneously result in increased 

transposon RNA levels and increased BRCA1 mRNA levels. This is because 

failure to process dsRNA originating from transposons would also deplete siRNA 

and/or miRNA with homology to SINE-containing BRCA1 transcripts, thus 

alleviating post-transcriptional silencing of BRCA1.   It is important to note that 

the above studies all focused on retrotransposon generated small RNAs in 

mammalian germline cells.  The mechanisms of regulation we present may differ 

due to the fact that we have analyzed human somatic cells; however, they 

corroborate our results in that they do present a role for Dicer and not solely 

PIWIs in regulation of transposon derived sequences. 
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Of particular interest is our finding that small RNAs antisense to the 3’ 

UTR of BRCA1 are increased in all breast cancer cell lines relative to the 

fibroblast.  As the 3’ UTR is known to be an important binding region for miRNAs 

to negatively regulate transcripts, this finding gives support to the hypothesis that 

the miRNA pathway is playing a role in downregulation of BRCA1. It has recently 

been shown that miR-182 targets BRCA1 for downregulation and binds within the 

3’UTR of the BRCA1 transcript (Moskwa, Buffa et al. 2011); therefore, miR-182 is 

a candidate for one potential sequence that could be upregulated in the sporadic 

breast cancer cell lines and be contributing to the observed differences in 3’ UTR 

small RNAs.  Additionally, there is one SINE within the BRCA1 3’ UTR.  SINE 

sequences therefore could also be contributing to the observed differences in the 

3’ UTR small RNA abundance.  Whilst previous reports indicate that the 

presence of retrotransposons in a gene’s 3’ UTR correlate with down regulation 

of the gene’s expression level ((Watanabe, Takeda et al. 2006); discussed 

above), this analysis was restricted to a comparison of expression levels 

between genes containing different 3’ UTR retrotransposon percentages.  Our 

results differ in that they make a comparison between cells expressing different 

levels of one target gene. Our data indicate that the 3’ UTR of BRCA1 may be an 

important target for SINE or other small RNAs in contributing to its 

downregulation; the observation that BRCA1 transcript reduction is correlated 

with increased SINE small RNAs make it tempting to speculate that SINEs are 

important molecules in contributing to this difference. 
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Global effects on gene regulation of SINE dsRNA 

 

 Our results indicate that small RNAs generated by SINE sequences do not 

downregulate all genes containing high sequence identity to those SINES.  While 

BRCA1 was consistently downregulated upon expression of a specific SINE 

hairpin RNA, other candidate genes retaining roughly 90% sequence identity 

over a range of about 250 to 675 nucleotides or more were not consistently 

downregulated (Figure 2.9).  We hypothesize that this may be due to a lack of 

sufficiently long stretches of homology to generate enough 21 nt small RNA 

species to effectively target each of these candidate genes.  Each small RNA 

formed by processing of the SINE 1 hairpin RNA will be 100% identical to the 

BRCA1 locus, and therefore targeting of BRCA1 for downregulation could be 

much more effective than targeting the candidate genes which will lack some 

complementary targets for SINE 1 small RNAs.   Indeed, visual inspection of the 

alignment of SINE 1 and the homologous region of the candidate genes revealed 

that 21 nt stretches with perfect complementarity were rare: none were found for 

BAZ2B, and one only stretch of 23 nt, 23 nt, and 48 nt matched perfectly in 

DYNC1H1, SETD1A, and USP 48, respectively (Figures 2.11-2.14).  While a 

perfect match is not always necessary for effective post-transcriptional 

downregulation of mRNAs, it is difficult to predict how the SINE 1 hairpin RNA is 

processed, and therefore regions of mismatches may fall within regions where 

perfect complementarity is necessary to be recognized as a substrate by RNA 
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processing pathways.  Therefore, although our four candidate genes were not 

downregulated when a SINE1 inverted repeat was expressed in control cells, it is 

possible that other genes retaining a greater number of 21 nt stretches of perfect 

homology may be affected.  Additionally, increased dsRNA from multiple SINE 

sequences rather than one specific SINE, as in our assay, would generate many 

more possibilities for sufficient small RNAs retaining a high enough degree of 

sequence similarity to target multiple genes.  Our data indicate that multiple SINE 

sequences become transcriptionally upregulated and correlate with reduced 

levels of BRCA1 transcript; therefore, BRCA1 may not be the only gene affected 

within the cell lines exhibiting increased SINE transcription.  Indeed, analysis of 

expression of SETD1A, USP48, and BAZ2B in a subset of the cancer cell lines 

relative to the fibroblast cell line revealed that USP48 is downregulated in all 

cancer cell lines and that SETD1A and BAZ2B are downregulated in two and 

three of the cancer cell lines, respectively, compared to the fibroblast control cell 

line (Figure 2.15).  While we cannot confirm that downregulation of these genes  

is due to a similar mechanism to that postulated for BRCA1, it is tempting to 

speculate that multiple genes can be affected by increased SINE dsRNA and that 

differences in terms of which specific genes are downregulated could be due to 

how well the specific SINEs that are upregulated target various genes in different 

cell lines.      
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Figure 2.11 

 

Figure 2.11: Alignment of IR knockdown candidate gene BAZ2B to SINE1 
 
SINE 1 sequences is cropped to show only relevant region matching IR 
candidate gene. Identity is indicated by shading. 
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Figure 2.12 

 

 

Figure 2.12: Alignment of IR knockdown candidate gene DYNC1H1 to SINE1 
 
SINE 1 sequences is cropped to show only relevant region matching IR 
candidate gene. Identity is indicated by shading. 
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Figure 2.13: Alignment of IR knockdown candidate gene SETD1A to SINE1 

 

Figure 2.13: Alignment of IR knockdown candidate gene SETD1A to SINE1 

SINE 1 sequences is cropped to show only relevant region matching IR 
candidate gene. Identity is indicated by shading. 
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Figure 2.14 

 

Figure 2.14: Alignment of IR knockdown candidate gene USP48 to SINE1 
SINE 1 sequences is cropped to show only relevant region matching IR 
candidate gene. Identity is indicated by shading. 
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Figure 2.15 

 

Figure 2.15: Expression of IR knockdown candidate genes in cell lines 

Expression level of a subset of SINE 1 IR knockdown candidates in fibroblast cell 
line and a subset of cancer cell lines.  Expression level was analyzed by qRT-
PCR and normalized to β-actin.  Data for all genes is depicted relative to 
fibroblast, which was set to 1. Data shown is average and standard error for two 
technical replicates of each primer pair. 
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Loss of SINE methylation in cancer  

 

It has been understood for quite some time that, while specific DNA 

regions undergo hypermethylation during cancer initiation and progression, a 

genome-wide hypomethylation is also observed (Goelz, Vogelstein et al. 1985).  

This phenomenon has been attributed to loss of methylation at repetitive DNA 

elements. Because repetitive sequences make up close to fifty percent of the 

human genome, the net amount of genome methylation is reduced in cancer 

cells compared to healthy cells.  The extent of DNA hypomethylation observed 

varies between types of cancers.  Of all solid tumor types, loss of genome-wide 

methylation is most prevalent in breast cancers, which show a reduction of 

methylated CpG dinucleotides by up to fifty percent compared to healthy breast 

tissue (Wilson, Power et al. 2007).  Genome-wide hypomethylation has also 

been observed in healthy tissue adjacent to colorectal tumors, suggesting that 

loss of methylation at repeat elements might be an early event in cancer initiation 

(Suter, Martin et al. 2004). 

Although loss of methylation at repetitive DNA elements has long been 

known to be a feature of cancer, the impact on transcriptional regulation of these 

sequences has not been thoroughly investigated.  Various hypotheses have 

been put forth as to the consequences of hypomethylation at repeat DNA.  One 

idea is that accessibility to the strong promoters present in repeat DNA 

sequences act as a sink for transcription factors, effectively titrating them away 
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from inducing transcription of important protein coding genes (Whitelaw and 

Martin 2001).  However, our results showing that transcription levels of the 

BRCA1 gene are unaffected in sporadic breast cancer cell lines compared to a 

healthy fibroblast cell line argue against this hypothesis.  Another idea that has 

been postulated is that loss of methylation at repetitive sequences triggers 

aberrant regulation of other cellular genes through RNA mediated pathways; 

various mechanisms as to how this may occur have been discussed (Whitelaw 

and Martin 2001; Wilson, Power et al. 2007), including read-through of 

retrotransposon transcription into the antisense region of protein coding genes 

and double stranded RNA production from retrotransposons.  While such ideas 

have been put forth, they have not been rigorously investigated.  To our 

knowledge, we present the first evidence linking increased transcription of 

repetitive DNA elements to post-transcriptional Dicer and Drosha mediated 

downregulation of a critical tumor suppressor gene.  We hypothesize that it is 

loss of DNA methylation at repetitive elements that induces their transcription 

and results in a cascade of events ending in aberrant gene regulation, shown in 

Figure 2.10.  Although the cell lines we have used to determine this model 

preclude us from making any concrete statements about cancer, the observation 

that SINE sequences become de-methylated in many types of cancer make it 

possible that our proposed mechanism is a previously unexplored mechanism of 

gene regulation that can occur in cancer initiation and/or progression.  Such a 
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mechanism has the potential to downregulate multiple genes in the cell, and thus 

may explain how critical tumor suppressor genes are lost. 
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Conclusions and future directions 

 
 The results presented here describe a novel mechanism for regulation of 

the BRCA1 gene that is previously undescribed in human cells.  Retrotransposon 

mediated gene regulation in trans may prove to be a pathway used by healthy 

cells to regulate genes appropriately; the finding that BRCA1 downregulation can 

be induced by transfection of a SINE hairpin overexpression construct (Figure 

2.8) supports this hypothesis.  Conversely, it may be a mechanism that simply 

goes awry in cancer cells due to the loss of DNA methylation at repetitive DNA 

sequences.  Future experiments to distinguish between these possibilities could 

be a transcriptome analysis to determine if retrotransposons are expressed in a 

tissue specific manner.  Previous CAGE experiments have shown that this is 

indeed the case; however, confirmatory experiments, such as RNA deep 

sequencing, would help to solidify this finding.  Additional experiments such as 

small RNA deep sequencing could also be performed to show if retrotransposons 

are processed in a tissue specific manner, as well as if complementary protein 

coding transcripts are degraded in tissues they are not mean to be expressed in. 

 Bioinformatic experiments to determine SINE density, as well as density of 

other types of retrotransposons, in every gene of the human genome would also 

be interesting in terms of defining other targets for the pathway we propose to 

target BRCA1.  Analysis of gene ontology terms for genes either significantly 

enriched or significantly depleted in SINE or other retrotransposon elements 
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could also be useful to determine classes of genes that could be targeted by our 

proposed mechanism. 
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CHAPTER 3: BRCA1 DECAY KINETICS IN BREAST CANCER CELLS 
 
 
Introduction 
 
 

RNA decay pathways in mammalian cells 

 

 Various RNA decay pathways exists in mammalian cells.  The most well-

studied are nonsense mediated decay, Staufen-1 (STAU-1) mediated decay, and 

degradation by small RNAs.  Each of these pathways is discussed briefly below. 

 
Nonsense mediated decay 

 

Nonsense mediated decay (NMD) is a mechanism utilized by cells to 

degrade RNA transcripts with premature stop codons.  Other mRNA molecules 

that are targets for NMD include incompletely spliced transcripts exported into 

the cytoplasm containing introns, mRNAs from which translation begins 

downstream of the true start codon, transcripts with abnormal extensions of the 

3’ UTR, transcripts containing upstream open reading frames (uORFs), 

bicistronic mRNAs, and transcripts from pseudogenes and transposable 

elements (Amrani, Sachs et al. 2006). Degradation of these aberrant RNA 

molecules prevents the accumulation of truncated protein products that may be 

toxic to the cell and also prevents unnecessary expenditure of ribosomes, amino 

acids, and other cellular resources on non-functional or deleterious protein 

products.   
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The actual mechanism of NMD has been studied extensively in yeast, 

Drosophila, and mammalian cells.  It has been shown that both 5’ to 3’ and 3’ to 

5’ exonuclease activities contribute to the pathway.  The 5’ to 3’ degradation 

pathway depends on decapping enzymes and the 3’ to 5’ pathway requires 

components of the exosome, a complex of exonucleases that degrades RNAs in 

both the nucleus and cytoplasm.  These findings and the protein components of 

each pathway are reviewed in (Amrani, Sachs et al. 2006). 

 
 

STAU-1 mediated decay 

 

 STAU-1 mediated decay (SMD) occurs by a distinct mechanism, but 

requires some common components, with NMD.  STAU-1 is a double-stranded 

RNA (dsRNA) binding protein that is targeted to mRNAs containing STAU-1 

binding sites (SBS) sufficiently downstream of the termination codon in the 3’ 

UTR.  The dsRNA component can be formed by STAU-1 binding to a RNA 

molecule complementary to a target’s SBS, or alternatively by secondary 

structure within the 3’ UTR of a target.  Intriguingly, Alu elements within a 

transcript’s 3’ UTR have been shown to be targets of the SMD pathway through 

the binding of STAU-1 to long noncoding RNAs (lncRNAs) containing Alu 

sequences (Gong and Maquat 2011).   
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Small RNA mediated decay 
 
 
 RNA degradation has been most well-studied as a mechanism of the 

siRNA pathway.  Perfect complementarity between a small RNA and its target is 

thought to result in target degradation by the RNA Induced Silencing Complex 

(RISC).    The RNA cleavage activity of RISC is conferred by AGO2 in humans, 

which cuts its targets between the 10th and 11th position bound to the small RNA 

guide, leaving these processed transcripts susceptible to cellular exonucleases.  

These findings are reviewed in Pratt and MacRae 2009. The miRNA pathway 

generally targets gene transcripts in their 3’ UTRs and was thought mainly to 

result in translational repression rather than transcript degradation in animals 

(discussed in Pratt and MacRae 2009), however, recent evidence indicates that 

miRNAs also play a role in transcript degradation in animals.  While this has 

been clear in plants for some time, this is a role for miRNAs in animals that has 

not been well studied.  Evidence includes the findings that introduction of specific 

miRNAs into cultured cells results in downregulation of targets at the transcript 

level and that depletion of specific miRNAs results in target transcript 

upregulation.  Transcript degradation by miRNA targeting occurs predominately 

through the 5’ to 3’ RNA decay pathway.  Downregulation at the transcript level 

by the miRNA pathway may be time dependent, as evidence indicates that 

targets seem to be predominately downregulated at the protein level eight hours 

after transfection of specific miRNAs, but 32 hours after transfection transcript 

levels were also affected.  It may be that the primary mechanism of miRNAs is to 
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inhibit translation, which leaves targets susceptible to other RNA decay pathways 

within the cell.  These findings are reviewed in (Huntzinger and Izaurralde 2011). 

 

BRCA1 decay 

 

 As is indicated in Chapter 2, BRCA1 steady state transcript levels are 

downregulated in sporadic breast cancer cell lines compared to the control 

fibroblast cell line.  Small RNA blot experiments (Chapter 2) led to the finding that 

BRCA1 small RNA levels are increased in sporadic breast cancer cells compared 

to the fibroblast cells, giving rise to the hypothesis that BRCA1 transcript decays 

more rapidly in the sporadic breast cancer cells by a small RNA mediated 

mechanism.  We performed RNA decay experiments to confirm differences in 

BRCA1 transcript decay kinetics in these cell lines.  Our results demonstrate 

differences in the decay rate of BRCA1 mRNA in sporadic breast cancer cells 

and fibroblast cells in unexpected ways. 
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Materials and methods 

 
 

Actinomycin D treatment 
 
 
Cells were treated with 3.5 ug/mL actinomycin D supplemented media.  Cells 

were collected by trypsinization at indicated time points and pellets were frozen 

at -80 C until RNA extraction. 

 
RNA extraction, cDNA synthesis, and qRT-PCR 

 
 
RNA was extracted from cell pellets immediately following their collection using 

Trizol (Invitrogen) according to manufacturer instructions.   RNA was 

resuspended in 100 uL DEPC treated water and incubated with 11 uL 10X 

DNAse buffer and 4 U DNAse (Ambion) at 37 C for 1 hr.    RNA was 

subsequently purified using the RNA Clean and Concentrator Kit (Zymo) 

according to manufacturer’s instructions.  Quality of RNA was assessed on a 1% 

agarose gel; only samples with clear ribosomal RNA bands and no apparent 

degradation were used for subsequent analyses.  Concentration was calculated 

by nanodrop measures of absorbance at 260 nm. 

 

See Chapter 2 methods for cell culture, cDNA synthesis, qRT-PCR, nuclear run-

on, and small RNA enrichment and end label small RNA filter blot. 
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Table 3.1: Primers used in q-RT PCR experiments 
 
Primer Name Sequence 
BRCA1 Region 1 F GTGGTGCTTCTGTGGTGAAG 
BRCA1 Region 1 R ACAGGTGCCTCACACATCTG 
BRCA1 Region 2 F GGCTATCCTCTCAGAGTGACATT 
BRCA1 Region 2 R CTGATGTGCTTTGTTCTGGA 
c-myc F TGCTGCCAAGAGGGTCAAGT 
c-myc R GTGTGTTCGCCTCTTGACATTC 
18s rRNA F CGGCTACCACATCCAAGGAA  
18 s rRNA R GCTGGAATTACCGCGGCT  
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Results 

 
 

BRCA1 decay kinetics in fibroblast cells 

 

Various control cell lines have previously been tested for BRCA1 

regulatory characteristics (Chapter 2).  These experiments indicated that a fetal 

lung fibroblast line, WI-38 VA-13, was the most suitable experimental control cell 

line, as it exhibited increased BRCA1 steady state transcripts compared to 

mammary epithelial cell lines HMEC and MCF10A and various sporadic breast 

cancer cell lines (Chapter 2).  To determine a control rate of BRCA1 transcript 

decay, these fibroblast cells were treated with Actinomycin D to block all DNA 

templated transcription.  RNA samples were collected from cells harvested at 0, 

0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 22.5, and 28 hours.   The BRCA1 mRNA levels at 

these time points following the transcriptional block were then determined using 

qRT-PCR and normalized to 18s rRNA, which is produced by Pol I.  Across three 

different biological replicates, BRCA1 transcript levels remained steady for up to 

six hours post treatment, after which there was a reduction to about thirty percent 

of the initial levels at 8 hours.  BRCA1 mRNA levels then remained constant 

through 22.5 hours post treatment, and were further reduced to roughly twenty 

percent of the initial levels at 28 hours post treatment (Figure 3.1A).  While a 

small degree of “cycling behavior” of the BRCA1 transcript, or a decrease in  
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Figure 3.1 
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F. 

 
 
Figure 3.1: BRCA1 decay kinetics 
 
BRCA1 decay kinetics were determined in indicated cell lines by stopping all 
DNA templated transcription with Actinomycin D, collection of RNA at indicated 
time points, and qRT-PCR to BRCA1.  C-myc serves as a rapidly decaying 
control.  Data depicted is average and standard error for 3 biological replicates in 
(A) control fibroblast; (B) MCF7; (C) MDA-MB-231; two biological replicates in (D) 
UACC893; (E) ZR-75-1; and three biological replicates in (F) MCF10A. 
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abundance followed by an increase at the subsequent timepoint, was exhibited 

upon analysis of the averages across three biological replicates, the differences 

were not statistically significant.   These results indicate that the BRCA1 

transcript decay curve follows the expected pattern upon transcriptional block in 

the fibroblast cells with a half life of between six and eight hours (Figure 3.1A). 

Levels of c-myc transcripts were also analyzed by qRT-PCR at each time 

point and normalized to 18s rRNA. As c-myc is known to decay rapidly in 

mammalian cells, it served as a control for complete transcriptional block upon 

exposure to actinomycin D.  Across three biological replicates, c-myc displayed 

rapid decay kinetics in the fibroblast cells, reaching less than 40 percent of initial 

levels by one hour post treatment and nearing complete reduction by six to eight 

hours post treatment (Figure 3.1A).  These results indicate that the levels of 

actinomycin D used (3.5 ug/mL) were sufficient to completely block DNA 

templated transcription and that the half life of c-myc in the fibroblast cells is 

between thirty minutes and one hour. 

 
BRCA1 decay kinetics in mammary epithelial cells and cancer cells 

 

BRCA1 transcript decay kinetics were next analyzed in four sporadic 

breast cancer cell lines (MCF7, MDA-MB-231, UACC893, and ZR-75-1) and one 

mammary epithelial cell line (MCF10A).  Surprisingly, BRCA1 transcript levels 

exhibited dramatic cycling behavior in all these cell lines (Figure 3.1B-3.1F).   

Averaged across three biological replicates, in MCF7 BRCA1 mRNA was 
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reduced to roughly forty percent at thirty minutes post treatment, which remained 

constant through one hour post treatment, followed by a statistically significant 

recovery to about 90 percent of initial levels at 1.5 hours post treatment.  Further 

cycles of increase and decrease BRCA1 mRNA levels were observed (Figure 

3.1B).  Significant cycling of BRCA1 levels was also observed in three biological 

replicates of MDA-MB-231 cells, which went up to roughly 2.5 fold of initial levels 

at two hours post treatment followed by decrease and another subsequent 

increase (Figure 3.1C).  ZR-75-1 and UACC893 cells also exhibited cycling of 

BRCA1 transcript levels, although not to the extent or as significantly as in the 

other two sporadic breast cancer cell lines (Figures 3.1D and 3.1E).  MCF10A, 

which is considered a non-cancerous cell line due to its lack of tumor formation 

when injected into immune-compromised mice and was established from 

fibrocystic disease tissue (Soule, Maloney et al. 1990), also exhibited cycling of 

BRCA1 transcript levels, with abundance nearing two fold one hour post 

treatment followed by a decrease and subsequent increase (Figure 3.1F).  c-myc 

levels decayed rapidly and without cycling in MCF10A and all sporadic breast 

cancer cell lines (Figure 3.1B-3.1F), indicating that actinomycin D treatment 

sufficiently blocked transcription and that the cycling BRCA1 transcript levels are 

likely  not an artifact of the experimental protocol and qRT-PCR assay.  
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Discussion 
 
 
 

Potential for RNA templated RNA transcription in human cells 

 

These results raise the intriguing possibility that RNA templated RNA 

transcription could occur in human cells.  Actinomycin D binds DNA at the 

transcription initiation complex, physically preventing elongation of any RNA 

polymerase; therefore, it effectively blocks all DNA templated transcription 

(Sobell 1985).  Actinomycin D should theoretically not affect RNA templated 

transcription due to the different nature of enzymes responsible for this process.   

The finding that BRCA1 mRNA levels increase in certain cell lines after 

DNA templated transcription is effectively blocked, raises the possibility that other 

sources of RNA transcription may exist in these human cell lines.   One such 

possible source is RNA templated transcription.  While the search for a 

mammalian homolog of known RNA dependent RNA polymerase (RdRP) 

enzymes has been unsuccessful, the possibility remains that a functional 

homolog exists that lacks sequence homology or that a different mechanism has 

evolved to accomplish RNA-templated transcription in human cells.  One 

intriguing possibility could be that RNA-templated transcription occurs through a 

mechanism similar to the ping-pong model of piRNA biogenesis hypothesized to 

occur in Drosophila and mouse (discussed in Chapter 1).  However, in this case, 

perhaps an enzyme associated with one of the PIWI proteins responsible for the 
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ping-pong amplification cycle recruits an RNA polymerase enzyme which uses 

the piRNA as a primer and, instead of slicing the piRNA target, synthesizes a 

complementary transcript.    

 

Specificity to cells exhibiting overgrowth phenotypes 

 

Our data suggest that cycling of BRCA1 transcript levels, and therefore 

the potential for RNA templated RNA transcription activity, may be specific to 

certain cell lines known to be established from tumorigenic cells or cells 

exhibiting overgrowth phenotypes.  While we did observe cycling of BRCA1 

mRNA in MCF10A cells, this line was isolated from fibrocystic disease tissue, 

which is considered to be a cell overgrowth condition.  Although considered to be 

benign, these cells certainly cannot be considered as healthy mammary epithelial 

cells.  It may be that RNA templated transcriptional activity, should it exist in 

human cell lines, is an early facet of cell overgrowth and/or cancer development.  

The potential for cancer specific RNA templated transcriptional activity in 

human cells could come from one of two sources: there could be an increased 

amount of dsRNA giving rise to more small RNA primers needed for RNA 

templated transcription to occur, or there could be an induction of expression of 

an enzyme capable of performing RNA templated transcription upon cancer 

initiation or progression.  In support of the first hypothesis, all cancer cell lines 

showed increased transcription in both orientations from repetitive regions, 
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particularly SINEs, with homology to the BRCA1 locus (Chapter 2).  These 

bidirectional transcripts could be a potential source of increased dsRNA giving 

rise to small RNA primers.  While MCF10A did not exhibit increased transcription 

from SINE elements (Figure 3.2A), small RNAs from BRCA1 (Figure 3.2B) and 

repetitive elements (Figure 3.2C) were increased in these cells compared to the 

fibroblast control.  Control fibroblast and two sporadic breast cancer cell lines 

UACC2087 and MCF7 are shown for comparison.  The origin of the abundant 

BRCA1 and SINE small RNAs in MCF10A remains mysterious, as increased 

transcription from BRCA1 or SINEs was not observed and therefore dsRNA is 

likely not the source.  No data exists to support the second hypothesis, but there 

is no data to eliminate it either.  Aside from functional homologs of plant and viral 

RdRPs that may lack sequence identity and therefore have not arisen in 

sequence based homology searches, other candidates for an enzyme capable of 

performing RNA templated transcription include reverse transcriptases encoded 

in long interspersed nuclear elements (LINEs).  As repetitive elements have long 

been known to be demethylated in cancer, which we postulate may be a factor 

leading to their transcriptional upregulation (Chapter 2), copies of LINEs that 

encode functional reverse transcriptases that become released for expression in 

cancer may be the source of enzymes capable of performing RNA templated 

transcription. 
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Figure 3.2 

A. 
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C. 

 
 
Figure 3.2: BRCA1 SINE transcription, BRCA1 small RNA, and BRCA1 SINE 
small RNA in MCF10A 
 
(A) BRCA1 SINE transcription as analyzed by nuclear run on in MCF10A.  
Transcription signal is normalized to β-actin. (B) BRCA1 specific small RNA and 
(C) BRCA1 SINE small RNA as measured by small RNA blot. 
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Although the search for canonical RdRPs in mammals has not been successful, 

an exciting candidate has emerged.  A bioinformatics search for human 

polymerases that are related to viral RdRPs showed that human telomerase has 

some similarities.  Telomerase is an enzyme composed of telomerase reverse 

transcriptase (TERT) that complexes with an RNA called telomerase RNA 

component (TERC) that functions in the elongation of the ends of the lagging 

strand of DNA upon DNA synthesis.  Structural analysis confirmed that TERT is 

structurally similar to viral RdRPs, and experiments have shown that TERT is 

capable of synthesizing a complementary strand to a snoRNA binding partner 

RMRP, and the resulting dsRNA is processed into siRNAs 22 nt in length (Maida 

and Masutomi 2011).  As telomerase is known to be overexpressed in a variety 

of cancers, it is an exciting candidate for a cancer specific enzyme capable of 

performing RNA templated RNA transcription.   
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Conclusions and Future Directions 

 

 Data presented here provide initial evidence for the potential occurrence 

of RNA templated RNA transcription in human cells.  First, these experiments 

must be validated by a more quantitative means of qRT-PCR, such as TaqMan.  

Should these results be reproduced, future experiments include an analysis of 

what induces cycles of BRCA1 amplification and degradation in a cancer cell-

specific manner.    Expression analysis of genes capable of RNA templated RNA 

transcription, such as LINE-1 reverse transcriptases, RNA polymerase subunits, 

and telomerase in both the cancer cell lines and the fibroblast control line may 

define protein factors that become overexpressed in cancer and lead to cycling 

BRCA1 levels.  Any candidate that appears to be overexpressed in the cancer 

cell lines and MCF10A could then be knocked down by transduction of lentiviral 

particles containing shRNA constructs targeting the candidate.  Analysis of 

whether such a knockdown exhibits a reduction or complete loss of BRCA1 

transcript cycling would provide compelling evidence for a specific enzyme that 

participates in RNA templated RNA transcription.  To test whether increased 

siRNA primers induce BRCA1 cycling, transfection of siRNA primers to the 

BRCA1 gene as well as SINE sequences within it, both alone and in 

combination, into the fibroblast cell line followed by an RNA decay assay of 

BRCA1 would be an ideal experiment.  Further analyses could include 

identification of other genes that undergo amplification/degradation cycles, as 
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BRCA1 appears to.   This could be accomplished using human expression 

microarrays with the same type of RNA decay assay as is described here.  

Finally, experiments to test whether known RNA processing enzymes, such as 

Dicer and Drosha, play a role in cycling of BRCA1 could be interesting and would 

be accomplished by analysis of whether cycling of mRNA levels occurs in cell 

lines with these genes knocked down by lentiviral transduction of shRNA 

particles. 
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CHAPTER 4: TRANSPOSON REGULATION BY CONDENSINS AND 

RNA BINDING PROTEINS IN DROSOPHILA MELANOGASTER 
 

 
 
Introduction 

 

 Condensin structure and roles in chromosome condensation 

 

 Condensin is a protein complex first identified in cell free extracts of 

Xenopus laevis as a molecular factor playing a role in chromosome condensation 

and further studied in Saccharomyces cerevisiae as a set of genes playing a role 

in accurate chromosome segregation through mitosis (reviewed in (Hudson, 

Marshall et al. 2009)).  It is composed of a heterodimer of two structural 

maintenance of chromosome (SMC) proteins, SMC2 and SMC4, each of which 

form an antiparallel coiled coil.  A globular head domain composed of the N and 

C termini of the protein occurs at one end of the coiled coil; the other end is 

termed the hinge domain, at which the two subunits interact to form a dimer.  

ATP binding within each respective head domain promotes their association, and 

its subsequent hydrolysis provides the energy necessary for chromosome 

compaction.  Conversely, association of SMC2 and SMC4 at the hinge domains 

is ATP independent.  The structure of the SMC subunits of condensin is reviewed 

in (Hirano 2005; Losada and Hirano 2005; Hirano 2006). 
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At least two condensin complexes exist in multicellular organisms; the 

most well-studied are condensin I and condensin II (Hudson, Marshall et al. 

2009), and they differ in their composition of non-SMC subunits.  These non-

SMC subunits of condensin bind at the head regions of the SMC subunits 

(Yoshimura, Hizume et al. 2002).  The two condensin complexes also differ in 

their localization throughout the cell cycle: while condensin I is restricted to the 

cytoplasm throughout interphase and only enters the nucleus upon nuclear 

envelope breakdown at the end of prophase, condensin II is nuclear during 

interphase as well as all stages of mitosis (Hudson, Marshall et al. 2009).  

Additionally, condensin I and condensin II localize to distinct regions of 

chromosome arms, exhibiting alternating binding patterns as well as some 

overlap (Hudson, Marshall et al. 2009), indicating that binding of each condensin 

complex may occur in a sequence specific manner, either by direct binding to 

specific DNA sequences or through specific interactions with other proteins at 

discrete genomic regions. 

 

Roles in gene regulation  

 

While condensin has classically been studied for its roles in chromosome 

compaction (reviewed in Bazile, St-Pierre et al. 2010) and segregation (reviewed 

in Cuylen and Haering 2011), the localization of condensin II to the nucleus in 

interphase indicates that it may play a role in other processes as well.  
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Intriguingly, a link between condensins and gene regulatory processes has been 

uncovered in a variety of systems and may be one possible interphase function 

of condensin complexes.  One of the first hints that condensins may play a role in 

global gene regulation processes came from the finding that the dosage 

compensation complex (DCC) in C. elegans is composed of condensin like 

subunits (reviewed in Meyer 2010). In Drosophila melanogaster, it has been 

shown that barren, a non-SMC condensin I subunit, physically interacts with 

polyhomeotic (PH), a Polycomb group protein, and that mutations in barren result 

in increased expression of a reporter gene inserted into a locus typically silenced 

by Polycomb group proteins (Lupo, Breiling et al. 2001).  In S. cerevisiae, the 

condensin subunit YCS4 was shown to be nuclear throughout the cell cycle and 

to bind to rDNA repeats.  Further, mutations in YCS4 resulted in decondensation 

of rDNA repeats and increased expression of reporter genes inserted within them 

(Bhalla, Biggins et al. 2002), providing some of the first evidence that condensins 

may play a role in regulation of repetitive DNA sequences.  Further corroborating 

this hypothesis was the finding that YCS4 mutations also resulted in loss of 

silencing at the mating loci (Bhalla, Biggins et al. 2002).  Other evidence for 

condensin regulation of repetitive regions in S. cerevisiae include the findings 

that mutations in smc2 result in increased expression of reporter genes inserted 

into telomeric regions (Machin, Paschos et al. 2004).  Studies in the fission yeast 

Schizzosaccharomyces pombe have shown that condensin subunit cut3 binds to 

RNA Polymerase III (Pol III) promoters and promotes their co-localization with 
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centromeric sequences (Iwasaki, Tanaka et al. 2010).  These experiments 

provide a potential mechanistic link as to how condensins may function to silence 

rDNA repeats, as they are transcribed by Pol III. 

 

Current Study 

 

To further investigate gene regulatory function of condensin, expression 

arrays of D. melanogaster condensin mutants were performed.  The condensin 

mutants analyzed were heterozygous for a mutation in SMC4, which is denoted 

as SMC4/+. SMC4 heterozygotes were used because homozygous mutations in 

SMC4 are lethal.  Condensin mutants are also transheterozygotes for mutations 

in CAPH2, a non-SMC subunit of the condensin II complex.  The two mutant 

alleles of CAPH2 are denoted as CAPH20019 and CAPH2TH1.  Yellow white (yw) 

flies, which carry mutations in the body pigment gene yellow and eye pigment 

gene white, served as wildtype comparison.   As yw is the standard genotype 

used to make transgenic flies, use of these flies as a wildtype allows for future 

studies comparing any transgenic to its original genetic background more 

feasible.  Tiling arrays with probes representing all D. melanogaster genomic 

sequences repeated less than 100 times in the genome, were used with total 

RNA samples from stage 10 egg chambers to compare expression between 

condensin mutants and yw.  Across three biological replicates, expression of 

known piRNA clusters was significantly reduced and expression of various types 
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of transposable elements was significantly increased in condensin mutants  

(Bosco lab, unpublished observations).    

In a parallel project, a genome-wide deficiency screen in D. melanogaster 

was performed to identify genes that interact with condensin in the chromosome 

pairing phenotype.  Condensin has previously been shown to play a role in 

polytene chromosome pairing in the D. melanogaster ovary (Hartl, Smith et al. 

2008).  It has further been shown that an intermediate phenotype between 

complete polytene chromosome pairing observed in CAPH2 homozygous mutant 

ovaries (Figure 4.1A) and complete polytene dispersal observed in wildtype 

ovaries (Figure 4.1C) exists in the female germline of flies heterozygous for 

mutations in SMC4 and CAPH2 (Figure 4.1B).  This intermediate phenotype is 

conducive to an enhancer/suppressor screen, as genes can be identified that 

influence the phenotype towards more polytene dispersal or towards more 

complete pairing.  Two genes that were identified as interactors of condensin in 

the chromosome pairing phenotype in this screen were orb2 and elp1, which 

both suppressed the mutant phenotype (Figure 4.2) (Bosco lab, unpublished 

observations).  Both these genes are RNA binding proteins: elp1 has been 

previously shown to function in regulation of transposable elements and to 

interact with Dicer (Lipardi and Paterson 2009) and orb2 is known to contain a 

cytoplasmic polyadenylation element binding sequence motif, which is thought to 

function by complexing with cytoplasmic RNAs and regulating their translation 

(Keleman, Kruttner et al. 2007).  Given their known roles in RNA binding and 
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regulation of transposons, we wished to characterize whether elp1 and orb2 also 

interact with condensin in regulation of transposable elements.  Such studies 

may provide a mechanistic link between chromosome pairing and regulation of 

repetitive transcripts. 
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Figure 4.1 
 

 
 

Figure 4.1: Condensin mutant phenotypes in polytene chromosomal pairing 
 
Chromosome pairing as analyzed by fluorescent in-situ hybridization (FISH) of 
single copy DNA probes in Drosophila nurse cell ovary in (A) SMC4/+; 
CAPH20019/CAPH2TH1; (B) SMC4/+; CAPH20019/+; and (C) OreR.  Each color 
represents a unique FISH probe.  Credit to Christopher Bauer for image. 
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Figure 4.2 
 

 
 
 

Figure 4.2: Interaction of orb2 and elp1 with condensin in chromosome pairing 

Quantification of chromosome pairing, as analyzed by FISH using a probe to the 
ubx gene, in Drosophila ovaries.  Credit to Meredith Roberts for experimental 
technique and data analysis. 
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Materials and methods 

 

Stage 10 Dissections 

 

Female flies of relevant genotypes were selected at three to five days old 

and fattened in the presence of male flies for two days by supplementing food 

with yeast extract.  Stage 10 egg chambers were microdissected from whole 

ovaries, snap frozen in liquid nitrogen, and stored at -80 C until RNA or DNA 

extraction. 

 

RNA extraction, reverse transcription, and qPCR 

 

RNA was extracted from the egg chambers using RNeasy kit (Qiagen) 

according to manufacturer instructions.  Yield was quantified by nanodrop 

absorbance at 260 nm, and approximately 1 ug was analyzed on a 0.7% agarose 

gel for quality.  Only samples showing clear ribosomal RNA bands and no 

apparent degradation were used in subsequent analyses.  1 ug of total RNA was 

reverse transcribed in a 20 uL reaction using Omniscript kit (Qiagen) according to 

manufacturer instructions.  1 uL of the resulting cDNA was used in a qPCR 

reaction with 2X iQ SuperMix (BioRad) to 1X, 300 nM each forward and reverse 

primer, and water to 20 uL.  PCR conditions were an initial denaturation at 95 C 

for 10 min followed by 45 cycles of denaturation at 95 C for 30 seconds, primer 
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annealing at 58 C for 30 seconds, and elongation at 72 C for 45 seconds.  

Fluorescence data was collected following the completion of the elongation step. 

Two reactions for each primer set served as technical replicates for all samples. 

Transcript measures were normalized to RP49.  Data was quantified using MyIQ 

Software (Bio-Rad).  Statistics were done using student’s t-test for unpaired 

samples.  

 

DNA extractions 

 

DNA was extracted from stage 10 egg chambers using standard 

phenol/chloroform extraction followed by ethanol precipitation.  Yield was 

quantified by nanodrop absorbance at 260 nm.  Approximately 1 ug was 

analyzed on a 0.7% agarose gel to confirm quality of the sample.   

 

Dot blot preparation, random prime labeling, and membrane hybridization 

 

Dot blot probes were amplified using PCR, and 200 ng of each DNA was printed 

on each dot blot membrane.  Genomic DNA from stage 10 egg chambers was 

labeled using Random Prime Kit II (Stratagene) according to manufacturer 

instructions using α-32-P dCTP at 10 uCi/uL; 6000 Ci/mmol.  Labeled samples 

were purified from unincorporated nucleotides using Nucleotide Removal Kit 

(Qiagen) according to manufacturer instructions.  Samples were hybridized 
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overnight at 65C in 6X SSC, 5X Denhardt’s reagent, 0.5% SDS, and 100 ug/mL 

salmon sperm DNA.  Membranes were washed at 65 C two times five minutes in 

2X SSC, 0.5% SDS, fifteen minutes in 2X SSC, 0.1% SDS, and two times one 

hour in 0.1X SSC, 0.1% SDS.  Membranes were exposed in a Phosophorimager 

cassette and signal was quantified using Image Quant software. 
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Table 4.1: Primers used in qRT-PCR Experiments  
 
Primer Name Sequence 
Rover F CAGAATATCTTCGACCAAAATCG 
Rover R CTGATGGTCGTTGTCTTTTTACC 
MAX F ACTTCCCGACAGATAGAGTCTCC 
MAX R ATATCCCTTCGTTATGAGACACG 
ZAM F GTCACACAAGACGGAGTTAAACC 
ZAM R AACCCGAGAAAAGATTTGATAGC 
Gypsy F CATATAAAATGTCCCTCGAAACG 
Gypsy R CCAGATCTTGAATTGTTTTACGC 
Simple 1 F GATCTTCTTCTCCACGGATATGG 
Simple 1 R AGACATCATCGAAAAATTCATGC 
Simple 3 F CGAATTACTCATTCTACGGTTGC 
Simple 3 R CACTTTGTGGTCATTAACACTGC 
I element F TGAAATACGGCATACTGCCCCCA 
I element R GCTGATAGGGAGTCGGAGCAGATA 
HetA F CGCGCGGAACCCATCTTCAGA 
HetA R CGCCGCAGTCGTTTGGTGAGT 
297 F AAAGGGCGCTCATACAAATG 
297 R TGTGCACATAAAATGGTTCG 
mdg1 F CACATGTTCTCATTCCCAACC 
mdg1 R TTCGCTTTTTATATTTGCGCTAC 
RP49 F CCTTCCAGCTTCAAGATGACC 
RP49 R ACTCTGTTGTCGATACCCTTGG 
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Table 4.2: Primers used to create probes for dot blot membranes  
 
Primer 
Name 

Sequence 

white f TAATACGACTCACTATAGGGCTCTTTATCGGCTCCCTAACG 
white R AATTAACCCTCACTAAAGGGTCTTGTCAAAGAGCTCAAACAGC 
TAHRE F TAATACGACTCACTATAGGGCTACCTTAGCACACCTCATGACC 
TAHRE R AATTAACCCTCACTAAAGGGCGGTATGAATTTAGAGCAAATGG 
LINEJ1 F TAATACGACTCACTATAGGGGAGAAAGCCAAGAAGCTAAAACC 
LINEJ1 R AATTAACCCTCACTAAAGGGGAAAGTAGCCAACATCAAGAACG 
ZAM F TAATACGACTCACTATAGGGCAACGGCAACAGAACTAGTAACC 
ZAM R AATTAACCCTCACTAAAGGGAACCCGAGAAAAGATTTGATAGC 
MAX F TAATACGACTCACTATAGGGGATCCGATTTAGGATATTCAAGG 
MAX R AATTAACCCTCACTAAAGGGTAAAGAAGCGTTGAACATAGACC 
Beagle F TAATACGACTCACTATAGGGAAGACTCCGATATCGAAAAGACC 
Beagle R AATTAACCCTCACTAAAGGGGCCAACATGAATTTGATAGAAGC 
Nomad F TAATACGACTCACTATAGGGATTGTCCAATGACCAAATTATCG 
Nomad R AATTAACCCTCACTAAAGGGAAGATTGTACCACATGGAATTGG 
Tirant F TAATACGACTCACTATAGGGGGTTGTCTACAACGAGGTTTGTC 
Tirant R AATTAACCCTCACTAAAGGGAGGCAGATAGTTCCGATAAGGTC 
Bel_I F TAATACGACTCACTATAGGGATGCAGCTTTCAAGTAACTCTGG 
Bel_I R AATTAACCCTCACTAAAGGGGATTGGGCTCCTTGAGTACTACC 
Jockey F TAATACGACTCACTATAGGGTGTCTATTGTTGTGGAAGATCG 
Jockey R AATTAACCCTCACTAAAGGGCTTATCAACTTTGGAGAAGATGG 
I element F TAATACGACTCACTATAGGGAAATTGGTGCTCCTACTCAGG 
I element R AATTAACCCTCACTAAAGGGGGTTTGCTAAGAAGGTCTAGAGG 
plexB F TAATACGACTCACTATAGGGCAACTAACTTGGGATGATGAAGC 
plexB R AATTAACCCTCACTAAAGGGCGAGTACGAGGAAATAGTTGTGG 
3R Simple F TAATACGACTCACTATAGGGGAAAACTAAGAAAAAGGCCAAGC 
3R Simple R AATTAACCCTCACTAAAGGGCACATTCCAGGTGAAAGAATAGC 
2R Simple F TAATACGACTCACTATAGGGATCGAAATATCCAGGAAGTAGCC 
2R Simple R AATTAACCCTCACTAAAGGGCGAGCGAAACATAACTAGTGTCC 
Gypsy F TAATACGACTCACTATAGGGGTATGACAGACATCCGAAGAAGC 
Gypsy R AATTAACCCTCACTAAAGGGTTTTGGTGTTTATTTCGATTTGG 
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Results 

 

Repetitive sequence elements are overexpressed in condensin mutant 

ovaries 

  

To confirm that repetitive sequence elements are overexpressed in 

condensin mutant stage 10 egg chambers, qRT-PCR was performed on RNA 

samples from the condensin mutant (SMC4/+, CAPH20019/CAPH2TH1; 0019 and 

TH1 are different mutant alleles of CAPH2) and yw.  Stage 10 egg chamber RNA 

was additionally analyzed from OregonR (OreR) flies, as well as yw and OreR 

crossed to each mutant genotype utilized to generate the condensin mutants 

(SMC4/+; CAPH20019/+ and +/+; CAPH2TH1/+).  These crosses were performed to 

control for the genetic backgrounds of flies used to generate condensin mutants, 

allowing us to confirm that transposon overexpression is not an artifact of genetic 

background but rather due to the condensin mutant genotype.   Expression of all 

repetitive sequences analyzed was normalized to RP49, which encodes a gene 

that is a structural constituent of the ribosome. 

Six different repetitive element sequences were analyzed: ROVER, MAX, 

ZAM, Gypsy, all LTR retrotransposons, and two simple repeats (denoted as 

Simple 1 and Simple 3).  All were significantly overexpressed in the condensin 

mutant relative to yw, which was set to 1 (Figure 4.3).  As these were the two  
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Figure 4.3 

A. 
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B.  

 
 
Figure 4.3: Upregulation of repetitive sequence elements in condensin mutant 
ovaries 
 
Transcript levels of repetitive sequence elements as analyzed by qRT-PCR in 
condensin mutant ovaries, wildtype comparisons, and control crosses.  Rover, 
MAX, ZAM, and Gypsy are all LTR-retrotransposons; Simple 1 and Simple 3 are 
simple sequence repeats.  Data presented is from one biological sample; error 
bars represent standard error between technical replicates of each primer pair. 
(A) qRT-PCR results of each analyzed retrotransposon on appropriate y-axis 
scale to accurately represent modest expression increases in Rover, ZAM, 
Simple 1, and Simple 3 in condensin mutants; (B) Adjusted y-axis scale to 
represent dramatic expression increases of MAX and Gypsy in condensin 
mutants. 
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genotypes compared in the expression array experiments, these experiments 

validated the array data by corroborating that multiple types of transposons are 

overexpressed in condensin mutants.  Interestingly, differences in transposon 

expression levels were shown to occur between yw  and OreR, the two wildtype 

strains.  Additionally, some transposon overexpression occurs in the crosses 

designed as controls for each mutant genetic background compared to the 

respective wildtype.  For example, all sequences analyzed were upregulated in 

the cross between SMC4/+; CAPH20019/+ and yw compared to yw (Figure 4.3).  

The opposite effect was observed by crossing the same mutant background to 

OreR: compared to OreR, these flies exhibited downregulation of most of the 

repetitive elements analyzed (Figure 4.3).  These results indicate that each 

mutant background has some effects on transposon expression phenotypes and 

that the effects differ in different genetic backgrounds.  However, compared to all 

controls, expression of every repetitive sequence analyzed was significantly 

upregulated in the condensin mutant SMC4/+; CAPH20019/CAPH2TH1 (Figure 

4.3), indicating that the most dramatic effects are observed in the context of two 

CAPH2 mutations and one SMC4 mutation. 
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Overexpression of transposable elements is not due to increased genomic 

copy number 

 

 One possible explanation for the increased transcript levels of repetitive 

elements could be that similar copy numbers exist between each control strain 

and the condensin mutant strain, and these become transcriptionally upregulated 

or the resulting transcripts are degraded at a reduced rate.  Another potential 

explanation is that an increase in genomic copy number occurs, perhaps by 

increased transposition rates, in the condensing mutant genotype compared to 

the controls.  To rule out the second possibility, copy number analysis of specific 

repetitive sequences was analyzed in stage 10 egg chambers by random prime 

labeling of genomic DNA with α-32-P dCTP and hybridization to dot blot 

membranes containing probes to various repetitive sequence elements.  Signal 

for each repetitive element was normalized to a probe for the white gene, a 

single copy sequence within the Drosophila genome. 

 As shown in Figure 4.4, no significant difference in copy number of 

repetitive sequence elements was observed for three biological replicates each 

of OreR, yw, and condensin mutant stage 10 egg chamber genomic DNA 

samples.  Therefore, we rule out increased copy number as an explanation for 

increased transcript abundance of repetitive sequences in condensin mutants 

compared to wildtype.  We speculate that either an increase in transcription rate 

or a decrease in degradation rate explains the observed differences. 
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Figure 4.4 

 
 

 
 
 

Figure 4.4: Copy number variation analysis 

Genomic copy number of indicated repetitive sequences in stage 10 egg 
chambers of condensin mutants, OreR, and yw, which both serve as wildtype.  
Data presented is average and standard error of three biological replicates. 
LINEJ1 and I-element are non-LTR retrotransposons, plexB, 3R Simple, and 2R 
Simple are simple sequence repeats, and remaining sequences are LTR 
retrotransposons. 
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orb2 interacts with condensin in expression of specific transposable 

elements in Drosophila ovaries 

 

 To test whether orb2 interacts with condensin in the transposon 

expression phenotype within the Drosophila ovary, mutations in orb2 were 

crossed into the SMC4/+; CAPH20019/+ background, generating SMC4/+; 

CAPH20019/orb2 flies.  Ovaries were dissected from females of the relevant 

genotype, and qRT-PCR was performed on extracted RNA to determine 

expression of a set of transposable elements.  Two different mutant alleles of 

orb2 were used in separate experiments: orb2-12812, a p-element insertion, and 

orb2-null, a genomic deletion of a large portion of the gene (Keleman, Kruttner et 

al. 2007).   

As shown in Figure 4.5A, orb2-12812 does not have significant effects on 

expression of 297, mdg1, Het-A, and MAX, all LTR retrotransposons, when 

present as either as heterozygote or homozygote, compared to OreR.  Similarly, 

the double heterozygote carrying one copy each of mutations in both SMC4 and 

CAPH2 does not significantly affect expression of these transposable elements 

compared to OreR. However, the double heterozygote and orb2-12812 both 

upregulate expression of the I-element, a non-LTR retrotransposon.  Additionally, 

I-element is further upregulated when orb2-12812 is in combination with 

mutations in SMC4 and CAPH2 (SMC4/+; CAPH20019/orb2-12812). 
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Figure 4.5 

A. 
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B. 
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C. 

 
 
Figure 4.5: orb2 and elp1 interactions with condensin in transposable element 
expression in the ovary 
 
RNA was extracted from whole ovaries of indicated genotypes and subjected to 
qRT-PCR to analyze expression levels.  OreR served as a wildtype control and 
was set to 1.  Data presented is average and standard error for expression in 
three biological replicates in wildtype and control crosses as well as (A) orb2-
12812 crossed to condensin mutants; (B) orb2-null crossed to condensin 
mutants; and (C) elp1 crossed to condensin mutants.  I-element is a non-LTR 
retrotransposon; remaining sequences are LTR retrotransposons. 
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In orb2-null flies, effects were similarly restricted to the I-element; transcript 

levels of 297, HetA, mdg1, and MAX were unaffected in condensin double  

heterozygotes and orb2-null heterozygotes and homozygotes (Figure 4.5B).  The 

double heterozygote SMC4/+; CAPH20019/+ upregulated expression of the I-

element compared to OreR, as did both heterozygotes and homozygotes of orb2-

null.  This overexpression phenotype was enhanced in orb2-null combined with 

mutations in SMC4 and CAPH2 ( SMC4/+; CAPH20019/orb2-null; Figure 4.5B).  

Together, these results indicate that mutations in orb2 interact with mutations in 

condensin subunits in the expression levels of a specific type of transposable 

element.  

 

elp1 does not interact with condensin in expression of specific 

transposable elements in Drosophila ovaries 

  

 To test whether elp1 interacts with condensin in the transposon 

expression phenotype within the Drosophila ovary, mutations in elp1 were 

crossed into the SMC4/+; CAPH20019/+ background, generating SMC4/+; 

CAPH20019/elp1 flies.  RNA was extracted from ovaries and qRT-PCR was 

performed to determine expression of the same set of transposable elements as 

tested in orb2 mutants. 

 As shown in Figure 4.5C, modest increases in expression of 297, mdg1, 

Het-A, and MAX occurred in elp1 homozygous mutant ovaries compared to 
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OreR.  As in orb2 mutants, I-element transcripts were more dramatically 

upregulated.  This corroborates previous evidence indicating that elp1 mutants 

upregulate this same set of transposable elements (Lipardi and Paterson 2009).  

However, compared to elp1 heterozygotes, the combination with condensin 

mutations and a mutation in elp1 had no significant effect on transcript levels of 

any tested transposable element (SMC4/+; CAPH20019/elp1; Figure 4.5C).  While 

a subtle downregulation may occur between elp1 homozygous mutants alone 

and elp1 mutations in combination with SMC4 and CAPH2 mutations, this 

comparison is not as relevant, as elp1 mutations are heterozygous in these 

experiments with the condensin subunit mutations.  These results indicate that, 

unlike orb2, elp1 does not interact with condensin in the expression of any tested 

transposable element in Drosophila ovaries when present as heterozygous 

mutations.  It may be that either elp1, CAPH2 or both must be present as 

homozygous mutations to cause an effect on transposon expression levels.  This 

has not yet been tested due to the fact that both elp1 and CAPH2 genes are 

localized to the right arm of chromosome 3; therefore, generation of recombinant 

flies is necessary to perform an experiment testing homozygous mutations in 

both genes. 
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Discussion 
 
 

Mechanistic links between chromosome pairing and transposon 
expression 

 
  
 The combination of observations drawn from several independent lines of 

experiments, as well as findings in the literature, led us to speculate that 

transposon expression and chromosome pairing could be mechanistically linked.  

First, condensin has previously been shown to play a role in not only 

chromosome condensation, but also polytene chromosome pairing in both the 

female germline and salivary glands of Drosophila melanogaster (Hartl, Smith et 

al. 2008).  Further experiments to characterize gene regulatory roles of 

condensin in the Drosophila female germline led to the observation that 

condensin mutants upregulate many classes of transposable elements (Bosco 

lab, unpublished observations).  Additionally, elp1 and orb2 were both shown to 

interact with condensin in polytene chromosome pairing in the Drosophila female 

germline (Bosco lab, unpublished observations); further, these two genes have 

known roles in transposon expression and RNA stability, respectively (Keleman, 

Kruttner et al. 2007; Lipardi and Paterson 2009).  Collectively, these observations 

led us to test whether orb2 and elp1 also interact with condensin to regulate 

transposon expression levels. 

 As is indicated by our data, elp1 does not interact with condensins in 

modulating transcript levels of any of five tested transposons.  Conversely, orb2 

interacts with condensin in modulating expression of the I-element but not 297, 



 213 

mdg1, Het-A, or MAX.  As the I-element is a non-LTR retrotransposon, and all 

other tested sequences are LTR-retrotransposon, it is interesting to speculate 

that orb2 and condensins may cooperate to regulate non-LTR retrotransposons 

specifically.  However, testing of more types of non-LTR retrotransposons would 

be necessary to test such a hypothesis. 

 
 

Level of transposon upregulation: transcriptional or post-transcriptional? 
 
 
 One question that remains is whether the increased transposon transcript 

levels observed in condensin mutants, and in elp1 and orb2 mutants in 

combination with condensin mutations, is due to a loss of transcriptional or post-

transcriptional regulation.  As steady state transcript levels reflect a combination 

of transcription rates and degradation rates, increased transposon transcripts 

could be due to either increased transcriptional activity at the specific transposon 

sequences, or decreased degradation of the transcripts once they occur.  To 

distinguish between these possibilities, both transcription rates and degradation 

rates could be compared between mutants and wildtype controls.   

 Nuclear run-on assays are typically utilized to test transcription rates.  

However, the amount of material needed for this experiment make the number of 

dissections that must be performed immense; therefore, this experiment 

unrealistic.  As a possible alternative, ChIP using specific antibodies to the 

elongating form of various RNA polymerases could be performed, and analysis of 

levels of various transposon sequences bound to RNA polymerases between 
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mutants and wildtype could be instructive in deducing transcript rates between 

the genotypes.   Analysis of different RNA polymerases, specifically RNA 

polymerase II and III, may also be useful, as both can contribute to transcription 

of transposon sequences. 

  
 

Connection to SINE expression regulation 
 
  

 Results described here, as well as previous published findings, provide 

interesting links between condensin and SINE regulation in humans.  As 

discussed above, it has previously been shown that condensin subunits bind to 

RNA Pol III promoters in the fission yeast S. pombe and regulate their 

colocalization with centromeres within the nucleus (Iwasaki, Tanaka et al. 2010).  

As human Alu elements, a specific class of SINEs, are known to be transcribed 

by both RNA Pol II and RNA Pol III (Lunyak and Atallah 2011; Nikitina), it may be 

that human condensins bind to Alu promoters and regulate their transcription.  

Therefore, loss of SINE transcriptional regulation observed in sporadic breast 

cancer cells (discussed in Chapter 2) could be caused by a loss of condensin 

binding to SINE promoter sequences, which may in turn be a consequence of 

downregulation of condensin gene products in cancer cells compared to healthy 

cells.  In support of this hypothesis, we have observed a downregulation of 

human CAPH2 in breast cancer cells exhibiting increased SINE transcription 

compared to fibroblast cells (Figure 4.6).  While much work needs to be done to 
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confirm a link between transposon regulation and condensins in humans, and 

further a link with cancer, results presented here provide some support for many 

future avenues of research. 
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Figure 4.6 
 
 
 
 
 

 

 

Figure 4.6: CAPH2 expression in human cells  
 
CAPH2 expression in human cells as analyzed by qRT-PCR.  Data presented is 
from one biological replicate; error bars represent standard error between  
technical replicates of CAPH2 primers.  Fibroblast, a fetal lung fibroblast cell line, 
serves as a control and was set to 1.  Remaining cell lines are sporadic breast 
cancer cell lines. 
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Conclusions and Future Directions 
  

 Data presented in this chapter confirms a role for condensins in regulation 

of transposable elements in the Drosophila ovary.  We can conclude that 

increased transposon transcript levels are not due to copy number variation.  We 

further have shown that orb2 interacts with condensin in the regulation of the I-

element, and hypothesize that other non-LTR retrotransposons could also be 

targets of orb2 and condensin mediated transcript regulation.  Future 

experiments in this regard include analyzing expression levels of more classes of 

non-LTR retrotransposons in wildtype, orb2 mutants, and orb2 mutants in 

combination with condensin mutants.  We also confirm a role for elp1 in 

regulation of both non-LTR and LTR retrotransposons, as was shown previously, 

and show that elp1 does not interact with condensins to modulate LTR 

retrotransposon expression levels.  Future experiments include an analysis of 

whether increased transposon transcript levels are due to increased transcription 

or decreased degradation (discussed above), as well as the creation of 

recombinants to analyze condensin mutants in combination with orb2 and elp1 

mutations in homozygous contexts.  As CAPH2, orb2, and elp1 are all on the 

third chromosome of Drosophila, our analysis thus far has precluded us from 

such experiments. 

 Experiments investigating the role of human condensin in regulation of 

SINE transcription include an analysis of whether condensin subunits actually 

bind to SINE genomic regions, which could be accomplished by ChIP.  An 
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experiment to analyze the necessity of condensins in regulating SINE 

transcription could be to downregulate CAPH2 in human cells, potentially through 

lentiviral mediated transduction of CAPH2 targeting shRNAs, followed by a 

comparison of SINE steady state transcripts as well as transcription rate relative 

to non-transduced cells and/or cells transduced with a control shRNA construct.  

A complementary experiment could be performed in which cells known to 

transcriptionally upregulate SINEs, such as the breast cancer cell lines analyzed 

in Chapter 2, are induced to upregulate condensin subunits through transient 

transfection of plasmids containing relevant overexpression constructs, followed 

by analysis of SINE transcript levels and transcription rate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 219 

REFERENCES 
 
Bazile, F., J. St-Pierre, et al. (2010). "Three-step model for condensin activation 

during mitotic chromosome condensation." Cell Cycle 9(16): 3243-55. 
 
Bhalla, N., S. Biggins, et al. (2002). "Mutation of YCS4, a budding yeast 

condensin subunit, affects mitotic and nonmitotic chromosome behavior." 
Mol Biol Cell 13(2): 632-45. 

 
Cuylen, S. and C. H. Haering (2011). "Deciphering condensin action during 

chromosome segregation." Trends Cell Biol 21(9): 552-9. 
 
Hartl, T. A., H. F. Smith, et al. (2008). "Chromosome alignment and transvection 

are antagonized by condensin II." Science 322(5906): 1384-7. 
 
Hirano, T. (2005). "SMC proteins and chromosome mechanics: from bacteria to 

humans." Philos Trans R Soc Lond B Biol Sci 360(1455): 507-14. 
 
Hirano, T. (2006). "At the heart of the chromosome: SMC proteins in action." Nat 

Rev Mol Cell Biol 7(5): 311-22. 
 
Hudson, D. F., K. M. Marshall, et al. (2009). "Condensin: Architect of mitotic 

chromosomes." Chromosome Res 17(2): 131-44. 
 
Iwasaki, O., A. Tanaka, et al. (2010). "Centromeric localization of dispersed Pol 

III genes in fission yeast." Mol Biol Cell 21(2): 254-65. 
 
Keleman, K., S. Kruttner, et al. (2007). "Function of the Drosophila CPEB protein 

Orb2 in long-term courtship memory." Nat Neurosci 10(12): 1587-93. 
 
Lipardi, C. and B. M. Paterson (2009). "Identification of an RNA-dependent RNA 

polymerase in Drosophila involved in RNAi and transposon suppression." 
Proc Natl Acad Sci U S A 106(37): 15645-50. 

 
Losada, A. and T. Hirano (2005). "Dynamic molecular linkers of the genome: the 

first decade of SMC proteins." Genes Dev 19(11): 1269-87. 
 
Lunyak, V. V. and M. Atallah (2011). "Genomic relationship between SINE 

retrotransposons, Pol III-Pol II transcription, and chromatin organization: 
the journey from junk to jewel." Biochem Cell Biol 89(5): 495-504. 

 
Lupo, R., A. Breiling, et al. (2001). "Drosophila chromosome condensation 

proteins Topoisomerase II and Barren colocalize with Polycomb and 
maintain Fab-7 PRE silencing." Mol Cell 7(1): 127-36. 



 220 

Machin, F., K. Paschos, et al. (2004). "Condensin regulates rDNA silencing by 
modulating nucleolar Sir2p." Curr Biol 14(2): 125-30. 

 
Meyer, B. J. (2010). "Targeting X chromosomes for repression." Curr Opin Genet 

Dev 20(2): 179-89. 
 
 
Yoshimura, S. H., K. Hizume, et al. (2002). "Condensin architecture and 

interaction with DNA: regulatory non-SMC subunits bind to the head of 
SMC heterodimer." Curr Biol 12(6): 508-13. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 221 

REFERENCES 
 

Alleman, M., L. Sidorenko, et al. (2006). "An RNA-dependent RNA polymerase is  
required for paramutation in maize." Nature 442(7100): 295-8. 

 
Amrani, N., M. S. Sachs, et al. (2006). "Early nonsense: mRNA decay solves a 

translational problem." Nat Rev Mol Cell Biol 7(6): 415-25. 
 
Ando, Y., Y. Tomaru, et al. (2011). "Nuclear pore complex protein mediated 

nuclear localization of Dicer protein in human cells." PLoS One 6(8): 
e23385. 

 
Aravin, A. A., R. Sachidanandam, et al. (2007). "Developmentally regulated 

piRNA clusters implicate MILI in transposon control." Science 316(5825): 
744-7. 

 
Bazile, F., J. St-Pierre, et al. (2010). "Three-step model for condensin activation 

during mitotic chromosome condensation." Cell Cycle 9(16): 3243-55. 
 
Bessereau, J. L. (2006). "Transposons in C. elegans." WormBook: 1-13. 
 
Bhalla, N., S. Biggins, et al. (2002). "Mutation of YCS4, a budding yeast 

condensin subunit, affects mitotic and nonmitotic chromosome behavior." 
Mol Biol Cell 13(2): 632-45. 

 
Bingham, P. M., M. G. Kidwell, et al. (1982). "The molecular basis of P-M hybrid 

dysgenesis: the role of the P element, a P-strain-specific transposon 
family." Cell 29(3): 995-1004. 

 
Brennecke, J., A. A. Aravin, et al. (2007). "Discrete small RNA-generating loci as 

master regulators of transposon activity in Drosophila." Cell 128(6): 1089-
103. 

 
Brennecke, J., C. D. Malone, et al. (2008). "An epigenetic role for maternally 

inherited piRNAs in transposon silencing." Science 322(5906): 1387-92. 
 
Bucheton, A., R. Paro, et al. (1984). "The molecular basis of I-R hybrid 

dysgenesis in Drosophila melanogaster: identification, cloning, and 
properties of the I factor." Cell 38(1): 153-63. 

 
Carmell, M. A., A. Girard, et al. (2007). "MIWI2 is essential for spermatogenesis 

and repression of transposons in the mouse male germline." Dev Cell 
12(4): 503-14. 

 



 222 

Catteau, A., W. H. Harris, et al. (1999). "Methylation of the BRCA1 promoter 
region in sporadic breast and ovarian cancer: correlation with disease 
characteristics." Oncogene 18(11): 1957-65. 

 
Catteau, A., C. F. Xu, et al. (1999). "Identification of a C/G polymorphism in the 

promoter region of the BRCA1 gene and its use as a marker for rapid 
detection of promoter deletions." Br J Cancer 79(5-6): 759-63. 

 
Chapman, E. J. and J. C. Carrington (2007). "Specialization and evolution of 

endogenous small RNA pathways." Nat Rev Genet 8(11): 884-96. 
 
Chen, C. C., M. J. Simard, et al. (2005). "A member of the polymerase beta 

nucleotidyltransferase superfamily is required for RNA interference in C. 
elegans." Curr Biol 15(4): 378-83. 

 
Cheng, J., J. M. Guo, et al. "piRNA, the new non-coding RNA, is aberrantly 

expressed in human cancer cells." Clin Chim Acta 412(17-18): 1621-5. 
 
Chung, W. J., K. Okamura, et al. (2008). "Endogenous RNA interference 

provides a somatic defense against Drosophila transposons." Curr Biol 
18(11): 795-802. 

 
Collins, J., B. Saari, et al. (1987). "Activation of a transposable element in the 

germ line but not the soma of Caenorhabditis elegans." Nature 328(6132): 
726-8. 

 
Cordaux, R. and M. A. Batzer (2009). "The impact of retrotransposons on human 

genome evolution." Nat Rev Genet 10(10): 691-703. 
 
Coufal, N. G., J. L. Garcia-Perez, et al. (2009). "L1 retrotransposition in human 

neural progenitor cells." Nature 460(7259): 1127-31. 
 
Cuylen, S. and C. H. Haering (2011). "Deciphering condensin action during 

chromosome segregation." Trends Cell Biol 21(9): 552-9. 
 
Davoren, P. A., R. E. McNeill, et al. (2008). "Identification of suitable endogenous 

control genes for microRNA gene expression analysis in human breast 
cancer." BMC Mol Biol 9: 76. 

 
Desset, S., C. Meignin, et al. (2003). "COM, a heterochromatic locus governing 

the control of independent endogenous retroviruses from Drosophila 
melanogaster." Genetics 164(2): 501-9. 

 



 223 

Dorweiler, J. E., C. C. Carey, et al. (2000). "mediator of paramutation1 is required 
for establishment and maintenance of paramutation at multiple maize loci." 
Plant Cell 12(11): 2101-18. 

 
Ehrich, M., M. R. Nelson, et al. (2005). "Quantitative high-throughput analysis of 

DNA methylation patterns by base-specific cleavage and mass 
spectrometry." Proc Natl Acad Sci U S A 102(44): 15785-90. 

 
Esposito, T., D. Rendina, et al. (2011). "The Melatonin Receptor 1A (MTNR1A) 

gene is associated with recurrent and idiopathic calcium nephrolithiasis." 
Nephrol Dial Transplant. 

 
Faulkner, G. J., Y. Kimura, et al. (2009). "The regulated retrotransposon 

transcriptome of mammalian cells." Nat Genet 41(5): 563-71. 
 
Garcia-Perez, J. L., M. C. Marchetto, et al. (2007). "LINE-1 retrotransposition in 

human embryonic stem cells." Hum Mol Genet 16(13): 1569-77. 
 
Girard, A., R. Sachidanandam, et al. (2006). "A germline-specific class of small 

RNAs binds mammalian Piwi proteins." Nature 442(7099): 199-202. 
 
Grivna, S. T., E. Beyret, et al. (2006). "A novel class of small RNAs in mouse 

spermatogenic cells." Genes Dev 20(13): 1709-14. 
 
Goelz, S. E., B. Vogelstein, et al. (1985). "Hypomethylation of DNA from benign 

and malignant human colon neoplasms." Science 228(4696): 187-90. 
 
Gong, C. and L. E. Maquat. (2011). "lncRNAs transactivate STAU1-mediated 

mRNA decay by duplexing with 3' UTRs via Alu elements." Nature 
470(7333): 284-8. 

 
Hartl, T. A., H. F. Smith, et al. (2008). "Chromosome alignment and transvection 

are antagonized by condensin II." Science 322(5906): 1384-7. 
 
Hasler, J. and K. Strub (2006). "Alu elements as regulators of gene expression." 

Nucleic Acids Res 34(19): 5491-7. 
 
He, L. and Hannon, G. (2004). "MicroRNAs: small RNAs with a big role in gene 

regulation. Nature Reviews Genetics 5: 522-531. 
 
Hirano, T. (2005). "SMC proteins and chromosome mechanics: from bacteria to 

humans." Philos Trans R Soc Lond B Biol Sci 360(1455): 507-14. 
 



 224 

Hirano, T. (2006). "At the heart of the chromosome: SMC proteins in action." Nat 
Rev Mol Cell Biol 7(5): 311-22. 

 
Hoffer, P., S. Ivashuta, et al. (2011). "Posttranscriptional gene silencing in 

nuclei." Proc Natl Acad Sci U S A 108(1): 409-14. 
 
Hudson, D. F., K. M. Marshall, et al. (2009). "Condensin: Architect of mitotic 

chromosomes." Chromosome Res 17(2): 131-44. 
 
Huntzinger, E. and E. Izaurralde .(2011). "Gene silencing by microRNAs: 

contributions of translational repression and mRNA decay." Nat Rev 
Genet 12(2): 99-110. 

 
Iguchi, N., M. Xu, et al. (2007). "Noncoding RNAs of the mammalian testis: the 

meiotic transcripts Nct1 and Nct2 encode piRNAs." Ann N Y Acad Sci 
1120: 84-94. 

 
Iwasaki, O., A. Tanaka, et al. (2010). "Centromeric localization of dispersed Pol 

III genes in fission yeast." Mol Biol Cell 21(2): 254-65. 
 
Jin, H., J. Selfe, et al. (2004). "Structural evolution of the BRCA1 genomic region 

in primates." Genomics 84(6): 1071-82. 
 
Kawamura, Y., K. Saito, et al. (2008). "Drosophila endogenous small RNAs bind 

to Argonaute 2 in somatic cells." Nature 453(7196): 793-7. 
 
Keleman, K., S. Kruttner, et al. (2007). "Function of the Drosophila CPEB protein 

Orb2 in long-term courtship memory." Nat Neurosci 10(12): 1587-93. 
 
Kidwell, M. G., J. F. Kidwell, et al. (1977). "Hybrid Dysgenesis in DROSOPHILA 

MELANOGASTER: A Syndrome of Aberrant Traits Including Mutation, 
Sterility and Male Recombination." Genetics 86(4): 813-33. 

 
Lau, N. C., N. Robine, et al. (2009). "Abundant primary piRNAs, endo-siRNAs, 

and microRNAs in a Drosophila ovary cell line." Genome Res 19(10): 
1776-85. 

 
Lipardi, C. and B. M. Paterson (2009). "Identification of an RNA-dependent RNA 

polymerase in Drosophila involved in RNAi and transposon suppression." 
Proc Natl Acad Sci U S A 106(37): 15645-50. 

 
Lisch, D. (2009). "Epigenetic regulation of transposable elements in plants." 

Annu Rev Plant Biol 60: 43-66. 
 



 225 

Losada, A. and T. Hirano (2005). "Dynamic molecular linkers of the genome: the 
first decade of SMC proteins." Genes Dev 19(11): 1269-87. 

 
Lu, Y., C. Li, et al. (2010). "Identification of piRNAs in Hela cells by massive 

parallel sequencing." BMB Rep 43(9): 635-41. 
 
Lunyak, V. V. and M. Atallah (2011). "Genomic relationship between SINE 

retrotransposons, Pol III-Pol II transcription, and chromatin organization: 
the journey from junk to jewel." Biochem Cell Biol 89(5): 495-504. 

 
Lupo, R., A. Breiling, et al. (2001). "Drosophila chromosome condensation 

proteins Topoisomerase II and Barren colocalize with Polycomb and 
maintain Fab-7 PRE silencing." Mol Cell 7(1): 127-36. 

 
McClintock, B. (1956). "Controlling elements and the gene." Cold Spring Harb 

Symp Quant Biol 21: 197-216. 
 
Machin, F., K. Paschos, et al. (2004). "Condensin regulates rDNA silencing by 

modulating nucleolar Sir2p." Curr Biol 14(2): 125-30. 
 
Maida, Y. and K. Masutomi. (2011). "RNA-dependent RNA polymerases in RNA 

silencing." Biol Chem 392(4): 299-304. 
 
Malone, C. D., J. Brennecke, et al. (2009). "Specialized piRNA pathways act in 

germline and somatic tissues of the Drosophila ovary." Cell 137(3): 522-
35. 

 
Matzke, M. A. and J. A. Birchler (2005). "RNAi-mediated pathways in the 
nucleus." Nat Rev Genet 6(1): 24-35. 
 
Meyer, B. J. (2010). "Targeting X chromosomes for repression." Curr Opin Genet 

Dev 20(2): 179-89. 
 
Morgan, H. D., H. G. Sutherland, et al. (1999). "Epigenetic inheritance at the 

agouti locus in the mouse." Nat Genet 23(3): 314-8. 
 
Mori, I., D. G. Moerman, et al. (1988). "Analysis of a mutator activity necessary 

for germline transposition and excision of Tc1 transposable elements in 
Caenorhabditis elegans." Genetics 120(2): 397-407. 

 
Moskwa, P., F. M. Buffa, et al. (2011). "miR-182-mediated downregulation of 

BRCA1 impacts DNA repair and sensitivity to PARP inhibitors." Mol Cell 
41(2): 210-20. 

 



 226 

Muotri, A. R., V. T. Chu, et al. (2005). "Somatic mosaicism in neuronal precursor 
cells mediated by L1 retrotransposition." Nature 435(7044): 903-10. 

 
Nishida, K. M., K. Saito, et al. (2007). "Gene silencing mechanisms mediated by 

Aubergine piRNA complexes in Drosophila male gonad." Rna 13(11): 
1911-22. 

 
Olivieri, D., M. M. Sykora, et al. (2010). "An in vivo RNAi assay identifies major 

genetic and cellular requirements for primary piRNA biogenesis in 
Drosophila." Embo J 29(19): 3301-17. 

 
Picard, G. (1976). "Non-mendelian female sterility in Drosophila melanogaster: 

hereditary transmission of I factor." Genetics 83(1): 107-23. 
 
Pratt, A. J. and I. J. MacRae (2009). "The RNA-induced silencing complex: a 

versatile gene-silencing machine." J Biol Chem 284(27): 17897-901. 
 
Prud'homme, N., M. Gans, et al. (1995). "Flamenco, a gene controlling the gypsy 

retrovirus of Drosophila melanogaster." Genetics 139(2): 697-711. 
 
Rice, J. C., K. S. Massey-Brown, et al. (1998). "Aberrant methylation of the 

BRCA1 CpG island promoter is associated with decreased BRCA1 mRNA 
in sporadic breast cancer cells." Oncogene 17(14): 1807-12. 

 
Robine, N., N. C. Lau, et al. (2009). "A broadly conserved pathway generates 

3'UTR-directed primary piRNAs." Curr Biol 19(24): 2066-76. 
 
Rubin, G. M., M. G. Kidwell, et al. (1982). "The molecular basis of P-M hybrid 

dysgenesis: the nature of induced mutations." Cell 29(3): 987-94. 
 
Ruby, J. G., C. Jan, et al. (2006). "Large-scale sequencing reveals 21U-RNAs 

and additional microRNAs and endogenous siRNAs in C. elegans." Cell 
127(6): 1193-207. 

 
Sarot, E., G. Payen-Groschene, et al. (2004). "Evidence for a piwi-dependent 

RNA silencing of the gypsy endogenous retrovirus by the Drosophila 
melanogaster flamenco gene." Genetics 166(3): 1313-21. 

 
Sijen, T. and R. H. Plasterk (2003). "Transposon silencing in the Caenorhabditis 

elegans germ line by natural RNAi." Nature 426(6964): 310-4. 
 
Slotkin, R. K., M. Freeling, et al. (2003). "Mu killer causes the heritable 

inactivation of the Mutator family of transposable elements in Zea mays." 
Genetics 165(2): 781-97. 



 227 

 
Sobell, H. M. (1985). "Actinomycin and DNA transcription." Proc Natl Acad Sci U 

S A 82(16): 5328-31. 
 
Soule, H. D., T. M. Maloney, et al. (1990). "Isolation and characterization of a 

spontaneously immortalized human breast epithelial cell line, MCF-10." 
Cancer Res 50(18): 6075-86. 

 
Sun, G., Y. Wang, et al. "Clinical significance of Hiwi gene expression in 

gliomas." Brain Res 1373: 183-8. 
 
Suter, C. M., D. I. Martin, et al. (2004). "Hypomethylation of L1 retrotransposons 

in colorectal cancer and adjacent normal tissue." Int J Colorectal Dis 
19(2): 95-101. 

 
Tam, O. H., A. A. Aravin, et al. (2008). "Pseudogene-derived small interfering 

RNAs regulate gene expression in mouse oocytes." Nature 453(7194): 
534-8. 

 
Thompson, M. E., R. A. Jensen, et al. (1995). "Decreased expression of BRCA1 

accelerates growth and is often present during sporadic breast cancer 
progression." Nat Genet 9(4): 444-50. 

 
Vagin, V. V., M. S. Klenov, et al. (2004). "The RNA interference proteins and 

vasa locus are involved in the silencing of retrotransposons in the female 
germline of Drosophila melanogaster." RNA Biol 1(1): 54-8. 

 
Vastenhouw, N. L., S. E. Fischer, et al. (2003). "A genome-wide screen identifies 

27 genes involved in transposon silencing in C. elegans." Curr Biol 13(15): 
1311-6. 

 
Walters, R. D., J. F. Kugel, et al. (2009). "InvAluable junk: the cellular impact and 

function of Alu and B2 RNAs." IUBMB Life 61(8): 831-7. 
 
Wang, G. and V. Reinke (2008). "A C. elegans Piwi, PRG-1, regulates 21U-

RNAs during spermatogenesis." Curr Biol 18(12): 861-7. 
 
Wang, J., G. J. Geesman, et al. (2011). "Inhibition of activated pericentromeric 

SINE/Alu repeat transcription in senescent human adult stem cells 
reinstates self-renewal." Cell Cycle 10(17). 

 
Watanabe, T., A. Takeda, et al. (2006). "Identification and characterization of two 

novel classes of small RNAs in the mouse germline: retrotransposon-



 228 

derived siRNAs in oocytes and germline small RNAs in testes." Genes 
Dev 20(13): 1732-43. 

 
Watanabe, T., Y. Totoki, et al. (2008). "Endogenous siRNAs from naturally 

formed dsRNAs regulate transcripts in mouse oocytes." Nature 453(7194): 
539-43. 

 
Waterland, R. A. and R. L. Jirtle (2003). "Transposable elements: targets for 

early nutritional effects on epigenetic gene regulation." Mol Cell Biol 
23(15): 5293-300. 

 
Whitelaw, E. and D. I. Martin (2001). "Retrotransposons as epigenetic mediators 

of phenotypic variation in mammals." Nat Genet 27(4): 361-5. 
 
Wilson, A. S., B. E. Power, et al. (2007). "DNA hypomethylation and human 

diseases." Biochim Biophys Acta 1775(1): 138-62. 
 
Wolff, E. M., H. M. Byun, et al. (2010). "Hypomethylation of a LINE-1 promoter 

activates an alternate transcript of the MET oncogene in bladders with 
cancer." PLoS Genet 6(4): e1000917. 

 
Xu, C. F., J. A. Chambers, et al. (1997). "Complex regulation of the BRCA1 

gene." J Biol Chem 272(34): 20994-7. 
 
Yan, Z., H. Y. Hu, et al. (2011). "Widespread expression of piRNA-like molecules 

in somatic tissues." Nucleic Acids Res 39(15): 6596-6607. 
 
Yang, N. and H. H. Kazazian, Jr. (2006). "L1 retrotransposition is suppressed by 

endogenously encoded small interfering RNAs in human cultured cells." 
Nat Struct Mol Biol 13(9): 763-71. 

 
Yoshimura, S. H., K. Hizume, et al. (2002). "Condensin architecture and 

interaction with DNA: regulatory non-SMC subunits bind to the head of 
SMC heterodimer." Curr Biol 12(6): 508-13. 

 
 
 
 
 
 
 
 
 


