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Abstract

The human genome contains large numbers of mobile genetic elements such
as repeat elements and retrotransposons. When expressed, they can cause
genomic instability and induce different genetic disorders. Genomic instability
is thought to be a major driving force of cancer initiation and progression.
Although, it has not been completely resolved whether genomic instability is
a consequence of tumour progression or an active process that drives
tumour evolution, an unstable genome can be indicative of poor prognosis for
some types of cancer. In humans, the most predominant and the only active
autonomous retrotransposon is long interspersed nuclear element 1 (LINE-1
or L 1). The expression of LINE-1 elements can impact the human genome in
a variety of ways, e.g. by creating insertional mutations, deletions, and
double-stranded DNA breaks or by affecting the expression of nearby genes.
LINE-1 elements have been reported to be active in neurons, germlines,
transformed somatic cell lines, and various types of cancer cells, but strictly
limited in most primary cells and tissues.

In order to investigate the relationship between the activity of LINE-1
elements and the progress of cancer formation, breast cancer was chosen as
the subject of this study because of easy availability of the different stages
and grades of breast cancer cells and tissues. As expected, LINE-1 elements
were found to be expressed in all types of breast cancer cells studied in this
project, but not in non-cancerous epithelial cell lines or normal breast tissues.
Interestingly, the expression pattern of LINE-1 elements was significantly
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different in breast cance r cells and tissues. Non-invasive breast cancer cells
showed higher expression levels compared to the highly invasive cancer
cells. These findings sugg est that LINE-1 expression reaches a peak in the
early stages of breast cancer, and decreases as the disease progresses into
invasive states. ·

Notwithstanding the disco very of differential LINE-1 expression between
normal and cancer cells, LINE-1 expression is thought to be regulated by a
variety of geno me defense mechanisms. However, the pathways that
activate or regulate the expression of LINE-1 elements in humans are not yet
clearly understood. It has been shown that the majority of cancer and cancerderived cell lines, which have high levels of LINE-1

expression, are

associated with loss of DNA methylation at the LINE-1 5'-UT R promoter
regions. It has been proposed that hypomethylation of genome-wide DNA
results in epigenetic changes that might derepress LINE-1 expression . In
addition, a flurry of recent research in the fly and mouse revealed that small
non-coding endo geno us siRN As silence LINE-1 expression by targeting the
LINE-1 promoters at the transcriptional and/ or post-transcriptional level ,
suggesting that endo-siRNAs may play a role in regulation of LINE-1
elements . Howe ver, direct evidence for the existence of such endo-siRNAs is
still lacking in human cells.

Based on the evidence mentioned above , we hypothesized that LINE-1
activation is closely associated with hypomethylation of the promoter region
of LINE-1 elements , and failure of expression of endo-siRNAs that might
enforce the epigenetic silencing of LINE-1 elements through RNAi pathways.
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To validate this hypothesis , the DNA methylation profiles of LINE-1
promoters were analysed by two different methods in several breast cancer
cells. As expected, the DNA methylation of LINE-1 promoters are high in
normal breast cells and significantly low in breast cancer cells. The levels of
DNA methylation are also inversely proportional to the expression of LINE-1
elements .

Using deep sequencing of small RNA libraries from normal and breast
cancer cells, our laboratory has recently identified a set of naturally occurring
antisense endo-siRNAs that were differentially expressed in these cells .
Notably,

the

identified

endo-siRNAs

are

perfectly complementary

in

sequence to the LINE-1 bidirectional promoters. The existence of such endosiRNAs was investigated by Northern blot analysis in a wi.de range of cancer
cells. These endo-siRNAs are significantly depleted in almost all the breast
cancer cells tested in this study, correlating with the _uncontrolled expression
of LINE-1

elements.

In addition, the functions of these differentially

expressed endo-siRNAs were characterized by DNA methylation analysis in
various types of breast cancer cells. In this study we demonstrated that the
overexpression of endo-siRNAs in cancer cells resulted in marked silencing
of LINE-1 expression through global hypermethylation, including gain of new
DNA methylation at the LINE-1 5'-UTR promoter regions . The finding that
endo-siRNAs can repress LINE-1 activity through DNA methylation provides
a new insight into the function of endo-siRNAs in the silencing of
retrotransposons and the maintenance of genome integrity in human cells.

V

In addition to exploring the mechanisms that regulate LINE-1
elements, this
study also investigated the functional implications of LINE-1
expression and
its subcellular localization in various stages and grades of
clinical breast
cancer tissues. Clinicopathologic parameters and survival
outcomes were
investigated in association with the cytoplasmic and nuclear
expression of
LINE-1 elements using univariate and multivariate statistica
l analysis. The
expression of LINE-1 elements is markedly higher in less
-invasive DCIS
tissues than that of highly invasive IDC tissues (p<0.001
). Interestingly,
tumours with high nuclear expression of LINE-1 elements were
significantly
associated with lymph node metastases (p = 0.001) and
worse patient
survival (p<0.0001) than those with cytoplasmic expressi
on. Our study
suggests that there is a considerable heterogeneity in expressi
on of LINE-1
elements in breast tum our tissues, which relate to the biologica
l and clinical
differences in overall patient survival. Overall these stud
ies show that
expression of LINE-1 may possibly serve as a potential mar
ker for early
breast cancer diagnosis and prognosis.

In conclusion , this thesis made three important findings.

First , DNA

methylation and endo-siRNAs are involved in the regulation of
human LINE-1
expression . Second, endo-siRNAs are upregulated in normal
breast cells that
can silence LINE-1 expression through DNA hypermethylation
of the LINE-1
promoters. In contrast , the expression of endo-siRNAs are depl
eted in breast
cancer cells . Third , nuclear but not cytoplasmic expression
of LINE-1 Is
associated with poorer survival in patients with invasive breast
cancers .

Vl

The significance of this thesis study is that it not only provides us with a
deeper understanding of the mechanism involved in the regulation of human
LINE-1 elements , but also provides new insights for using this element as a
possible biomarker in clinical use.
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Chapter 1 General Introduction
1.1 Introduction
Until recently, scientists believed that gene expression, its regulation and
evolution of organism were closely associated with the complexity of various
protein coding genes and that genomic DNA sequences held all the
information for these processes. Thus, it was believed that decoding genomic
DNA sequences would expose all the secrets behind the human body.
However, after the first human genome was completely sequenced in 2003,
surprisingly, only 30,000 to 40,000 protein-coding genes were found. This
number actually accounts for only about 2% of the composition of the human
-

genome (Human Genome Sequencing Consortium 2004) (Goodstadt and
Ponting, 2006) . The majority of the genome was found to be made up of
highly conserved non-coding sequences, suggesting ·that these regions may
have a function in the regulation of cellular differentiation and the diversity of
organisms, and that the presence of a highly complex genomic organization
may be controlled by multiple mechanisms (Bejerano et al. , 2004; Lander et
al., 2001; Taft and Mattick, 2003).

By far, the major component of the non-coding sequence has been proved to
be repetitive DNA sequences, representing above 4 7% of the total sequence
length in the human genome. In turn , the largest subgroup of repetitive
sequences are known as retrotransposable elements , which contribute about
44% of the human genome (Human Genome Sequencing Consortium 2004)
(Gregory, 2005). These repetitive sequences can change their relative
1

positions within the genome and affect our genome in both construct
ive and
destructive manners. Recent studies suggested that retrotrans
posable
elements might play a key role in genome evolution by means of nonroutine
genetic events such as insertional mutations and ectopic recombin
ations
which could provide a fundamental source of genetic variations (Nakayas
hiki,
2011 ). On the other hand, these elements might also be a potential
threat
because they could cause chromosomal instability, harmful recombin
ation,
disruption of gene regulation (Belancio et al., 2008) and diseases inclu
ding
cancer if they are not properly controlled (Aravin et al., 2006; Aravin
et al.,
2007; Chung et al., 2008). However, it is not yet clear how the activ
ity of
retrotransposable elements are regulated in human cells to main
tain the
stability and integrity of the genome. Thus understanding the regu
latory
mechanisms of retrotransposable

elements

is

important in

order to

understand the contributions of these elements to pathological proc
esses,
and especially in cancer initiation and progression.

This thesis highlights one of the most active retrotransposable elem
ents ,
termed as LINE-1 element or Long Interspersed Nuclear Element 1.
LINE-1s
are the only known currently active autonomous elements and are prolif
ic in
human cells (An et al. , 2011 ). The activation of LINE-1 elements
can be
hazardous to the host genome , thus expression of retrotrans
posable
elements in normal cells is thought to be controlled by a variety of
genome
defense mechanisms (Goodier and Kazazian , 2008 ; Schumann et al.
, 2010) .
To further understand these defense mechanisms , the studies desc
ribed in
this thesis focused on some important characteristic features of the
LIN E-1
promoter regions and investigated how their activities are repressed
or
2

silenced using a number of molecular biology and epigenetics approaches .
Moreover, the relationship between LIN E-1 expression and breast cance r
formation , and the possibility of using LINE-1 as a potential biomarker for
early cancer diagnosis and prediction are investigated .

The literature on the structure and function of transposable elements and
their potential regulatory mechanisms is reviewed , and their association with
breast cancer is also discussed .

3

1.2 Transposable elements in mammalian genome
Trans posab le elem ent was first discovered by Barbara McCl intock as
"jumping gene " in the late 1940 s during her study of the colou r formation of
corn kernels (Mc, 1950). Trans posa ble elements are defined as repetitive
DNA sequ ence s with the ability to move from one location to anoth er (i.e.
,
trans pose) within the geno me of host organism. They are ubiquitous and
constitute the majo r geno mic comp onen ts in almos t all living species, from
unice llular proka ryote s to multic ellula r eukar yotic organisms.

The detailed gene tic chara cteris tics and mole cular pathw ays involved in
chang es of expre ssion and gene tic recombination of trans poson s were
deter mined almo st one deca de later, after furthe r studies in bacterial
trans posab le eleme nts in the late 1960 s and late 1970s (Shapiro, 1969,
2005).

Thes e

studies

demo nstra ted

the

functional

impor tance

trans posab le elements, and McCl intock was awarded the Nobel Prize

of
in

1983 for disco very of jump ing genes.

Comp rehen sive research on trans posab le elements accelerated after the
geno mics era comm ence d in the late 1990s. With the deve lopm ent of highthrou ghpu t DNA seque ncing techn ology , more and more geno mes were
seque nced in various organisms. Surpr isingl y, researchers found that a large
portion of eukar yotic geno mes are made up of transposable elements ; 4 7%
in human geno me (Land er et al. , 2001 ) and 70% to 80% in several plant
geno mes (Li et al. , 2004 ; Meye rs et al. , 2001 ). To date , post- geno mic studies
have shown that at least one billion bases in the mam malia n geno me are
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associated with transposition events , i.e. transposable elements appear to
make significant contributions to genome diversification and evolution
(Feschotte and Pritham , 2007; Kazazian , 2004 ). However, transposable
elements are often regarded as "selfish DNA" (Lander et al. , 2001 ; Ostertag
and Kazazian , 2001 ; Waterston et al. , 2002) because of their ability to invade
the host genome in a parasitic manner, leading to superabundant mutations
by inserting , deleting, inversing , translocating and rearranging the genome by
homologous recombination.

In general , transposable elements can change their positions within the
genome and

exist in various

forms . Based

on

their mechanism

of

transposition or mobilization , transposable elements can be categ,orized into
two major classes te rmed as DNA transposons and retrotransposons (Fi,9 ure
1

1.1) (Ostertag and Kazazian , 2001 ). DNA transposon uses an encoded
transposase

gene

themse lves

by

a

and
"cu t

inverse
and

term,inal
pas t e

H

repeat?, (IT Rs )

rn echani1s rn:

to

mobi.Hze
2003).

(Reznikoff,

Retrotransposable elements , on the other handl mobilize by a "copy and
paste" mechanism . Retrotra nsposablie elements ca n be furth er subdi,vided
into three giroups :

1) Long Terminal Repeat (L T R) retrotransposons that consi1st of L TRs , Gag
and Pol genes

1

and move by a retroviral-like reverse transcriptional

mechanism through an RNA interm ediate.

2) Long Interspersed Nuclear Elements (LIN Es)r wh ich are mobilized by
reverse transcription through an anci ent mechanism wh i1ch is sh ared with
group 11 intrans of mitochondria and eubacteri a (Eickbush TH and HS 2002).
1

5

3) Short Interspersed Nuclear Elements (SINEs) whic
h rely on LINEs
machinery

for

their

retrotransposition

because

of

lacking

reverse

transcriptase enzyme and other transposition components
(Kazazian , 2004 ).

About 3% of the human genome consists of DNA tran
sposons and 44% of
retrotransposons (including 9% LTRs, 21 % LIN Es and
14% SINEs). Notably,
the sequences associated with LINEs account for over
35% of the genome,
of which 21 % is replicated by LIN Es themselves and
more than 14% by
SINEs relying on LINEs machinery (Figure 1.1) (Lan
der et al., 2001;
Waterston et al., 2002). Further structural details of
these transposable
elements are described in the following sections.
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DNA TE

LTR

LINE
SINE
nonprotein-coding gene
protein-coding gene

Figure 1.1. The composition of the human genome in terms of high
copy number repeats of transposable elements
About 53% of the human genome appears to have a low homology to
transposable elements (2% for protein-coding genes, and 51 °/o for noncoding genes). The rest of the genome consists of DNA transposons (DNA
TEs, 3%) and retrotransposable elements (44%), which includes long
terminal repeats (L TRs, 9%), short interspersed nuclear elements (SIN Es,
14%) and long interspersed nuclear elements (LIN Es, 21 %).

7

Tel- mar iner (1.4 kb)

Figure 1.2. The structure of DNA transposable elements
The Tc1-mariner transposon is a typical example of DNA
transposon. It
contains a single open reading frame (ORF) for transposase
protein which
assist the movement of the transposon from one place to anot
her within the
genome .

DR : direct repeat, ITR: inverted terminal repeats
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1.2.1 DNA transposons

DNA transposon forms about 3% of the human genome (Lander et al. , 2001;
Waterston et al., 2002). Although they are often referred to as having a "cut
and paste" mechanism for transposition (Mizuuchi, 1992; Smit et al., 1996b ),
not all of them actually transpose by this mechanism. In theory, they can be
subdivided into three categories: classical cut-and-paste transposons , rollingcircle transposons, and self-replicating transposons (Nakayashiki, 2011 ). The
latter two are replicative and thus regarded as true "copy and paste".

Most classical cut-and-paste DNA transposons have a unique open reading
frame (ORF) encoding a transposase protein, and inverted terminal repeats
(ITRs) at both the 5' and 3' ends (Figure 1.2). The ITRs are highly conserved ,
and can be specifically recognized by the transposase, providing the binding
site and leading the transposase to excise the segment from the genome and
permit movement to the target site (Chaconas et al :, 1996; Feschotte and
Pritham , 2007; Polard and Chandler, 1995; Skalka , 1993). To date, 10-15
subfamilies have been found to be cut-and-paste DNA transposons in most
eukaryotes (Kapitonov and Jurka , 2008 ; Wicker et al. , 2007).

Rolling-circle transposons , also called Helitrons, have been identified in
various eukaryotic organisms including humans (Kapitonov and Jurka , 2007) .
Helitrons go through a rolling-circle mediated transposition mechanism with
the help of an encoded protein possessing a rolling-circle initiator and a DNA
helicase domain , which is much similar to those of some .bacterial insertion
sequences such as IS91 sequence (Kapitonov and Jurka , 2007) .

9

Recently, a new group of DNA transposon was discovered to
be selfreplicating. They are known as Mavericks or Polintons, and are found
in most
eukaryotes (Feschotte and Pritham, 2005; Kapitonov and Jurka,
2006).
These transposons encode a unique set of enzymes including an integ
rase,
ATPase, cysteine protease and DNA polymerase-B. The DNA polym
erase-B
can synthesize the sequences of transposon with the extrachromoso
mal
single stranded template, and then the integrase can bind to the
copy of
transposon and catalyse its integration into the host genome (Feschott
e and
Pritham, 2005). Interestingly, several studies suggested that Mave
ricks or
Polintons might have originated from ancient relatives of DNA virus
es by
gaining an integrase from retroelements (Fischer and Suttle, 2011;
Pritham
et al., 2007).

1.2.2 Retrotransposable elements
Retrotransposable elements make up about 44% of the human geno
me and
are the largest group of transposable elements, capable of auto
nomous
replication and expand themselves via RNA intermediates (Lander
et al. ,
2001 ; Waterston et al., 2002). Retrotransposons are characterized by
using
reverse transcriptase enzyme to synthesize their DNA sequences throu
gh a
"copy and paste " mechanism prior to insertion into the host genome
(Luan et
al. , 1993 ; Whitcomb and Hughes, 1992).

Retrotransposable elements can be divided into three maJor groups:
long
terminal repeat (L TR) retrotransposons , long interspersed nuclear elem
ents
(LINEs) and short interspersed nuclear elements (SINEs) (Figure 1.1).
LTRs

10

- -

--

HERV (~ 9.2 kb)

Figure 1.3. Structure of LTRs
Human endogenous retrovirus (HERV) element is w_ell-known LTRs whose
structure is much similar to retroviruses except for the EnV and Prt genes.

TSO: target site duplication, Gag: group specific antigen, Prt: protease, Pol:
polymerase, EnV: envelope
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and SINEs are briefly described below. LINEs are reviewed extensively as
LINE-1 is the main subjects of this thesis study.

1.2.2.1 Long terminal repeat (LTR) retrotransposons
Approximately 9% of the human genome is composed of long terminal repeat
(L TR) elements (Lander et al., 2001; Waterston et al., 2002). These
retrotransposons are characterised by the presence of LTR sequences that
contain several regulatory elements including promoters, enhancers, and
polyadenylation signals in the same orientation at both the 5' and 3' ends
(Cohen et al., 2009; Wilhelm and Wilhelm, 2001) (Figure 1.3). LTRs and
retroviruses share some similarities in their structures and retrotransposition
mechanisms (Wilhelm and Wilhelm, 2001 ), which includes a group specific
antigen (Gag), protease (Prt), polymerase (Pol), endonuclease (EN) and
reverse transcriptase (RT). Gag is related to capsid formation while the Pol
gene is responsible for at least four proteins that are essential for replication
and reintegration of the LTR sequences back into the genome (Ostertag and
Kazazian,

2001 ).

One of the

main

differences

between

LTRs

and

retroviruses were previously thought to be the presence of an envelope
protein (EnV) in retroviruses, which is necessary for intercellular transmission
and infection. However, even this distinction has become blurred after some
LTR elements were found in Drosophila that can generate functional Env-like
proteins and are infectious in particular circumstances (Kim et al., 1994;
Song et al. , 1994 ).
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A

Alu elements (0 .3 kb)

n

Alu-like

B

SVA elements{> 1 kb}

Figure 1.4 Structures of SINE elements

A) Alu elements are SINEs, which are lacking the activity of reverse
transcriptase enzyme (RT) and, thus relying on LINEs machinery for their
retrotransposition. SINEs are composed of a left monomer (L), a right
monomer (R) and a poly-A tail at the 3' -end.
B) SVA element is another example of SINEs. It is basically composed of
CCCTCT hexameric repeats, an antisense Alu-like region, a VNTR region, a
SINE-R region with HERV homology and a poly-A tail.

TSO: target site duplication, VNTR: variable number tandem repeat.
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1.2.2.2 Short interspersed nucle ar element (SINE) retrotransposons
SINEs are non-autonomous retrotransposons which means they do not
encode the reverse transcriptase enzyme for their retrotransposition, but are
assisted by partnering with LINE-1 elements which share the same 3'-tail
sequences (Dewannieux et al., 2003; Kajikawa and Okada, 2002). Most
SINEs are derived from tRNA, 5S RNA or ?SL RNAs (Ohshima and Okada,
2005) and possess an internal promoter with motifs for RNA polymerase Ill
binding.

Alu

sequences,

which

are

the

most common

form

of SINEs,

are

approximately 300 bases in length and present in more than one million
copies in the human genome. They are basically composed of two distinct
internal monomeric sequences and a poly-A tail at the 3'-end (Figure 1.4A)
(Lander et al., 2001 ). Alu elements insert their copies into genomic DNA with
the help of the LINE-1 ORF2 protein , which encodes a reverse transcriptase
activity.

SVA element is another example of SINE retrotransposons , constituting a
relatively small fraction of the human genome (about 3,700 copies) (Figure
1.48) (Jurka, 2000 ; Smit et al. , 1996). The SVA elements are heterogeneous
in size, ranging from 700 bp to 4 kb , and are made up of an Alu-like region , a
region with a variable number of tandem repeats (VNTR) and a short
interspersed nuclear region (SINE-R). SVA sequences exhibit greater RNA
complexity compared to Alu elements . They have a large number of splice
isoforms for transposition and are capable of relocating their sequences in
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the process of retrotransposition. SVAs are also mobilized with the help of
LINE-1 ORF2 protein (Hancks et al., 2011; Raiz et al., 2011 ).

1.2.2.3 Long interspersed nuclear element (LINE) retrotransposons

LIN Es are the member of the non-L TR elements and are classified into three
subfamilies, LINE-1, LINE-2 and LINE-3 (Lander et al., 2001; Waterston et al.,
2002). LINE-2 and LINE-3 are the older members of LINEs family and
apparently stopped transposing before the mammalian evolution (Smit, 1996).

LINE-1 is the most predominant and currently active form of LINEs family,
accounting for approximately 21 % of the human genome. The full-length
LINE-1 is about 6 kb in length and consists of a 5'-untranslated region (5'UTR), two open reading frames (ORF), and a 3'-untranslated region (3'-UTR),
which is punctuated by poly-A tails. A target site duplication (TSO) is also
present at both the 5' and 3'- ends (Scott et al., 1987)-(Figure 1.5). Although
500,000 copies of LINE-1 s exist in our genome, the majority of them are
inactive due to truncations, inversions and mutations within the open reading
frames (Grimaldi et al., 1984; Lander et al., 2001; Ovchinnikov et al., 2002).
To date, at least 100 copies of LINE-1 elements have been identified as
functionally active elements and they have the potential to undergo the
process of retrotransposition in the human genome (Brouha et al., 2003;
Cordaux and Batzer, 2009; Griffiths, 2008; Rangwala et al., 2009).

The 5'-UTR region of LINE-1 is about 910 bp in length, which contains an
internal RNA polymerase II promoter (Swergold, 1990) and cis-acting binding
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Figure 1.5. Structure of LINE-1 element
LINE-1 retrotransposon is a member of the non-L TR elements. It contains an
internal promoter (5'-UTR), two open reading frames (ORF1 and ORF2) and
a 3'-UTR containing a poly A tail. ORF1 encodes a chaperone protein while
ORF2 is responsible for production of an endonuclease (EN) and a reverse
transcriptase (RT) enzymes. Both ORF1 and ORF2 are essential for
retrotransposition.
TSO: target site duplication.
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site for Yin Yang-1 (YY-1) transcription factor (Athanikar et al., 2004;
Babushok and Kazazian , 2007 ; Kuwabara et al. , 2009; Minakami et al. , 1992;
Tchenio et al., 2000 ; Yang et al. , 2003). In addition, several studies have
found that a potent antisense promoter (ASP) is also present in the 5'-UTR
promoter region. It has been proposed that RNAs can be transcribed from
both directions of the sense and antisense promoters forming a doublestranded RNA (dsRNA). These dsRNAs can be further processed by RNA
interference pathways into small interfering RNA sequences that can
regulate the expression of LINE-1 elements by binding to LINE-1 5'-UTR
promoters (Matlik et al. , 2006; Nigumann et al., 2002; Temtamy et al., 2008;
Yang and Kazazian, 2006) (Figure 1.6). However, to date, no bona fide
product of dsRNAs or small interfering RNA sequences has been found in
the human genome. Interestingly, the anti-sense transcripts of LINE-1 have
been recently identified from various human cells and tissues (Faulkner et al.,
2009; Macia et al. , 2011; Speek, 2001 ).

Both ORF1 and ORF2 sequences of LINEs are conserved across the
mammalian genomes. ORF1 encodes a 40-kDa protein containing a leucine
zipper domain (Holmes et al. , 1992) that facilitates trimer formation of the
LINEs proteins (Khazina and Weichenrieder, 2009; Martin et al. , 2003) . The
ORF1 protein also contains a carboxyl-terminal domain (Khazina and
Weichenrieder, 2009 ; Moran et al. , 1996) that helps to recognize and bind to
LINE-1 mRNAs , forming cytoplasmic ribonucleoprotein particles (RNPs)
(Basame et al., 2006 ; Januszyk et al. , 2007; Khazina and Weichenrieder,
2009; Kolosha and Martin, 1997). The overall function of ORF1 protein is
acting as an RNA chaperone during the process of integration , which is a key

17

SP
+1

►

►

906
ORF1

378- 426

ASP

480- 407

Figure 1.6. Structure of the LINE-1 promoter
The 5'-UTR region showing the sense (SP) and antisense (ASP) promoters
within the 906 nucleotides of the LINE-1 promoter. Transcription start sites
are given , numbered according to the sense strand . Known transcription start
sites of the ASP involved in the regulation of LINE-1 are shown as filled dot
symbols. Grey arrows indicate the bidirectional transcripts of the 5'-UTR.
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step in the process of LINE-1 retrotransposition (Martin and Bushman, 2001;
Martin et al., 2000; Matlik et al., 2006) .

ORF2 encodes a 150-kDa protein containing three conserved domains of an
endonuclease, a reverse transcriptase and a cysteine-rich motif (Cost and
Boeke, 1998; Ergun et al., 2004; Feng et al., 1996; Martin et al., 1995;
Mathias et al., 1991; Moran et al., 1996). The endonuclease can identify the
AA/TTTT sequences within the host genome and cleave the DNA at this
insertion site. Then reverse transcriptase uses the genomic DNA as a primer
and the LINE-1 RNAs as templates to reverse transcribe the sequence into
the target site. The cysteine-rich motif acts as a single stranded RNA-binding
domain. Both the ORF1 and ORF2 proteins prefer to bind with their encoding
mRNAs (termed cis-preference) (Dombroski et al., 1991 ; Es_nault et al., 2000;
Kulpa and Moran, 2006; Moran et al., 1996; Wei et al., 2001 ). This
association leads to the formation of RNP complexes , which is a critical step
in the process of LINE-1 retrotransposition (Hohjoh and Singer, 1996; Kulpa
and Moran , 2005) (Figure 1.7).

Although most LINE-1 elements in the genome exist in inactive forms , a
small proportion of intact full-length LINE-1 elements can be activated and
undergo retrotransposition . Once

LIN E-1

is transcriptionally activated ,

mRNAs are synthesized followed by addition of poly-A tails at the 3'-end . The
mature LINEs' mRNA is then exported to the cytoplasm where both ORF1
and ORF2 proteins are translated by ribosomes and associate with their
mRNAs forming RNA-protein complexes (RNPs). These RNPs then enter to
the nucleus through nuclear pores (Dombroski et al. , 1991 ; Esnault et al. ,
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Figure 1.7. The process of LINE-1 retrotransposition
When LINE-1 is activated, LINE-1 mRNA is transcribed from genomic DNA
and is exported to the cytoplasm. Subsequently, both ORF1 and ORF2
proteins are translated and then bind to LINE-1 mRNAs, forming RNA-protein
complexes. LINE-1 ORF2 protein nicks genomic DNA and reverse
transcribes LINE-1 RNA into DNA. The LINE-1 sequence is then integrated
into the genome at the nicked sites.
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2000; Kulpa and Moran, 2006; Moran et al., 1996; Wei et al., 2001 ). Reverse
transcription and integration of LINE-1 elements into genomic DNA is thought
to occur by a process known as target primed reverse transcription (TPRT)
(Cost et al., 2002; Feng et al., 1996; Luan et al., 1993) (Figure 1.8). During
TPRT, the endonuclease of ORF2 protein generates a single strand
endonucleolytic nick at AT-rich target regions of the host DNA to expose a
free 3'-hydroxyl (-OH) group on the sugar phosphate backbone at the break
site (Feng et al., 1996). The reverse transcriptase activity of ORF2 protein
then uses the unligated 3'-OH as a primer and the LINE-1 mRNA as a
template to initiate cDNA synthesis (Cost et al., 2002; Feng et al., 1996;
Kulpa and Moran, 2006). The breakpoint of the second DNA strand is
staggered and a new LINE-1 copy, which is flanked by 7 to 20 bp TSDs, is
synthesized in the process of TPRT (Jensen et al., 19S4; Kazazian and
Moran, 1998). A newly synthesized LINE-1 DNA can integrate into the target
sites and RNase H removes the LIN E-1 RNA. The second strand of the host
DNA also has the chance to anneal internally in the LINE-1 RNA so that a
second reverse transcriptase process can be initiated. These processes
often cause the 5'-end of LINE-1 sequences to exist in inverted and
truncated forms (Figure 1.8). In addition, incomplete reverse transcription of
LINE-1 ORF2 and digestion of the LINE-1 RNA by cellular RNase H before
the completion of reverse transcription results in truncation at the 5' end of
LINE-1 elements (Ostertag and Kazazian, 2001 ).
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Figure 1.8. Target primed reverse transcription (TPRT)

The integration reaction is carried out by the LINE-1 ribonucleoprotein
complexes, which are composed of ORF1 protein (RNA chaperone), ORF2
protein [endonuclease (EN), reverse transcriptase (RT)], and LINE-1 mRNAs.
The LINE-1 RNP initiates and mediates target primed reverse transcription
(TPRT).
A) In TPRT, ORF2 protein nicks one of the double-stranded genomic DNA at

its target site, releasing a 3' -OH group.
B) LINE-1 transcript is directly reverse transcribed into the DNA copy by

ORF2 protein using LINE-1 RNA (the red line) as the template, and the
nicked free DNA strand as the primer.
C) The endonuclease (EN) of the ORF2 protein nicks the second strand of
host DNA
D) About 65% to 92% of insertions integrate the newly synthesized LINE-1

copy on the first nicked strand, followed by generation of the complementary
sequences on the second DNA strand.

E) A normal LINE-1 insertion flanked by target site duplications (TSO). The
new insertion contains a variable LINE-1 sequence fragment starting at the 3'
end, and often truncated at the 5' end.
F) About 8% to 35% insertions initiate a second reverse transcription reaction

with another ORF2 protein following nicking of the first strand of the host
DNA, and synthesis of the upstream region of the LINE-1 transcript. The
process is called the twin priming reaction.
G) The twin priming reaction will lead to an inverted LIN E-1 insertion
containing a direct LINE-1 fragment with an intact 3'- end and an inverted
copy of an LINE-1 with a variably truncated 5'-end. The entire insertion is
flanked by TSO sequences on both sides.
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1.3

The impact of LINE-1 retrotransposition on human

genome
Although the majority of LINE-1 elements are inactive, at least 100-140
copies of LINEs retain their ability to initiate retrotransposition, and their
activities can have both beneficial and negative impact on the human
genome (Cordaux and Batzer, 2009).

Several studies reported that LINE-1 elements are vital for phenotypic
diversity and evolution of the organisms (Cordaux and Batzer, 2009; Xing et
al., 2007). LINE-1 s also contribute about 30% of the human X chromosome
and have been shown to be involved in the process of X chromosome
inactivation (Bailey et al., 2000; Hansen, 2003; Ross et al., 2005). The
current rate of LINE-1 retrotransposition has been estimated to range
between 1 out of 20 and 1 out of 200 birth depending on the method of
analysis (Ewing and Kazazian, 2010; Huang et al., 2010; Li et al., 2001; Xing
et al., 2009) . Newly heritable LIN E-1 retrotransposition events are also found
in human germline cells and brain tissues (Kano et al., 2009 ; Muotri et al. ,
2005) suggesting that LINE-1 plays important functions in creating diversity
of humans. Moreover, Han and his colleagues have identified 73 humanspecific LINE-1-associated deletions occurred subsequent to the divergence
of the human and chimpanzee lineages (Han et al. , 2008). These and other
studies

suggest

that

LINE-1-mediated

evolution of the human genome.
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Figure 1.9. Disruption of exons

Host gene exons are directly disrupted by insertion of a complete or a partial
LINEs or SINE sequence.
(A) Gene with exons (blue colour).
(B) The exon is disrupted by an entire LINE-1 (red colour).
(C) The exon is disrupted by a part of LINE-1 (red colour).
(D) The exon is disrupted by an Alu (yellow colour).
(E) The exon is disrupted by a SVA (purple colour).
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Expression of normally repressed LINE-1 elements also causes negative
impact on the human genome. LINE-1 is an insertional mutagen that is
capable of altering the genome through disrupting genes, altering splicing
sites, increasing the frequency of recombination, and negatively affecting the
stability of the genome because of its ability to create breaks in genomic
DNA during the process of retrotransposition. In addition, LINE-1 mediates
the transposition of nonautonomous SINE elements such as A/us and
retrogenes, thereby altering the genomic structure in myriad ways, all of
which can lead to human diseases (Brouha et al., 2003; Goodier and
Kazazian, 2008; Ostertag and Kazazian, 2001; Penzkofer et al., 2005). So
far, more than 100 cases of disease-causing insertional mutations have been
shown to be associated with LINE-1 mediated retrotransposition events in
human cells (Belancio et al., 2008; Goodier and Kazazian, 2008) including
breast cancer, muscular dystrophy and haemophilia (Batzer and Deininger,
2002; Deininger and Batzer, 1999; Ostertag and Kazazian, 2001 ).

1.3.1 LINE-1 is an insertional mutagen
Expression of LINE-1 can affect the genome

in

multiple ways. The most

common event caused by LINE-1 retrotransposition is disrupting the exons of
genes by insertion of the whole or part of the LINE-1 sequence (Kazazian
and Moran , 1998), resulting in mutation of functional genes (Figure 1.9 B
and C) . At least nine human diseases have been reported to be caused by
LINE-1

insertions including hemophilia A, hemophilia B, and chronic

granulomatous diseases (Chen et al. , 2006). In addition , LINE-1-encoding
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Figure 1.10. Disruption of exons by LINE-1 elements
(A) Host gene with exons (left), normal splicing (right)

(8) Host gene with LINE-1 (left), disruption of correct splicing (right)
(C) Host gene with inverted LINE-1 (left), exon skipping (right)
(D) Genomic deletion with LINE-1 retrotransposition
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Figure 1.11 Unequal homologou s recombination
Mutations can be caused by LINE-1 elements by creating deletions and
duplications following unequal homologous recombination between the LINE1 sequences .
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ORF2 proteins are also responsible for the mobilization of non-autonomous
Alus and SVA elements, which can mutate the exons of genes in the similar
manner (Figure 1.9 D and E).

Apert syndrome and acute intermittent

porphyria are both related to direct insertion of Alu sequences into gene
exons with the aid of LINE-1 ORF2 protein (Chen et al., 2006; Deininger and
Batzer, 1999). In addition, LINE-1 s may also insert into intron of the genes
causing missplicing or skipping of exons, and inducing hypomorphic or nullexpressing alleles (Belancio et al., 2008; Goodier and Kazazian, 2008;
Ostertag and Kazazian, 2001) (Figure 1.10 B and C), for example, in
Duchenne muscular dystrophy (Chen et al., 2006).

Both exons and functional gene sequences including the promoters and
enhancers

can

also

be

deleted

during

the

process

of

LINE-1

retrotransposition (Figure 1.10 D). X-linked dilated cardiomyopathy is one of
the examples caused by four independent LINE_-1

insertions into the

dystrophin gene (Ostertag and Jr, 2006).

Mispairing of LINE-1 sequence often leads to homologous recombination and
crossing-over which

has

been

shown

to

cause

additional

genomic

duplications, deletions and rearrangements (Bailey et al., 2003; Deininger
and Batzer, 1999; Emanuel and Shaikh, 2001) (Figure 1.11 ).

Another harmful effect of LINE-1 expression is genomic instability caused by
the endonuclease activity of ORF2 protein (Gasior et al., 2006; Lin et al. ,
2009). During the process of the TPRT, LINE-1 ORF2 protein acts as
endonuclease to break the double-stranded DNA breaks for LINE-1
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(A) Structure of LINE-1 element.

(B) 5' transduction is shown in dark.
(C) 3' transduction is marked in purple with its own poly-A tails .
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retrotransposition (Figure 1.8). These DSBs are believed to be the maJor
contributor to chromosomal damages including translocations, deletions and
duplications. Several studies reported that the breakpoint sequences of
LINE-1 induced translocations and deletions are consistent with ORF2
cleavage sites (Abeysinghe et al., 2003; Gasior et al., 2006).

1.3.2 Effect of LINE-1 on gene expression
Gene expression can be affected by LINE-1 retrotransposition events.

5'

transduction occurs when flanking 5'-sequences at the original site of LINE-1
insertion become a part of the LINE-1 transcript and are mobilized by nearby
promoters. These processes often generate a new promoter, but only if the
downstream elements are involved (Lander et al., 2001; Moran et al., 1999;
Symer et al., 2002) (Figure 1.12 8). Genes that are affected in this way
include the endothelin B receptor and {31, 3GAL-T5 ge_nes (Dunn et al., 2003;
Medstrand et al., 2001 ).

Transduction can also occur at the 3' end of LINE-1 elements, in which the
LINEs transcript read-through its own weak poly-A signal up to the stronger
signal of a downstream endogenous gene (Moran et al., 1999; Symer et al.,
2002) (Figure

1.12 C). This process can affect the expression of

neighbouring host genes. In addition, the adenosine-rich LINE-1 transcript is
also capable of inducing premature poly-A and/or RNA polymerase

11

transcriptional pause sites in the corresponding genes, causing attenuation
of their expression (Chen et al., 2006a; Han and Boeke, 2004; PerepelitsaBelancio and Deininger, 2003) (Figure 1.13 8).
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Figure 1.13. Potential impact of LINE-1 on host gene expression
(A) LINE-1

with both sense and antisense promoters . (B) Premature

po lyadenylation . (C) Antisense promoter of LINE-1 affects genes adjacent to
the 5' end . (D) LINE-1 acts as an enhancer to regulate nearby genes . (E)
Gene breaking .
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Bidirectional promoters, which are intergenic regions flanked

by the

transcription start site (TSS) of a gene on one DNA strand and the TSS of
another gene on the other strand are known to be present in the human
genome (Trinklein et al., 2004). As the LINE-1 promoter contains antisense
promoters (ASP) in +400 to +600 region of the 5'-UTR (Nigumann et al.,
2002; Speek, 2001 ), activation of the ASP could generate transcripts that, in
principle, affect the expression of the genes adjacent to the 5' end of the
LINE-1 element (Matlik et al., 2006; Nigumann et al., 2002; Speek, 2001;
Yang and Kazazian, 2006) (Figure 1.13C). Genes affected in this way
include hepatocyte growth factor receptor, secretory carrier-associate d
membrane protein, and the T cell surface antigen tactile protein (Nigumann
et al., 2002).

Moreover, LIN E-1 can also act as enhancers facilitating the expression of
downstream genes (Perepelitsa-Belancio and Deining~r, 2003) (Figure 1.13
D). In some rare cases, gene transcription is disrupted when LINE-1 is

positioned in an antisense direction of the intrans, resulting in "gene
breaking" (Wheelan et al., 2005) (Figure 1.13 E).
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1.4 Factors that influence LINE-1 expression
Expression of LIN E-1 and its ongoing retrotransposition is detrimental to the
host genome stability and thus cells must have developed mechanisms to
limit the expansion of LINE-1 elements. Although the underlying pathways
that control the activity and copy numbers of LINE-1 elements remain unclear,
more and more evidence suggests that epigenetic regulation may play a key
function in limiting LINE-1 expression (Kazazian, 2004).

Epigenetic regulation refers to heritable changes

in

gene expression

occurring without changes in DNA sequence (Wang and Chiao, 2010). In
addition to regulation by epigenetic mechanisms, recent studies show that
siRNAs may also be involved in suppressing LINE-1 expression (Soifer et al.,
2005; Yang

and

Kazazian,

2006). Thus,

an understanding of DNA

methylation and of the siRNA pathways regulating the expression of LINE-1
retrotransposon will give new knowledge about the mechanisms that regulate
LINE-1 expression .

1.4.1 LINE-1 silencing by DNA methylation
1.4.1. 1 General properties of DNA methylation in human genome

DNA methylation is a covalent biochemical modification in which a methyl
group is added to the 5 position of the cytosine pyrimidine ring within 5'-CpG3' dinucleotide sequences (Cooper and Krawczak , 1989). The "p" in CpG
refers to the phosphodiester bond between the cytosine and guanine , which
indicates that the C and the G are next to each other in sequence (Gardiner-
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Garden and Frommer, 1987). In mammals, a methyl group is transferred to
the 5' position of cytosine from the donor S-adenosyl-methi onine (SAM) with
the help of DNA methyltransferase s (DNMTs) (Chen and Li, 2006). DNMT3a
and DNMT3b are de nova DNA methyltransferase, capable of creating new
DNA methylation sites. They are expressed mainly in early embryonic
development and set up the pattern of DNA methylation. DNMT1

is

responsible for the maintenance of existing DNA methylation, i.e. the addition
of methylation to DNA when one strand is already methylated . These act
throughout the life of the organism to maintain the methylation profile that
had been established by the de nova methyltransferase (Bestor, 2000; Hata
et al., 2002; Hsieh, 1999; Leonhardt et al., 1992; Okano et al., 1998; Sakai et
al., 2001 ). However, the mechanisms by which the DNA methylation
enzymes are targeted to specific regions are not clearly u-nderstood. It has
been suggested that this is probably related to interactions between DNMTs
and one or more chromatin-associated proteins (Robertson, 2002).

The genomic regions containing a high frequency of CpG dinucleotides are
called CpG islands. CpG islands are defined as a region of greater than 200
bp in length, and having a GC percentage greater than 50%, and an
observed and expected ratio greater than 0.6 (observed/expected ratio refers
to (Number of CpG dinucleotides/(Nu mber of C x Number of G)) x total
number of nucleotides in the sequence) (Gardiner-Garden and Frommer,
1987). In general , CpG islands are preferentially located at the 5' ends of the
promoter regions of genes , and these regions are target sites for the binding
of transcription

factors

(Wang

and

Leung , 2004 ).

Methylated

CpG

dinucleotides can block the access of transcription factors to their target
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binding sites, so that transcription cannot be activated and gene expression
is inhibited (Prendergast and Ziff, 1991; Watanabe and Maekawa, 201 0; Watt
and Molloy, 1988). Alternatively, they can provide binding sites for methylbinding domain proteins which generate the compact structure of repressive
heterochromatin. So that the transcription machinery such as polymerases
and transcription binding factors can not bind, resulting in the repression of
gene expression (Steinhoff and Schulz, 2003; Yu et al., 2001 ). Thus, DNA
methylation acts as a switch that controls the initiation of gene expression. It
is a crucial part of development, cellular differentiation and gene regulation in
higher organisms.

In humans, about 70% of promoters have CpG islands (Saxonov et al., 2006).
Some of these CpG islands are not methylated, including those in
housekeeping genes and some tissue-specific genes (Gardiner-Garden and
Frommer, 1987; Larsen et al., 1992; Takai and Jones, 2002). DNA
methylation is reported to occur predominantly in repetitive DNA sequences
including satellite DNA, transposable elements and endogenous retroviruses
(Yoder et al. , 1997). This implies that properly established and maintained
DNA methylation patterns play a key role in gene regulation, and are
essential for the normal functioning of genes.

1.4.1.2 LINE-1 DNA methylation

In humans , CpG islands are abundant in the large repetitive sequences such
as centromeric repeats and retrotransposable elements (Bird, 2002; Takai
and Jones, 2002). The human LINE-1 elements contain a large number of
CpG islands at their 5'UTR promoter regions (Hata and Sakaki , 1997;
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Hoffmann and Schulz, 2005). The state of DNA methylation in this region
determines the initiation of the LINE-1 expression. In normal somatic cells,
the CpG islands in LINE-1 are heavily methylated (i.e., hypermethylation)
and their expression is completely silenced. However, the methylation
pattern of retrotransposons may change in different tissues during the
different stages of life cycle. For example, LINE-1 elements become
transcriptionally more active due to the loss of DNA methylation (i.e.,
hypomethylation) at their promoter regions during brain and germ cell
development (Kano et al., 2009; Muotri et al., 2005; Yoder et al., 1997). A
similar phenomenon is also reported in placental tissue where LINE-1
elements are highly expressed (Schulz et al., 2006).

Hypomethylation of LINE-1 elements have been reported in a variety of
human disorders, including cardiovascular disease (Baccarelli et al., 201 O;
Castro et al., 2003; Kim et al., 2010), inflammation, autoimmune disease
(Crow, 2010), lung disease (Lange et al., 2012) and cancer (Bollati et al.,
2009b ). Patients with ischemic heart disease and stroke exhibit lower level of
LINE-1 methylation, and people with lower LINE-1 methylation are at higher
risk for ischemic heart disease and stroke and have higher mortality in
longitudinal analyses (Baccarelli et al., 2010). It is possible that decreased
DNA methylation with increased expression of LINE-1 elements could be a
potent stimulus for an innate immune response, priming of the immune
system, and induction of autoimmunity and inflammation (Crow, 2010). LINE1 hypomethylation was also found to be associated with chronic obstructive
pulmonary disease (COPD) and accelerated decline in lung function (Lange
et

al.,

2012).

However,

not

all
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human

diseases

are

related

to

hypomethylation of LINE-1. Some diseases such as Alzheimer disease show
a significant increase of DNA methylation at LINE-1 elements (Bollati et al. ,
2011 ).

All this evidence suggests that DNA methylation is a key element in
regulating the expression of LINE-1 elements in the human genome. As this
thesis mainly focuses on LINE-1 regulation in human cancer, a detailed
review of the methylation status of LINE-1 in cancer is presented in the next
section.

1.4.1.3 Methylation status of LINE-1 elements in human cancers
A global loss of DNA methylation has been found to be associated with
tumour formation and progression (Ehrlich and Lacey, 2012). Loss of DNA
methylation from promoters, enhancers , silencers or chromatin boundary
elements may alter gene transcription and disturb cellular function, thus
causing disorders such as carcinogenesis. In addition , changes in DNA
methylation of retrotransposons are also common in many human cancers
(Cho et al. , 2010; Feber et al. , 2011; Menendez et al., 2004) . Loss of DNA
methylation of LINE-1 elements usually occurs early during the process of
carcinogenesis (Kitkumthorn and Mutirangura, 2011 ). The consequences of
LINE-1 hypomethylation include the potential for LINE-1 elements to become
transcriptionally active and to undergo retrotransposition activity (Han and
Boeke , 2004 ; Yang et al. , 2003) leading to genomic instability and changes in
gene expression (Aporntewan et al. , 2011 ).
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Since DNA methylation always occurs in CpG islands and is clustered mainly
around the transcription start sites of genes, the extent of DNA methylation at
LINE-1 5'-UTR promoter regions has been extensively evaluated in various
human cancers. As shown in Table 1. 1, there is a lower mean value of LINE1 DNA methylation in most types of cancer, although there are a few
exceptions including kidney tumours, thyroid cancer, lymph node carcinomas,
acute promyelocytic leukemia, malignant peripheral nerve sheath tumours,
and parathyroid adenoma, which do not show any significant lower
methylation level at LINE-1 promoters compared to normal tissues. LINE-1
hypomethylation is also reported in premalignant pathological changes in the
cervix (Shuangshoti et al., 2007), stomach (Park et al., 2009) and
extrahepatic bile duct (Kim et al., 2009a). Unexpectedly, few conditions
which

have a high

possibility of malignant transformation

such

as

myelodysplastic syndrome (Romermann et al., 2007) and cirrhosis of the
liver (Takai et al., 2000) possess higher LINE-1 methylation compared to
their normal states.

DNA hypomethylation of LINE-1 is also correlated with various pathological
characteristics of tumours. In many types of human cancers, the level of
LINE-1 methylation decreases with increasing tumour size (Tangkijvanich et
al., 2007), more advanced tumour stages (Baba et al. , 201 0; Flori et al., 1999;
Kindich et al., 2006; Lee et al., 2009a; Pattamadilok et al., 2008), higher
histological grade (Cho et al., 2007; Flori et al., 1999; lramaneerat et al.,
2011; Park et al., 2009; Pattamadilok et al., 2008; Shuangshoti et al., 2007),
higher rate of tumour metastasis (Choi et al., 2007; Schulz et al., 2002),
higher recurrence rate (Formeister et al., 2010), and higher mortality rate
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Table 1.1 LINE-1 hypomethylation in human cancers

Type of cancer

Hypomethylation?

Reference

Abdominal
paragangnoma

Yes

(Geli et al. , 2008)

Acute promyelocytic
leukemia

No

(Choi et al., 2009)

Breast cancer

Yes

(Chalitchagorn et al. , 2004 ; Choi
et al., 2009; Feng et al., 2007;
Sunami et al., 2008; van Hoesel
et al., 2012)

Cervical cancer

Yes

(Shuangshoti et al., 2007)

Chronic
myelogenous
leukemia

Yes

(Fabris et al., 2011; RomanGomez et al., 2008; RomanGomez et al ., 2005)

Cholangiocarcinoma

Yes

(Kim et al. , 2009a)

Colorectal cancer

Yes

(An et al. , 2010; Baba et al. ,
201 0; Chalitchagorn et al. , 2004 ;
Estecio et al., 2007 ; lacopetta et
al., 2007 ; Ibrahim et al. , 2011 ;
lrahara et al ., 201 0; Kawakami et
al. , 2011 ; Kwon et al. , 201 0;
Matsuzaki et al. , 2005 ; Nosho et
al. , 2009a; Nosho et al. , 2009b ;
Ogino et al. , 2008a ; Suter et al. ,
2004)

Esophageal cancer

Yes

(Chalitchagorn et al ., 2004)

Gastric cancer

Yes

(Chalitchagorn et al. , 2004 ; Park
et al ., 2009 ; Yoo et al. , 2008 ;
Yoshida et al ., 2011 )

Ge rm ce ll tumour

Yes

(Alves et al., 1996)

Fibrolame ll ar
carcinoma of liver

No

(Trankenschuh et al. , 2010)

Head and neck
squamous ce ll
cancer

Yes

(Chalitchagorn et al. , 2004 ;
Hsiung et al., 2007 ; Smith et al .,
2007 ; Subbalekha et al. , 2009)
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Hepatoma

Yes

(Chalitchagorn et al., 2004;
Formeister et al., 201 0; Kim et al.,
2009b; Lee et al., 2009a; Takai et
al., 2000; Tangkijvanich et al.,
2007; Trankenschuh et al., 2010)

Lymphoma

No

(Chalitchagorn et al., 2004)

Malignant peripheral
nerve sheath tumour

No

(Feber et al., 2011)

Melanoma

Yes

(Tellez et al., 2009)

Multiple myeloma

Yes

(Bollati et al., 2009a)

Neuroendocrine
tumour

Yes

(Choi et al., 2007)

Neurofibromatosis

No

(Feber et al., 2011)

Non-small cell lung
cancer

Yes

(Chalitchagorn et al., 2004;
Daskalos et al., 2009; Jin et al.,
2009; Saito et al., 2010)

Ovarian cancer

Yes

(Dammann et al., 201 0;
Menendez et al., 2004;
Pattamadilok efal., 2008;
Woloszynska-Read et al., 2008)

Parathyroid adenoma

No

(Juhlin et al., 2010)

Pheoch romocytoma

Yes

(Geli et al ., 2008)

Plasma cell leukemia

Yes

(Bollati et al., 2009a)

Prostate cancer

Yes

(Chalitchagorn et al., 2004; Cho
et al., 2009; Flori et al., 2004;
Kindich et al., 2006; Santourlidis
et al., 1999; Schulz et al., 2002;
Yegnasubramanian et al., 2008)

Renal cell carcinoma

No

(Chalitchagorn et al., 2004; Flori
et al., 1999)

Thyroid cancer

No

Lee et al., 2008; Chalitchagorn et
al., 2004(Chalitchagorn et al.,
2004 ; Lee et al., 2008)

Urothelial cancer

Yes

(Choi et al., 2009; Flori et al.,
1999; Jurgens et al., 1996;
Neuhausen et al., 2006; Wilhelm
et al., 201 0; Wolff et al., 2010)

-

I
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(Ahn et al., 2011; Ogino et al., 2008b). Furthermore, reduced methylation of
LINE-1 elements is associated with chromosomal aberrations (Bollati et al.,
2009a; Cho et al., 2007; Choi et al., 2007; Ogino et al., 2008a ; Schulz et al.,
2002),

inactivation

of tumour suppressor genes

by

increased

DNA

methylation (Choi et al., 2007; Kim et al., 2009a; Kim et al., 2009b), mutation
of tumour suppressor genes (lacopetta et al., 2007; Kim et al., 2009a),
changes in the transcription of oncogenes (Wolff et al., 2010), and activation
of oncogenes (Woloszynska-Read et al., 2008) . There is also evidence
showing that an increased risk of developing cancer in transgenic mice with
hereditary defects in DNA methyltransferase activity (Gaudet et al., 2003).
Thus DNA hypomethylation is more likely to be one of the factors which
initiate carcinogenesis than a consequence of cancer (Ehrlich and Lacey,
2012).

Given the close relationship between the methylation status of LINE-1
elements and cancer formation, several studies have increasingly focused on
using LINE-1 DNA methylation in cancer diagnosis and prognosis. One
reason why this assay has great potential is that LINE-1 hypomethylation can
be observed in cells , blood (Hsiung et al. , 2007; Wilhelm et al. , 2010) , serum
(Chalitchagorn et al. , 2004 ; Tangkijvanich et al. , 2007) , and oral rinse
samples (Subbalekha et al. , 2009). Furthermore , LINE-1 hypomethylation
has recently demonstrated to be a prognostic marker in several types of
cancers (Aparicio et al. , 2009 ; Bernstein et al. , 2010 ; Fang et al. , 2010 ;
Kawakami et al. , 2011 ; Saito et al. , 2010 ; Sonpavde et al. , 2009).
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1.4.2 Silencing of LINE-1 by small interfering RNAs
1.4.2.1 Small interfering RNAs
Small interfering RNAs (siRNA) are a group of double-stranded RNA
molecules of 20 to 25 nucleotides (nt) in length that carry out multiple
biological functions (Zhang et al., 2004 ). One of their most important
functions is to regulate the expression of genes, a process called RNA
interference (RNAi). The discovery of RNAi has been one of the most
exciting advances in functional genomics in the past decade because it has
revealed a novel mechanism for regulating gene function with a potential for
therapeutic gene silencing in human diseases (Sibley et al., 2010).

RNAi was originally identified in plants and worms (FJre et al., 1998;
Jorgensen, 1990; Romano and Macina, 1992) and reported in mammalian
cells a few years later (Elbashir et al., 2001 a). Althoug_h our knowledge of the
molecular basis and the mechanisms for RNAi silencing is still in its infancy,
its far-reaching and ubiquitous influence on biological process is increasingly
being recognised.

Small interfering RNAs (siRNAs) are generated by the cleavage of long
double stranded RNAs (dsRNA), which are formed by annealing sense and
antisense RNAs, and that antisense RNAs are complementary to expressed
miRNAs (Hamilton and Baulcombe , 1999; Hammond et al., 2000; Tuschl et
al., 1999; Zamore et al., 2000 ). The dsRNAs are processed by the enzyme
Dicer, typically to ·21 to 23-nt with 2 to 3-nt overhang at the 3' end (Bernstein
et al., 2001; Elbashir et al., 2001 b). The processed siRNAs interact with the
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Figure 1.14 Hypothetical pathway of LINE-1 silencing by siRNAs

When LINE-1 is transcriptionally active , LINE-1 mRNA is synthesized . The
dsRNAs of LINE-1 can also be potentially synthesized due to the action of
both the sense and antisense promoters of 5'-UTR. These dsRNAs are
bel ieved to contain the part of LIN E-1 promoter sequences and are further
processed by Dicer-1 generating the LINE-specific siRNAs . Both LINE-1
mRNAs and siRNAs can be exported to the cytoplasm where siRNAs can
potentially cleave the complementary LINE-1 mRNA sequences before being
translated into functional proteins.

44

RNA-induced silencing complex (RISC). Several forms of RISC have been
reported with different sizes, composition, activities and functions (Meister
and Tuschl, 2004 ). Every RISC contains a member of the Argonaute (Ago)
ribonucleoprotein. The function of the Ago protein is to directly react with the
RNAs (Hammond et al., 2001; Hutvagner and Zamore, 2002; Martinez et al.,
2002; Mourelatos et al., 2002). The activated RISC is thought to use the
antisense (guide) strand of the siRNA to identify the homologous (target) site
on the cognate mRNA, and an endoribonuclease then cleaves the RNA
followed by degradation by exoribonucleases (Dykxhoorn et al., 2003)
(Figure 1.14).

Similar to cleavage of the cognate mRNA by siRNAs, gene expression can
also be regulated by several other classes of small RNAs. For example,
microRNAs (miRNA) have been proposed to interfere with protein expression
by repressing translation or directly degrading nascent mRNAs (Zeng et al.,
2002). Some evidence suggests that siRNA and miRNA are functionally
interchangeable (Doench et al., 2003; Saxena et al., 2003).

1.4.2.2 Do small RNAs interfere with LINE-1 expression in humans?
From genetic manipulation and biomolecular analyses, RNAi silencing
machinery is highly conserved across eukaryotes. It may have initially
evolved to defend the genome against retrotransposable elements and other
genomic parasites in preserving genome integrity of organisms (Aravin et al.,
2003; Djikeng et al., 2001; Kalmykova et al., 2005; Kanellopoulou et al., 2005;
Ketting et al., 1999; Lagos-Quintana et al., 2003; Nolan et al., 2005; Reinhart
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and Bartel, 2002; Sarot et al., 2004; Shi et al., 2004; Svoboda et al., 2004;
Tabara et al., 1999; Vastenhouw et al. , 2003; Zilberman et al. , 2003). The
initial evidence linking RNAi and the regulation of transposable elements
comes from the nematode, Caenorhaditis elegans. The activity of Tc1, Tc3
and Tc5, a class of DNA transposon, is increased in C e/egans mutants
deficient in RNAi silencing machinery (Ketting et al., 1999; Tabara et al. ,
1999). Similarly in the Drosophila, a genetic link between RNAi and
repression of retrotransposon has been shown to be associated with the Ifactor

(LINE-1-like

retrotransposon)

(Jensen

et

al.,

1999a,

b).

The

mechanism involved in this silencing process contains several components
of the RNAi pathway including the PIWI protein complexes (Aravin et al. ,
2001; Kalmykova et al., 2005). Moreover, several studies in C. elegans and
Drosophila have shown that knockdown of RNAi machinery increases

transcript abundance of retrotransposable elements . These findings all
suggest that there is ongoing control of retrotransposon expansion in some
of the host genome . However, it is not clear whether such controlling
mechanisms are currently active in human cells.

The human LINE-1 5'-UTR region contains bidirectional promoters . Both the
sense and antisense promoters are located within the 960 nucleotides of the
LINE-1 promoter. The sense promoter (SP) transcribes LINE-1 open reading
frames (ORFs) and an antisense promoter (ASP) transcribes minus-strand
LINE-1 RNAs (Figure 1.6). Thus , it is possible that dsRNAs can be
generated by LINE-1 expression , which can repress LINE-1 expression
through an RNAi pathway, acting as a genome defense system (Yang and
Kazazian , 2006 ) (Matlik et al. , 2006 ; Nigumann et al. , 2002 ; Speek, 2001 ). A
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putative pathway for siRNAs suppressing LINE-1

retrotransposons is

described as in Figure 1.14. However, it remains unclear whether such
functional siRNAs derived from LINE-1 transcripts exist in human cells. The
circumstantial

evidences

implicate

that

RNAi

may

regulate

LINE-1

expression. Soifer et al (2005) demonstrated that a long dsRNA transcribed
in vitro from human LINE-1 clones could be processed into functional siRNA
by Dicer-1, and that siRNAs inhibited the expression of a LINE-1 hybrid
transcript by RNAi-mediated degradation. In addition, these studies also
showed that siRNAs targeting different regions of LINE-1 reduce its activity
using an artificial retrotransposition assay (Soifer et al., 2005). The other
piece of evidence that supports a role for natural siRNAs is the detection of
21-nt siRNAs in cultured cells using RNA probes for the LINE-1 5'UTR
-

promoter (Yang and Kazazian, 2006). Consistent with these studies, our
laboratory also recently examined the function of Dicer-mediated RNAi
silencing pathways in controlling the activity of LINE--1 elements in chickenhuman hybrid DT40 cells using a conditional loss-of-Dicer function (Lee et al.,
2009b). In this study, the loss of Dicer-1 increases the accumulation of
human

LINE-1

transcripts

and

its

ongoing

retrotransposition

activity

suggesting that some of the LINE-specific small RN As may be acting as a
defence against LINE-1 expression. However, it is not clear whether these
small RNAs represent functional siRNA duplexes or a pool of degraded small
RNA populations that are processed by other cellular RNAse enzymes.
Although bona fide siRNAs have yet to be identified, others and we have
shown that knockdown of components of the RNAi machinery increases
LINE-1 expression, suggesting that a possible link exists between small
RNAs and the regulation of human LINE-1 elements.
47

1.5 Scope of the thesis
The mammalian genome contains large numbers of mobile genetic elements ,
such as genomic repeats and retrotransposable elements. When mobilised ,
they can disrupt the expression of host genes, affect gene regulatory
networks, and cause genome-wide genetic alterations. Cells must therefore
engage in a constant defense system to protect genomic integrity by
guarding cellular DNA from the activity of mobile DNA elements. The
underlying pathways that limit retrotransposon activity are not yet clearly
understood. In this thesis, I aim to address this question by investigating how
epigenetic factors impact on genome regulation. We hypothesise that DNA
methylation and naturally occurring small RNAs may enforce the epigenetic
silencing of LINE-1 class of retrotransposons in order to maintain genome
stability. Uncovering these regulatory pathways is a key to understanding the
cellular defense systems, as well as providing a functional link between the
expression of LINE-1 retrotransposons and small RNAs. Moreover, we are
interested to explore the biological significance of LINE-1 expression in
human cancer cells and the possibility of utilizing this expression as a
biomarker for early cancer prediction and diagnosis.

The main aims of this research project are:
( 1) Determining the level of expression of LIN E-1 retrotransposons and their
retrotransposition activity in human cancer cells
(2) Characterization of the LINE-1 DNA methylation patterns
(3) Investigating the expression of LINE-specific small RNAs in cancer cells
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(4) Exploring the relationship between LINE-1 expression, DNA methylation,
and small RNAs expression
(5) Biological significance of LINE-1 expression in clinical samples.
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Chapter 2 Materials and Methods
2.1 Materials
2.1.1 Chemicals

All chemicals and reagents were of molecular biology grade, or the highest
analytical grade obtainable.

2.1.2 Buffers and solutions

1X TBE : 50 mM Tris, 1mM EOTA, 42 mM boric acid, pH 8.3

1X TAE : 40 mM Tris , 20 mM Acetic acid , 0.9mM EOTA

Phosphate buffered saline (PBS) buffer: 0.02 M phosphate with 0.15 M
sodium chloride (NaCl), pH 7.4

LB broth: 1% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl ,
pH 7.0

LB agar plates: with additional 1 .5% (w/v) Bacto-agar in LB broth

20X SSC : 3M NaCl , 0.3 M Sodium Citrate , pH 7.0

Low stringency buffer: 2X SSC , 0.1% SOS

High stringency buffer: 0.1X SSC , 0.1 % SOS

PerfectHybPlus hybrid ization buffer (Sigma , USA)
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Lysis buffer: 20 mM HEPES-KOH pH 8.0, 500 mM NaCl, 0.1 mM EOTA, 200
µI of 50X complete protease inhibitors per 10 ml of lysis buffer (added fresh)

Triton buffer: 20 mM HEPES-KOH pH 8.0, 500 mM NaCl, 0.1 mM EOTA,
10% Triton X100

Wash buffer: 20 mM HEPES-KOH pH 8.0, 500 mM NaCl , 0.1 mM EOTA,
0.1 % Triton X100

Glutath ione-sepharose beads (GE Healthcare Life Sciences , UK)

Cleavage buffer: 50 mM Tris pH 8.0, 150 mM NaCl, 2 .5 mM CaCl2, 0.1 % 2Mercaptoethanol

Native binding buffer: 50 mM NaH2PO4 pH 8.0 , 0.5 M NaCl _

Native wash buffer: 50 mM NaH2PO4 pH 8.0, 0.5 M NaCl , 20 mM lmidazole

Native elution buffer: 50 mM NaH2PO4 pH 8.0 , 0.5 M NaCl , 250 mM
lmidazole

4 X NuPAGE® LOS sample buffer (lnvitrogen, Australia)

10 X Nu PAGE® LOS reducing agent (lnvitrogen, Australia)

Western blot running buffer: 25 mM Tris base , 0.192 M Glycine , 0.1 %
Sodium dodecyl sulfate (SOS) pH 8.3

Western blot transfer buffer: 25 mM Tris base , 192 mM Glycine , 20%
Methanol
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0.5% PBST: 0.5% Tween 20 (Sigma, USA) in PBS

Western blot block buffer: 5% Blot-Quick Blocker membrane blocking agent
(Chemicon International Inc, USA) with PBST

Reverse transcriptase (RT) lysis buffer: 10 mM Tris-HCI pH 7.5, 1 mM MgCl 2 ,
1 mM EGTA, 0.1 mM PMSF, 5 mM ~-mercaptoethanol, 0.5% CHAPS, 10%
glycerol

50 mg/ml X-gal: dissolve 100 mg of 5-bromo-4-chloro-3-indolyl-~-Dgalactoside in 2 ml of N,N'-dimethylformamide

Coupling buffer: 0.2 M NaHCO3, 0.5 M NaCl, pH 8.3

Wash buffer A: 0.5 M ethanolamine, 0.5 M NaCl, pH 8.3

Wash buffer B: 0.1 M acetate, 0.5 M NaCl

2.1.3 Antibiotics

Puromycin (Sigma, Australia)

Kanamycin (Sigma , USA)

Ampicillin (Aspen Pharmacare, Australia)

Penicillin/ Streptomycin (lnvitrogen , Australia)

Geneticin (lnvitrogen, Australia)
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2.1.4 Antibodies

5-Methylcytosine (5mC) antibody (Epigentek, USA)

Magnetic beads (Dynabeads sheep anti-mouse lgG) (lnvitrogen, Australia)
Anti-LINE-1 ORF1 antibody (IMVS, Australia)

Anti-LINE-1 ORF2 antibody (IMVS, Australia)

H RP-conjugated anti-rabbit secondary antibody (Silenus , Australia)

a -tubulin antibodies (Sigma , USA)

H RP-conjugated anti-mouse secondary antibodies (Silenus , Australia)

FITC-conjugated anti-rabbit secondary antibodies (Jackson lmmunoresearch ,
USA)

Anti-Dicer antibody (Abeam, UK)

Anti-Ago2 antibody (Abeam , UK)

2.1.5 Vectors and constructs

pGEM-T (Promega , Australia)

pGEX-4T-1 (GE Healthcare Life Sciences , UK)

11AAQQTP_hORF2p_PMA (GeneArt, USA)

Human Dicer1 shRNA clone set: HSH006073-1-LvmU6(OS240873)
(GeneCopoeia, USA)
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Human EIF2C2 shRNA clone set: HSH007558-1-LvmU6(OS224689)
(GeneCopoeia, USA)

Luciferase control shRNA clone set: PSHCTR003-LvU6 (GeneCopoeia, USA)

2.1.6 Commercial kits

Qiagen plasmid Mini Kit (Qiagen, USA)

Qiagen plasmid Midi Kit (Qiagen, USA)

Qiagen plasmid Mega Kit (Qiagen, USA)

QIAquick gel extraction kit (Qiagen, USA)

QIAquick PCR purification kit (Qiagen, USA)

MiniElute reaction cleanup kit (Qiagen, USA)

QIAamp DNA blood mini kit (Qiagen, USA)
Superscript® Ill First-Strand Synthesis System (lnvitrogen, Australia)

ThermoScript™ RT-PCR System (lnvitrogen, Australia)

2X SYBR Green PCR Reaction Mix (Applied Biosystems , Australia)

MethylEasy Xceed Rapid DNA Bisulphite Modification Kit (Human Genetics
Signatures , Australia)

Amaxa nucleofector kit (Lonza , Australia)
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M-PER mammalian protein extraction reagent (Thermo Scientific, Germany)

Protein assay kit (Bio-Rad, USA)

SuperSignal West Pico Chemiluminescent Substrate (Pierce, USA)

En Vision TM+ kit (Dako, Denmark)

Coomassie brilliant blue R-250 staining solutions kit (Bio-Rad, USA)

Dual-GloTM luciferase assay system (Promega, Australia)

Antibody stripping solution (Chemicon International Inc, USA)

2.1.7 Oligonucleotides
All oligonucleotides mentioned in the thesis were ordered from Sigma
Australia.

Primers for real-time quantitative PCR (qPCR)
ORF1 forward 5'-GGT TAC CCT CAA AGG AAA GCC-3'

ORF1 reverse 5'-GCC TGG TGG TGA CAA AAT CTC-3'

ORF2 forward 5'-AAA TGG TGC TGG GAA AAC TG-3'

ORF2 reverse 5'-GCC ATT GCT TTT GGT GTT TT-3'

HPRT1 forward 5'-CCT GGC GTC GTG ATT AGT GAT-3'

HPRT1 reverse 5'-AGA CGT TCA GTC CTG TCC ATA-3'
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Ago2 forward 5'-CTA GAC CCG ACT TTG GGA CCT-3'

Ago2 reverse 5'-GGG CAC TTC TCT GGC TTG ATA-3'

Dicer1 forward 5'-TTA ACC TTT TGG TGT TTG ATG AGT GT-3'

Dicer1 reverse 5'-GCG AGG ACA TGA TGG ACA ATT-3'

GAPDH forward 5'-TAC TAG CGG TTT TAC GGG CG-3'

GAPDH reverse 5'-TCG AAC AGG AGG AGC AGA GAG CGA-3'

Primers for reverse transcriptase assay

MS2 reverse forward 5'-TCC TGC TCA ACT TCC TGT CGA G-3'

MS2 reverse reverse 5'-CAC AGG TCA AAC CTC CTA GGA ATG-3'

Primers for retrotransposition assay

Geno-5': 5'-TAT TGC CGA TCC CCT CAG AAG A-3',

Geno-3': 5'-CAA GGA CGA CGG CAA CTA CAA G-3';

Primers for methyl-DNA lmmunoprecipitation (MeDIP) assay

Set I forward: 5'-ACA GGA ACT GCG GTG GAG-3',

Set I reverse : 5'-AAC TCC CTG ACC CCT TGC-3';

Set II forward: 5'-GGC ACA CTG ACA CCT CAC C-3' ,
Set II reverse : 5'-TGG TCT TTG ATG ATG GTG AT-3';
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Primers for DNA bisulfite sequencing
Forward primer: 5'-TTA TAA ATT ATG TTT TTG TGA ATG GAT AGT-3' ,
Reverse primer: 5'-TAA TTT TAT CTA CTT TTA ATC TTT AAT AAT-3';

Northern blot probes
Endo453: 5'-CCC AGG CTT GCT TAG GTA AAC-3';
Endo392: 5'-CAG CAG TCT GAG ATC AAA C-3';
Hsa-miR16: 5'-CGC CAA TAT TTA CGT GCT GCT A-3'.

shRNA sequence for Ago2
5'-GAT CCC CGC AAG GAT CGC ATC TTC AAG GTT CAA GAG ACC TTG
AAG ATG CGA TCC TTG CTT TTT A-3' and 5'- GAT CCC CGC AGG ACA
AAG ATG TAT TAA ATT CAA GAG ATT TAA TAC ATC TTT GTC CTG CTT
TTT A-3'.

shRNA sequence for Dicer1
5'-GAT CCC CAG AGG TAC TTA GGA AA T TTT TCA AGA GAA AA T TTC
CTA AGT ACC TCT TTT TTA-3' and 5'-GAT CCC CAA GAA TCA GCC TCG
CAA CAA ATT CAA GAG A TT TGT TGC GAG GCT GAT TCT TTT TTT A-3'

2.1.8 Bacterial strains
E.coli DH5a: F-<P80Iac~M15Ll(lacZYA-argF) U169 recA1 endA1 hsdR17(rk-,
mk +) phoA supE44 thi-1 gyrA96 relA 1 A- (lnvitrogen , Australia)
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E.coli TOP10: F- mcrA n(mrr-hsdRMS-mcrBC) cp80IacZnM 15 nlacX7 4 recA 1
araD139 n(ara-leu)7697 galU galK rpsl endA 1 nupG (lnvitrogen, Australia)
E.coli BL21 (DE3): F- ompT hsdSB (rB-mB-) gal dcm rne131 (DE3)
(lnvitrogen, Australia)

2.1.9 Enzymes

BamHI restriction enzymes (New England Biolabs, USA)

Xhol restriction enzymes (New England Biolabs, USA)
EcoR I restriction enzymes (New England Biolabs, USA)
T4 DNA Ligase (Promega, USA)

Taq DNA polymerase (lnvitrogen, Australia)

Optikinase (USB, USA)
Thrombin (Sigma, USA)

Lysozyme (Sigma , USA)

ThermoScript™ Reverse Transcriptase (lnvitrogen , Australia)

2.1.10 Molecular weight markers

1kb plus DNA ladder (lnvitrogen , Australia)
25bp DNA ladder (lnvitrogen , Australia)
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BenchMark™ Pre-Stained Protein Ladder (lnvitrogen , Australia)
BenchMark™ Protein Ladder (lnvitrogen , Australia)
Ambion® Decade™ Marker (lnvitrogen , Australia)

2.1.11 Radiochemicals
32

P-y-ATP (PerkinElmer, USA)

2.1 .12 Pre-cast gels
NuPAGE® 4-12% Bis-Tris protein gel (lnvitrogen , Australia) _
Novex® 15% TBE-Urea gel (lnvitrogen , Australia)

2.1.13 Transfer membranes
BrightStar®-Plus Positively Charged Nylon Membrane (lnvitrogen , Australia )
Nitrocellulose protein transfer membrane (Bio-Rad , USA)

2.1.14 Cell line cultures
Human mammalian epithelial cells , HMEC (Lonza CC-2551 , USA)
MCF10A (ATCC CRL-10317 , USA)

59

T47D (ATCC HTB-133, USA)
MCF7 (ATCC HTB-22, USA)

MDA-MB-231 (ATCC HTB-26, USA)
MDA-MB-436 (ATCC HTB-130, USA)
SKBR3 (ATCC HTB-30, USA)

Hs578T (ATCC HTB-126, USA)
BT20 (ATCC HTB-19, USA)
MDA-MB-361 (ATCC HTB-27, USA)
HEK293T (ATCC CRL-1573, USA)
NTeRA-2 (ATCC CRL-1973 , USA)
Hela (ATCC CCL-2, USA)
MEGM™ Mammary Epithelial Cell Growth Medium (Lonza, USA)
Gibco® Dulbecco's Modified Eagle Medium , DMEM (lnvitrogen , Australia)
DMEM/F-12 , GlutaMAX™ (lnvitrogen , Australia)
Gibco® Minimal Essential Medium , MEM (lnvitrogen , Australia)
Gibco® Leibovitz's L-15 (lnvitrogen , Australia)
Fetal Bovine Serum , FBS (lnvitrogen , Australia)
Gibco® horse serum (lnvitrogen , Australia)
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SingleQuots TM Growth Supplements (Lonza, USA)
Insulin (Sigma , USA)
Epidermal growth factor, EGF (Millipore , Germany)
Cholera enterotoxin (Calbiochem, Germany)
Hydrocortisone (Sigma, USA)
Gibco®L-Glutamine (lnvitrogen, Australia)
0.05% Trypsin-EDTA (lnvitrogen , Australia)

2.1.15 Reagents for cell transfection
Lipofectamine TM 2000 Transfection Reagent (lnvitrogen , Australia)
Amaxa® Cell Line Nucleofector® Kit V (Lonza, USA)
Opti-MEM® I Reduced Serum Medium (lnvitrogen , Australia)

2.1.16 Protein purification columns
Glutathione HiCap columns (Qiagen , USA)
Ni-NTA affinity columns (lnvitrogen , Australia)
N-hydroxysuccinimide (NHS)-activated HiTrap columns (GE Healthcare, UK)
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2.1.17 lmmunohistochemistry systems
Bond automated system (Vision Biosystem, USA)
Chromogen Fast Red (Leica Biosystems, Germany)
Envision kit (DAKO, Denmark)
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2.2 Methods
2.2.1 Small scale purification of plasmid DNA
Small scale purification of plasmid DNA was based on alkaline lysis of
bacterial cells followed by adsorption of DNA onto silica in the presence of
high salt. Colonies were picked up from agar plates and grown in 5ml Luria
broth (LB) [0.5% yeast extract, 1% Bactotryptone , 1% NaCl (pH? .0)]
supplemented with the required antibiotics (usually 100 µg/ml ampicillin or 50
µg/ml kanamycin) at 37°C for 12 to 16 hours. Small scale plasmid DNA (up
to 5µg DNA in total) purification was performed by using a Qiagen Miniprep
DNA purification kit (Qiagen) according to the manufacturer's instructions .
Briefly, the E.coli culture was pelleted by centrifugation at 4,500 rpm for 5
minutes at 4 °c (Beckman Allegra 15R Centrifuge) and res~spended in 250
µI buffer P1 . Then cells were lysed and plasmid DNA was released with 250
µI of alkaline lysis (buffer P2) . The mixture was neutralized by 350 µI of buffer
N3 . Cellular debris was precipitated and pelleted by centrifugation at 13,000
rpm for 15 min at room temperature (Eppendorf Centrifuge 5415 R). Plasmid
DNA was then transferred and adsorbed to the supplied column , and washed
with 750 µI of washing buffer (buffer PE) . Plasmid DNA was eluted with 2040 µI elution buffer (buffer EB: 10 mM Tris-HCI , pH 8.5) .

2.2.2 Large scale purification of plasmid DNA
Large-scale plasmid DNA (up to 250 µg DNA) purification procedures were
based on alkaline lysis of bacterial cells followed by binding of plasmid DNA
to resin under appropriate low-salt and PH conditions . The plasmid DNA was
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purified

using

a

Qiagen

Midiprep

purification

kit

according

to

the

manufacturer's protocol. Briefly, colonies were picked up from agar plates
and grown in 200 ml of LB with the required antibiotics (usually 100 µg/ml
ampicillin or 50 µg/ml kanamycin) overnight at 37°C. The cells were
harvested by centrifugation at 4,500 rpm for 15 min at 4°c (Beckman Allegra
15R Centrifuge) and resuspended in 4 ml of buffer P1. The mixture was
lysed with 4 ml of alkaline lysis buffer (buffer P2). After neutralizing with 4 ml
of buffer P3, cellular debris was precipitated and pelleted by centrifugation at
8,000 rpm for 15 min at 4°c (Sorvall RC-5B Superspeed Centrifuge).
Plasmid DNA was then transferred to an anion-exchange column. Protein ,
RNA, and other low molecular weight impurities were removed by 2x10 ml
medium salt washes (buffer QC). Plasmid DNAs were then eluted out in 5 ml
high salt buffer (buffer QF), precipitated with 3.5 ml of isopropanol, pelleted
by centrifugation at 12,000 rpm for 30 min at 4 °c (Sorvall RC-5B
Supers peed Centrifuge), washed with 70% ethanol and finally dissolved in a
suitable volume of water.

2.2.3 Genomic DNA extraction from cell lines
Genomic DNA extraction was based on protease lysis of target cells followed
by absorption of DNA onto a silica membrane under appropriate salt and PH
conditions. Genomic DNA was isolated from 1-5 x 10 6 cultured mammalian
cells using a QIAamp DNA Blood Mini Kit (Qiagen) according to the
manufacturer's protocol. Briefly, cells were pelleted by centrifugation at 1,000
rpm for 5 min at 4 ° c (Beckman Allegra 15R Centrifuge) and resuspended in
200 µI of phosphate buffered saline (PBS) . 20 µI of protease stock solution
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(supplied from the kit) and 4 µI of RNase A (100 mg/ml) (Qiagen) were added
to cells. The mixture was lysed by adding 200 µI of buffer AL (Qiagen). After
incubation at 56 °c for 10 min, 200 µI of ethanol (96-100%) was added and
the mixture was transferred to the column and washed with 500 µI of buffer
AW1 (Qiagen) and 500 µI of buffer AW2 (Qiagen). Finally, genomic DNA was
eluted in 100-200 µI buffer AE (Qiagen) and stored at -20 °c.

2.2.4 Total RNA extraction and purification

Total RNA was extracted from 1-5 x 106 cultured human cells using TRI
REAGENT

(Sigma)

according

to

the

manufacturer's

guidelines.

TRI

REAGENT is an improved version of the single-step total RNA isolation
reagent based on acid guanidinium thiocyanate-phenol-chloroform extraction.
Briefly, cells suspended in PBS were centrifuged at 1,500 rpm (Beckman
Allegra 15R Centrifuge) for 5 min at 4°C. The superna~ant was removed and
the cell pellet was resuspended in 1 ml TRI-REAGENT and then incubated
for 10 min on ice. In some cases, cells were resuspended in TRI-REAGENT
after washing with PBS, and were snap-frozen and stored at -70 °c before
further analysis. About 200 µI of chloroform was added and samples were
shaken vigorously for 15 sec and incubated for 10 min on ice. The mixture
was centrifuged at 13,000 rpm (Eppendorf Centrifuge 5415 R) for 15 min at 4
0

c and the upper aqueous phase was transferred to a fresh microcentrifuge

tube. An equal volume of ice-cold isopropanol was added, and precipitation
of the RNA was performed with isopropanol at -70 °c overnight. Next, the
mixture was centrifuged at 13,000 rpm (Eppendorf Centrifuge 5415 R) for 20
min at 4 °c. The RNA pellets were formed and washed with 1 ml of 75% (v/v)
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ice-cold ethanol, then centrifuged at 13,000 rpm (Eppendorf Centrifuge 5415
R) for 5 min at 4
temperature

and

°c.

The RNA pellets were air-dried for 5-10 min at room

resuspended

in

20-50

µI

of diethyl

pyrocarbonate

(DEPC)-treated water. RNA concentrations were measured with a Nanodrop
ND1000 Spectrophotometer (Nanodrop Technologies) and all samples were
stored at -70

°c until further analysis.

2.2.5 Quantification of nucleic acids
Quantification of DNA or RNA, was routinely performed by detecting the
optical density (OD) at 260 nm with a Nanodrop ND1000 Spectrophotometer
(Nanodrop Technologies). Nucleic acids absorb UV light at 260 nm with the
highest efficiency. In a spectrophotometer, a photo-detector measures the
light with a wavelength of 260 nm that passes through the sample. The
concentration of nucleic acid in the sample is proportional to the absorption
of light and can be calculated by using Beer Lambert Law. Water or EB
buffer was used as the blank depending on what solvent was used. For each
measurement, 2 µI of sample was added. Each sample was measured three
times. The concentration was automatically calculated with the Nanodrop
1000 3. 7 software as ng/ µI. And the final concentration was taken to be the
average of the three measurements.

2.2.6 DNA digestion by restriction enzymes
Restriction enzymes were used for cleaving DNA molecules at specific sites
which

particular short sequences of bases were present. Restriction
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endonucleases and buffers were supplied by New England Biochemicals
(NEB). 2 µg of plasmid DNA was digested with the appropriate restriction
endonucleases. The reactions were set up with 20 units of each restriction
endonuclease, 1 µI of 1OX buffer 4, 1 µI of bovine serum albumin (BSA) (1
mg/ml) and appropriate volume of water to a total volume of 10 µI. The
reactions were incubated at 37
inactivation at 65

°c

°c

for 16 hours followed by enzyme

for 20 min. The samples were stored at -20

°c

until

further analysis.

2.2. 7 Agarose gel electrophoresis

DNA molecules can be separated by applying an electric field to move the
negatively charged DNA fragments through an agarose- matrix. Longer
molecules move slower and migrate shorter distance than short ones
because longer molecules migrate more difficult through the pores of the gel.
Thus DNA fragments can be separated by size. Horizontal agarose gel
electrophoresis was used to separate DNA fragments. 1%-1.5°/o agarose gel
was used according to the DNA size. Electrophoresis was carried out by
using a voltage gradient of 1-5 V/cm in 1x TAE running buffer (40mM Tris,
20mM Acetic acid, 0.9mM EDTA) or 1x TBE running buffer (50mM Tris, 1mM
EDTA, 42mM boric acid, PH 8.3). The DNA samples were mixed with 1/9
volume of 10 x loading buffer (0.25% bromophenol blue, 0.25% xylene
cyanol, 40% sucrose) before loading.
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2.2.8 Purification of DNA fragments
QIAquick Gel Extraction kits (Qiagen) were used to purify the DNA fragments
from agarose gels according to the manufacturer's instructions. DNA was
absorbed from the melted gel solution to the silica membrane in presence of
high concentrations of salt and appropriate PH while impurities were washed
away. Briefly, the target DNA fragments were excised from the gel under UV
light, and 3 volumes of buffer QG (Qiagen) to 1 volume of gel was added to
melt the gel at 50

°c

for 10 min. Then 1 gel volume of isopropanol was

added and the mixture was adsorbed onto a silica-gel membrane. After
washing the membrane with 0.75 ml of PE buffer (Qiagen), DNA fragments
were eluted with 30-50 µI of EB buffer (Qiagen).

2.2.9 Plasmid DNA ligation
DNA ligation was performed according to the manufacturer's instructions .
Typically a 1:1 or 1:3 molar ratio of vector: insert DNA was used when
cloning a fragment into a plasmid vector. The amount of vector and insert
DNA was calculated by the formula: ng of vector x kb size of insert x molar
ratio of (insert/ vector) + kb size of vector = ng of insert. The reaction was
carried out in a 10µI volume with ligation buffer (Promega) with 30 mM
Tri s-HCI pH 7.8, 10 mM MgCl2 , 10 mM OTT, 1 mM ATP , and 1 unit of T4
DNA ligase (Promega) . The reactions were normally incubated at 16
16 hours or at 4

°c for 24-36 hours before terminating the reaction

for 15 min .
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°c for

at 65

°c

2.2.10 Preparation of electrocompetent E.coli cells
Electrocompetent cells are able to take up extracellular DNA because their
cell walls can be easily altered through an electric shock. Cells are easier to
be electrocompetent when cells undergoing very rapid growth. So competent
cells are normally harvested at the "log phase" of cell growth. Briefly, a single
colony of the desired E.coli strain was selected from a fresh LB plate and
inoculated in 5ml LB culture at 37°C overnight. The starting culture was used
to inoculate an additional 500 ml of LB media and was grown at 37 °c until
the OD600 reached between 0.5 and 0.7. The culture was chilled on ice for
30 min and centrifuged at 6,000 rpm in a GS3 rotor at 4 °c for 15 min
(Sorvall RC-5B Superspeed Centrifuge). After resuspending the bacterial
pellets in 500 ml of ice-cold 10% glycerol , they were recentrifuged at 6,000
rpm in a GS3 rotor at 4 °c for 15 min. The cell pellets were resuspended
again in 250 ml ice-cold 10% glycerol and recentrifuged at 6,000 rpm in a
GS3 rotor at 4 °c for 15 min. The pellet was then resuspended in 125 ml
ice-cold 10% glycerol and recentrifuged at 6,000 rpm at 4 °c for 15 min .
Finally the E.coli cells were resuspended in 3 ml of 10% glycerol , 40 µI was
aliquoted into Eppendorf tubes , snap frozen in liquid N 2 and stored at -70 °c
for later use.

2.2.11 Electroporation of E.coli transformation
Electrocompetent cells are shocked with a high electric field through
electroporation . Holes will appear in the cell walls , so that foreign DNA can
pass through. The holes on the cell walls will heal via membrane-repair
mechanisms afterward. If the DNA entering the cells containing an antibiotic69

resistant gene, the non-infected cells can be easily removed by adding the
specific antibiotic in the culture medium. Specifically, 50 ng to 0.5 µg of
plasmid

DNA (1- 2µ1

of ligation

mixture) was added to 40

µI of

electrocompetent cells in a pre-chilled cuvette on ice. An electroporation
apparatus (Bio-Rad Gene Pulser II) was set to 2.5 KV, 25 µF capacitance
and 200 ohms resistance. The cells were pulsed for 2-3 seconds and then
immediately recovered in 500 µI of LB and incubated at 37 °c for 1 hour
before selection. After recovery, the transformed cells were selected on LB
agar plates containing the appropriate antibiotics (usually 100 µg/ml
ampicillin or 50 µg/ml kanamycin) at 37°C overnight.

2.2.12 Polymerase Chain Reaction (PCR)
The Polymerase Chain Reaction (PCR) was used to amplify the specific DNA
fragments by several orders of magnitude. The method relies on cycles of
repeated heating and cooling of the reaction for DNA melting , and DNA
replication

via

DNA

polymerase .

Primers

containing

sequences

complementary to the target region along with a DNA polymerase enable
selective and repeated amplification. As the polymerase chain reaction
progresses , the generated DNA fragments use themselves as templates for
replication, setting in motion a chain reaction in which the DNA template is
exponentially amplified. Typically, the reaction was performed in 50 µI of a
solution containing 1X PCR buffer (lnvitrogen) with 20 mM of Tris pH 8.4, 50
mM of KCI , 0.2mM of each dNTP (lnvitrogen), 50pmol of both forward and
reverse primers , 1Ong of template DNA or 200ng of genomic DNA, and 2.5
units of Taq DNA polymerase (lnvitrogen). PCR was performed on an iCycler
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thermal cycler (Bio-Rad) using the following conditions: initial denaturation at
94

°c for 5 min, followed

by 30 cycles of 94

temperature (usually about 60
step at 72

°c

°c for 20 sec, primer annealing

°c) for 30 sec and 72 °c for 2 min, and a final

for 10 min. The annealing temperature was different for

different primers, and typically was about 3-5 degrees Celsius below the Tm
of the primers used. The PCR products were purified by the QIAquick PCR
purification

system

(Qiagen)

as

described

In

Section

2.2.8,

or

electrophoresed as described in Section 2.2. 7.

2.2.13 DNA sequencing

The DNA sequencing method used in this thesis is based on the selective
incorporation of chain-terminating by DNA polymerase during replication. The
chain-terminating nucleotides missing a 3'-Hydroxyl group which is required
to form a phosphodiester bond between two nucleotides. This leads to cease
of DNA chain extension when a dideoxynucleosidetriphosphate (ddNTP) is
incorporated. The ddNTPs are fluorescently labelled for detection in an
automated sequencing machine. Sequence analyses were performed in the
Biomolecular Resource Facility of the Australian National University. The
samples were prepared as follows: 3 µI of BigDye reaction mix, 2 µI of
BigDye terminator v1 .1/3.1 buffer, 0.5 µI of DMSO (Applied Biosystems), 3
pmol of the appropriate sequencing primer, and 300 ng plasmid DNA in a 20
µI reaction volume. The amplification reaction was carried out in an iCycler
thermal cycler (Bio-Rad) with an initial denaturation step of 5 min at 95
followed by 30 cycles of denaturation at 95
50

°c

°c for 30 sec, primer annealing at

for 20 sec and primer extension at 60
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°c,

°c

for 4 min. The resulting

product was purified by passing it through a sephadex G-50 column (Sigma)
at room temperature. The DNA was eluted by centrifugation at 6,000 rpm for
4 min (Eppendorf Centrifuge 5415 R). The purified DNA was then air-dried
briefly and stored at -20

°c

in the dark before sequencing in the

Biomolecular Resource Facility. The sequencing was performed on an AB
3730 DNA Analyzer (Applied Biosystems) using the chain-termination
method (Sanger DNA sequencing). The DNA sequence was analysed with
Sequencer 5.0 software (Gene Codes Corporation).

2.2.14 Reverse-transcription reaction and cDNA synthesis
Reverse transcriptase (RT) can generate complementary DNA (cDNA)
sequence from an RNA template. Thus analysis of RNA molecules by using
PCR technique can be achieved, which is described in Section 2.2.15. For
cDNA synthesis, total RNA was extracted and purified as described in
Section 2.2.4. About 1 µg of DNase-treated total RNA was normally used for
cDNA synthesis by Superscript Ill Reverse Transcriptase (lnvitrogen)
according to the manufacturer's protocol. Briefly, total RNA was treated with
1 unit of RNase-free DNase (lnvitrogen) with 2 µI of 5X First-Strand Buffer
(lnvitrogen) in a 10 µI total reaction volume at 37
was inactivated by heat at 70

°c for 5 min.

°c for 30 min. The reaction

Then 100 ng of random primers

(lnvitrogen ) and 1 µI of 10 mM dNTPs (lnvitrogen) were added . The mixture
was incubated at 65

°c

for 5 min , and chilled on ice for 2 min . 4 µI of 5X

First-Strand buffer, 1 µI of 0.1 M OTT and 1 µI of Superscript™ Ill RT (200
units/µI ) (lnvitrogen ) were added with a final reaction volume of 20 µI. The
reaction mixture was incubated at 25

°c for 5 min

72

and then at 50

°c for 60

m,n. The reaction was terminated by heating at 70
synthesized cDNA was stored at -20

°c

for 15 m,n. The

°c when not for immediate use.

2.2.15 Real-time quantitative RT-PCR (qPCR) analysis

Quantitative real-time PCR is a technique based on polymerase chain
reaction (PCR). It can amplify and quantify a target DNA fragment
simultaneously. Fluorescent dyes only bind to the minor groove of the
double-stranded DNA and emit fluorescence. An increase in DNA product
during PCR cycles results in an increase in fluorescent signal measured, and
the DNA concentrations are quantified according to the fluorescence intensity.
In my experiments, quantitative real-time PCR was performed on an
ABI-Prism 7500 Real-Time PCR System with SOS Version 1.4 software
(Perkin Elmer). The reaction was normally performed in a total volume of 20
µI containing 10 ng of cDNA or genomic DNA, 0.3 µM of optimized forward
and reverse primer sets and 10 µI of 2X SYBR Green PCR Master Mix
(Applied Biosystems). The reactions were carried out in 0.2 ml MicroAmp
optical tubes or 96 well plates (Perkin Elmer, USA). For each sample,
triplicate reactions were carried out. The real-time PCR conditions were: 50
0

c for 2 min for 1 cycle, 95 °c for 10 min for 1 cycle, 95 °c for 15 sec and 60

0

c for 1 min for 40 cycles, dissociation at 95 °c for 15 sec, then 60 °c for 60

sec,

finally

95

°c

for

15 sec.

To

normalize

the

input samples,

Hypoxanthine-guanine phosphoribosyltransferase (HPRT1) was used as an
internal control. The relative amounts of mRNA expression compared to the
reference gene (HPRT1) were quantified by the comparative CT method
using the formula: 2- MCT(target)12- MCT(reference)_
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2.2.16 Methylated DNA lmmunoprecipitation (MeDIP) assay
Methylated

DNA

immunoprecipitation

(MeDIP)

Is

a

versatile

immunocapturing approach used to enrich for methylated DNA sequences.
DNA samples . are randomly sheared by sonication and methylated DNA
fragments are enriched via a monoclonal antibody raised specifically against
5-methylcytidine (5mc). The resulting immunoprecipitated methylated DNA
fraction can be determined by qPCR to assess the methylation profile of
individual regions. Specifically, genomic DNA was extracted from the
cultured cells by a QIAamp DNA Blood Mini Kit (Qiagen) as described in
Section 2.2.3. About 1 µg of RNase-treated genomic DNA in a 30 µI volume
was sonicated for 4 minutes in a Bioruptor Sonicator in a 4

°c water bath to

produce random DNA fragments ranging from 200 to 800 bp. The
fragmented DNA was denatured at 95

°c for 10 min and chilled on ice for 10

min. 3 µI of DNA was used as the total input sample and stored at -20

°c for

later processing. For the remaining 27 µI of DNA solution, 1 µI of monoclonal
antibody against 5-Methylcytosine (5mC) (1 µg/µI) (Epigentek) was added
and incubated in 0.5 ml of IP buffer [10 mM sodium phosphate (pH 7.0), 140
mM NaCl , 0.05% Triton X-100] with rotation at 4

°c overnight.

Then1 0 µI of

magnetic anti-mouse lgG beads (lnvitrogen) were pre-washed with 1000 µI of
PBS-0 .1% BAS on a magnetic rack and resuspended in 10 µI IP buffer. The
pre-washed beads were added to the MeDIP mixture and incubated with
overhead shaking at 4

°c

for 2 hours . After incubation , the mixture was

washed three times with 700 µI of IP buffer on the magnetic rack. Then
beads were resuspended in 93 µI of IP buffer and treated with 7 µI of
proteinase K (10 mg/ml , Qiagen) at 65
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°c

for 30 minutes . The enriched

methylated DNA and total input DNA were recovered with a QIAquick PCR
purification kit (Qiagen) according to the manufacturer's instructions and
eluted out in 20 µI buffer EB. Quantification of methylated DNA was carried
out by real-time PCR analysis using an ABI-Prism 7500 Sequence Detection
System (Perkin Elmer/PE Applied Biosystems) with SOS Version 1.4
software (Perkin Elmer). About 1 µI of total input DNA and 1 µI of the
immunoprecipitated methylation-enriched DNA were used in triplicate for
real-time quantitative PCR analysis. The real-time PCR conditions were: 50
0

c for 2 min for 1 cycle, 95 °c for 10 min for 1 cycle, 95 °c for 15 sec and 60

0

c for 1 min for 40 cycles, dissociation with 95 °c for 15 sec, then 60 °c for

60 sec, finally 95

°c for

15 sec. The standard curves ( CT values vs. DNA

concentrations) were plotted based on serial dilutions of input genomic DNA
from 0.1 ng to 100 ng. The relative amount of methylation for the target
sequences

was

immunoprecipitated

calculated

by

the

ratios

of

the

signals

in

the

DNA divided by input DNA -(2ll[CT( 5mc)_cT(Tl)l). The

resulting values were finally normalized against GAPDH which served as an
unmethylated control gene: Me-sample/Me-GAPDH (Reynaud et al., 1992;
Weber et al., 2005).

2.2.17 Bisulfite DNA sequencing
Cytosine residues can be converted to uracil when DNA is treated with
bisulfite, leaving 5-methylcytosine (5mc) residues unaffected. Thus, bisulfite
treatment leads specific changes in the DNA sequence which rely on the
methylation profile of individual cytosine residues, releasing the methylation
information for single CpG dinucleotide in a segment of DNA. DNA
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sequencing analyses can be performed on the altered sequence to retrieve
this information. In the experiments presented in this thesis, a MethylEasy
Xceed Rapid DNA Bisulphite Modification Kit (Human Genetics Signatures)
was used for bisulfite treatment of DNA samples. DNA sequencing was
performed by the Biomolecular Resource Facility of the Australian National
University. Briefly, 2 µg of genomic DNA in 20 µI of H 2 0 was mixed with 2.2
µI of 3M NaOH solution and incubated at 37

°c

for 15 min. 220 µI of

combined Reagent 1 and Reagent 2 (supplied by Human Genetics
Signatures) was added and incubated at 80

°c for 45 min in the dark. 240 µI

of Reagent 3 (supplied by Human Genetics Signatures) was then added to
the reaction mixture and the solution was transferred to purification columns
(supplied by Human Genetics Signatures). Centrifugation was carried out for
1 min at 13,000 rpm at room temperature. Bisulfite converted DNA was then
washed with 0.3 ml of Reagent 4 (supplied by Human Genetics Signatures)
and eluted out in 50 µI of Reagent 5 buffer (supplied by Human Genetics
Signatures). The concentration of the bisulfite treated DNA was determined
with a Nanodrop ND1000 Spectrophotometer (Nanodrop Technologies) (see
Section 2.2.5). 100 ng of bisulfite treated DNA was amplified by PCR (see
Section 2.2.12) with the following conditions: 95
0

°c for 4 min for 1 cycle ; 95

c for 45 sec, 51 °c for 90 sec and 72 °c for 2 min for 5 cycles ; 95 °c for 45

sec, 51

°c for 90 sec and
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°c for 90 sec for 30 cycles;

finally , 72

°c for 5

min for one cycle. The primers are listed in Section 2.1.7. The PCR products
were confirmed by 1.2% agarose gel electrophoresis , followed by isolation
from the gel (see Section 2.2.8) and ligation with pGEM-T vector (Promega)
(see Section 2.2.9). The ligated plasmid was transformed into DH5a
competent cells by electroporation (see Section 2.2.11) and was selected on
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LB/ampicillin/lPTG/X-Gal plates (100 µg/ml ampicillin, 0.5 mM IPTG, 80
µg/ml X-gal) after overnight growth at 37°C. Approximately 25 white colonies
were randomly selected and cultured in LB with 100 µg/ml ampicillin to
generate enough plasmid DNA (see Section 2.2.1 ). The plasmid was
purified as described in Section 2.2.9. 300 ng of plasmid DNA from each
sample was used for DNA sequencing analysis (see Section 2.2.13).

2.2.18 lmmunofluorescence analysis
lmmunofluorescence is a technique uses the specificity of antibodies against
their antigen with fluorescent dyes to specific biomolecule targets within a
cell, and therefore allows visualisation of the distribution of the target
molecule through the sample with a fluorescence microscope. Approximately
5 x 104 cells were plated on poly-lysine treated coverslips in 24-well plates
one day before analysis. Cells were washed once -with 0.5 ml of PBS and
fixed with 0.5 ml of 4% paraformaldehyde in PBS for 15 min at room
temperature, followed by washing twice with 0.5 ml of ice cold PBS. 0.5 ml of
0.25% Triton X-100 in PBS was added and the samples were incubated for
10 min at room temperature. Cells were then washed with 0.5 ml of ice cold
PBS for 5 min three times. Primary antibody was diluted from 1: 100 to 1:200
in 1% BSA in PSST (PBS with 0.2% Tween-20), and added to the cells and
incubated in a humidified chamber for 1 hour at room temperature. The cells
were then washed three times with 0.5 ml of PBS (5 min each wash).
Secondary antibody was diluted to 1: 100 in 1% BSA in PSST and incubated
in a humidified chamber for 1 hour at room temperature in the dark. After
incubation, cells were washed three times with 0.5 ml of PBS in the dark (5
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min each wash). 0.5 ml of 4',6-diamidino-2-phenylindole (DAPI) (0.1 µg/ml)
solution was added and incubated for 2 min at room temperature in the dark.
Cells were rinsed with 0.5 ml of PBS once and mounted on microscopic
slides,

and

analyzed

In

an

Olympus

microscope

(IX

71 ).

The

immunofluorescent image was captured and analysed by Olympus DP
Controller Camera Software (Version 1.2.1.108).

2.2.19 Extraction of small RNAs population
About 20 µg of total RNA was isolated as described in Section 2.2.4 and
small RNA was enriched from it. Briefly, high molecular weight RNAs (mRNA
and tRNA) were precipitated by adding 50% PEG-8000 (Sigma) to a final
concentration of 5%, and 5M NaCl (Sigma) to a final concentration of 0.5M
and incubated on ice for 30 min. The mixture was then centrifuged at 14,000
rpm (Eppendorf Centrifuge 5415 R) for 10 min at 4

°c

and high molecular

weight RNAs were pelleted. The liquid was transferred to a new tube and
mixed with 1 µI of glycogen (20 mg/ml, Sigma) before adding 2.5 volumes of
100% ethanol. The mixture was incubated at -20

°c

overnight and

centrifuged at 14,000 rpm (Eppendorf Centrifuge 5415 R) for 60 min at 4

°c.

After removal of the supernatant the pellet was air-dried and dissolved in 20
µI of DEPC-treated water. The small RNA concentration was measured in a
Nanodrop ND1000 Spectrophotometer (Nanodrop Technologies) and all
samples were stored at -70

°c prior to further analysis.
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2.2.20 Preparation of RNA markers
The Decade markers (Ambion) were prepared before running the small
RNAs on gels. In summary, the Decade marker RNA was labelled with

32

P-y-

ATP (PerkinElmer) as following: 1 µI of Decade marker RNA (100 ng), 1 µI of
1OX kinase reaction buffer (Ambion), 1 µI of

32

P-y-ATP (3000 ci/mmol,

5mci/ml), 1 µI of T4 polynucleotide kinase (10 uniUµI) (Ambion) and 6 µI
nuclease-free water were mixed up and incubated at 37

°c

for one hour.

After incubation, 2 µI of 1OX cleavage reagent (Ambion) and 8 µI of nucleasefree water were added, and the mixture was further incubated at room
temperature for 5 min. Then the labelled RNA marker was diluted with 80 µI
of nuclease-free water and purified by passing through a G-25 column
(Sigma) at 6,000 rpm for 4 min (Eppendorf Centrifuge 54~ 5 R). About 60-70
µI of purified labelled RNA marker was collected and stored at -20

°c prior to

further use.

2.2.21 Northern blot analysis of small RNAs
Northern blotting is based on using of electrophoresis to separate RNA
samples by size and detection with a hybridization probe, which is
radioactive labelled, complementary to the target sequence. The hybrid
singnals are finally detected on a X-ray film. About 20 µg of purified small
RNAs in 10 µI of water was mixed with 10 µI of 2X TSE-Urea sample buffer
(lnvitrogen) and heated at 70

°c for 3 min.

10 µI of prepared Decade marker

was treated in the same way as the RNA samples. Before loading samples
onto 15% TSE-Urea gels (lnvitrogen), each well was flushed several times
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with 1X TBE running buffer (lnvitrogen). Samples were run in the gel at 180
V with 1 X TBE buffer in a mini VE electrophoresis unit (Amersham
Bioscience) for approximately 80 min until the blue dye came to the end of
gel. The small RNAs were transferred from the gel to a BrightStar-Plus
Positively Charged Nylon Membrane (lnvitrogen) in 0.5 X TBE buffer by the
semi-dry transfer method in a TE 70 Semi-Dry transfer unit (Amersham
Biosciences) at 200 Am for 45 min at 4

°c. The transfer was arranged from

the top to bottom as follows: Whatman paper (soaked), gel, membrane
(soaked), Whatman paper (soaked). After transferring, the membrane was
cross-linked by UV in a Stratalinker® UV Crosslinker 1800 (Stratagene) with
the Auto Cross Link program. The membrane was stored at 4

°c for 2 hours

until probes were ready.

DNA oligo probes were end-labelled with

32

P-y-ATP (PerkinElmer) in the

following reactions: 5 pmol of oligonucleotide , 2.5 µI of 1OX reaction buffer
(USB); 10 units of optikinase (USB); 3 µI of

32

P-y-ATP (3000 ci/mmol ,

5mci/ml) . The total reaction volume was adjusted to 25 µI with RNase-free
water. The mixture was incubated at 37

°c for 2 hours and diluted to 100 µI

with water. Next, the labelled probes were purified by passing though a G-25
column (Sigma) at 6,000 rpm for 4 min (Eppendorf Centrifuge 5415 R) . After
purification , about 60-70 µI of purified probe was collected. The labelled
probes were finally diluted to 100 µI with water. The sequences of the probes
used in this study are listed in Section 2.1. 7.

The membrane was pre-hybridized with 5 ml of PerfectHybPlus Hybridization
buffer (Sigma ) at 39

°c for

1 hour rotating in an oven . 10 µI of probe was
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added and the membrane was incubated at 39

°c

with rotation overnight.

The membrane was washed twice with 15 ml of low stringency buffer (see

Section 2.1.2) for 20 min each time, and with 15 ml of high stringency buffer
(see Section 2.1.2) once for 5 min at 50

°c

in a rotating oven. The

membrane was sealed in plastic and exposed to a film in the dark at -80

°c

for 4 to 96 hours. The film was developed in a Kodak X-OMAT 1000
processor.

2.2.22 GST-fusion protein purification
Glutathione S-transferase (GST) can be used to create a GST gene fusion
system, which is used to purify proteins of interest. In this system, the GST
gene sequence is incorporated alongside a gene sequence encoding a
protein of interest in an expression vector. The initiation of expression from
the vector promoter leads to express a fusion protein which is composed of
the protein of interest and a GST protein. Then the GST-fusion protein can
be isolated from the cells due to the high affinity between GST and
glutathione. The target protein can be finally released by breaking down of
the connection bond between the GST and the protein of interest.
Specicically, pGEX-4T-1 vector (GE Healthcare Life Sciences) and the target
LINE-1 ORF1 sequence were digested with BamHI and Xhol restriction
enzymes (see Section 2.2.6). The fragments were ligated by T4 ligase (see

Section 2.2.9). The plasmid was transformed into E.coli BL21 cells (see
Section 2.2.11) and grown in 5 ml of LB with 100 µg/ml ampicillin at 37

°c

overnight. The cells were diluted in 500 ml LB with 100 µg/ml ampicillin and
grown at 37

°c

until the 00 600 reached 0.6 . IPTG (isopropyl-1-thio-~-D-
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galactopyranoside) was added to a final concentration of 1 mM, and the cells
were incubated at room temperature for about 4 hours. The cells were then
pelleted at 6,000 rpm with a GS3 rotor (Sorvall RC-5B Superspeed
Centrifuge) at 4

°c

and resuspended in 20 ml of ice-cold lysis buffer (see

Section 2.1.2). 2 ml of triton buffer (see Section 2.1.2) was added to the

resuspended cells . The mixture was partially fragmented by sonication (high
power, 3 times X 30 sec) with a Labsonic L sonicator (B. Braun Biotech
International). The lysate was centrifuged at 10,000 rpm for 1O min at 4

°c

(Sorvall RC-5B Superspeed Centrifuge). The cleared lysate was transferred
and mixed with 2.6 ml of glutathione-sepharose beads (GE Healthcare Life
Sciences) which were rinsed once with 2 ml of lysis buffer (see Section
2.1.2). The solution was rotated for 1 hour at 4

°c.

The beads were then

washed 4 times with 2 ml of wash buffer (see Section 2.1.2) each time at 4
0

c and

resuspended in 2 ml of cleavage buffer (see Section 2.1.2) . About 30

units of thrombin (Sigma , USA) was added and incubated at 22

°c

for 8

hours. The mixture was filtered with a poly-prep chromatography column
(Bio-Rad) and the liquid containing the target protein was collected . The
protein solution was dialysed with a Spectra/Par® dialysis membrane , MWCO
6-8000 (Spectrum Laboratories Inc. ) in 1 L water at 4

°c

overnight. The

protein sol ution was then freeze-dried by a Dura-Dry™ MP freeze-dryer (SP
Scientific), and stored at

-so 0 c.

2.2.23 Purification of polyhistidine-tagged proteins

Po lyhi sti din e-tags can be used to purify polyh istidine-tagged recombinant
proteins beca use of the affin ity between histidine and Ni Sepharose . The
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polyhistidine-tagged recombinant proteins can bind to the nickel ions in the
affinity media and other materials can be washed away. The recombinant
proteins can be released in a low pH condition as histidine becomes
protonated and is competed off the metal ions. In the experiments presented
in this thesis, a PMA vector (GeneArt) containing the full sequence of the
LINE-1 ORF2 was transformed into E.Coli BL21 cells (see Section 2.2.11)
and grown in 5 ml of LB with 100 µg /ml ampicillin at 37

°c overnight.

The

cells were diluted in 800 ml of LB with 100 µg /ml ampicillin and grown at 37
0

c

until

the

OD500

reached

to

0.6.

IPTG

(isopropyl-1-thio-B-D-

galactopyranoside) was added to a final concentration of 1 mM, and the cells
were incubated at room temperature for about 6 hours. The cells were
pelleted at 6,000 rpm in a GS3 rotor at 4

°c

and resuspended in 40 ml of

native binding buffer (see Section 2.1.2). 40 mg of lysozyme (Sigma) was
added to the mixture, which was incubated on ice for 30 min. The mixture
-

was fragmented by sonication (high power, 3 times x 30 sec) using a
Labsonic L sonicator (B. Braun Biotech International). The lysate was
centrifuged at 10,000 rpm for 10 min at 4

°c

(Sorvall RC-SB Superspeed

Centrifuge) and transferred to a fresh tube and kept on ice until the Ni-NTA
column (Qiagen) was ready. To prepare the Ni-NTA column, 10 ml of resin
slurry was washed with 30 ml of sterile distilled water, then twice with 30 ml
of native binding buffer (see Section 2.1.2). The lysate was transferred to the
column and incubated for 1 hour by gently rotating at 4

°c. The column was

then washed 4 times with 40 ml of native wash buffer (see Section 2.1.2) (10
min for each wash) and eluted with 10 ml of native elution buffer (see
Section 2.1.2) for 1 hour at 4

°c. The

mixture was filtered with a poly-prep

chromatography column (Bio-Rad) and the liquid containing the target protein
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was collected. The protein solution was dialysed with a Spectra/Par® dialysis
membrane , MWCO 6-8000 (Spectrum Laboratories Inc.) in 1 L water at 4

°c

overnight. Then the protein solution was freeze-dried in a Dura-DryTM MP
freeze-dryer (SP Scientific), and stored at

-so 0 c.

2.2.24 Generation of LINE-1 antibodies

A target antibody could be generated by stimulating the immune system of a
living organism with a specific antigen. Anti-ORF1 p and ORF2p antibodies
were generated by immunisation of New Zealand rabbits with the purified
LINE-1 ORF1 and ORF2 proteins respectively (IMVS, Australia) . Briefly,
immunisations were performed 4 times with 3 weekly intervals and given
subcutaneously (in 4-6 sites) as an emulsion with Freunds Adjuvant. For
each dose of injection , 0.5 mg of immunogen protein was used. Bleed-out
was performed 2 weeks after the 4 th immunisation and 50-80 ml of serum
was collected from each animal.

The lgG fractions of antibodies were selectively isolated by saturated
ammonium sulfate precipitation (Pierce). Briefly, saturated ammonium sulfate
solution was slowly added to the sample while stirring . The volume added
was equal to the sample volume . The mixture was precipitated at 4
overn ight, followed by centrifugation at 4,000 rpm for 20 min at 4

°c

°c (Sorvall

RC-5B Superspeed Centrifuge ). After discarding supernatant the precipitate
was dissolved in ½ of original sample volume of water. The solution was
dial ysed wi th a Spectra/Par®, MWCO 6-8000 dialysis membrane (Spectrum
Laboratories Inc.) in 400 times the volume of the sample as follows: 2 hours
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at room temperature, another 2 hours at room temperature after a change of
water, and overnight at 4

°c with fresh water.

2.2.25 Antibody purification
Antibody purification was carried out immediately after the antibody
generation step. The isolated antibodies were selected by antigen-specific
affinity purification with a 5 ml N-hydroxysuccinimide (NHS)-activated HiTrap
column (GE Healthcare Life Sciences). This is based on the reversible
adsorption of biomolecules through biospecific intersction on the ligands. The
ligands is firsly bound to the matrix, and the target proteins bind to the
ligands while the unbound materials are washed out. Then the target proteins
are released from the ligands by increasing the pH of the huffer. Briefly, 5 mg
of purified LINE-1 ORF1 or ORF2 protein (see Section 2.2.22 and 2.2.23)
was dissolved in 5 ml of coupling buffer (see Section -2.1.2). The column was
washed by 30 ml of ice-cold 1mM HCI, followed by immediate injection of the
protein solution onto the colun1n. The column was kept at room temperature
for 30 min. 3x 10 ml of buffer A (see Section 2.1.2) was injected followed by
3x 10 ml of buffer B (see Section 2.1.2), then again with 3x 10 ml of buffer A.
The column was kept at room temperature for 30 min. 3x 10 ml of buffer B
was injected followed by 3x 10 ml of buffer A, then 3x 10 ml of buffer B.
Finally, 10 ml of 20mM Tris PH 7 .5 was injected. 15 ml of antibody solution
was diluted with 15 ml of 20 mM Tris pH 7 .5 solution before loading onto the
column. The solution was kept circulating through the column at 4

°c

overnight with a FH10 Peristaltic pump (Thermo Scientific) with 0.5 ml/min
flow rate. After binding, the column was washed with 200 ml of 20 mM Tris
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pH 7.5, followed by a further wash with 200 ml of 20 mM Tris , 500 mM NaCl,
pH 7.5 at 4

°c. Elution was performed by injection of 10 ml of 100mM glycine,

pH 2.5. The antibody was collected in 1 ml aliquots in each tube with 70 µI of
1 M Tris, pH 8.8 at 4

°c. The final pH was adjusted to 7.5 with

1 M Tris, pH

8.8 for each collection tube. The antibody concentration was determined for
each tube (see Section 2.2.27) in order to pool those fractions containing
antibody. The peak antibody fractions were combined and dialysed with a
Spectra/Par®, MWCO 6-8000 dialysis membrane (Spectrum Laboratories
Inc.) in 2 L of PBS for 4 hours followed by another fresh 2 L of PBS overnight
at 4

°c.

The antibody solution was concentrated to around 2 mg/ml with a

YM-30 concentrator (Millipore) by centrifugation at 4,500 rpm (Beckman
Allegra 15R Centrifuge) for 15-30 min at 4

°c.

aliquoted into 100 µI amounts and stored at -20

°c.

The antibody then was

2.2.26 Protein extraction from human cells

Mammalian

Protein

Extraction

Reagent

can

dissolve

cultured

cell

membranes and extract total soluble cellular protein with no mechanical
disruption . Human cultured cells were washed with PBS and pelleted at 1000
rpm for 5 min in an Allegra X-15R centrifuge (Beckman Coulter). An
appropriate amount (for about 10 7 cells with 0.5 ml reagent) of M-PER
Mammalian Protein Extraction Reagent (Thermo Scientific) was added and
mixed with the cells , and shaken gently for 5 min at room temperature . The
lysate was then centrifuged at 13,000 rpm in an Eppendorf Centrifuge 5415
R at 4

°c for 5 min . The supernatant was transferred to a new tube ready for

analysis .
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2.2.27 Protein concentration assay
The Bradford assay was used to determine the protein concentration. This
method is based on an an absorbance shift of the dye Coomassie Brilliant
Blue G-250 in which a differential colour change of the solution occurs in
response to various concentration of protein . Briefly, 5 dilutions of Bovine
Serum Albumin (BSA) were prepared as standards (0 .05 mg/ml , 0.1 mg/ml,
0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml). 10 µI triplicates of each standard and
target protein solutions were pipeted into separate microtiter plate wells. 1
part of Bio-Rad Protein Assay reagent was diluted with 4 parts of Milli-Q
water, and 200 µI of this diluted dye reagent was added to each well. After 10
min incubation at room temperature, the absorbance was measured with a
SmartSpec 3000 spectrophotometer (Bio-Rad) at a wavelength of 570 nm .
Standard curves were made according to the standard BSA absorbance, and
the concentration of each protein solution was calculated based on the
standard curve .

2.2.28 Western blot analysis
Western blot analysis uses gel electrophoresis to separate proteins in
different size. The separated proteins are then transferred to a nitrocellulose
membrane, on which the target proteins are interacted with specific
antibodies with reporter function to visualize the signals. Specifically, 30 µg of
protein from each sample was mixed with 2.5 µI of 4 X LOS sample buffer
(lnvitrogen), 1 µI of 10 X reducing agent (lnvitrogen) in a total volume of 10 µI
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with deionized water. The mixture was incubated at 70

°c

for 1O min and

loaded onto a NuPAGE® 4-12% Bis-Tris Gel (lnvitrogen). The gel was run at
100 V with western running buffer (see Section 2.1.2) with a mini VE
electrophoresis unit (Amersham Bioscience) at room temperature for 1 to 2
hours until the dye reached the end of the gel. The isolated proteins were
then transferred from the gel to a Nitrocellulose protein transfer membrane
(Bio-Rad) with western transfer buffer (see Section 2.1.2) in a mini
PROTEAN ® 11 unit (Bio-Rad). The transfer conditions were: constant voltage
30 V, maximum current 200 mA, 4

°c, overnight.

The membrane was then incubated in western blocking buffer (see Section
2.1.2) at 4

°c for about 1 hour and incubated with primary antibody at 1: 1000

dilution in 0.5% PBST (see Section 2.1.2) at 4

°c overnight. The membrane

was washed with 10 ml of PBST for 3 times, 5 min each time. After washing ,
secondary antibody was added to the membrane at 1:2500 dilution in 0.5%
PBST. The incubation was performed at room temperature for 2 hours , and
the membrane was washed with 10 ml of 0.5% PBST 3 times , 5 min each
time . The signals were visualized by using ECL chemiluminescent substrate
(Pierce) . 500 µI of detection reagent 1 and 2 (Pierce) was mixed thoroughly
and evenly spread on the membrane. The membrane was exposed to a film
for 30 sec to 10 min depending on the strength of the signal , and the film was
developed with a Kodak X-OMAT 1000 processor. To confirm protein
normal ization , the membranes were stripped with 10 ml of 1X stripping
solution (Chem icon Internation al Inc) for 10 min at room temperature and
reprobed with a-tubu li n antibodies (Sigma ).
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2.2.29 Fluorescence-activated cell scanning (FACS)
FACS is a biophysical laser based technique used in cell counting and
sorting. A beam of single wavelength laser light is directed onto a
hydrodynamically focused stream of liquid. Each suspended cell passing
through the beam scatters the ray, and fluorescent ingredient in the cell can
be excited into emitting light with a longer wavelength compared to the light
source. The fluorescent light is detected by the detectors, and fluctuations in
brightness at each detector are recorded to represent various types of
information about each cell. In this thesis, about 105 cells were harvested
and centrifuged at 1,000 rpm for 3 min at 4

°c in an Allegra X-15R centrifuge

(Beckman Coulter), and suspended in 400 µI of PBS with 0.1 % EDTA in 5 ml
Falcon tubes (BO Biosciences). The cells were scanned _in a FACSCalibur
Flow Cytometer (BO Biosciences) using a 530/30 bandpass filter for the
EGFP protein signal obtained with fluorescence emission centered at 530 nm.
Control of the flow cytometer and data collection was carried out with the
CellQuest program (BO Biosciences, Germany). Negative cells (cells with no
transfection

and

no

EGFP

expression)

were

included

as

an

auto-fluorescence control to adjust the instrument settings properly for the
positive fluorescent samples. The acquisition flow rate was set to around 200
events per second by choosing an appropriate scanning speed or by diluting
the cells with PBS. Dead cells and cell debris were excluded by gating the
cells with a FSC threshold of 200. Doublet discrimination (DMM) to
distinguish between clumped and mitotic cells was set to FL2. The
instrument settings were kept consistent for the analyses of all samples and
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10,000 cells were set as the defined scanning events for each sample. Each
experimental group was analyzed in triplicate.

2.2.30 Fluorescence-activated cell sorting (FACS Sorting)

EGFP-positive and -negative cells were isolated and collected by FACS
sorting. Briefly, cells were harvested and diluted with PBS to a concentration
6

of 10 cells per ml. The cell suspension was transferred into 5 ml Falcon
tubes (BO Biosciences) and pipetted several times to break up any clumped
cells. The cells were analysed by sorting with a FACSAria 11 cell sorter (BO
Biosciences). Fluorescent events were acquired using a 530/30 bandpass
filter for the EGFP protein signal obtained with fluorescence emission
centered at 530 nm. The untransfected cells were used as a negative control
to determine background fluorescence throughout the experiment. The
percentage of cells that fluoresced below the negative control threshold was
considered to be the false positive frequency. Each experimental group was
analyzed in triplicate. Cell subpopulations were collected into 15 ml Falcon
tubes (BO Biosciences) with 3 ml complete cell culture medium.

2.2.31 Analysis of reverse transcriptase activity

The detection of the reverse transcriptase activity was conducted by reverse
transcribing MS2 phage RNA into cONA with reverse transcriptase from
target cells , followed

by PCR amplification and visulization with gel

electrophoresis . Briefly, 2 x 10 6 of cells for each sample were harvested ,
washed with PBS and pelleted by centrifuging at 1,000 rpm for 3 min at 4
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°c

in an Allegra X-15R centrifuge (Beckman Coulter). The cells were lysed in 40
µI of ice-cold RT lysis buffer (see Section 2.1.2) and incubated on ice for 30
min after three freeze-and-thaw cycles. The mixture was centrifuged at
13,000 rpm for 30 min at 4

°c

(Eppendorf 5415 R Centrifuge) and the

supernatant was transferred to a new tube, followed by determination of the
protein concentration (2.2.27). Reverse transcriptase activity was evaluated
using a ThermoScript RT-PCR system (lnvitrogen) in a 20 µI reaction
containing 4 µI of 4 X cDNA synthesis buffer, 1 µI of 0.1 M OTT, 1 µI of 40
unit/µI RNaseOUT, 30 µg of protein extract, 10 ng of synthetic MS2 phage
RNA (Roche Diagnostics), 30 pmol of MS2 reverse primers (see Section
2.1. 7), and 2 µI of 10 mM dNTP. The mixture was incubated at 55
hour and then at 85

°c

°c for 1

for 5 min, followed by addition of 1 µI of 2 unit/µI
-

Escherichia coli RNaseH (lnvitrogen) and incubation for 20 min at 37

°c.

Positive control was achieved by adding 1 µI of 15 unit/µI ThermoScript RT
-

(lnvitrogen), and the negative control reaction was set up by replacement of
the cell extract with water. After reverse transcription , 2 µI of volume from
each reaction was mixed with 30 pmol of MS2 reverse primers (see Section
2.1. 7) and the polymerase chain reaction (PCR) was performed as described
in Section 2.2.12. PCR products were analysed by 1.5% agarose gel
electrophoresis as described in Section 2.2. 7.

2.2.32 Culturing human cell lines
All cell lines (see Section 2.1.14) were cultured in an incubator at 37

°c with

5% CO 2 and 95% relative humidity. HMEC was maintained in MEGM™
Mammary Epithelial Cell Growth Medium (Lonza) with a MEGM™ BulletKit™
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(Lonza) containing 2 ml of bovine pituitary extract (BPE), 0.5 ml of human
epidermal growth factor (hEGF), 0.5 ml of hydrocortisone , 0.5 ml of GA-1000 ,
0.5 ml of insulin in 500 ml medium with 50 µg/ml penicillin/ streptomycin
(lnvitrogen). MCF10A cells were grown in DMEM/F-12 (lnvitrogen) medium
with 5% horse serum (lnvitrogen), 10 µg/ml insulin (Sigma), 20 ng/ml EGF
(Millipore), 0.5 µg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin
(Calbiochem) and 50 µg/ml penicillin/ streptomycin (lnvitrogen). BT20 cells
were maintained in Minimal Essential Medium, (MEM) (lnvitrogen) with 10%
FBS (lnvitrogen); 2 mM L-glutamine (lnvitrogen) and 50 µg/ml penicillin/
streptomycin (lnvitrogen). MDA-MB-361 cells were grown in Leibovitz's L-15
medium

(lnvitrogen) with

20%

FBS

(lnvitrogen);

2 mM

L-glutamine

(lnvitrogen) and 50 µg/ml penicillin/ streptomycin (lnvitrogen). T47D, MCF7,
MDA-MB-231, MDA-MB-436, SKBR3, Hs578T, HEK293T and NTera.2D1
cells were maintained in Dulbecco's Modified Eagle Medium (DMEM)
(lnvitrogen) with 10% FBS (lnvitrogen), 2 mM L-glutamine (lnvitrogen) and 50
µg/ml penicillin/ streptomycin (lnvitrogen).

Cells were grown to about 80% confluence and then routinely split at 1:4 in
T75 flasks as follows. Growth medium were removed and cells were washed
once with 1x PBS . 0.5 ml 1x trypsin-EDTA (lnvitrogen) was added to the
flask , followed by incubation at 37

°c

for about 3 minutes or until the cells

were detached from the flasks . 5 ml pre-warmed culture medium was added
to neutralize the trypsin-EDTA, and the cells were split into new flasks with
complete medium .
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2.2.33 Cell transfection using the Lipofectamine-2000 reagent
Lipofectamine-2000 is a carionic liposome formulation with a neutral co-lipid.
When negatively charged DNA is coated with the liposomes, the surface of
the DNA-containing liposomes is positively charged, which allows the
complex to fuse with the negatively charged plasma membrane of a living
cell. Thus foreign nucleic acid is delivered into the cytoplasm for replication
or expression. Plasmid DNA with target sequence was prepared by the
method described in Section 2.2.2, and transfected into cell lines using
Lipofectamine 2000 (lnvitrogen) following the manufacturer's protocol. Briefly,
2 x 105 cells were inoculated on a 6-well plate one day before transfection,
and allowed to grow to about 80% confluence in an incubator at 37

°c with

5% CO 2 and 95% relative humidity. The culture medium WqS changed to prewarmed

Opti-MEM®

I

Reduced

Serum

Medium

(lnvitrogen)

before

transfection. For each well, 1 µg of plasmid DNA was diluted in 250 µI of
Reduced Serum Medium. 5 µI of Lipofectamine 2000 was diluted in 250 µI of
Reduced Serum Medium and incubated at room temperature for 5 min. The
two were then mixed and incubated at room temperature for 20 min and
added to the cells. The cells were incubated at 37

°c with 5% CO2 and 95%

relative humidity for 6 hours before the Reduced Serum Medium was
replaced by normal growth medium for the cell lines. If a stable cell line
resulted, selection antibiotics was added in an appropriate concentration
after 48 hours and refreshed every 2-3 days for several weeks.

93

2.2.34 Cell transfection using the Nucleofector reagent

Nucleofection is based on a significant increase in the electrical conductivity
and permeability of the plasma membrane of living cells by an external
electrical field, resulting a transferation of foreign nucleic acids into cells for
expression or replication. Plasmid DNA with target sequence was prepared
by the method mentioned in Section 2.2.2, and transfected into cell lines
using Amaxa® Cell

Line

Nucleofector (Lonza) as described

by the

manufacturer's instructions. Briefly, cells were collected and counted. About
2 x 105 cells were resuspended in 100 µI of Nucleofector® solution per
sample with 1 µg of plasmid DNA. The cell/DNA suspension was then
transferred into the cuvette (Lonza) and put into a Nucleofector® I device
(Lonza) . An appropriate program was used for each particular cell line
according to the manual, and 500 µI of the pre-equilibrated culture media
was added to the cuvette after the electroporation. The transfected cells were
gently transferred immediately to a flask containing pre-warmed culture
medium with the pipettes supplied with the kit. Stable cell lines were selected
as described in Section 2.2.31 . The programs used for the different cell lines
were: MCF1 0A: program A-23 , T47D: program X-05 , MCF7: program P-20 ,
MDA-MB-231: and MDA-MB-436: program X-13.

2.2.35 Preparation of frozen cell lines stock

All the enzymatic and chemical activities which may cause damage to the
cells are effectively stopped at low enough temperatures , thus cells can be
kept for longer period at a very low temperature. The freezing medium was
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composed of 10% DMSO, 50% FBS and 40% complete culture medium.
About 3 x 106 cells were diluted in 1 ml of freezing medium and transferred to
1.8 ml CryoTubes TM

(Thermo Scientific). The cells were kept In a

cryo-freezing box at -80

°c for 2 days before transfer to liquid nitrogen.

2.2.36 lmmunohistochemistry analysis of tumour tissues
lmmunohistochemistry was performed on a Bond automated system (Vision
Biosystem), following a standard protocol. The technique refers to detecting
target proteins (antigens) in cells of a tissue section by binding of principle
antibodies specifically to antigens in tissues. Then a reporter molecule is
applied to visualize the location and amount of the target protein expressed
in the tissue. Briefly, 5 µm tissue sections were dewaxed, rehydrated through
graded alcohol, and stained separately with primary antibodies (1 :500
dilution). Heat retrieval was used for 28 min at a pH of 8.0. The Chromogen
Fast Red (Leica Biosystems) and the DAKO Envision kits were used to
amplify and visualise the signals. Hematoxylin (blue) counterstaining allowed
the visualisation of cell nuclei. In each run, a positive and negative isotypematched control was included on each slide to ensure that there was no
false-positive staining. In addition, the normal breast HMEC cells and breast
cancer T4 70 cells were used as an additional negative and positive control ,
respectively. LINE-1 ORF1 and ORF2 protein expressions were evaluated
separately according to the degree and the proportion of staining, regardless
of location.
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2.2.37 lmmunohistochemical scoring

Cytoplasmic and nuclear expression levels of each LINE-1 ORF1 and ORF2
protein were scored blinded to clinical parameters. The discrimination
between normal and malignant breast tissue was based on morphological
grounds and assisted by pathologist Dr Jane E. Dahlstrom (ACT Pathology).
For each localization, an assessment was made of the degree of staining
intensity and the percentage of cells stained with that intensity in the nucleus
or in the cytoplasm, which was graded semiquantitatively to produce an
intensity distribution score (IDS), with the maximum score being 300 (if 100%
of cells stained strongly positive) and the minimum score O (if 100% of cells
stained negative). The intensity distribution score (IDS) was calculated as
follows: IDS (maximum score 300) = 1 x percentage of weakly stained cells+
2 x percentage of moderately stained cells + 3 x percentage of strongly
stained cells. Average IDS values were determined by examination of ten
fields which were evenly distributed on the slide (Winters et al., 2001 ).

2.2.38 Luciferase reporter assay
A dual-luciferase reporter assay, which is based on assaying two luciferase
activities , was used in the experiments presented in this thesis . One reporter
was used to measure the response from the gene of interest, and the other
one served as an internal control to normalize the signal obtained from the
first reporter, resulting a more reliable data.
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2 x 105 of cell grown in 6-well plates were cotransfected with 1 µg of modified
firefly luciferase (under control of the human LINE-1 Hs promoter), 1 µg of
Renilla luciferase reporter plasmid (pGL4 ), and 40 pmol of chemically
synthesized endo-siRNA sequences (obtained from Qiagen) by 5 µI of
Lipofectamine 2000 (lnvitrogen). The luciferase assays were performed 48 h
after

transfection

using

the

Dual-Luciferase

Reporter

assay

system

(Promega).

Growth media were removed and the cells were washed with 2 ml of PBS
buffer. After removal of all rinse solution, 500 µI of 1X Passive Lysis Buffer
(PLB) was then added to each sample and incubated at room temperature
for 15 min on a shaker. 1 X PLB was prepared by dilution 1 volume of 5X
PLB (obtained from Promega) with 4 volume of Milli-Q water. The sample
was subsequently centrifuged at 10,000 rpm at 4

°c

for 3 min (Eppendorf

5415 R Centrifuge) to clarify the lysate. The cleared lysates were transferred

to a new tube prior to reporter enzyme analyses.

Before carrying out Luciferase assays, Luciferase assay reagent (LAR) 11
(Promega) was resuspended in 10 ml of Luciferase assay buffer II (Promega),
transferred into 2 ml tubes and stored in -80

°c before the luciferase assay.

LAR II (Promega) was just thawed in dark room right before use.

20 µI of target cell lysates were added to a 96 well flat bottom luminometer
plate (Corning). 100 µI LAR II was added and mixed to each well, and
luminescence of firefly was measured with the microplate luminometer (The
reporter 9600-001, Turner Biosystems). 100 µI of Stop & Glo Reagent
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(obtained from Promega) was suspended in each well, and luminescence of
Renilla was measured with the microplate luminometer. The firefly luciferase
activity was normalized to the Renilla activity to correct for the transfection
efficiency.

2.2.39 Retrotransposition assay

The retrotransposition assay is based on introducing a L 1 RP

EGFP

retrotransposition cassette into the target cells. In this cassette, LINE-1
transcription is driven by its own 5' UTR, which harbors an internal promoter.
This LINE-1 retrotransposon contains an intron-interrupted EGFP reporter in
the 3' UTR region with its own CMV promoter and polyadenylation signal.
The EGFP indicator cassette is in an antisense orientation relative to LINE-1.
Only when EGFP is transcribed from the LINE-1 promoter, spliced, reverse
transcribed and integrated into the genome does a cell become EGFP
positive.

Exponentially growing normal breast and cancer cells were transfected with
human L 1 RP containing an EGFP retrotransposition cassette (pRP99-L 1EGFP or pRP99-~L 1-EGFP) using the Amaxa nucleofector kit as described
in Section 2.2.34. pDsRed-N1 (Clontech) was used as a reporter to examine
the transfection efficiency. The transfected cells were enriched by growing
them in 200 µg/ml hygromycin. After 9 days of antibiotic selection ,
untransfected cells were eliminated and maintained in low dose selective
medium (75 µg/ml hygromycin). The retrotransposition assay and the
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determination of retrotransposition frequency were performed at 15 1, 2nd , 4th,
8th , 12th , 16th day after transfection. The EGFP-positive cells were analyzed
by scanning with a FACSCalibur Flow Cytometer (see Section 2.2.29) . Cells
transfected with pRP99-~L 1-EGFP were used as negative controls to
determine

background

fluorescence

throughout

the

experiment.

The

percentage of cells that fluoresced below the negative control threshold was
considered to be the false positive frequency. 105 cells were scanned for
each sample. Each experimental group was analyzed in triplicate, and two
independent transfections per construct were analyzed at each time point.

2.2.40 Expression profiling of small RNAs
Small RNA samples were isolated from cells as described -in Section 2.2.19
and were reverse-transcribed using custom-made endo-siRNA primers
(Applied Biosystems), in accordance with the manufacturer's protocol. qRTPCR was performed using TaqMan probes in a 7900HT Thermal cycler
(Applied Biosystems) with typical amplification parameters (95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min). The fold
changes were determined by comparing the ~CT value of each endo-siRNA
normalized to SnoRA37 (primers obtained from Qiagen). The data generated
were the average of three separate experiments, with each experiment
performed in triplicate and analyzed using Relative Expression Software
(http://REST.gene-quantification. info).
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2.2.41 Small RNAs cloning and cell transfection

Small haripin RNAs (shRNAs) that mimicked 21-22-nt of the endo-siRNAs
were designed using the RNAi Codex algorithm (http://katahdin.Cshl.org:
9331/portal/script/ main2.pl). A scrambled shRNA was used as a negative
control. The templates for each shRNA sequence were produced using a
single-step PCR procedure as described in the literature (Rangasamy et al.,
2008), and cloned directly into the pSM2 vector (Open Biosystem) under the
control of the U6 promoter (Figure 5.9). To achieve stable transfection, cells
(~2 x 105 ) were seeded into six-well plates and transfected with ~1 µg of
shRNA constructs using the Amaxa nucleofector kit (see Section 2.2.34) and
then selected over a one-week period in the presence of 0.6 µg/ml puromycin
(Sigma).

2.2.42 Patients and tumour samples
Formalin-fixed paraffin-embedded post-surgical breast specimens were
retrieved from the archival material in our department, following ethics
approval by the ACT Health Human Research Ethics Committee (no.
ETH.8/09.789) . These included blocks from 160 randomly selected patients
with breast cancer diagnosed between 1997 and 2010 with a mean follow-up
of 10.7 years (range 1-14 years). This included 95 patients with invasive
cancers (30 grade I, 35 grade II , and 30 grade 111 ) and 25 DCIS (9 low, 8
intermediate , and 8 high grades). Patient demographics , disease pathology,
hormone receptor status and treatment information on these patients were
obtained from the Australian Capital Territory and South East New South
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Wales Breast Cancer Treatment Group (ACT & SE NSW BCTG) database.
Patients on this database had given informed consent for these details to be
recorded and their disease status to be followed annually (Craft et al., 2000).
Patients were excluded if they were male, had bilateral disease, or had
neoadjuvant treatment. We also retrieved blocks of 15 normal breast tissues
specimens from women who had reduction mammoplasty. For prognostic
evaluation, the following clinicopathologic features were included into the
analysis: patient age (<50 vs. >50 years), tumour size (<20 vs. >20 cm),
tumour type, histologic grade (1 vs. 2 vs. 3), and tumour stage including
lymph node metastases, menopausal status, and hormone receptor status.
The outcomes examined were breast cancer recurrence rate, overall survival
from the time of primary surgery, breast cancer-specific survival, and
aggregate survival from other causes.

2.2.43 Statistical analysis
The data obtained from each experiment are presented as the mean +
Standard Error of Mean (S.E.M) from three independent experiments with
each experiment performed in triplicate. Analysis was performed with SPSS,
V15.0 software for Windows (SPSS Inc., Chicago, IL, USA). The data was
analyzed by unpaired t-tests, one-way ANOVA, two-way ANOVA, Fisher's
exact tests,
regression

x2

tests, Kaplan-Meier survival tests, log-rank tests or Cox

tests

depending

on

the

experimental

design.

Statistical

comparisons between groups were carried out with Bonferroni's multiple
range t-tests

after the ANOVA analysis . The

relationships

between

expression of ORF1 and ORF2 protein in tumour cells and non-neoplastic
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cells were evaluated by Fisher's exact test and

x2 tests.

used to examine the association between ORF1

The same test was
and ORF2 protein

expression with prognostic factors such as tumour grade, tumour size , nodal
status , and hormone receptor status. Kaplan-Meier survival curves were
constructed, and log-rank tests were used to assess whether nuclear or
cytoplasmic expression of ORF1 and ORF2 protein had any effect on
survival. Multivariate analyses were performed using the Cox regression
model. The overall survival and the relapse-free survival were calculated
from the date of surgery until the date of death, or up to the last follow-up and
the date of the relapse or up to the last follow-up, respectively. P (probability)
< 0.05 was considered to be statistically significant.
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Chapter 3 The expression of LINE-1
retrotransposable elements in breast cancer cell lines

3.1 Introduction
Long Interspersed Nuclear Element 1 (LINE-1) retrotransposons are the
most prolific class of retrotransposable elements in the human genome ,
comprising 21 % of the genome sequence (Lander et al. , 2001 ; Waterston et
al. , 2002). LINE-1 elements are the only active autonomous retrotransposons
in the human genome (An et al., 2011 ), which contains about 7,000 fulllength elements, of which at least 100 of them are classified as highly active
elements or retrotransposition-competent (Brouha et al. , 2003; Cordaux and
Batzer, 2009; Griffiths , 2008 ; Rangwala et al. , 2009). An active LINE-1
element is about 6 kb long and is composed of a 5' untranslated region (5'UTR) , which contains internal bid irectional promoters , two open reading
frames (ORF1 and ORF2) , and a 3'-UTR, which includes a poly A tail (Scott
et al. , 1987). ORF1 encodes a protein p40 with RNA-binding and chaperone
activities (Martin and Bushman , 2001 ), whereas ORF2 encodes a protein of
150 kDa with endonuclease and reverse transcriptase activities(Feng et al. ,
1996; Mathias et al. , 1991 ). Both ORF proteins are required for autonomous
LINE-1

retrotransposition

activity

(Moran

et

al. ,

1996).

LINE-1

retrotransposons are capable of repl icating themselves throughout the
genome resulting in de nova insertions into the host genome. These
retrotransposition events can disrupt genes , alter splicing sites , increase the
frequency of recombination , and negatively affect the stability of the genome
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because of their ability to create breaks in genomic DNA (Cordaux and
Batzer, 2009; Goodier and Kazazian, 2008).

Although LINE-1 expression is reported in germlines (Branciforte and Martin,
1994; Ergun et al., 2004; Trelogan and Martin, 1995) and in some somatic
tissues

such

as

the

vascular

endothelial

cells

of

male

gonads,

lymphoblastoid cell lines and brain tissues (Ergun et al., 2004; Muotri et al.,
2005; Rangwala et al., 2009)(Ostertag et al., 2002; Shi et al., 2007),
expression of LINE-1 mainly occurs in human disease states including ·
cancer (Batzer and Deininger, 2002; Callinan and Batzer, 2006; Chen et al.,
2006b; Chen et al., 2005; Hulme AE et al., 2006; Kazazian et al., 1988; Mine
et al., 2007; Musova et al., 2006; Ostertag and Jr, 2006).

The expression of LINE-1 elements has been found to be common in many
human tumour types, including breast cancers, malignant germ cell tumours,
ileal carcinoid tumours, pancreatic neuroendocrine tumours, and prostate,
bladder and colorectal cancers (Asch et al., 1996; Bratthauer et al., 1994;
Bratthauer and Fanning, 1992; Harris et al., 201 O; Roy-Engel and Belancio,
2011; Su et al., 2007). An understanding of the LINE-1 expression patterns in
human cancers is likely to be important, because it is an important initial step
in understanding the role of LINE-1 activity in neogenesis.

Theoretically, expression of LINE-1 elements can be assessed either at the
mRNA levels or at the protein level by detecting the ORF1 and ORF2
proteins (Schulz, 2006). However, there have been only few studies focusing
on detection of LINE-1 RNA, despite the fact that techniques for measuring
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RNA expression are relatively simple and convenient. This is because LINE1 RNAs often have variably truncated or spliced derivatives and chimeras, in
which a portion of the LINE-1 transcript may be a fragment of another gene
due to LINE-1 insertion or transcription from a LINE-1 antisense promoter
(Piskareva et al., 2011 ). This may lead to difficulties in obtaining accurate
estimates of the expression levels of LINE-1 elements. Detection of LINE-1
proteins with specific antibodies, on the other hand, is more reliable and
extensively used in cancer studies. However, nearly all the studies published
so far have focused on LINE-1 ORF1 protein because of availability of ORF1
antibodies, but not ORF2 (Asch et al., 1996; Bratthauer et al., 1994;
Bratthauer and Fanning, 1992; Harris et al., 201 O; Roy-Engel and Belancio,
2011; Su et al., 2007). This is because ORF1 protein is translated far more
efficiently in mammalian cells than ORF2 protein. This is due to the
bicistronic nature of the LINE-1 RNA and the lack of internal ribosome entry
sites (Babushok and Kazazian, 2007), thus making detection of ORF2 more
difficult in cells. Moreover, it is difficult to synthesize ORF2 protein in bacterial
cells for generating antibodies. Clearly however, generation of anti-ORF1 p
and ORF2p antibodies with high sensitivity and specificity are key steps in
studying the expression patterns of LINE-1 elements in human cancer.

Although presence of both ORF1 and ORF2 proteins is a necessary
condition for LINE-1 retrotransposition, detection of these two proteins does
not guarantee the occurrence of LINE-1 retrotransposition (Belancio et al.,
2010). Thus, in addition to measuring ORF1 and ORF2 levels, it is necessary
to develop a technique for visualisation of LINE-1 retrotransposition events in
order to study LINE-1 activity in human cells. Currently, most LINE-1
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retrotransposition assays are performed by cloning an active LINE-1
sequence into Epstein-Barr virus (EBNA 1)-based episomal vectors. When
the vectors are transfected into host cells, they replicate autonomously and
generate ORF1 and ORF2 proteins. For detection of retrotransposition
events, our laboratory has recently developed the LINE-1 retrotransposition
cassette, which contains a copy of the neomycin resistance gene and a
visual EGFP marker disrupted by an antisense intron at the 3' end of the
LINE-1 element. This reporter EGFP gene is expressed or becomes
functionally active, only after LINE-1 expression, splicing and integration into
the genome of the host cell (Rangasamy, 2010).

In this section, the expression patterns of LINE-1 elements and their
retrotransposition activity are studied in both normal and breast cancer cells.
In order to obtain reliable and accurate estimations of the expression of
LINE-1 elements, both anti-ORF1 p and anti-ORF2p antibodies were newly
generated . The data from these experiments showed that both antibodies are
reliable with high sensitivity and specificity. As an additional evidence of
LINE-1 expression, LINE-1 mRNA levels were also determined in those cells .
Furthermore , LINE-1 retrotransposition events were also quantified in a
number of normal breast and breast cancer cell lines.

The studies described in this section aim to give a better understanding of
the expression and retrotransposition activity in different types of breast
cancer and normal breast cells and tissues . This is an important first step in
exploring the mechanisms that control LINE-1 activity in human cells.
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Figure 3.1 Structure of the pGEX-ORF1 vector
Gene encoding the LINE-1 ORF1 (1.1 kb) protein was ligated into pGEX-4T1 (5.5 kb) at BamHI/ Xhol sites. GEX forward and ORF1 reverse primers
were used to test the integrity and DNA sequencing of the insertion . The
resulting vector was used for expression of the ORF1 protein in E.coli and for
generating the anti-ORF1 antibodies.
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Figure 3.2 Isolation of linear pGEX vector and LINE-1 ORF1 gene
(A) pGEX vector and LINE-1 ORF1 sequence were digested with BamHI and
Xhol , and separated by Agarose gel electrophoresis. (8) Linear pGEX at 5.5
kb and ORF1 at 1.1 kb were cut from the gel and purified with a QIAquick gel
extraction kit.
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3.2 Results
3.2.1 Validation of LINE-1 antibodies
As described previously, the LINE-1 ORF1 and ORF2 proteins are essential
elements in the process of retrotransposition, so it is important to determine
the expression levels of these proteins in different target cell lines as well as
in clinical breast samples. Clearly it is necessary to use a sensitive and
specific

anti-ORF1 p

or

anti-ORF2p

antibody

for

western

blotting,

immunofluorescence examination, or immunohistochemistry. Because no
commercial antibodies are available for human LINE-1 ORF1 and ORF2
proteins, the generation and validation of both proteins was performed ahead
of other experiments.

3.2.1.1 Generation of a pGEX-ORF1 vector
LINE-1 ORF1 protein was synthesized by transformation of pGEX-4T-1
vector containing the complete ORF1

sequence into E.coli cells for

expression . Briefly, 2 µg of pGEX-4T-1 vector (GE Healthcare Life Sciences)

(Figure 3.1) and LINE-1 ORF1 sequence plasmid were digested with 20
units of BamHI and Xhol restriction enzymes at 37

°c

for 16 hours. The

target bands (linear pGEX vector is 5.5 kb, linear ORF1 fragment is 1.1 kb)
were isolated from a 1.2% TAE buffered agarose gel after electrophoresis

(Figure 3.2). The appearance of clear bands at 1.1 kb and 5.5 kb indicated
that digestion was complete. The two bands were cut from the gel and the
DNA was isolated with a QIAquick Gel Extraction kit. The linear pGEX vector
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Figure 3.3 Cloning ORF1 gene in the pGEX-4T-1 vector
(A) 1 µg of the plasmid containing the ligated ORF1 was digested with

BamHI and Xhol and isolated on 1.2% TAE agarose gel. The band at 5.5 kb
represented linear pGEX vector and ORF1 was at 1.1 kb .

(8) 200 ng of purified plasmid from seven colonies was amplified by PCR
with ORF1 reverse and GEX forward primers (Figure 3.1) and analysed on
1.2% TAE agarose gels. The target product was at 1 kb .
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and ORF1 fragment were ligated in a 1:3 molar ratio by T4 DNA ligase.
About 200 ng of DNA (pGEX vector + ORF1) was added to a 10 µI ligation
reaction with 1 unit of T4 DNA ligase. The ligated plasmid was transformed
into E.coli DH5a cells and a small scale amplification carried out in LB
containing 100 µg/ml ampicillin. The plasmid was screened by colony PCR
method using the GEX forward and ORF1 reverse primers. The colonies
containing right PCR product of 1 kb were picked up for further analysis. The
plasmid was purified with a Qiagen plasmid Midi Kit. 1 µg of the resulting
plasmid was digested with BamHI and Xhol and isolated on a 1.2% TAE
agarose gel for quality control (Figure 3.3A). There were only clear bands
(1.1 kb and 5.5 kb), which indicated that the two fragments were ligated . 100
ng of the plasmid was transformed into E.coli BL21 cells and grown on a 100
µg/ml ampicillin LB plate. In order to test if intact pGEX-ORF1 vector was
present in the colonies (i.e. the pGEX vector containing the ORF1 sequence),
-

seven colonies were randomly picked and grown in 5 ml LB with 100 µg/ml
ampicillin. The plasmid was purified from each colony and amplified by PCR
with an ORF1 reverse primer and a GEX forward primer (see Section 2.1.7) .
After isolation on 1.2% TAE agarose gels (Figure 3.38), all colonies showed
clear bands at around 1 kb, which was the desired size of product.

3.2.1.2 Generation and purification of ORF1 protein
One colony was chosen for amplification in order to produce GST-ORF1
protein in large amounts. The cells were grown in 500 ml of LB with 100
µg/ml ampicillin at 37

°c until the 00500 reached 0.6 (10 ml of cell solution
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Figure 3.4 Isolation of ORF1 protein from bacterial cell-lysates

Bacterial cell-lysates were run on Bis-Tris gels and stained with Coomassie
brilliant blue .
(A) Lane 1: Protein marker; lane 2: Cell lysates before addition of IPTG ; lane

3: Cell lysates after addition of IPTG . The GST-ORF1 fusion protein migrates
at around 66 kDa (26 kDa GST plus 40 kDa ORF1 protein) .
(B) Lane 1: Protein marker; lane 2 and 3: ORF1 protein after purification step .

ORF1 protein migrates at around 40 kDa.
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Figure 3.5 11AAQQTP_hORF2p_pMA vector map
The synthetic ORF2 gene, assembled from synthetic oligonucleotides was
obtained commercially. The complete ORF2 gene, cloned at the Kpn 1 and
Sac1 cloning sites of pMA (ampR) vector, was purchased from GeneART,
Germany.
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was taken as a control in the following steps). IPTG was added to a final
concentration of 1mM to induce protein production and the cells were grown
at room temperature for a further 4 hours (10 ml of cell solution was taken as
a control). The cells were then fragmented by brief sonication , and GSTORF1 protein was purified by using the glutathione-sepharose beads (GE
Healthcare Life Sciences) as described in Section 2.2.22. The ORF1 protein
was finally released by incubation with 30 units of Thrombin (Sigma) at 22

°c

for 8 hours, followed by a purification step as described in Section 2.2.22.
The cells taken at the times before and after addition of IPTG were pelleted
by centrifugation at 4,500 rpm for 10 min, suspended in 50 µI of water, boiled
for 5 min, and immediately chilled on ice. After running 10 µI of the cell lysate
from each sample on a Bis-Tris gel, the GST-ORF1 protein migrated at
around 66 kDa after addition of IPTG, which was the expected size for GST
(26 kDa) plus ORF1 (40 kDa) (Figure 3.4A). This implied that the GSTORF1 protein had been produced successfully. Next, 30 µg of purified
protein was run on a Bis-Tris gel. The protein migrated at about 40 kDa with
a single and clear band , indicating the protein was ORF1 protein and of high
quality (Figure 3.48).

3. 2.1.2 Generation and purification of ORF2 protein

11AAQQTP _hORF2p_pMA

vector

(Figure

3.5)

was

purchased

from

Ge neART, Germany. This vector contained a full synthetic ORF2 gene
tagged with 6XHis . For generation of ORF2 protein , 100 ng vector was
transformed into E.coli BL21 cells . Cells were grown on LB plates with 100
µg/ml ampicill in at 37

°c until colonies formed . One colony was chosen for
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Figure 3.6 Purification of ORF2 protein
E.coli cell-lysates were run on Bis-Tris gels and stained with Coomassie
brilliant blue.
Lane 1: Protein marker.
Lane 2: Purified ORF2 protein migrated at around 150 kDa.
Lane 3: Bacterial extracts after addition of IPTG. ORF2 protein was detected
at around 150 kDa.
Lane 4: Bacterial extracts before addition of IPTG. No ORF2 protein was
found at around 150 kDa.
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amplification to produce His-tagged-ORF2 protein in large amounts. The
cells were grown in 500 ml of LB with 100 µg/ml ampicillin at 37

°c until the

OD500 reached 0.6 (10 ml of cell solution was taken as a control before
bacterial induction). IPTG was added to a final concentration of 1mM to
induce protein production and the cells were grown at room temperature for
an additional 6 hours (10 ml of cells was taken as a control after induction).
Cells were lysed with 40 mg of Lysozyme (Sigma) followed by brief
sonication . Purification of ORF2 protein from bacterial extracts was carried
out with a Ni-NTA column (see Section 2.2.23).

The cell samples taken before and after addition of IPTG were pelleted by
centrifugation at 4,500 rpm for 10 min, suspended in 50 µI of water, boiled for
5 min, and immediately chilled on ice. 20 µI of each of these lysates and 30
µg of purified protein were run on a Bis-Tris gel. The expected bands
appeared at a size of about 150 kDa after addition of IPTG , which implied
that ORF2 protein had been successfully induced in E.coli. The purified
ORF2 protein migrated at about 150 kDa in a single and clear band ,
indicating the full-length ORF2 protein and of high quality (Figure 3.6) .

3.2.1.3 Generation of ant-ORF1 and anti-ORF2 antibodies

Anti-ORF1 p and ORF2p antibodies were generated by immunisation of New
Zealand rabbits with the purified LINE-1

ORF1

and ORF2 proteins ,

respectively . Immunisations were performed 4 times with 3 week intervals
and antigens were given subcutaneously (in 4-6 different sites) as an
emulsion with Freund 's Adjuvant. For each injection , 0.5 mg of antigen
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Figure 3.7 Validation of LINE-1 antibodies by western blot analysis

(A) Lane 1: Bacterial extracts before addition of IPTG~ No target ORF1

protein was detected. Lane 2: Bacterial extracts after addition of IPTG. AntiORF1 antibody specifically interacted with 66 kDa GST-ORF1 fusion protein
at the expected size (40-kDa ORF1 and 26 kOa..:GST). Lane 3: Purified
ORF1 protein was seen at around 40 kDa.
(8) Lane 1: Bacterial extracts before addition of IPTG. No target ORF2
protein was detected. Lane 2: Bacterial extracts after addition of IPTG. AntiORF2 antibody specifically interacted with 150 kDa His-ORF2 fusion protein
at the expected band size. Lane 3: Purified ORF2 protein (without HIS-tag)
was seen at around 150 kDa.

(C) Whole-cell lysates from NTera.2O1, HMEC, MCF1 0A, T47O cells were

analysed by Western blotting of anti-ORF1 p and anti-ORF2p antibodies. As
loading controls, a-tubulin was used. Lane 1: ORF1 and ORF2 proteins were
detected in NTera.2O1 cells at 40 kDa and 150 kDa, respectively. Lanes 2
and 3: No signal found for both ORF1 and ORF2 in HMEC and MCF10A
cells. Lane 4: Both ORF1 and ORF2 proteins were detected in T47O cells at
about 40 kDa and 150 kDa, respectively.
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protein was used.

Bleed-out was performed 2 weeks after the 4 th

immunisation and 50-80 ml serum was collected from each animal. The lgG
fractions of antibodies were selectively isolated by saturated ammonium
sulfate precipitation, followed by antigen-specific affinity purification with a Nhydroxysuccinimide (NHS)-activated HiTrap column as described in Section
2.2.25.

3.2.1.4 Validation of LINE-1 antibodies with ORF1 and ORF2 protein

After raising and purification of anti-ORF1 and ORF2 antibodies against the
full length LINE-1 proteins, the sensitivity and specificity of these antibodies
was tested by western blot analysis. About 30 µg of bacterial extracts taken
before and after addition of IPTG were run on a Bis-Tris gel. As positive
controls, purified ORF1 or ORF2 protein were added in that western blot
analysis . After transferring the proteins to membranes , the membranes were
incubated with anti-ORF1 p and ORF2p antibodies at 1: 1000 dilution in 0.5%
PSST at 4

°c overnight (see Section

2.2.28) . The resulting blots , the ORF1

protein showed a clear band at 40 kDa , and GST-ORF1 fusion protein
showed a signal at 66 kDa (GST 26 kDa plus ORF1 40 kDa) . The
appea rance of these strong signals at the correct positions indicated that the
an ti-ORF1 p antibody had high sensitivity against LINE-1 ORF1 protein
(Figure 3.7A). For the ORF2 blot, a single band appeared at 150 kDa , which
also confirmed that the antibody was specifically interacted with the LIN E-1
ORF2 protein (Figure 3.78 ).
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40 kDa

ORFlp

150 kDa

ORF2p

a -tubulin

Figure 3.8 Validation of LINE-1 antibodies by western blotting of
proteins from cell lines
Proteins were isolated from T 4 7D and transfected cell lines, and blotted with
anti-ORF1 p and anti-ORF2p antibodies respectively. a-tubulin was used as a
loading control.
Lane 1: T47D; Lane 2: T47D transfected with control vector; Lane 3: T47D
transfected with LINE-1

inhibitor vector 1 (endo-453); Lane 4: T47D

transfected with LINE-1 inhibitor vector 2 (endo-392).

The expression of ORF1 and ORF2 proteins in T47D cells transfected with
LINE-1 inhibitor vectors is decreased compared to control vector-transfected
T4 7D and parental cells.
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To further confirm the efficiency of antibodies, western blotting was also
performed against total protein extracted from human breast cancer T4 7D
cells and embryonic carcinoma NTera.2D1 cells, which express high levels of
LINE-1 mRNA and its encoded proteins (Dmitriev et al., 2007), were used as
a positive control. Normal breast HMEC and MCF1 0A cells, which have been
reported to not express LINE-1 elements, were used as negative controls
(Asch et al., 1996; Harris et al., 2010). About 25 µg of protein from each
sample was used in each well, and the antibodies were used at 1: 1000
dilution. As expected, both T47D and NTera.2D1 had strong signals at 40
kDa and 150 kDa after blotting with anti-ORF1 p and anti-ORF2p antibodies,
respectively while HMEC and MCF1 0A cells had no signal. The clear and
strong signals at the expected position indicated the high specificity and
sensitivity of both antibodies (Figure 3. 7C). The blots were stripped and
incubated with a-tubulin antibody at 1:2,000 dilution. The result showed that
the loading amount of each sample was the same. Thus the comparison
between cell samples was reliable.

The high specificity of the antibodies was also confirmed by using LINE-1
shRNAs (endo-453 and endo-392) to knock down LINE-1 expression in
T47D cells. These two vectors can generate small RNAs against LINE-1,
thus reducing the expression of LINE-1 proteins (details of these vectors are
discussed in Chapter 5). T4 7D cells were separately transfected with 1 µg of
vectors and selectively grown for two weeks in the presence of 0.6 µg/ml
puromycin to eliminate untransfected cells. The procedures for Western
blotting were the same as described previously. As expected, ORF1 and
ORF2 protein expression decreased in the cells transfected with endo-453 or
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I

-

1

ORF.21
P

u-- tubul!in1

· Figure 3.9 Detection of ORF1 and ORF2 proteins in LINE-1
overexpressed Hela cells
Increased expression of ORF1 and ORF2 proteins was detected in L 1RP
transfected Hela cells by western blotting. N.Tera.2D1 cells were used as
positive controls. For protein normalization , a-tubulin was used .
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ORF1p

ORF2p

Figure 3.10 lmmunofluorescence detection of ORF1 and ORF2 proteins
in HeLa cells

lmmunofluorescence detection of transiently expressed ORF1 and ORF2
proteins in the cytoplasm of Hela cells using anti-ORF1 p (panel a) and antiORF2p (panel b) antibodies. Nuclei were stained with DAPI (blue), and
ORF1 and ORF2 proteins were stained with Texas Red. As negative controls,
the immunofluoresence assays were performed on the L 1RP-transfected
He La cells with antigen-depleted anti-ORF1 p (panel c) and anti-ORF2p
(panel d) antibodies.
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endo-392 vectors compared with control transfected T4 70 and parental cells
(Figure 3.8). This again supported the specificity and efficiency of both
antibodies.

In addition, HeLa cells were transfected with an LINE-1 expression vector
containing a full-length active L 1 RP retrotransposon under the control of the
CMV promoter (Rangasamy, 2010). Cells transfected with this vector were
initially enriched by applying antibiotic selection (200 µg/ml hygromycin) for
10 days. After eliminating untransfected cells, 30 µg of cell lysates were
subjected to western blotting using anti-ORF1 p and anti-ORF2p antibodies.
In previous studies, HeLa cells have been shown to express at least a subset
of LINE-1 elements (Leibold et al., 1990). Human embryonic carcinoma
NTera.2O1 cells were used as a positive control (Dmitriev et al., 2007). As
shown

in

Figure

3.9,

both

ORF1 p and

ORF2p

were

significantly

-

overexpressed in cells transfected with L 1 RP vector compared to weak
detection in untransfected cells, which is consistent with previous reports
(Leibold et al., 1990; Ergun et al., 2004 ), indicating that the anti-ORF1 and
anti-ORF2 antibodies were interacting specifically with the LINE-1 proteins.
Moreover, the immunofluorescence assay was performed on the HeLa cells
at an antibody dilution of 1: 100. The L 1 RP vector-transfected cells exhibited
strong immunostaining. Notably, both ORF1 and ORF2 protein displayed
high immunofluorescence signals in the cytoplasm (Figure 3.10, panels a
and b ). These observations are consistent with previous reports in which
strong expression of ORF1 and ORF2 protein was demonstrated in the
cytoplasm of human cell lines including HeLa cells (Ergun et al., 2004; Harris
et al., 2010). To further confirm that this observed immunoreactivity was a
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result

of

the

interaction

of

the

antibodies

with

LINE-1

proteins,

immunofluorescence assays with antigen-depleted primary antibodies were
performed. The antibodies were generated by pre-absorption with purified
ORF1 and ORF2 protein immoblized on Sepharose columns. Except for a
weak background, no immunoreactivity was detected in the antigen-depleted
antibodies (Figure 3.10 panels c and d), suggesting that the detected
fluorescence signals were a result of specific interactions between LINE-1
proteins and antibodies. Together, these results suggested that our newly
raised antibodies could recognize human ORF1 and ORF2 protein with high
specificity and sensitivity, and could be reliably used to detect the expression
levels of LINE-1 elements in the experiments to be described later.

3.2.2 The expression of LINE-1 protein in breast cancer cell lines and
tissues

Earlier studies revealed that the level of LINE-1 ORF1 protein is significantly
elevated in breast cancer cell lines (Asch et al., 1996; Bratthauer et al., 1994 ).
A more recent study of clinical samples has also shown that the expression
of LINE-1 ORF1 protein is widespread in breast tumours (Harris et al., 2010).
However, the relationship between LIN E-1 expression and the different
breast cancer types is not clear. Moreover, little is known about the
expression pattern of LINE-1 ORF2 protein in breast cancer.

To explore these questions, the levels of LINE-1 ORF1 protein and ORF2
protein expression were evaluated in a range of breast cancer cell lines and
breast tumour tissues by western blotting. In addition , immunofluorescence
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Figure 3.11 Expression LINE-1 ORF1 and ORF2 proteins in human
breast cell lines
Cell-lysates of breast cancer cell lines were analysed by Western blotting
with anti-ORF1 p and anti-ORF2p antibodies. a-tubulin was used as a loading
control. LINE-1 ORF1 and ORF2 proteins were specifically expressed in
cancer cells but not in non-cancerous cells. In this assay NTera.2D1 cells
were used as positive controls.
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Table 3.1 Clinicopathological features and expression pattern of LINE-1
of breast cancer cell lines

Cell line

Subtype

ER

PR

Her2

Source

Tumou
r type

Invasiveness

Expression
level
ORF1

ORF2

BT20

A

-

-

-

PT

AC

+

++++

+++

HS578T

B

-

-

-

PT

C Sar

++

++

+

MCF7

L

+

+

-

PE

Met

++

++

+

AC

MCF10A

B

-

-

-

RM

F

-

-

-

MDA-MB-231

B

-

-

-

PE

Met

+++

+

+

++

+

+

AC

MDA-MB-361

L

+

+

+

BR

Met
AC

MDA-MB-436

B

-

-

-

PE

AC

+++

+

-/+

SKBR3

L

-

-

+

PE

AC

+

++++

++

T47D

L

+

+

-

PE

IDC

-!+

++++

+++

Abbreviations: A = Basal A subtype ; AC = adenocarcinoma ; B = Basal B
subtype ; BR = brain ; C Sar = carcinoma sarcoma ; F = fibrocystic disease ;
IDC = invasive ductal carcinoma ; ILC = invasive lobular carcinoma ; L =
Luminal subtype ; Met AC = metastatic adenocarcinoma ; PE = pleural
effusion ; PT = primary tumour; RM = reduction mammoplasty; - = negative; +
= low; ++=moderate ; +++=strong ; ++++=very strong .
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examination was carried out to verify LINE-1 protein expression in different
breast cancer cell lines. The expression of LINE-1 mRNAs was also
measured in order to support the findings from protein detection . The details
of these investigations are presented in the following sections.

3.2.2.1 Western blotting
Several types of breast cancer cell lines (BT20, Hs578T, MCF?, MDA-MB231, MDA-MB-361, MDA-MB-436, SKBR3, T47D) and a normal mammary
epithelial cell line (HMEC) and its derivative MCF1 0A cell line were included
in this study. The various pathological features of the cell lines are listed in
Table 3.1. Human embryonic carcinoma NTera.2O1 cells were used as a
positive control. 50 µg of whole-cell lysates from each cell sample was
loaded and the anti-ORF1 p or ORF2p antibodies were used in 1: 1,000
dilution as described in Section 2.2.28.
Expression of both ORF1 and ORF2 protein was found in all breast cancer
cell lysates (T47D, SKBR3, BT-20, MDA-MB-361 , MCF?, Hs578T, MDA-MB231 and MDA-MB-436), but not in the normal mammary epithelial cell HMEC
or MCF1 0A cell line (Figure 3.11 ). Interestingly, the expression levels for
both proteins varied greatly among the different cancer cell lines. The
expression of ORF1 protein was highest in less-invasive breast cancer lines
(T47D, MCF?, SKMR3) compared to the other breast cancer cell lines. The
expression levels decreased in the moderately invasive breast cancer cell
lines (MDA-MB-361, MCF7, Hs578T). The highly invasive lines (MDA-MB231 and MDA-MB-436) expressed the lowest levels of ORF1 protein (Figure
3.11 ). A similar expression pattern was also seen in ORF2 protein.
Interestingly, the relative levels of ORF2 protein expression were lower in all
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cell lines compared with

ORF1

protein (Figure 3.11 ). The different

expression levels of ORF1 and ORF2 proteins in the various breast cancer
cells are listed in Table 3.1. This differential expression is consistent with
previous reports from Eugun et al (Ergun et al. , 2004) who detected
differential levels of ORF2 expression in various fetal and adult tissues .
Lower expression of ORF2 compared to ORF1 was also recently reported in
vascular endothelial cells (Banaz-Yasar et al. , 2010).

To further confirm the expression of the LINE-1 proteins , cell lysates from
breast tumour tissues and adjacent normal tissues from two different patients
were tested (Figure 3.12). Western blots were performed as described in
Section 2.2.28. As expected , no expression of LINE-1 protein was detected

in any of the normal breast tissues even after prolonged exposures of the
western blot. In contrast, high expression of ORF1 protein and ORF2 protein
was readily detectable in extracts from breast tumour tissues in both patients .
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N

T

N

T

150 kDa

• ORF2p

40 kDa

.- ORF1p

a-tubulin

Figure 3.12 Expression of LINE-1 ORF1 and ORF2 proteins in clinical
tissue samples
Protein extracts from normal breast tissues (N) and breast tumours tissues (T)
were prepared from two different patients. Using a mixture of both anti-ORF1
and anti-ORF2 antibodies, the expression of LINE-1 proteins was detected
by western blot analysis. a-tubulin was used as a loading control.
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Figure 3.13 Aberrant expression of LINE-1 ORF1 protein in breast
cancer cells as detected by immunofluorescence assays

Human embryonic carcinoma NTera.201 cells and normal breast HMEC
cells were used as positive and negative controls , respectively. LINE-1 ORF1
protein appears to localise in both the cytoplasm and nucleus , although the
intensity of staining varies between them. Nuclei were stained with DAPI
(blue ) and ORF1 protein with anti-ORF1 p protein antibody (green) . The
merged panel is shown.
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Figure 3.14 Aberrant expression of LINE-1 ORF2 protein in breast
cancer cells as detected by immunofluorescence assays
Human embryonic carcinoma NTera.201 cells and normal breast HMEC
cells were used as positive and negative controls, respectively.
L 1 ORF2 protein appears to localise in both the cytoplasm and the nucleus,
although the intensity of staining varies between them. Nuclei were stained
with DAPI (blue) and ORF2 protein with anti-ORF2p protein antibody (green).
The merged panel is shown.
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3.2.2.2 lmmunofluorescence examinations

lmmunofluorescence assays were performed on HMEC, MCF1 0A, T47D,
MCF?, MDA-MB-231, MDA-MB-436 cell lines as described in Section 2.2.18.
Human embryonic carcinoma NTera.2D1 cells served as positive controls. A
green colour indicated the location and intensity of LINE-1 protein. Both
ORF1 and ORF2 proteins were expressed in all breast cancer cells, as well
as in NTera.2D1 (positive control), but not in normal breast cell lines (HMEC
and MCF1 0A). The less invasive and moderately invasive breast cancer cell
lines such as T47D and MCF? showed higher expression of LINE-1 protein
than the highly invasive MDA-MB-231 and MDA-MB-436 . In all these cases ,
the level of ORF1 protein expression was found to be higher than that of
ORF2 protein , which was in consistent with we seen in the western blot
analysis.

Interestingly, both ORF1 and ORF2 proteins were expressed mainly in
cytoplasm , as well as sporadically in the nucleus . The nuclear expression of
ORF1 and ORF2 proteins could be most easily observed in T47D cells due
to the strongest expression signals in these cells (Figure 3.13D and 3.14D) .
This observation is in agreement with the previous studies (Harris et al. , 2010)
showing ORF1 in the nucleus of cancer cells derived from breast, pancreatic
neuroendocrine and ileal carcinoid cells. In our studies , we detected both
ORF1 and ORF2 proteins in the nucleus of some breast cancer cell lines .

Together, the evidence presented in Section 3.2.2 , and the overexpression
of both ORF1 and ORF2 proteins in breast carcinomas and a range of breast
cancer cell lines suggests that LINE-1 expression is indeed widespread in

132

breast cancers, and that expression patterns vary between the cancer cell
lines.

3.2.3 LINE-1 mRNA expression in breast cancer cell lines

To assess whether the expression of LINE-1 proteins in various breast
cancer cells reflected changes in expression of LINE-1 specific mRNAs, total
RNA was extracted and subjected to quantitative real-time RT-PCR analysis.
The relative expression levels of LINE-1 ORF1 and ORF2 mRNAs are shown
in Figures 3.16 and 3.17, respectively after normalizing against the
housekeeping gene HPRT1 (Hypoxanthine phosphoribosyltransferase 1).
Before the synthesis of the respective cDNAs, 0.5 µg of total RNA from each
sample (HMEC, MCF1 0A, T47D, MCF?, MDA-MB-231, MDA-MB-436 and
NTera.2D1) was checked on 1% agarose gels before performing cDNA
synthesis and subsequent q RT-PCR analysis. Two clear bands representing
18S and 28S rRNA indicated that the quality of the RNA was suitable for
cDNA synthesis (Figure 3.15).

About 1 µg total RNA from each sample underwent the reverse-transcription
reaction to generate cDNA (see Section 2.2.14). For qPCR, 10 ng of cDNA
was used for each reaction. To normalize the input samples, HPRT1 was
used as an internal reference gene. For each sample, triplicate reactions
were carried out. The relative amounts of mRNA expression compared to the
reference gene (HPRT1) were quantified by the comparative CT method
using the formula: 2- MCT(target)12- MCT(reference) (see Section 2.2.15). Two
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5 kb

28S

2 kb

18S

Figure 3.15 Total RNA from breast cell lines

Total RNA was isolated from the human breast cell lines. The quality of RNA
was assessed by running 0.5 µg RNA on 1% agarose gels before being used
for cDNA synthesis. Two major bands represent 18S and 28S rRNAs.
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Figure 3.16 Aberrant expression of LINE-1 ORF1 mRNA in breast cancer
cells

ORF1 transcripts derived from the LINE-1 ORF1 were detected via qRT-PCR
with primers specific for the LINE-1 ORF1 sequence. The data are shown as
the fold change after normalization to the HPRT1 housekeeping gene. Each
point represents the average of three independent experiments. One-way
ANOVA, p < 0.01. Error bars indicate SD (n = 3) .
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Figure 3.17 Aberrant expression of LINE-1 ORF2 mRNA in breast cancer
cells

ORF2 transcripts derived from the LINE-1 ORF2 coding frame were detected
by qRT-PCR with primers specific for the LINE-1 ORF2 sequence. The data
are

shown

as

the

fold

change

after

normalization

to

the

HPRT1

housekeeping gene. Each point represents the average of three independent
experiments. One-way ANOVA, p < 0.01. Error bars indicate SD (n = 3).
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primer sets were designed against the ORF1

and ORF2 sequences

respectively (see Section 2.1.7). We found that both LINE-1-encoded ORF1
and ORF2 mRNAs were significantly overexpressed in all breast cancer cells
compared with normal HMECs or MCF1 0A cells (Figure 3.16 and Figure

3.17). Notably, the relative expression of LINE-1 mRNAs was significantly
higher in non-invasive T4 7D cancer cells compared to the moderately (MCF?)
or highly invasive breast (MDA-MB-231, MDA-MB-436) cancer cell lines.
These results are in agreement with the expression pattern of the LINE-1
ORF1 and ORF2 proteins.

3.2.4 Analysing the reverse transcriptase (RT) activity
The LINE-1 element encodes two functional proteins (ORF1 and ORF2),
which are essential for the process of retrotransposition events. The
mechanism of how ORF1 and ORF2 contribute to retrotransposition was
described in the previous Sections. It is known that one of the functions of
the LINE-1 ORF2 protein is to act as a reverse transcriptase (Luan et al.,
1993; Whitcomb and Hughes, 1992) that is one of the critical steps in the
retrotransposition process. Thus it is important to detect the activity of the
reverse transcriptase enzyme in breast cancer cells. This experiment
provides not only evidence for LINE-1 expression, but also assesses the
level of active ORF2, which is an essential condition for retrotransposition
events.

Endogenous ORF2-encoded RT activity was evaluated in normal breast and
breast cancer cell lines. In this assay whole-cell extracts served as a source
of reverse transcriptase to reverse transcribe synthetic MS2 phage RNA
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200

SMZ

100

Figure 3.18 RT activity assay

Cell extracts that contain endogenous RT enzyme were extracted from
various breast cancer cells and RT activity was detected by reverse
transcribing synthetic MS2 phage RNA. The PCR amplification product was
112 bp which spanned the 5' end of MS2 RNA (GeneBank V00642) ,
positions 21 to 132.
Lane 1: DNA marker; Lane 2: Negative control reaction with water; Lane 3:
Positive control reaction with commercial RT (lnvitrogen) ; Lane 4: HMECs;
Lane 5: MCF10A; Lane 6: T47D ; Lane 7: MCF7; Lane 8: MDA-MB-231 ; and
Lane 9: MDA-MB-436 .
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(Roche Diagnostics). Proteins were extracted from each .cell line as
described in Section 2.2.31. About 30 µg protein extracts with 10 ng of MS2
phage RNA and 30 pmol of MS2 reverse primers (see Section 2.1. 7)
underwent reverse transcription reaction using a ThermoScript RT-PCR
buffer system (lnvitrogen).

Positive control was achieved

by adding

commercially available 1 µI of 15 unit/µI ThermoScript RT (lnvitrogen), and
the negative control reaction was set up by replacement of the cell extract
with water. After reverse transcription, 2 µI of volume from each reaction was
mixed with 30 pmol of MS2 reverse primers (see Section 2.1. 7) and the
polymerase chain reaction (PCR) was performed. The reaction conditions
were as follows: 94
58

°c for 3 min, followed

°c for 30 sec and

72

°c for 30 sec,

by 30 cycles at 94

°c for 30 sec,

and a final step at 72

°c for 5 min.

The PCR amplification product was 112 bp, which spanned the 5' end of
MS2 RNA (GeneBank V00642), from positions 21 to 132. The products were
run on a 1.2% TAE buffer agarose gel.

As expected, reverse transcriptase activity was found in all the breast cancer
cells (T47D, MCF?, MDA-MB-231, MDA-MB-436), but not in the HMEC or
MCF1 0A normal breast cell lines (Figure 3.18). This implied that the ORF2
protein was expressed and functionally active reverse transcriptase enzyme
exists in breast cancer cells. These findings were consistent with the results
of ORF2 protein and its encoding mRNAs seen in the previous sections.
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Figure 3.19 The LINE-1 retrotransposition cassette

Schematic diagrams of the pRP99-L 1-EGFP expression cassettes used for
LINE-1 retrotransposition assays. LINE-1 transcription is driven by its own
5'UTR, which contains an internal promoter. This LINE-1 retrotransposon
contains an intron-interrupted EGFP reporter in the 3' UTR region with its
own CMV promoter and polyadenylation signal. The EGFP indicator cassette
is in an antisense orientation relative to LINE-1. Only when EGFP is
transcribed from the LINE-1 promoter, spliced , reverse transcribed and
integrated into the genome does a cell become EGFP positive. Arrows depict
the location of the geno-5 (left) and geno-3 (right) primers used in the PCR
assay shown below. SD , splice donor; SA, splice acceptor.
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3.3 Breast cancer cells support in vivo LINE-1
retrotransposition activity
To

investigate

whether

breast

cancer

cells

can

retrotransposition activity, we transfected the LINE-1

also

support

retrotransposition

cassette into normal MCF10A cells and breast cancer cell lines (T47D, MCF7, MDA-MB-231 and MDA-MB-436) to create a cell-based assay that
accurately detects endogenous LINE-1 retrotransposition events. In this
assay, human embryonic carcinoma NTera.2O1 cells were used as a positive
control. This retrotransposition cassette (pRP99-L 1-EGFP) contained a fulllength human L 1 RP retrotransposon (driven by its native promoter) tagged at
its 3' UTR with an antisense EGFP expression cassette (Moran et al., 1996).
The EGFP gene was disrupted by a 960 bp sequence from a y-globin intron
in the same orientation as the LINE-1 transcript (Figure 3.19). This
orientation ensures that functional EGFP expression occurs only after an
LINE-1 retrotransposition event or following insertion, that is, following LINE1 expression, y-globin intron splicing, reverse transcription, and insertion of a
copy of LINE-1 into the genomic DNA of the host cell. The levels of EGFP
expression in the pRP99-L 1-EGFP transfected cells can be observed under
fluorescent

microscopy

or

by

measuring

the

expression

of

the

retrotransposed EGFP fragment by PCR, allowing us to detect near real-time
LINE-1 retrotransposition events in living cells without cell staining. An
inactive form of LINE-1 (pRP99-~L 1-EGFP) containing missense mutations
in ORF1 to abolish retrotransposition activity was used as a negative control
(Moran et al., 1996).
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Figure 3.20 Detection of sustained retrotransposition events in breast
cancer cells
A. The number of EGFP-positive cells was plotted over time for pRP99-L 1-

EGFP transfected cells . Each time point represents cell populations from
three independent experiments. Sampling and analysis were performed on
the 1st, 2nd , 4th , 8th , 12th and 16th day after the plating of transfected cells.
The x-axis indicates the number of EGFP-positive cells per 200,000 cells
analysed . The error bars indicate SD.
B. Cells transfected with pRP99-L 1-EGFP were detected on the 14th day

after transfection . EGFP-transfection served as positive controls.
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Figure 3.21 Detection of retrotransposition events in breast cancer cells
transfected with inactive pRP99-llL 1-EGFP vector

A. The number of EGFP-positive cells was plotted over time for pRP99-llL 1-

EGFP transfected cells. Sampling and analysis were performed on the 1st,
2nd, 4th, 8th, 12th and 16th day after the plating of transfected cells. The xaxis indicates the number of EGFP-positive cells.
8. Cells transfected with pRP99-llL 1-EGFP. No EGFP-expressing cells were

detected in these assay even after 14 days after transfection.
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Approximately 2 x 10 5 cells of each sample was transfected with 1 µg of
pRP99-L 1-EGFP or pRP99-LiL 1-EGFP vector as described in Section 2.2.34.
Each cell line was performed in triplicate. The transfected cells were enriched
by growing them in 200 µg/ml hygromycin. After 9 days of antibiotic selection,
untransfected cells were eliminated and maintained in low dose selective
medium (75 µg/ml hygromycin). The frequency of retrotransposition rates
was determined on the 1st, 2 nd , 4th, st\ 12t\ 16th days after transfection by
FACS scanning (see Section 2.2.29).

In the resulting assay, EGFP-positive cells were not detected in any of the
normal MCF1 0A-transfected cells, even after several passages (Figure 3.20).
In contrast, all breast cancer cells exhibited retrotransposition events,
averaging 687 to 1,063 events per 100,000 cells, while the mutant pRP99LiL 1-EGFP showed no retrotransposition (Figure 3.21 ). It is noteworthy that
the relative LINE-1 retrotransposition frequency was significantly higher in
the non-invasive T47O cells (1 ,063 events on average) , compared to MCF7
(890 events), MDA-MB-231 (717 events), MDA-MB-436 (687 events) and
NTera.2O1 (775 events) cells. The highly invasive cell lines displayed the
lowest frequency of LINE-1 retrotransposition. The finding that the less
invasive T47D cells have high levels of LINE-1 retrotransposition activity, is
consistent with the high levels of LINE-1 mRNA and the encoded ORF1 and
ORF2 proteins observed in these cells.

To determine whether the observed EGFP expression was a result of in vivo
LINE-1 retrotransposition activity, we carried out a PCR-based genomic DNA
analysis to confirm the presence of retrotransposed or spliced EGFP in these
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1,491 bp

◄

531 bp

Vector

◄ Transposed

Figure 3.22 PCR analysis of retrotransposed cells
The geno-5 and geno-3 primers, flanking the intron in EGFP, were used for
PCR amplification of genomic DNA, and the products obtained were
analyzed on a 1.2% agarose gel. PCR products of 1.49 kb (corresponding to
the

intron-containing

vector)

and

530

bp

(corresponding

to

the

retrotransposed insertion that lacks the 909 bp intron) are shown. As a
negative control, genomic DNA from the parental cells (P) was used. The
symbols + and - represent the active LINE-1 (pRP99-L 1-EGFP) and the
inactive LINE-1 (pRP-~L 1-EGFP) transfected cells, respectively. Vector, 1 ng
plasmid DNA; Marker, 1 kb-plus DNA marker.
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cells. Genomic DNA was extracted from these cell lines on the 12 th day after
transfection and 200 ng of DNA from each sample was subjected to PCR
with 50 pmol of the geno-5 and geno-3 primers (flanking the intron in EGFP)
in a 50 µI reaction volume (primer sequences in Section 2.1.7). The PCR
conditions were: 94 °c for 5 min, followed by 30 cycles at 94 °c for 30 sec,
55°C for 30 sec and 72 °c for 45 sec, and a final step at 72 °c for 10 min.
10 µI of the PCR products were run on a 1.2% TAE buffered agarose gel.

The results showed that the intron-less EGFP (~0.5 kb in size) was amplified
from all cancer cells transfected with the active pRP99-L 1-EGFP cassette
(shown with a plus symbol) but not from cells transfected with the inactive
pRP99-~L 1-EGFP (shown with a minus symbol), indicating the occurrence of
retrotransposition events (Figure 3.22). These observations suggest that de
nova LINE-1 retrotransposition indeed occurs in breast cancer cells but not in

normal MCF1 0A breast cells. Interestingly, although PCR products may not
be accurate enough for quantitative analysis, the differences in signal
intensity for the retrotransposition frequency could be easily observed. The
T47D and MCF7 cells showed significant higher occurrence of LINE-1
retrotransposition than the other cancer cell lines. This again corroborated
the different levels of LINE-1 expression observed in the various breast
cancer cell lines.
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3.4 Discussion
LINE-1 retrotransposition can cause genomic instability by de nova insertion
of transposons throughout the genome, a phenomenon which is associated
with human cancers (Callinan and Batzer, 2006). Both ORF1 and ORF2
proteins are necessary for autonomous LINE-1 retrotransposition activity
(Moran et al., 1996). Thus, determining the expression patterns of these two
proteins is important in understanding LINE-1-driven genome instability in
human cancers.

In order to gain more knowledge about how LINE-1 is expressed in cancer,
several types of breast cancer cell lines were used to determine their LINE-1
expression. Breast cancer, like most other cancers, - results from an
accumulation of genetic disorders. Uncontrolled cell growth characterizes this
group of diseases (Hoskins and Weber, 1994; Kinzler_and Vogelstein, 1993).
The breast cancerous cells arise from the mammary epithelium through a
multistep sequence of cellular and genetic changes. The normal mammary
epithelial cells become a breast carcinoma usually in a series of steps
including hyperplasia, atypical hyperplasia, in situ carcinoma (DCIS), and
finally invasive carcinoma (IDC) (Schmidt, 2002). Thus breast cancer stages
provide a good model to study LINE-1

activity in various stages of

tumourigenesis. In this study, several breast cell lines were chosen, ranging
from normal cell types to highly invasive types as shown in Table 3.1.

The first finding reported in this section was that the expression of LINE-1
elements (both ORF1 and ORF2 proteins) only occurred in breast cancer
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cells or tissues, but not in normal breast cells or adjacent normal tissues.
This finding is consistent with the previous reports (Asch et al. , 1996;
Bratthauer et al., 1994; Harris et al., 2010). However, these earlier studies
only focused on ORF1 expression. Due to the generation of antibodies
against both ORF1 and ORF2 proteins, we were able to measure the
expression of both LINE-1 proteins in breast cancer cells and normal cells.
The simultaneous presence of these two proteins provided solid evidence
that LINE-1 is expressed in cancer cells and have the potential to initiate the
retrotransposition events in these cells. We observed that the expression of
ORF2 protein is weaker than ORF1 protein. This differential expression is
consistent with others studies (Banaz-Yasar et al., 2010; Ergun et al., 2004).
One explanation for this is that the ORF1 protein may be translated more
efficiently than the ORF2 protein due to the bicistronic nature of LINE-1 RNA
and the lack of internal ribosome entry sites (Babushok and Kazazian, 2007).
However, the effect may be because of the different sensitivity between antiORF1 and ORF2 antibodies.

The expression levels of the LINE-1-encoding proteins vary in different types
of breast cancer cells. The less invasive cell lines, which represent an early
stage of breast cancer, express high levels of LINE-1 proteins. In contrast,
the highly invasive cell types, which are associated with late stage of the
disease, show relatively lower expression. At present, it is not clear why
LINE-1 is over-expressed in the less invasive cells. It has been reported that
LINE-1 elements might become activated in the early stages of the malignant
transformation process, even though the onset of tumourigenesis is a
multistep process (Sunami et al., 2011 ). At this stage it is not clear why the
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expression of LINE-1 is relatively decreased in late stage of the disease thus
further study is needed.
Another interesting finding is that ORF1 and ORF2 protein were observed in
both the cytoplasm and nucleus, especially in non-invasive T4 70 cell lines

(Figure 3.20 and 3.21 ). This is a sign related to LINE-1 retrotransposition
event. Because both ORF1 and ORF2 proteins are translated in ribosomes
within the cytoplasm, these proteins are required to be exported to the
nucleus for their retrotransposition activity. In this process, ORF1 acts as a
molecular chaperone whereas ORF2 protein acts as a reverse transcriptase
and endonuclease activities (Ovchinnikov et al., 2002). Thus the presence of
both ORF1

and

ORF2 in the

nucleus indicates a sign of LINE-1

retrotransposition. Harris et al have recently reported that the expression of
LINE-1 ORF1 protein in the nucleus in breast tumours is associated with
poor prognostic outcomes (Harris et al., 2010). This highlights the potential
importance of localisation of LINE-1 proteins in cancer cells, and this is
discussed in detail in Chapter 6.

LINE-1 retrotransposition activity also varied between the breast cancer cells.
In normal breast cells, no retrotransposition activity was observed, while
different cancer cells showed different levels of LINE-1 retrotransposition.
Consistent with the level of expression of LINE-1 mRNA and their proteins,
the less invasive T470 cells showed a higher frequency of retrotransposition
events compared to the highly invasive cancer cells, implying that LINE-1
becomes active at the early stages of malignant transformation (see details
in Chapter 6). Having seen the differences in both expression level and in
retrotransposition activity between normal and breast cancer cells, a question
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1s raised. How is LIN E-1 activity silenced in normal cells and why is it
activated in cancer cells? We would expect that the human genome may
have a defense system to counteract the defective effects of LINE-1 activity,
and this will be discussed in the following chapters.
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Chapter 4 LINE-1 methylation status and endogenous
siRNA expression in breast cancer cells
4.1 Introduction
4.1.1 LINE-1 methylation in breast cancer
DNA methylation, which refers to the addition of a methyl group to the 5'
position of a cytosine by methyltransferases, is a key epigenetic modification
in eukaryotic organisms (Bird, 2002). This modification occurs primarily at
CpG sites, which tend to cluster in regions called CpG islands (GardinerGarden and Frommer, 1987). These CpG islands tend to be located at, or in
close proximity to promoter regions of transcription start sites (Tommasi et al.,
2012). DNA methylation at these sites may repress gene expression by
either interfering with the binding of transcription factors or by modifying
chromatin structure to a repressive state (Jaenisch and Bird, 2003).

The first association between DNA methylation status and human cancers
was recognised in the early 1980's (Ehrlich et al., 1982; Feinberg and
Vogelstein , 1983), and the first study of LINE-1 methylation in cancer cells
was published about ten years later (Thayer et al., 1993 ). To date, genomewide changes in DNA methylation status, especially loss of methylation
(hypomethylation), are commonly found in many types of human disorders ,
including cancer (Herman, 1999; Herman et al., 1994; Jones and Baylin,
2002; Leone et al., 2002; Merlo et al., 1995). LINE~1 elements , which
contribute about one fifth of human genome, are also associated with
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alteration of DNA methylation during tumourigenesis (Cho et al., 201 O; Feber
et al., 2011; Kitkumthorn and Mutirangura, 2011; Menendez et al., 2004 ).

Analysing DNA methylation patterns of LINE-1 is an important area of study
in human cancers. And the studies is mainly focused on the methylation of
the promoter region of LINE-1 elements (Chalitchagorn et al., 2004 ). The
promoter region of LINE-1 is located in the 5' untranslated region (5'UTR),
which spans from the +1 to the +910 position of the LINE-1 promoter
(Swergold, 1990). DNA methylation is maintained with high efficiency in the
first 29 CpG dinucleotides located in the initial 460 base pair region of the
5'UTR (Woodcock et al., 1997). The methylation patterns of some of these
CpG sites have been extensively investigated (Hata and Sakaki, 1997;
Steinhoff and Schulz, 2003; Thayer et al., 1993; (Piskareva et al., 2011 ). To
date, decreased LINE-1 methylation has been observed in more than 70% of
all cancers studied (Kitkumthorn and Mutirangura, 2011 ). LINE-1 methylation
has been studied extensively in various types of cancers including colorectal
tumours (Chalitchagorn et al., 2004; Matsuzaki et al., 2005; Estecio et al. ,
2007 ; Ogino et al. , 2008a; Nosho et al., 2009a; An et al., 201 O; Ibrahim et al. ,
2011 ), prostate tumours (Santourlidis et al., 1999; Schulz et al. , 2002 ;
Chalitchagorn et al. , 2004 ; Kindich et al., 2006 ; Yegnasubramanian et al. ,
2008; Cho et al. , 2009) , and liver cancers (Takai et al. , 2000 ; Chalitchagorn
et al. , 2004 ; Tangkijvanich et al. , 2007 ; Lee et al. , 2009 ; Formeister et al. ,
2010). However, the number of studies on the LINE-1 methylation status is
relatively limited in breast cancer tissue or breast cell lines (Chalitchagorn et
al. , 2004 ; Choi et al. , 2009 ; Feng et al. , 2007 ; Sunami et al. , 2008 ; van
Hoesel et al. , 2012 ). As expected , all these studies reported hypomethylation
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of the LINE-1 promoters. These studies assessed methylation in a short
region only of (2 to 6 CpG) dinucleotides at the 5' UTR, or did not assess
methylation on a site-specific basis but only measured overall methylation at
a part of the LINE-1 promoter. Hence it would be desirable to study a larger
segment of the LINE-1 5' UTR with higher resolution down to the level of
single CpG sites.

Several methods have been developed to measure LINE-1 methylation
(Cottrell, 2004; Laird, 2003, 201 0; Schulz, 2006; Sepulveda et al., 2009). All
of these

methods

are

based

on

discrimination

of methylated

and

unmethylated CpG sites in the promoter region. Among these methods, two
methods have been widely used due to their convenience and accuracy.
They are methylated DNA immunoprecipitation (MeDIP) (see Section 2.2.16
and Figure 4.1) and bisulfite sequencing (see Section 2.2.17). MeDIP is a
purification technique to enrich for methylated DNA sequences using methylspecific 5mC antibodies. The purified fraction of methylated DNA can be
used as input to DNA detection methods such as quantitative real-time PCR
(Weber et al., 2005). Bisulfite sequencing involves the use of sodium bisulfite
to determine the pattern of methylation by comparing the differences
between bisulfite-modified and un-modified DNA sequences (Colella et al.,
2003). These two approaches have their own advantages and disadvantages.
MeDIP is a simple way of analysing methylation with high efficiency, but
relies on the quality and specificity of 5mC antibodies, and can only
determine overall methylation status instead of providing information
concerning individual CpG sites (Pomraning et al., 2009). In contrast, bisulfite
DNA sequencing allows a much greater resolution down to single CpG sites.
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This method relies on the complete conversion of every unmethylated
cytosine residue to uracil by bisulfite reaction and in preventing the
degradation of single strand DNA during the conversion. Bisulfite sequencing
is also more labour-intensive and time-consuming compared to MeDIP
(Fraga and Esteller, 2002). In this thesis, both methods were used for
examination of the DNA methylation status of the LINE-1 5'-UTR promoter.
These two methods are complementary and providing two independent
assessments of the methylation level of the LIN E-1 promoter.

In this chapter, the methylation status of the first 31 CpG dinucleotides in the
LINE-1 5'-UTR promoter was examined in both normal breast and cancer
cells. The methylation measurements presented here provide us with a
comprehensive understanding of DNA methylation at the LINE-1 promoter. It
also provides evidence that methylation is one of the key mechanisms that
controls LINE-1 activity in human cells.

4.1.2 Small interfering RNAs and LINE-1 regulation
Small interfering RNAs (siRNAs) have been widely observed in eukaryotic
cells . They have a high degree of functional conservation and are believed to
be involved in posttranscriptional (regulatory mechanisms acting downstream
of RNA expression) regulation (Ghildiyal and Zamore, 2009). They are
composed of double-stranded RNA molecules of 20 to 25 nucleotides. One
of the two strands (the guide strand) is incorporated into the RNA-induced
silencing

complex

(RISC) , which

subsequently

complementary RNA species .

154

targets

and

cleaves

The regulation of LINE-1 expression by small interference RNAs has been
reported in various organisms. Studies have revealed the existence of Piwiinteracting RNAs (piRNAs) which control retrotransposon expression in the
germline cells of Drosophila and the mouse (Aravin et al., 2008). In addition,
small RNA sequencing of mouse oocytes (Watanabe et al., 2006) has
revealed that some siRNAs derived from retrotransposons control LINE-1
elements in trans. A recent study in Drosophila indicates that some naturally
occurring small non-coding endogenous siRNAs (endo-siRNA) silence
transposon expression by targeting their promoters at the transcriptional and
posttranscriptional levels (Moazed D, 2009; Girard et al., 2008). However,
whether or not such small RNAs exist in humans is still unknown.

The human LINE-1 5' UTR harbors both sense and anti-sense promoters.
Thus double-stranded RNAs specific to the LINE-1 5' -UTR can potentially be
generated by bidirectional transcription of the LINE-1 promoter. However, to
date, only one study has been published that supports this manner of siRNAs
production (Yang and Kazazian, 2006). Yang and Kazazian have detected
both sense and anti-sense siRNAs of 21 bp length in human 293 cells using
strand-specific RNA probes for the LINE-1 5' UTR. They also found that the
antisense promoter in the 5' UTR decreased the level of 5' UTR-derived
transcripts through mRNA degradation (Yang and Kazazian, 2006) . However,
it is unclear if these hybridization signals represent a pool of siRNAs
population or functionally active siRNA duplexes. Further evidence is needed
to prove the hypothesis that LINE-specific siRNAs indeed exist and are
involved in the regulation of human LINE-1 elements.
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In this chapter, we describe a novel repeat-associated endo-siRNAs that
were recently identified by our laboratory using high-throughput deep
sequencing. The identified endo-siRNAs were perfectly complementary in
sequence to the LINE-1 bidirectional promoters. The existence of such LINEspecific endo-siRNAs was further confirmed by northern blots, and the
expression levels of endo-siRNAs were examined in normal breast cells and
breast cancer cells. The results of these studies provide a direct evidence for
the existence of endogenous LINE-1 siRNAs in human cells, implying that
these siRNAs play a key role in silencing the human LINE-1 elements.
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Figure 4.1 Methylated DNA immunoprecipitation (MeDIP)

Genomic DNA is sonicated and methylated DNA is immunoprecipitated with
antibodies directed against 5-methylcytidine. Total input DNA and methylated
DNA can be used to quantify the levels of DNA methylation by qPCR
analysis.
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Allele 1 (methylated)

Allele 2 (unmethylated)

m
----TCCACCGCTA ----TCACCGGTACA----

----TCCACCGCTA ----TCACCGGTACA----

----AGGTGGCGAT----AGTGG CCATGT----

----AGGTGGCGAT----AGTGGCCATGT----

m

Bisulfite treatment
Alkylation
Spontaneous denaturation

----TU UA U UGUTA----TUA UCGGTAUA----

----TU UA U UGUTA----TUA U UGGTAUA----

----AG GTGG U GAT----AGTGG CUATGT----

----AGGTGG UGAT----AGTGG UlJATGT----

PCR

J
DNA sequencing

Figure 4.2 Bisulfite DNA sequencing
Schematic diagram outlines the bisulfite conversion process for genomic
DNA. Nucleotides in blue are unmethylated-cytosines converted to uracils by
bisulfite , while red nucleotides are 5-methylcytosines resistant to conversion.
The differences in the sequences reflect the methylated CpG sites after DNA
sequencing .
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4.2 LINE-1 S'UTR methylation status in breast cancer cells
MeDIP and bisulfite sequencing are commonly used to assess genome-wide
DNA methylation. MeDIP is an immunocapture approach that includes
shearing the genomic DNA randomly by sonication, immunoprecipitation of
methylated DNA using methyl-specific 5mC antibodies, and determining the
level of methylated DNA in the immunoprecipitated samples by qPCR
(Figure 4.1 ).

The strategy of bisulfite sequencing Is quite different. In this method,
genomic DNA is treated with the sodium bisulfite reaction that converts the
unmethylated cytosine residues to uracil, but 5-methylcytosine residues
remain unaffected. Following this, single nucleotide resolution information
about the methylation status of a DNA segment can be detected by DNA
sequencing (Figure 4.2).

4.2.1 MeDIP assessment of the DNA methylation profile at the LINE-1 5'UTR promoter region

To assess the global methylation status of the LINE-1 5'-UTR promoters
region, MeDIP assay was performed in normal breast (HMECs, MCF1 0A)
and breast cancer cells (T47D, MCF?, MDA-MB-231, MDA-MB-436). Before
MeDIP was carried out, the optimal time required for sonication of DNA
shearing was determined. In general, DNA fragments ranged from 200 bp to
800 bp should allow good resolution of methylation and facilitate the
antibodies interactions. 1 µg genomic DNA from T4 70 cells was sonicated
for 4 min, 8 min and 16 min, and the size of DNA fragments was assessed by

159

M

C

1

2

3

1000 bp

300 bp

Figure 4.3 Standardization of genomic DNA shearing by sonication
1 µg of genomic DNA was sonicated for different times ; 4 min (lane 1), 8 min
(lane 2) , and 16 min (lane 3) to determine the optimal sonication time for
shearing. The control is non-sonicated genomic DNA (C lane) and the DNA
marker (M) is a 1 kb plus DNA ladder (lnvitrogen). The DNA fragments were
run on a 1.2% agarose gel.
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agarose gel electrophoresis (Figure 4.3) . A sonication time of 4 minutes was
chosen as the optimal condition. About 1 µg of genomic DNA isolated from
each cell sample was sonicated for 4 minutes, of which 90% of the sheared
DNA was immunoprecipitated with 1 µg of monoclonal antibody raised
against the 5-Methylcytosine (5mC) (Epigentek) overnight at 4

°c.

The

remaining 10% of DNA was used as total input DNA. After each DNA sample
was incubated with 10 µI of magnetic anti-mouse lgG beads (lnvitrogen) at 4
0

c

for 2 hours, the methylated DNA fragments were enriched with a

magnetic rack. The methylated DNA was released by incubation with 7 µI of
proteinase K (10 mg/ml, Qiagen) at 65

°c

for 30 minutes. The enriched

methylated DNA and total input DNA were recovered with a QIAquick PCR
purification kit (Qiagen) in 20 µI of elution buffer (EB buffer). About 1 µI of
-

total input DNA and 1 µI of the immunoprecipitated methylation-enriched
DNA were used in triplicate for quantitative real-time PCR analysis
(conditions listed in Section 2.2.16). The relative amount of methylation in
the target sequences was calculated by the ratios of the signals in the
immunoprecipitated DNA divided by those for input DNA (2n[CT(5 mc)-CT(Tl )l).
The resulting value was then normalized against the value of housekeeping
GAPOH

which

served

as

an

unmethylated

control

gene

(Methyl-

sample/Methyl-GAPOH (Reynaud et al. , 1992; Weber et al. , 2005). One-way
ANOVA test was used to compare the methylation levels between the cells .
Calculations were carried out using Microsoft Excel 2008 software .

Two sets of primers were used , set 1 and set 2 (see Section 2.1. 7) , covering
two different positions of the LINE-1 5'UTR region as shown in Figure 4.4.
The primer set 1 covers 15 CpG sites starting from positions +3 to +231 in 5'-
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A

1,,

CpG Island

31

L1 5'UTR

---[11111111111 I 111111111......
111 -...-11___.,......, .....,.....,
+560

Qi-------□

+906

□..------□

IP set-1

IP set?

BSP-+

+-BSP

B
5'.

GAA
CAAGATGGC CGAATAGGAACAGCTCCGGTCT
ACAGCTCCCAGCGTGAGCG ACGCAGAAGACGGGTGATTTCTGCATTTCCATCTGA
GGT ACCGGGTTCATCTCACTAGAGAGTGCCAGACAGTGGGCG CAGGCCAGTGTG Set 1
ACCTGGAAAA TCGGGTC.AC TCCCACTCAA AT I\ TTG CGCTTTTCAG ACCGGCTT AA

CAAACG

GCACCACGAGACTATATCCCACACCTGGCTCAGAGGGTCCTACACC

CACGGAATCT CGCTGAITGCTAGCACAGCAGTCTGAGATCAAACTGCAAGGCAG

CAACGAGGCTGGGGGAGGGGCGCCCGCCATTGCCCAGGCTTGCTTAGGTAAACA
AAGCAGCCGGGAAGCTCGAACTGGGTGGAGCCCACCACAGCTCAAGGAGGCCTT
CCTGCCTCTGTAAGCTCCACCTCTGGGGGCAGGGCACAGACAAACAAAAAGACA
GCAG':'AACCTCTGCAGACTTAAGTGTCCCTGTCTGACAGCTTTGAI\GAGAGCAGT
GGTTCTCCCAGCACGCAGCTGGAGATCTGAGAACGGGCAGACTGCCTCCTCAAGT
GGGTCCCTGACCCCTGACCCCTGAGCAGCCTAACTGGGAGGCACCCCCCAGCAG
G CCACACTCA

CGGCAGGGTATTCCAACAGACCTGCAGCTGAGG

GTCCTGTCTGTTAGAAGGAAAACTAACAACCAGAAAGGACATCTACACCGAAAA Set 2
CCCATCTGT
TCAGCATi
~ ~!AAAAGTA GATAAAACCA CAAA - 3·

Figure 4.4 The sequence of a LINE-1 element and the regions being
examined
A. Schematic representation of the CpG dinucleotide distribution within the

5' UTR of the human LINE-1 promoter from +1 to +906 bp (relative to the
transcription start site). Vertical lines above indicate the position and
numbering of CpG sites; the box represents the CpG island in the LINE-1
promoter (ending at +560 bp). The positions of the primer sets used for
methylated DNA immunoprecipitation (MeDIP) and bisulfite sequencing are
shown as arrows .

8. The LINE-1 promoter sequence with CpG islands is indicated in red. The

primer sites for MeDIP are marked in green, and the two target regions of
MeDIP are shown in black underlines.
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Figure 4.5 The levels of DNA methylation in the LINE-1 promoter
regions detected by MeDIP assay

Genomic DNA was isolated from normal breast and breast cancer cell lines.
Sonicated DNA was immunoprecipitated with SmC monoclonal antibody and
quantified by quantitative real-time PCR.
A. DNA methylation levels in LINE-1 promoter region covered by set 1
B. DNA methylation levels in LINE-1 promoter region covered by set 2
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UTR. This region is rich in CpG dinucleotides, and comprises nearly half of
the CpG sites in the LINE-1 element. DNA methylation is maintained with
high efficiency in this region (Woodcock et al., 1997). So it can faithfully
represent the methylation level at the LINE-1 promoter. The primer set 2
covers only 2 CpG sites from positions +744 to +880 in the 5'-UTR region.
Although there are only 2 CpG dinucleotides in this region, the region can
also be used as a control to examine the efficiency and reliability of MeDIP
assay.

In MeDIP assay, the normal breast HMEC and MCF10A cells showed higher
methylation levels at the LIN E-1 promoter in both the set 1 and set 2 regions
compared with the breast cancer cells (Figure 4.5). The differences in
methylation between normal breast cells and breast cancer cells were
significant (p<0.001 for primer set 1, and p<0.0001 for primer set 2), but there
was no significant difference in the methylation level of the HMECs and
MCF1 0A cells (p=0.23 for primer set 1, and p=0.19 for primer set 2). In
contrast, the methylation levels showed significant differences in the breast
cancer cell lines. In the set 1 region, the less-invasive breast cancer cells
T47D and MCF7 showed lower DNA methylation in the LINE-1 promoter
region than the highly invasive breast cancer MDA-MB-231 and MDA-MB436 cells (p<0.044 ). Similar differences were also found in the analysis of the
primer set 2, i.e. the highly invasive breast cell lines showed a higher level of
LIN E-1 promoter methylation compared with the less-invasive breast cancer
cell lines , p<0.016 .
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The overall level of DNA methylation at the LINE-1 promoter was determined
to be about three times higher in primer set 1 compared to primer set 2. This
was expected , because the set 1 region covers more CpG dinucleotides than
the set 2 region. Thus , the set 1 region of DNA fragment has higher
probability of interacting with methyl-specific 5mC antibodies and being
pulled down more than that of set 2 region. In fact, the differences in DNA
methylation levels between set 1 and set 2 regions confirmed the efficiency
of MeDIP assay.

4.2.2 Assessment of the DNA methylation profile in the LINE-1 promoter
region by bisulfite sequencing
Although the MeDIP assay mentioned in Section 4.2 .1 detected the overall
methylation status of the LIN E-1 promoter regions in normal breast and
breast cancer cells , it suffers from the disadvant~ge of not providing
information resolvable to the nucleotide level. The methylation profile of each
CpG dinucleotide can not be assessed by MeDIP. Thus bisulfite DNA
sequencing was carried out to explore the methylation profiles in more detail ,
i.e. to determine the exact sites of methylation at single dinucleotide of the
CpG islands . This would give a more comprehensive understanding of
methylation profiles on the LINE-1 promoter region . The bisulfite sequencing
was performed on HMECs, MCF10A, T47D , MCF? , MDA-MB-231 and MDAMB-436 cells .

About 2 µg of genomic DNA from each sample was treated with bisulfite
reagents using a MethylEasy Xceed Rapid DNA Bisulphite Modification Kit
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560 bp __

Figure 4.6 The PCR products amplified after bisulfite reactions

Genomic DNA, extracted from normal breast and cancer cells , was modified
by sodium bisulfite reaction . After bisulfite conversion , the LINE-1 promoter
region was amplified by PCR using the BSP primer sets (see Section 2.1. 7)
which cover the CpG islands over 560 bp (Figure 4.4A). In this assay DNA
without bisulfite conversion served as negative controls .
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(Human Genetics Signatures) (see Section 2.2.17). All unmethylated
cytosines were converted to uracils while methylated cytosines remained
unchanged. After purification, 100 ng of converted DNA from each sample
was amplified by PCR with the following conditions: 95
cycle; 95

°c for 4

min for 1

°c for 45 sec, 51 °c for 90 sec and 72 °c for 2 min for 5 cycles; 95

0

c for 45 sec, 51 °c for 90 sec and 72 °c for 90 sec for 30 cycles; finally, 72

0

c for 5 min for one cycle.

The BSP primers are listed in Section 2.1.7. The

PCR amplification region was from positions +1 to 560 in the LINE-1 5' UTR
covering 31 CpG dinucleotides (Figure 4.4A). The resulting PCR products
were confirmed by 1.2% agarose gel electrophoresis (Figure 4.6), followed
by isolation of the DNA from the gel (see Section 2.2.8). About 20 ng of each
cell's DNA was ligated with 100 ng of pGEM-T vector (Promega) and 50 ng
-

of the ligated vector was transformed into E.coli DH5a cells. After overnight
growth on LB/ampicillin/lPTG/X-Gal plates (100 µg/ml ampicillin, 0.5 mM
IPTG, 80 µg/ml X-gal) at 37

°c,

roughly 25 white colonies were randomly

picked for DNA sequencing (see Section 2.2.13 and 2.2.17). The sequence
of each amplicon was analysed with BiQ Analyzer software (Bock et al, 2005;
http://biq-analyzer.bioinf. mpi-inf.mpg.de) to assess sequence quality and to
visualize the methylation patterns. DNA samples with less than 90% bisulfite
conversion (i.e., total number of uracil divided by total number unmethylated
cytosine) were discarded. Average methylation levels and the percentage
methylation of each CpG site were analyzed with the BDPC web server
(Rohde et al, 201 0; http://biochem.jacobs-university.de/BDPC).

As shown in Figure 4.6, all the samples exhibited a 560-bp PCR product,
which indicated that the amplification step was successful. The negative
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Figure 4. 7 CpG methylation profiles of LINE-1 promoter
After bisulfite DNA sequencing , the methylation profiles of the LINE-1
promoter were analysed by BIO analyser software . Black circles represent
methylated CpG sites , the white circles indicate unmethylated CpGs , and the
grey circles show undetermined CpG sites.
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Figure 4.8 Differential methylation patterns of LINE-1 promoters
Bisulphite DNA sequencing also analysed by the BDPC web server. The
promoter region covering 560 bp was sequenced and the methylation status
of 31 CpG sites of 5'-UTR was analyzed. The methylation patterns of these
CpG sites are shown by colour codes. Red indicates the presence of DNA
methylation while blue represents the absence of DNA methylation . The
normal breast cell lines, HMECs and MCF1 OA showed the higher levels of
DNA methylation patterns (shown as red) compared to all the breast cancer
cells (shown as blue).
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Table 4.1 Percentage of DNA methylation at each of the 31 CpG sites
starting from +1 to +560 bp in LINE-1 5'-UTR promoter region

CpG site(%)

1

2

3

4

5

6

7

8

9

10

11 12 13 14 15 16

Cell lines

HMEC

73 80 80 67 87 93 60 67 73 100 87 93 67 73 93 73

MCF10A

67 80 80 67 93 93 73 67 73 100 87 93 67 73 93 73

T47D

0

MCF7

13 27 7

20 20 20 20 27 47

21

14 15 20 21

40 23 20 27 33 60

33 29 20 33 33 20

MDA-MB-231

21

20 15 13 29 47 47

27 29 27 33 14 27

MDA-MB-436

13 20 27 15 27 36 42 20 40 43

47 14 20 27 29 60

CpG site(%)

27 27 21

17 18 19 20

36 13 33 7

21

22 23 24 25 26 27 28 29 30 31

87 80 93 53 93 60 80 93 73 66

Cell lines

HMEC

80 93 80

100 93

MCF10A

80 93 93

100 100 87 93 93 60 93 60 80 93 73 73

T47D

20 0

MCF7

21

MDA-MB-231

14 21

MDA-MB-436

27 33

14

7

20 20 21

13

17 13 20 21

13 27

20

13 18 13 29 27 31

60 53 67 67

53

29 36 33 14 17 33 33 15 13 33
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20 20 20 8

13 20

13 14 21

13 27 27 27 27 33
21

20 20 27

20

control was genomic DNA from the T47D cells without bisulfite modification.
It showed no band at 560-bp by PCR amplification. This is because primer
sets binds only completely modified sites. If they are not converted to uracils,
they cannot match the adenine on the primer sequences. Thus primer
annealing and amplification processes cannot occur during the PCR reaction.

In agreement with the results of the MeDIP assay, bisulfite sequencing
showed that normal breast HMEC and MCF1 0A cells had increased
methylation in the LINE-1 5'-UTR region compared to all the breast cancer
cells (T47D, MCF?, MDA-MB-231, MDA-MB-436) (Figure 4.7 and 4.8). The
overall percentage of DNA methylation in this region for each cell line was
calculated as: HMEC 80.4%, MCF10A 82.4%, T47D 18.5%, MCF? 24.1%,
MDA-MB-231 23%, MDA-MB-436 32.5%. Details of the methylation status
for each of the CpG sites starting from the 1 to 31 CpG dinucleotides are
listed in Table 4.1. The non- invasive T4 70 cells showed the lowest level of
DNA methylation than highly the invasive MDA-MB-231 and MDA-MB-436
cells. Notably, the less-invasive MCF? exhibited lower levels of methylation
than that of MDA-MB-436. These results were consistent with the findings
from MeDIP assay except MCF? cells showed slightly higher methylation
levels than MDA-MB-231 cells.

When the individual CpG sites were analysed, all 31 CpG sites that we
investigated showed much higher methylation in normal breast cells (HMEC
and MCF1 0A) compared with the breast cancer cells (T47D, MCF7, MDAMB-231 and MDA-MB-436). However, the pattern of methylation on each
CpG site varies between the different types of breast cancer cells. It was
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notable that the T47D cells, which expressed the highest level of LINE-1
proteins among the breast cancer cells, showed extremely low methylation
levels at CpG sites 1, 4, 15, 18, 22 and 27 in LINE-1 5'-UTR region
compared with the other breast cancer cells. It is possible that some of these
CpG sites are associated with the initiation of LINE-1 transcription.
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4.3 Expression of LINE-1 specific small RNAs
Based on the evidence that naturally occurring small RNAs are involved in
regulation of LINE-1

elements in other species (Aravin et al. , 2008;

Watanabe et al., 2006; Moazed D, 2009; Girard et al., 2008), and the
possibility of generating dsRNAs from the bidirectional transcription of the
human

LINE-1

5'-UTR

promoter

(Yang

and

Kazazian,

2006),

we

hypothesized that some naturally occurring siRNAs might exist in normal
human cells that could potentially target LINE-1 expression. We further
speculated that the expression of such siRNAs, if it does occur, might be
downregulated in cancer cells. In order to identify such a candidate siRNA,
our laboratory has recently performed high-throughput deep sequencing of
small RNAs and identified a subset of LINE-1 specific .endogenous small
RNAs, (endo-siRNAs) (unpublished report). In this thesis, the putative endosiRNAs identified by deep sequencing were confirrried in a wide range of
breast cancer cells using northern blotting and qRT-PCR analyses.

4.3.1 Identification of endo-siRNAs
To identify putative small RNAs in the human genome , our laboratory has
recently sequenced a small RNA library from normal MCF1 0A cells , which
show little or no LIN E-1 expression , and from breast cancer T4 70 cells ,
which strongly overexpress LINE-1 elements , using the lllumina genome
analyser platform (performed by Sung Lee in our group) . Following the
normalization and subsequent bioinformatics analysis , two subsets of small
RNAs were identified that are differentially expressed between normal and
cancer cells. These antisense small RNAs were matched perfectly
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Figure 4.9 Comparison of LINE-1-specific endo-siRNAs abundance in
normal MCF1 OA and breast cancer T47D cells
Read counts of endo-siRNAs and their binding sites on full-length LINE-1
sequence are shown .
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Figure 4.10 The expression profiles of LINE-1 endo-siRNAs
Structure of the human LINE-1 5'-UTR showing the sense (SP) and
antisense (ASP) promoters within the ~906 nucleotides of the promoter.
Transcription start sites are given, numbered according to the sense strand.
Known transcription start sites of the ASP involved in the regulation of LINE1 are denoted by closed dot symbols. Grey arrows indicate the bidirectional
transcripts of the LINE-1 5' UTR. The sequences of two differentially
expressed endo-siRNAs, their read counts, and binding positions in the
LINE-1 5' UTR sequences are shown.

175

complementary to the 5'-UTR of the most active human-specific LINE-1
subfamilies (Figure 4.9). Annotation of the small RNAs using the deepBase
database (GRCh37, UCSC hg19) (Yang et al., 2010) revealed that these
species represented repeat-associated endo-siRNAs and mapped mainly to
the deepBase sequences hgur000097 44 7 and hgur000380276 (termed
endo-392 and endo-453, respectively). The sequences of these two endosiRNAs are: endo-392: 5'AGUUUGAUCUCAGACUGCUGU-3 ', and endo453:

5'-UGUUUACCUAAGCAAGCCUGGGG-3'. A comparison with the

sequence of the LINE-1 5'-UTR revealed that enrichment of these endosiRNAs yields two distinct peaks at the positions 392 to 4 79 of the LINE-1
element corresponding to the bidirectional promoters of the 5'-UTR promoter.
Interestingly, a previous study found that the deletion of this region of the
LINE-1 promoter increased the expression of LINE-1 s in cultured human
cells (Yang et al. , 2006), indicating that this region may also be the target site
for other small RNAs. The expression profiles of the endo-siRNAs and their
read counts were distinctly different between the normal MCF1 0A breast
cells and T 4 7D breast cancer cells (Figure 4.10). The reason for this
differential expression between normal and cancer cells is currently unknown .
Given the high levels of expression and the homogeneous population of
end o-siRNAs , with the majority of them exhibiting lengths of 20 to 22-nt,
raises the possibility that these endo-siRNAs are more likely to play a
function in silencing LINE-1 elemen ts.
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4.3.2 Validation of LINE-1 endo-siRNAs

4.3.2.1 Differential expression of endo-siRNAs in breast cell lines
To investigate whether the endo-siRNAs identified above were also present
in other types of breast cancer cells, Northern blot analysis was performed in
several breast cancer cells. Briefly, 20 µg of purified low molecular weight
RNA (see Section 2.2.19) was run on a 15% TBE-Urea gel (lnvitrogen). The
RNAs were then transferred to a BrightStar-Plus Positively Charged Nylon
Membrane (lnvitrogen) by the semi-dry transfer method (see Section 2.2.21 ).
After cross-linking the RNAs to the membrane by UV light, the membrane
was incubated with approximately 1 pmol of a purified DNA probe labelled
with

32

P-y-ATP (see Section 2.2.21) overnight at 39

°c.

After two washes

with low stringency buffer and one wash with high stringency buffer, the
membrane was exposed to a film at -80

°c for 3 days. The probes used were

DNA oligos complementary to the endo-392 (hgur00O097 44 7) and endo-453
(hgur000380276) sequences. As a loading control, hsa-miR 16 was used
(Figure 4.11 ). The sequences of the probes used are listed in Section 2.1. 7.

Compared to normal breast HMECs or MCF1 0A cells, the endo-siRNAs were
weakly detected in all breast cancer cells (T47D, MCF?, MDA-MB-231, MDAMB-436). The expression of endo-453 siRNA, despite being weekly
expressed, vary between the breast cancer cells. Interestingly, endo-392 was
detectable only in HMECs and MCF1 0A cell, but not in breast cancer cells.
This result was consistent with deep sequencing of the RNA library, which
showed much higher presence of endo-453 than that of endo-392. This is
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endo453
22nt

(hgu r000380276}

endo392
(hgu r000097447)

21nrt

mlR16

Figure 4.11 Northern blot analysis of •e ndo-s ·i RNAs

Low MW RNAs were isolated from various cells and probed with the sense
strand of the endo-siRNA sequences , and the resulting signals were
detected after exposure to X-ray film for 3 days . The hsa-miR-16 served as a
loading control . Decade RNA marker was used as size markers.
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4.12 Quantification of endo-siRNAs
Differential expression of endo-siRNAs in various types of breast cancer cells
was determined by using real-time qRT-PCR. The fold changes were
determined by comparing the ~CT value of each endo-siRNA after
normalization to the control Sno37 A small RNA. The data are shown as the
ratio of the mean signal in cancer cells to the mean signal in normal cells. A
negative value indicates reduced expression of endo-siRNAs in cancer cells
compared with MCF1 OA cells.
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probably the reason why the signal could not be detected in breast cancer
cells with the blot probed with the endo-392 sequence. Nonetheless, this
study shows that expression of endo-siRNAs are depleted in various breast
cancer cells compared to the normal breast HMECs and MCF1 0A cells.

4.3.2.2 Quantification of the endo-siRNAs expression

To accurately quantify the expression levels of the endo-siRNAs, customdesigned TaqMan probes were used that employ a stem-looped primer for
reverse transcription and a sequence-specific MGB probe. The fold changes
in the expression of endo-siRNAs in breast cancer cells vs. normal cells were
analyzed using real-time qRT-PCR (Figure 4.12). In this assay, SnoRNA37 A
served as a normalizing control. We found that both endo-siRNAs were
significantly depleted in all breast cancer cells, consistent with the high levels
of LINE-1 mRNA (Figure 3.16 and 3.17) and the encoded LINE-1 proteins
(Figure 3.11) observed in these cells. Strikingly, both of these endo-siRNAs

were found to exhibit a significant degree of secondary RNA structure (Mfold
prediction) with calculated free energies (LiG 0 37 = -30.2 and LiG 0 37 = -30 .7 for
endo453 and endo392 , respectively) that may be required for their interaction
with Argonaute proteins (Kim et al. , 2006). Moreover, by using the UCSC
genome browser, these endo-siRNA sequences did not show any significant
homology to any mRNAs or RefSeq cDNAs by querying the NCBI nonredundant database , indicating that the expression of endo-siRNAs may
specifically regulate the expression levels of human LINE-1 elements .
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4.4 Discussion
It is widely accepted that DNA methylation is an essential regulator of gene
transcription, and thus plays important roles in the regulation of LINE-1
element. A large amount of evidence has shown that genes with high levels
of DNA methylation in their promoter regions are transcriptionally silent and
that low levels of DNA methylation at repeat elements is a general feature of
human cancers (Feinberg and Vogelstein, 1983; Herman, 1999; Herman et
al., 1994; Jones and Baylin, 2002; Leone et al., 2002; Merlo et al., 1995).

In our studies, we found that the methylation status of LINE-1 promoter
regions differed between normal breast and breast cancer cells. The normal
breast cells showed the higher levels of methylatio(l at all 31

CpG

dinucleotides investigated in the LINE-1 promoter region compared to that of
breast cancer cells, which is consistent with the published reports showing
the hypomethylation of LINE-1 promoters is a common feature in many
cancer cells (Table 1.1) including breast cancer (Chalitchagorn et al., 2004;
Choi et al., 2009; Feng et al., 2007; Sunami et al., 2008; van Hoesel et al.,
2012). The findings presented in this study also extend the knowledge of
LINE-1

methylation by providing DNA methylation at nucleotide level

resolution for the majority of the CpG sites in LINE-1 promoter. At present it
is not clear what role each methylation of CpG site play a role in expression
of LINE-1 s. Hata and Sakaki groups have reported that the methylation of the
first seven CpG sites are the most important for repression of LINE-1 s
transcription (Hata and Sakaki, 1997). Our results also show that the T4 70
cells with the highest level of protein expression had the lowest level of
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methylation on CpG sites 1, 4, 15, 18, 22 and 27 in the LINE-1 promoter
region compared with other breast cancer cells, which exhibit low to
moderate levels of both LINE-1 protein expression and DNA methylation.
This suggests that some of these CpG sites might act as a critical site for
LINE-1 transcription. However, further studies are required to test this
hypothesis.

Nonetheless, our findings indicate that the methylation status of the LINE-1
promoter correlated with the expression levels of LINE-1 mRNAs and
proteins, as well as retrotransposition activity. In normal breast cells,
hypermethylation was demonstrated with little or no expression of LINE-1
element, while in breast cancer cells, hypomethylation was associated with
LINE-1

expression

and

its retrotransposition.

This indicates that the

methylation status of the LINE-1 promoter might play a role in controlling the
LINE-1

expression. Interestingly, the methylation status of the LINE-1

promoter seems to be correlated with stages of breast cancer cells. Noninvasive T47D cells showed the lowest levels of DNA methylation at the 5'UTR promoter compared with the highly invasive breast cancer cells such as
MDA-MB-231 . These observations are also in agreement with the expression
levels of LIN E-1 proteins and the rate of retrotransposition activities seen in
those cells .

In

addition

to

the

DNA

methylation , evidence

presented

here also

demonstrates the existence of LINE-1-specific endo-siRNAs in human cells.
The expression levels of the identified endo-siRNAs are high in normal cells
compared with that of cancer cells. It appears that there is an inverse
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correlation existing between the expression of LINE-1 proteins and endosiRNAs, as well as DNA methylation. That is, high expression of endosiRNAs is accompanied by little or no LINE-1 expression, suggesting that
posttranscriptional control mechanisms might be involved in the silencing of
LINE-1 element (Girard et al., 2008), presumably via DNA methylation.
Additionally, the level of expression of the identified endo-siRNAs differed
between the types of cancer cells used in this study (Figure 4.12), and is
correlated with the invasiveness status of cancer cells. The less invasive cell
line showed the lowest expression of the endo-siRNAs, as well as the lowest
levels of DNA methylation, whereas in normal breast cells, the LINE-1
promoters are heavily methylated with the high levels of endo-siRNAs
expression. This suggests a close relationship exists between the endosiRNAs and DNA methylation (see chapter 5 for details). Interestingly, the
expression levels of two identified endo-siRNAs were quite different within
the cells. Endo-453 was expressed at a much higher level than that of endo392. At present, the reason for this difference is not yet clear. One possible
explanation is that this may be due to differences in efficiency of initiating
antisense transcription. Thus further studies are required to address this
question.

183

Chapter 5 Endo-siRNAs silence LINE-1 elements
5.1 Introduction
The human . genome contains at least 100 copies of retrotranspositioncompetent LINE-1 elements (Brouha et al., 2003). Since active LINE-1 can
disrupt the integrity and stability of the genome through multiple ways
(Deininger and Batzer, 2002), there is a crucial need for cells to control LINE1 expression. Although DNA methylation of the LINE-1 promoter region has
been well studied and shown to transcriptionally repress most LINE-1 activity,
the presence of LINE-specific endo-siRNAs is probably required to control
LINE-1 transcription during periods when DNA methylation is not active, such
as during gametogenesis and development (Soifer and Rossi , 2006; Yang
and Kazazian , 2006). Prior to this current study, even the existence of such
endo-siRNAs was not known , and thus it is necessary to carry out a detailed
analysis of endo-siRNAs functions that might play a role in silencing of LINE1 elements in humans.

Knowledge concerning small RNA interference has increased rapidly during
the past few years. It is a highly conserved mechanism , involving multiple
steps in which dsRNAs recognise homologous mRNAs and cause sequencespecific degradation (Soifer et al ., 2005). This process begins with the
cleavage of long double stranded RNAs or short hairpin RNAs (shRNAs) into
20-24 nt small interfering RNA (siRNA) by the RNase 111 enzyme , Dicer
(Bernstein et al ., 2001 ; Elbashir et al ., 2001a ; Elbashir et al ., 2001b ;
Paddison et al. , 2002 ; Provost et al. , 2002 ). These siRNAs recognise their
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cognate mRNA by association with a multiprotein complex called RNAinduced silencing complex (RISC). The RISC cleaves the target mRNAs at
regions homologous to the siRNA (Hammond et al., 2001; Martinez and
Tuschl, 2004 ). Although the main steps of the siRNA pathway are wellcharacterised, only a few of the protein components involved in the RISC
complex are known, such as the RNase Ill enzyme Dicer, and the Argonaute
(Ago) family of proteins that form a part of the RISC complex (Hammond et
al., 2001; Liu et al., 2004; (Doi et al., 2003). Thus it was no surprise that
researchers have used Dicer or Ago as a target when exploring the role of
siRNAs in regulation of genes. Yang and Kazazian group recently depleted
Dicer1 expression using a synthetic siRNA. Upon introduction of an artificial
LINE-1 expression vector into human cultured cells whose Dicer1 expression
-

was reduced, a strong increase in LINE-1 retrotransposition was observed in
the cells (Yang and Kazazian, 2006). Similarly, Svoboda et al have also
shown that when Dicer1 is depleted in one-celr mouse embryos, the
expression of MuERV-L and IAP elements increases significantly (Svoboda
et al., 2004). The expression of LINE-1 and IAP elements has also been
shown to increase in Dicer1

knockout mouse embryonic stem cells

(Kanellopoulou et al., 2005).

Ago2 seems to have the similar effect to Dicer1. In Ago2-depleted cells, the
expression of many mRNAs that contain LINE-1 sequences is increased in
head and neck squamous cell carcinoma cell lines (Aporntewan et al., 2011 ).
In Neurospora crassa, it has been shown that loss of Ago2 protein is
associated with increased expression of the LINE-1-like retrotransposon, Tad
(Nolan et al., 2005). Although knockdown of Dicer or Ago has been widely
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used in studies of the relationship between siRNAs and retrotransposons , the
evidence supporting the LINE-1 silencing by siRNAs is quite sparse in
humans (Yang and Kazazian, 2006). Thus it is necessary to carry out a
comprehensive study in a variety of human cells to verify possible roles of
siRNAs to regulate LINE-1 activity.

In addition to the traditional RNAi pathway by which synthetic siRNAs cleave
gene expression , several studies performed in the fly, plants and mouse
have now suggested that other small non-coding siRNAs, possibly derived
from

retrotransposable

elements

or

from

complementary

annealed

transcripts, can silence LINE-1 expression by DNA methylation. In plants ,
certain siRNAs have been shown to mediate DNA methylation (Matzke et al. ,
2009). Although the mechanisms involved in this pathway are not fully
understood , genome-wide analyses of methylation at single-base resolution
showed that approximately 30% of the cytosine methylation in Arabidopsis
tha/iana was directed by siRNAs (Lister et al., 2008). Additionally , plant

transposons such as CACTA are also found to be methylated by the siRNAdirected DNA methylation (Mathieu and Bender, 2004 ). Moreover, recent
studies in mammalian cells have also provided evidence that small RNAs
can mediate DNA methylation and transcriptional gene silencing. Recent
studies have showed that siRNA-mediated transcriptional gene silencing may
be the result of the siRNA directed H3K9, H3K27 methylation at the
corresponding siRNA target promoter in mammalian cells (Castanotto et al. ,
2005 ; Suzuki et al., 2005). In a complementary study, Morris et al.
demonstrated

silencing

of

an

integrated

transgene

by

siRNA

with

homologous sequences to its target sequence , resulting in increased DNA
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methylation at the target locus (Morris et al., 2004 ). These and other
evidence support that siRNAs can mediate DNA methylation of target genes.
However, whether such pathways exist in human cells remain unknown.

In this chapter we focus mainly on this subject of siRNAs-mediated DNA
methylation. We set out by knocking down the Dicer1 and Ago2 proteins to
see if LINE-1-specific endo-siRNAs required these two components for its
silencing. Next, we mimicked the function of endo-siRNAs in cancer cells to
see whether siRNAs can mediate DNA methylation of LINE-1 elements.
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5.2 Blocking the siRNA pathway activates LINE-1 elements
Endo-siRNAs are small non-coding RNAs that are believed to have arised
from convergent transcription units or from structured genomic loci through
the action of Dicer1. These small RNAs bind to Ago2 protein complexes and
repress retrotransposons in the somatic cells of Drosophila (Czech et al.,
2008). In humans, the existence of such a mechanism is unclear. The human
LINE-1 5'-UTR promoter is known to contain both sense and anti-sense
promoters (Speek, 2001 ), which could potentially lead to the production of
dsRNAs to be processed by Dicer1 to yield a series of LIN E-1-specific
siRNAs (Yang and Kazazian, 2006). A previous study in our laboratory on
chicken-human hybrid OT40 cells showed that there was an overall reduction
in small RNAs in Dicer-deficient cells and thus, increased expression of
LIN E-1 transcripts (Lee et al., 2009b ). Although these studies suggested that
the RNAi pathway is required for the silencing of LINE-1 elements, no direct
evidence was obtained for the existence of small RNAs that could control
human LINE-1 retrotransposons (Lee et al., 2009b). The presence of LINE-1
endo-siRNAs in breast epithelial cells has been demonstrated in chapter 4,
and this gave us an opportunity to further explore the siRNA regulatory
pathway for controlling LINE-1 expression and its ongoing retrotransposition
activity. Are LINE-1-specific endo-siRNAs cleaved by Dicer1? Do they
interact with Ago2? How do they affect LINE-1 expression? These questions
are explored in the following sections.
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Figure 5.1 Quantitative real-time RT-PCR analysis of Dicer1 and Ago2
mRNAs in normal MCF10A cells

MCF1 OA cells were stably transfected 'Nith shRNAs targeting the Dicer1 and
Ago2 genes. An sh RNA targeting the luciferase gene was used as a negative

control. The data are shown as the relative fold changes of Dicer1 and Ago2
mRNAs with respect to the housekeeping control HPRT1.
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5.2.1 Depletion of Dicer1 or Ago2 activates LINE-1 expression

To test whether LINE-1 endo-siRNAs pass through the RNAi pathway i.e. are
processed by Dicer1 and associate with Ago2 proteins to silence human
LINE-1 elements, a Dicer1 and Ago2- specific short hairpin RNA (shRNA)
was used to knockdown the expression of Dicer1 and Ago2. The shRNA
sequence was cloned into a pSilv-U6 vector (Cat No. CSHCTR001-LvmU6,
GeneCopoeia). An shRNA targeting the luciferase gene in the same vector
was used as a negative control to exclude the effect of the vector on the cells.
The sequences we used were recently published by Zhou et al (Zhou et al.,
2010) and listed in Section 2.1.7 . MCF1 0A cells were used as the target for
transfection as this normal breast cell line showed the highest amounts of
LINE-1 endo-siRNAs in previous experiments.

About 1 µg of each sh RNA construct was transfected into MCF1 0A cells
using an Amaxa nucleofector kit (see Section 2.2.34). The cells were
selected over a one-week period in the presence of 0.6 µg/ml puromycin
(Sigma).

Before

assessing

the

effect

on

LIN E-1

expression

or

retrotransposition, the knockdown effectiveness on Dicer1 and Ago2 by the
two shRNA constructs was evaluated using quantitative real-time RT-PCR
assays (see Section 2.2.15). As expected , we found that both Dicer1 and
Ago2

mRNA

expression

was

dramatically

reduced

with

knockdown

efficiencies of 78 ± 3.5% and 76 ± 7. 7% , respectively (Figure 5.1 ). We
confirmed that the knockdown effect was due to the specific shRNA
sequence , not the vector sequence , because the cells transfected with
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Figure 5.2 Expression of Dicer1 and Ago2 proteins in normal MCF1 OA

Western blot analysis of endogenous Dicer1 and Ago2 proteins in parental
and knockdown MCF1 OA cells. a-tubulin was used as an internal control.
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control construct did not show any decreased expression of Dicer1 or Ago2
implying that the shRNA specifically deplete Dicer1 and Ago2 effectively.

In order to further confirm the knockdown effect of the two sh RNA constructs,
we carried out western blots on protein extracted from the transfected cells
with Dicer1 and Ago2 antibodies (Abeam). 30 µg of protein from each sample
were run on a Bis-Tris Gel and transferred to a nitrocellulose membrane (see
Section 2.2.28). The membranes were incubated with Dicer1 and Ago2
antibodies at 1:500 and 1:200 dilution, respectively. We found that Dicer1 or
Ago2 protein expression was significantly depleted after Dicer1- or Ago2specific sh RNA sequences were transfected into MCF1 0A cells, but not in
control or untransfected MCF1 QA cells (Figure 5.2). The results from
quantitative real-time RT-PCR and the western blot assays demonstrated
effective knockdown of Dicer1 and Ago2 expression in normal MCF1 0A cells.

After confirming that Dicer1 and Ago2 were effectively knocked down in the
MCF1 0A cells, we assessed the effects of their knockdown on LINE-1
expression by transfecting the cells with an active retrotransposition cassette ,
pRP99-L 1-EGFP (see Section 3.3). This vector cassette acts as a source of
active LINE-1 elements , which can generate both ORF1 and ORF2 proteins ,
as well as undergoing retrotransposition (see Figure 3.20 for details) . In
normal MCF1 0A cells , the activity of LINE-1 expression was strictly restricted
mainly due to the presence of endo-siRNAs (Figure 3.20). These endosiRNAs are believed to be processed by endogenous Dicer1 and Ago2
proteins . If, however, Dicer1 and Ago2 process endo-siRNAs , the depletion
of Dicer1 or Ago2 protein in normal MCF1 0A should increase the expression
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Figure 5.3 Western blots of LINE-1 protein expression in MCF1 OA cells
after knocking down Dicer1 or Ago2

Dicer1- (A) or Ago2-depleted (B) MCF1 OA cells were transiently transfected
with a pRP99-L 1-EGFP expression cassette . The parental MCF1 OA cells
were used as negative controls. a-tubulin was used as an internal loading
control.
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Figure 5.4 Quantitative real-time RT-PCR assays of LINE-1 mRNAs
Dicer1- or Ago2-depleted MCF1 0A cells were transiently transfected with a
pRP99-L 1-EGFP expression cassette. The parental MCF1 0A cells were
used as negative controls. The data are shown as the relative fold changes
of the LINE-1 ORF1 and ORF2 mRNAs with respect to the control HPRT1.
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of artificially introduced LINE-1 elements. The expression of the exogenous
LINE-1 (by the cassette) was examined at both the protein and mRNA levels
by western blots and quantitative real-time RT-PCR (using the same
conditions as previously described). As expected , both ORF1 and ORF2
proteins were detected after the pRP99-L 1-EGFP vector was introduced into
the Dicer1- or Ago2-depleted MCF1 0A cells. In contrast, the parental
MCF1 0A cells and cells only transfected with pRP99-L 1-EGFP vector
showed no detectable LINE-1 protein expression (Figure 5.3). These results
were confirmed by qRT-PCR measurement of LINE-1 mRNA expression.
The expression of both ORF1 and ORF2 mRNA increased by 7 to 10 times
compared with that of the parental MCF1 0A cells or cells only transfected
with pRP99-L 1-EGFP vector (Figure 5.4).

Normal human cells do not express LINE-1. This may be due of the
existence of multiple defense mechanisms including hypermethylation ,
presence

of

LINEs

specific

endo-siRNAs

and

the

formation

of

heterochromatin structures . The methylation pattern of the LINE-1 promoter
was studied in Chapter 3, and hypermethylation of the LINE-1 promoter in
MCF1 0A represses LINE-1 expression . When MCF1 0A cells transfected with
an active LINE-1 construct (pRP99-L 1-EGFP), the absence of LINE-1
expression

indicated that hypermethylation

might be the reason

for

repressing LINE-1 expression . Based on the presence of LINE-specific endosiRNAs in MCF1 0A cells (Figure 4.11 ), it is possible that endo-siRNAs are
also involved in the process of LINE-1 repression . This was verified by
detecting LINE-1 expression in Dicer1- or Ago2-depleted MCF1 0A cells after
transfection with an active LINE-1 construct. Together these results suggest
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that endo-siRNAs play a role in silencing LINE-1 elements. The relationships
between endo-siRNAs and DNA methylation are described in the following
section.

5.2.2 Depletion of Dicer1 or Ago2 activates LINE-1 retrotransposition

The existence of ORF1 and ORF2 protein does not necessarily equate to
LIN Es retrotransposition (Belancio et al ., 2010). To study the effect of Diioer1or Ago2-depletion , we tested LINE-1 retrotransposition activity in Dioer1- or
Ago2-knock down MCF1 0A cells ,. The .MCF1 0A cells (parental cel!ls, oel;ls
transfected with control shRNA, and cells wiitlh Dicer1 or Ago2 depletion)
were transfected with 1 µg of active LIN E-·1 retrotranspos'ition construct
(pRP99-L 1-EGFP), and the retrotransposit:ion assay was p.erformed (see
Section .2 .2.39) .

LIN E-1-retrotransposed EGFP-positive cells were readi ly detected .in D:icer1
or Ago2 knockdown cells within 3 days after transfect1
ion but not in any of the
parental or control shRNA transfected cells (Figu r,e 5.5 ).

Using flow

cytometric analysis , the retrotransposition frequen cii es were recorded in
these cells . Both the Dicer1- and Ago2-knockdown MCF1 0A ce llls showed
high levels of LIN E-1 retrotransposit ion activityl averaging 225 and 240
1

events per 10 5 cells for Dicer1 and Ago.2

1

respectively, whereas cells

transfected with control sh RNA or parenta1
I MCF1 0A oeills did not express
EGFP for at least 16 days (Figur,e 5.6). To further vaHdate these find :ings, a
PCR-based genomic DNA analysis (see Figure 3.1 9 for detail s) was
1

performed to confirm the presence of transposed DNA or spliced EGFP
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Figure 5.5 Detection of EGFP expressing cells
Dicer1- and Ago2-depleted MCF1 OA cells were transiently transfected with a
pRP99-L 1-EGFP expression cassette. Analyses of the parental MCF1 OA
cells and cells transfected with control sh RNA were performed in parallel.
EGFP-expressing cells were readily detected 3 days after transfection . The
EGFP signal was digitally overlaid on the corresponding phase-contrast
image.
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Figure 5.6 LINE-1 retrotransposition events in Dicer1- and Ago2knockdown cells.
The time course of LINE-1 retrotransposition events in Dicer1- and Ago2knockdown MCF1 OA cells. Showing number of gated EGFP-positive cells
recorded at various time points . Each time point represents cell populations
from three independent transfections . The error bars indicate SD (n = 3).
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Figure 5. 7 Confirmation of retrotransposition events by PCR
Confirmation of retrotransposition events using PCR, as revealed by a 531
bp band observed in MCF1 OA cells in which the Dicer1 and Ago2 genes
were depleted, but not in cells treated with control shRNA or parental
MCF1 OA cells. The 1,491 bp band represents the intron-containing pRP99L 1-EGFP vector.
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(Figure 5.7). Retrotransposed LINE-1 (~0.5 kb in size) was indeed amplified

from MCF1 0A cells transfected with the Dicer1 and Ago2 shRNAs but not
from cells transfected with the control shRNA, indicating the occurrence of
LINE-1 retrotransposition events upon depletion of Dicer1 and Ago2 proteins.
These observations indicate that there is a link between small RNA
processing by Dicer1/Ago2 and the silencing of LINE-1 retrotransposition.

Taken together, these results suggest that the naturally occurring small
RNAs in normal MCF10A breast cells could specifically target LINE-1
expression in association with the components of the RNAi machinery, such
as Dicer1 and Ago2 protein complexes, similar to endo-siRNAs repressing
the LINE-1 elements in Drosophila somatic cells (Kawamura et al., 2008;
Okamura and Lai, 2008) and mouse germlines (Watanabe et al., 2008).
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5.3 Endo-siRNAs can affect LINE-1 activity
In the previous experiment, LINE-1-specific endo-siRNAs were identified,
and the pathway by which they target LINE-1 expression, namely RNA
interference with Dicer1 and Ago2 was confirmed. However, the regulatory
effects of endo-siRNAs on LINE-1 expression was examined by depletion of
endo-siRNAs in normal MCF1 0A cells. However, it was necessary to
examine the effect of endo-siRNAs on LINE-1 activity in a broader range of
breast cancer cells, i.e. to artificially increase the expression of such siRNAs
in cancer cells to see what are the effects on LINE-1 activity.

In order to achieve this, the sequences of the identified endo-siRNAs were
cloned into a pSM2 vector (Open Biosystems). This vector can generate the
small hairpin RNAs (shRNAs) containing the target sequence towards the 5'
UTR. A sh RNA is a sequence of RNA that contains _a tight hairpin turn and
has the ability to silence target gene expression through RNAi (Wang et al.,
2011 ). shRNAs and siRNAs share the same processing pathway, i.e. initial
processing by Dicer1 and then binding to RISC with Ago2 to cleave the
homologous mRNAs (Xiang et al., 2006). The difference between the two is
that sh RN As are
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Figure 5.8 Schematic diagram of the p5M2 vector used for expression
of endo453 and endo392 inserts
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Figure 5.9 Structure and sequence of synthesized endo543 and
endo392
The sh RNA is initially processed with Drosha and Dicer1. The cleavage site
is marked. The sense strand is coloured in red.
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typically delivered by plasmids or through viral or bacterial vectors. shRNAs
also have a relatively low rate of degradation and turnover. This advantage
makes them perfect mediators for studying the endo-siRNAs functions. Thus
shRNAs generated from the pSM2 vectors can mimic the biological effect of
endo-siRNAs that have the same sequence.

In this study, shRNAs that mImIc 21-22-nt of the endo-siRNAs were
designed

using

the

RNAi

Codex

algorithm

(http://katahdin.Cshl.org:

9331/portal/scripU main2.pl). A scrambled shRNA was used as a negative
control. The templates for each shRNA sequence were produced using a
single-step

PCR

procedure

as

described

previously

by

our

group

(Rangasamy et al., 2008), and cloned directly into the pSM-2 vector under the
control of the U6 promoter (Figure 5.8). The endo-siRNA sequences used
were endo-453 (5'-UGUUUACCUAAGCA-AGCCUGGGG-3'), endo-392 (5'AGUUUGAUCUCAGACUGCUGU-3')

and

a

scrambled

sequence

(5'-

UUCUAGGGGAAAACCUUUAGAG-3'). The structures of the shRNAs are
shown in Figure 5.9.

5.3.1 Effect of endo-siRNAs on LINE-1 expression
Because the expression of endo-siRNAs is almost undetectable or at very
low levels in breast cancer cells, these cells provide an excellent model for
investigating the biological functions of endo-siRNA expression on LINE-1
expression. Moreover, breast cancer cells also express high levels of LINE-
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1-encoded transcripts and proteins which makes them suitable cell system to
study the endo-siRNAs expression on LINE-1 elements.

To demonstrate whether the identified endo-siRNAs were LINE-1 specific
and capable of controlling LINE-1
constructs

(mimicking

the

endo453

expression, two individual shRNA
and

endo392

sequences)

were

transfected into normal MCF 10A and breast cancer cells (T4 7D, MCF-7,
MDA-MB-231 and MDA-MB-436). The scrambled endo-siRNA sequence was
used as a control. To achieve stable transfection, approximately 2 x 105 cells
were seeded into six-well plates and transfected with ~1 µg of shRNA
constructs using the Amaxa nucleofector kits (see Section 2.2.34) and then
selected for over a one-week period in the presence of 0.6 µg/ml puromycin
(Sigma). The selected cells were then maintained in the medium with 0.6
µg/ml puromycin (Sigma).

RNA was prepared from these samples (see Section 2.2.4) and real-time
qRT-PCR was performed to detect LINE-1 mRNA expression as described
previously (see Section 2.2.15). As expected, the overexpression of the
endo-siRNAs in pooled cell lines substantially decreased the levels of
endogenous LINE-1 mRNAs [both for ORF1 (p = 0.004) and ORF2 (p =
0.001 )] by up to 2.5-fold compared with the cells transfected with the
scrambled sh RNA or non-transfected parental cells (Figure 5.10 and 5.11 ).
This decrease was strongly correlated with the expression of the endosiRNAs . Notably, the normal MCF1 0A cells showed no expression of LINE-1
transcripts in either transfected cells or non-transfected cells . This indicated
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Figure 5.10 Quantitative RT-PCR analysis of the LINE-1 ORF1 transcript

Real-time RT-PCR analysis of the transcript abundance of LINE-1 ORF1
mRNAs in normal MCF1 0A cells and various types of breast cancer cells
after being stably transfected with sh RNA constructs that encode the
endo453 and endo392 sequences. Negative controls containing control
shRNA or no shRNA were analysed in parallel. The relative LINE-1 mRNA
levels were determined after normalizing the levels to the control HPRT1
gene. Genomic DNA isolated from HMECs was used as an additional control.
Lane 1, parental cells; lane 2, control shRNAs; lane 3, shRNAs encoding
endo453; and lane 4, shRNAs encoding endo392. Error bars indicate s.d.
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Figure 5.11 Quantitative RT-PCR analysis of the ORF2 transcript
qRT-PCR analysis of the transcript abundance of LINE-1 ORF2 mRNAs in
normal MCF1 0A cells and various types of breast cancer cells after being
stably transfected with shRNA constructs that encode the endo453 and
endo392 sequences . Negative controls containing control shRNA or no
shRNA were analysed in parallel. The relative LINE-1 mRNA levels were
determined after normalizing the levels to housekeeping HPRT1 gene .
Genomic DNA isolated from HMEC tissue was used as an additional control.
Lane 1, parental cells ; lane 2, control shRNAs; lane 3, shRNAs encoding
endo453 ; and lane 4, shRNAs encoding endo392 . Error bars indicate s.d .
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Figure 5.12 Western blot analysis of ORF1

and ORF2 proteins

expression
Western blot analysis of the transcript abundance of LINE-1 ORF1 and
ORF2 proteins in normal MCF1 0A cells and various types of breast cancer
cells after being stably transfected with shRNA constructs that encode the
endo453 and endo392 sequences. Negative controls containing control
shRNA or no shRNA were performed in parallel. HMEC cells were used as
an additional negative control and NTera.201 was a positive controls. Lane 1,
parental cells; lane 2, control shRNAs; lane 3, shRNAs encoding endo453;
and lane 4, shRNAs encoding endo392.
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that the overexpression of endo-siRNAs in normal MCF1 QA breast cells had
no effect on LINE-1 expression.

In addition to detection of changes in LINE-1 mRNA, western blot analysis
(see Section 2.2.28) was performed in the same series of cells to further
prove that the endo-siRNAs were LINE-1 specific and could affect LINE-1
expression (Figure 5.12). We found that both LINE-1 ORF1 and ORF2
protein

expression

In

endo-siRNA

overexpressed

cells

decreased

significantly compared with the cells transfected with the scrambled siRNA or
non-transfected parental cells. Again, this decrease correlated with the
expression level of the endo-siRNAs. The LINE-1 ORF2 protein showed a
more significant decrease among the breast cancer cells compared with
ORF1 protein . The ORF2 protein expressed in MCF? cells decreased to
almost an undetectable level. The reason for this is probably that ORF1
protein translates much more efficiently than ORF2 protein, due to the
bicistronic nature of the LINE-1 RNA and the lack of internal ribosome entry
sites (Babushok and Kazazian, 2007). Both ORF1 and ORF2 proteins were
not detected in MCF1 0A cells irrespective of whether or not they had been
transfected with shRNAs. This is in agreement with the mRNA expression
levels observed previously. Because MCF1 0A cells do not express any of the
LINE-1 encoded transcripts , so expression of LINE-1 proteins can not be
affected by the endo-siRNAs expression. Interestingly, the decrease in LINE1 proteins were more significant in the cancer cells transfected with the endo392 shRNA construct, especially for the ORF2 protein . The reason for this is
currently unknown . Whether it is due to the high repression efficiency or due
to other factors needs to be further confirmed .
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The expression of LINE-1 decreased at both the transcription and translation
levels in all breast cancer cells tested after transfection with shRNA
constructs encoding either endo-453 or endo-392. These data provide solid
evidence that the identified endo-siRNAs are associated with silencing of
LINE-1 elements in cancer cells. Absence of these endo-siRNAs may be one
of the contributing factors to the aberrant expression of LINE-1 elements in
breast cancer cells.

5.3.2 Endo-siRNAs can affect LINE-1 retrotransposition activity
To further investigate the biological importance of anti-LINE-1 endo-siRNAs
on retrotransposition activity, T47D breast cancer cells were chosen for a
retrotransposition assay. In the previous studies (see Section 3.2 and 3.3),
T47D cells have been shown to have a high level of.LINE-1 expression and
concurrently decreased endo-siRNA expression. This would be an ideal
model cells for studing the changes in retrotransposition after introducing the
endo-siRNA sequences.

We carried out retrotransposition assays in stable T4 7D cells transfected with
shRNA constructs (endo453 and endo392). Cells transfected with scrambled
shRNA constructs and parental T47D cells were used as controls. The
procedures were the same as described in Section 2.2.39.

After transfecting the cells with the artificial LIN E-1
cassette (pRP99-L 1-EGFP), LINE-1

retrotransposition

retrotransposition . frequencies were
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counted by FACS on the 1st, 2 nd , 4th, 8th , 12th day after transfection. The
overall percentage of retrotransposition events in the shRNA-expressing cells
was about 70% lower on the 12th day after transfection (average of
1671 ~1689 events/10 5 cells vs. 490~533 events/10 5 cells) than that of the
parental cells (Figure 5.13). This suggested that both endo-453 and endo392 siRNAs had downregulated LINE-1 retrotransposition, supporting the
notion that endo-siRNAs can suppress LINE-1 retrotransposition events. The
same experiment was also performed on MCF1 0A cells (Figure 5.14). As
expected, overexpression of the endo-siRNAs in normal MCF1 0A had no
effect on LINE-1 retrotransposition. Together these data suggest that endosiRNAs play a key role in LINE-1 silencing.
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Figure 5.13 Detection of retrotransposition events in endo-siRNAoverexpressing breast cancer T47D cells
Endo-siRNA-expressing

T47D

cells

were

transfected

with

LINE-1

retrotransposition cassette, pPR99-L 1-EGFP. Contr9I: parental T4 7D cells;
Scrambled: T47D cells transfected with scrambled shRNA and pPR99-L 1EGFP; Endo453: T47D cells transfected with endo453 shRNA and pPR99L 1-EGFP; Endo392: T47D cells transfected with endo392 shRNA and
pPR99-L 1-EGFP. The number of EGFP-positive cells was plotted over time .
Each time point represents cell

populations from three independent

experiments. Sampling and analysis vvere performed at 1, 2, 4, 8 and 12
days after the plating of transfected cells. The X-axis indicates the number of
EGFP-positive cells per 105 cells analyzed. The error bars indicate SD.
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Figure 5.14 Detection of retrotransposition events in endo-siRNAoverexpressing normal MCF1 OA cells
Endo-siRNA-expr essing MCF1 QA cells were transfected with active LINE-1
retrotransposition cassette, pPR99-L 1-EGFP. Control: parental MCF10A
cells ; Scrambled: MCF1 OA cells transfected with scrambled sh RNA and
pPR99-L 1-EGFP; Endo453: MCF1 QA cells transfected with endo453 sh RNA
and pPR99-L 1-EGFP; Endo392: MCF1 QA cells transfected with endo392
shRNA and pPR99-L 1-EGFP. The number of EGFP-positive cells was
plotted over time. Each time point represents cell populations from three
independent experiments. Sampling and analysis were performed at 1, 2, 4 ,
8 and 12 days after the plating of transfected cells. The X-axis indicates the
number of EGFP-positive cells per 10 5 cells analyzed. The error bars indicate
SD .
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5.4 Endo-siRNAs can influence DNA methylation of the LINE1 promoter
The exact mechanisms by which endo-siRNAs act on LINE-1 silencing are
largely unknown. Similarly, the origin of endo-siRNAs is not yet known.
Studies on Drosophila and mice suggest that endo-siRNAs, in complex with
Ago2 protein, can identify their repeat targets through sequence-specific
recognition and thus enabling the targeting of DNA methyltransferase
enzymes to the L 1 sequences that they modify (Aravin et al., 2008;
Watanabe et al, 2006). DNA methylation is often associated with the
repression of LINE-1 transcription (Perrin et al., 2007). Using a portion of the
LINE-1

5'-UTR promoter,

several

studies

have reported

an

inverse

correlation between LIN E-1 expression and the methylation status of the
LINE-1 promoters (Bourc'his and Bestor, 2004; Coufal et al., 2009). Recent
studies have also found that a relatively large group _of endo-siRNAs in mice
and Drosophila are linked to retrotransposon silencing by DNA methylation
(Aravin et al., 2008; Malone and Hannon, 2009). In addition, the presence of
a large CpG island in the human LINE-1 5'-UTR promoter region (Hata and
Sakaki, 1997) led us to wonder whether the endo-siRNAs could affect the
DNA methylation of the 5'-UTR promoter, thereby silencing human LIN E-1
expression. To date, no such evidence for this mechanism has been reported
in humans.

Recently, it has been established that siRNAs can mediate DNA methylation
in plants (Lister et al., 2008) and that plant transposons can be methylated

via an siRNA-directed methylation pathway (Mathieu and Bender, 2004 ),
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although the exact mechanism s are not clear. In addition, there is evidence
suggesting that certain small RNAs mediate DNA methylation at some gene
loci in humans (Castanotto et al. , 2005; Morris et al., 2004 ; Suzuki et al. ,
2005). Surprisingly, a bioinformatics analysis showed that part of the
identified endo453 stem sequence is almost identical to piRNA-4820 8
(DQ580096 ), which controls LINE-1 expression during gametogene sis and
cell developmen t, when DNA methylation is not fully active (Girard et al. ,
2006).

Therefore,w e hypothesized that endo-siRNA s might affect the

expression of LINE-1 elements via DNA methylation of the 5'-UTR promoters.
To explore this question we used two different approaches , 1) by depleting
the endo-siRNA s in normal cells to see if the methylation level of the 5' UTR
decreases ; 2) by increasing the expression of the endo-siRNA s

in

cancer

cells to see if the methylation level of the 5' UTR increases.

5.4.1 Depletion of endo-siRNA s decreases LINE-1 promoter methylation

The human LINE-1 promoter sequences contain 31 CpG dinucleotides in the
5'-UTR region forming a CpG island of 560 bp based on analysis using the
EMBOSS CpGPlot program , (Figure 4.4A) . The LINE-1 promoter is known
to be hypomethyl ated in several types of human cancer cells thus activating
its expression (Hoffm ann and Schulz, 2005 ; Perrin et al. , 2007 ). In previous
studies , we have shown that normal breast HMECs and MCF1 0A cells have
very high levels of methylation in the LINE-1 promoter region (Figure 4.7 and
4.8 ). Thus , in order to exam ine the effect of endo-siRNAs on LINE-1
promoter methylation , a Dicer1 or Ago2-specific shRNA sequence was used
in MCF1 0A cells to block the RNAi machinery, thus depleting the expression
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of endo-siRNAs. The procedures for obtaining the stable MCF1 0A cells
transfected with the Dicer1- or Ago2-specific shRNA construct was described
in Section 5.2.1. MCF1 0A cells transfected with pRP99-L 1-EGFP construct
and parental control were used in this assay. The change in the DNA
methylation pattern of the LINE-1 5' UTR was detected by both MeDIP and
bisulfite DNA sequencing.

5.4.1.1 Analysis of DNA methylation by MeDIP assay
To determine the level of methylation at the LINE-1 5'-UTR, methylated DNA
immunoprecipitation (MeDIP) was performed (Section 2.2.16). In this assay,
two highly conserved sites in the LINE-1 promoter region was examined with
two primer sets (set 1 and set 2) and quantified by qPC~ analysis (Figure
4.4). The set 1 primer set covered 15 CpG sites (nearly half of the overall
CpG sites in the LINE-1 5' UTR) from positions +3 to +231 bp on the 5' UTR,
which provided the major component of the information on the level of
methylation of the LINE-1 promoter. Set 2 primer set covered 2 CpG sites
from positions + 744 to +880 bp on the 5' UTR and was mainly used as a
control to examine the efficiency and reliability of the MeDIP. The procedure
for MeOIP is described in Section 2.2.16.

Compared

with

MCF1 QA

cells

transfected

with

pRP99-L 1-EGFP

retrotransposition vector or parental cells, the RNAi-blocked MCF1 0A cells
(either by blocking with Dicer1 or Ago2) showed significantly lower levels of
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Figure 5.15 MeDIP analysis of LINE-1 5' UTR methylation
Methylation levels of each cell line relative to GAPDH gene were analysed
for primer sets 1 and 2 (see Figure 4.4 for primer details). Each column
represents averages from three experiments . Genomic DNA from MCF1 OA
cells and cells transfected with a LINE-1 construct were used as controls .
Ago : Ago2 knockdown MCF1 OA cells ; Dicer: Dicer1 knockdown MCF1 OA
cells ; Control: parental MCF1 OA cells ; pRP99-L 1-EGFP: MCF1 OA cells
transfected with LINE-1 construct.
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DNA methylation (by about 50%) for both primer sets (one-way ANOVA, p<
0.005and p< 0.027 for primer sets 1 and set 2 respectively) (Figure 5.15).
This suggests that endo-siRNAs are probably involved in DNA methylation at
the LINE-1 5'-UTR promoters.

Interestingly, the DNA methylation levels of the cells transfected with Dicer1or Ago2-specific shRNA constructs showed no significant differences in DNA
methylation. It is known that Dicer1 is responsible for cleavage of long
dsRNAs into siRNAs (Doi et al., 2003). So it is logical that the endo-siRNAs
are depleted after Dicer1 is knocked down. What is not known is why
hypomethylation occurs at the LINE-1 5'-UTR in the depletion of Dicer1.
Thus further studies are required to address this issue. Interestingly, Ago2 is
involved in the RNA-induced silencing complex (RISC) to-interact with target
mRNAs (Hammond et al., 2001; Liu et al., 2004 ). Our result suggests that
Ago2 is one of the components potentially involved in the small RNAmediated DNA methylation in MCF1 0A cells. This is consistent with the
findings of Kim et al, who suggested that this methylation process might be
initiated by Ago protein complexes in human cells (Kim et al., 2006) . In
addition, studies in Drosophila and S. pombe also support that Ago2 along
with other chromatin-modifying factors interact with target promoter for
sequence-specific modification. Here researchers found that some endosiRNAs might mediate DNA methylation of LINE-1 elements in conjunction
with Ago2 protein (Aravin et al., 2008; Ghildiyal et al., 2008).

5.4.1.2 Analysis of DNA methylation status by bisulfite sequencing
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Figure 5.16 Overall methylation level after blockade of the RNAi
pathway
The average percentage methylation of the LINE-1 promoter in MCF1 QA
cells is shown.

MCF1 QA and cells transfected with pRP99-L 1-EGFP

construct served as controls. Ago: Ago2 knockdown MCF1 QA cells ; Dicer:
Dicer1 knockdown MCF1 QA cells ; Control: parental MCF1 QA cells ; RP99:
MCF1 QA cells transfected with LINE-1 retrotransposition vector pRP99-L 1EGFP .
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Figure 5.17 LINE-1 promoter methylation pattern after blockade of the
RNAi pathway
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retrotransposition vector

Table 5.1 Percentage of DNA methylation for each of the CpG sites (31
in total) from position +1 to +560 in the human LINE-1 5'-UTR region

CpG site(%)

1

2

33

20 20

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Cell lines

MCFlOA with

53 40 33 40 27 33 13

Ago2 knockdow n

47 27 27 27 47 33

MCFlOA with

13 13 27 40

33 33 13 13 40 27

40

33

27 13 60 53

Dicerl knockdow n
MCFlOA

67 80 80 67 93 93

73

67 73 100 87 93

67 73 93

73

MCFlOA with

67 73 80 80 67 73 80 73 80 87

67 67 80 80 87 60

pRP99-L1 -EGFP

CpG site(%)

17

18

19

36 53

20

27

33

29 40

33

47

33 40

80 93

93

73 87

73

20

21

22

23

33

36 27 27 47 40 27 53

24

25

26

27

28

29

30

31

Cell lines

MCFlOA with

60 13

Ago2 knockdow n
MCFlOA with
Dicerl

36 33 13 53

13 13 47 27 27

knockdow n
MCFlOA

100 100 87 93 93

60 93

60 80 93

73

73

73

60

53

MCFlOA with

80

80 93 87 87 73

pRP99-L1 -EGFP
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73

53 93

In order to further investigate the methylation of each CpG dinucleotide in the
LINE-1 promoter region, bisulfite sequencing was performed on genomic
DNA extracted from the same cell lines described in Section 5.4.1.1. A CpG
island from the LINE-1 promoter containing 31 CpG sites (Figure 4.4A) was
bisulfite-converted, amplified and sequenced (see Section 2.2.17). This
measurement reflects the global DNA methylation status of the LINE-1
promoter region, as all the LINE-1 5'-UTR sequences present in the cell lines
were analysed. Samples with a bisulfite conversion efficiency of less than
9Q% were eliminated and the result was analysed with BIO-Analyzer
software.

The overall percentage of DNA methylation in each of cell line was: MCF1 QA
with Ago2 knockdown 33.9% ± 2.1 %, MCF1 QA with Dicer1 knockdown
31.1% ± 2.4%, MCF1QA control 82.3% + 2.2%, MCF1QA with pRP99-L1EGFP 75.5% ± 1.9% (Figure 5.16). Clearly, there- was significantly lower
methylation levels at the 5'-UTR promoter in either the Dicer1 knockdown or
the Ago2 knockdown cells (more than 50% lower) compared to the parental
MCF1 QA cells or cells with the pRP99-L 1-EGFP construct (p<Q.QQ1 ). The
result is consistent with the methylation pattern previously demonstrated with
MeDIP analysis and suggests that endo-siRNAs are associated with DNA
methylation at the LINE-1 promoter.

The percentage of methylation in each individual CpG site (from the 1 to 31)
is shown in Figure 5.17 and Table 5.1. The level of methylation of each CpG
dinucleotide in the LINE-1 promoter region of the parental MCF1 QA cells was
1.5 to 7.5 times higher than that of either the Dicer1- or Ago2-knockdown
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cells. When comparing the methylation patterns between MCF1 OA cells and
Dicer1-knockdown MCF1 OA cells, the major differences in DNA methylation
occurred mainly on CpG sites 1, 2, 7, 8 and 28. The methylation levels at
these sites in MCF1 OA control cells was more than 5 times higher than in the
cells with Dicer1 knockdown. The major decrease in DNA methylation of
Ago2-knockdown cells occurred at CpG sites 2, 3, 1O and 19. The
methylation level at the similar sites in MCF1 OA control cells was more than
4 times higher than in the Ago2-knockdown cells. This suggests that these
CpG sites may play a critical role during endo-siRNA mediated DNA
methylation. However, we have not found a similar study in the literature so
far, thus the function of these CpG sites is not clearly understood. More
comprehensive studies are required for this specific subject.

In summary,

the observations from

both

MeDIP and

bisulfite DNA

sequencing suggest that the existence of LINE-1 specific endo-siRNAs might
be associated with DNA methylation of the LINE-1 promoter region.

5.4.2 Endo-siRNAs increase DNA methylation of the LINE-1 promoter

Having determined the methylation profile in the LINE-1 promoter region in
siRNA pathway-blocked normal breast cells (MCF1 OA) , either by Dicer1 or
Ago2 knockdown , the effect of overexpressing endo-siRNAs on LINE-1 DNA
methylation was studied . This study was carried out to further explore the
effect of endo-siRNAs on LINE-1

methylation from a different angle.

Specifically, breast cancer cell lines (T47D , MCF7, MDA-MB-231, MDA-MB436) which were known to have very low endo-siRNA expression were
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transfected with constructs stably expressing the endo-siRNA (endo-453 and
endo-393) sequences. The transfection and selection procedures were
described in Section 5.3. The methylation profile of the LINE-1 5'-UTR was
analysed by MeDIP and bisulfite DNA sequencing.

5.4.2.1 Detection of DNA methylation MeDIP

To examine the methylation of the LINE-1

5'-UTR, methylated DNA

immunoprecipitation (MeDIP) analysis was performed on parental cells and
cells stably expressing the endo-siRNA (endo-453 and endo-392) sequences.
The scrambled endo-siRNA sequence was used as negative controls. The
methylated DNAs isolated from the normal MCF1 0A breast cells and HMECs
were used as positive controls. The primer sets used and the method of
analysis in the assay were the same as described in Section 5.4.11.
Compared to the cells transfected with the scrambled siRNA or the parental
cells ,

the

endo-siRNA-overexpressing

breast

cancer

cells

showed

significantly higher levels of DNA methylation, by up to 3-fold for both primer
sets (one-way ANOVA, p<0.0003 and p<0.0001 for primer sets 1 and 2,
respectively). These results clearly suggest that the cells expressing the
endo-siRNAs exhibit an overall increase in the levels of LINE-1 DNA
methylation. As expected, no changes in methylation was seen in normal
MCF1 0A breast cells compared to the same cells treated with the endo453
and endo392 endo-siRNAs. This is because the 5' UTR of LINE-1 is already
hypermethylated in MCF1 0A cells. The extent of DNA methylation differed for
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Figure 5.18 MeDIP analysis of LINE-1 5'-UTR methylation for primer set
1

The data are shown as the percentage of methylated DNA relative to the
total input for primer set 1. Each point represents averages from three
experiments . P-values were calculated by a one-way analysis of variance .
Genomic DNA from HMEC tissue was used as a positive control. The
parental cells and cells transfected with control shRNA were analyzed in
parallel. Lane 1, parental cells ; lane 2, control shRNAs; lane 3, shRNAs
encoding endo-453 ; and lane 4, shRNAs encoding endo-392 .
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Figure 5.19 MeDIP analysis of LINE-1 5'-UTR methylation for primer set
2

The data are shown as the percentage of methylated DNA relative to the
total input for primer set 2. Each point represents averages from three
experiments. P values were calculated by a one-way analysis of variance .
Genomic DNA from HMEC tissue was used as a positive control. The
parental cells and cells transfected with control shRNA were analyzed in
parallel. Lane 1, parental cells ; lane 2, control shRNAs ; lane 3, shRNAs
encoding endo-453; and lane 4, shRNAs encoding endo-392.
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each of the primers. This is because of the greater number of CpG sites
covered by primer set 1 than set 2. Thus the region covered by set 1 had a
higher probability of being precipitated. The difference, in turn, supported the
reliability of the method.

5.4.2.2 Analysis of the DNA methylation status by bisu/fite sequencing

To investigate the methylation of individual CpG sites in the LINE-1 endosiRNA overexpressed cells and matched control cells, bisulfite sequencing
was performed. The same cell lines as in Section 5.4.2.1 was used in this
analysis. The 31 CpG islands from the LINE-1 5' UTR (Figure 4.4A) and the
experimental procedures were the same as described previously in Section
2.2.17. The resulting sequences were analyzed using BiQ-Analyzer software
(Bock et al., 2005). In all cases, the bisulfite conversion efficiency was more
than 90% .

Notably, the LINE-1 5'-UTR exhibited significantly higher DNA methylation in
all breast cancer cells expressing either of the endo-siRNAs compared with
the matched control or parental cells (p<0.0001) (Figure 5.20). This is
consistent with the result from MeDIP analysis . An analysis of individual 5'UTR sequences using BDPC software (Rohde et al. , 2008) showed the
marked variation of LINE-1 CpG methylation between the different types of
cells . In all the cancer cells , the endo-siRNA-treated cells showed significant
increases in the level of LINE-1 CpG methylation ranging from 1.6- to 3-fold.
Specifically, the DNA methylation levels increased significantly at each CpG
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The average percentage of LINE-1 methylation level in various breast cell
lines is shown. MCF1 OA cells were used as positive control. The parental
cells and cells transfected with control shRNA were analyzed in parallel.
Lane 1, parental cells; lane 2, control shRNAs; lane 3, shRNAs encoding
endo453; and lane 4, shRNAs encoding endo392.
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Table 5.2 The percentage methylation for each of the CpG sites (31 in
total) from position +1 to +560 in LINE-1 5'-UTR of cancer cell lines

Cell lines
CpG sites (%)

1

57

73

80

71

0

0

53

53

14

7

33

33

21

20

33

29

13

21

33

33

2

30

73

73

80

13

18

77

50

15

13

33

80

27

23

50

53

20

21

36

29

30

73

87

80

27

41

29

13

21

20

29

40

27

20

33

27

27

31

47

53

57

80

87

71

7

12

35

40

21

23

20

40

21

29

33

27

15

20

50

58

~3

67

67

73

20

12

53

50

40

47

67

53

20

13

71

60

27

27

67

60

33

87

87

80

20

24

65

60

23

20

67

53

15

20

67

60

36

33

73

67

73

80

79

80

20

12

59

46

20

23

67

40

13

21

53

67

42

15

47

57

8

57

64

64

71

20

0

59

47

27

40

36

50

29

29

77

67

20

27

73

67

9

73

80

80

87

27

12

41

33

33

20

27

33

47

33

57

67

40

36

67

47

10

)0

100

93

93

47

19

53

53

60

50

73

67

47

53

67

73

43

36

50

47

11

H

93

93

87

21

18

71

73

33

40

80

67

27

23

73

71

47

47

80

80

12

33

93

93

100

36

20

77

79

29

40

73

60

29

33

47

47

14

13

36

47

13

57

73

80

87

13

6

71

67

20

21

79

64

27

36

60

67

20

33

53

67

14
15
16
17

73

67

73

73

7

27

35

33

33

20

27

40

33

27

33

29

27

15

60

67

33

87

93

93

20

18

35

33

33

31

29

23

14

29

62

27

29

27

57

33

73

67

73

80

20

18

65

60

20

27

53

73

27

13

73

53

60

43

53

47

30

87

80

80

20

0

71

73

21

20

87

67

14

29

80

80

60

40

80

53

18

33

80

71

73

0

12

65

60

20

20

40

36

21

20

47

47

53

47

47

67

19

33

93

87

93

27

6

71

67

20

21

80

80

13

8

67

73

67

47

73

80

20

)0

100

93

80

33

12

82

80

21

27

67

40

27

21

60

53

67

73

73

80

21
22

)0

80

93

80

14

19

77

80

13

8

53

47

20

29

50

53

67

73

73

67

37

73

73

67

7

12

41

53

17

27

57

36

13

13

60

53

29

31

57

57

23
24

33

100

93

93

20

12

82

80

13

20

40

60

18

23

57

57

36

27

57

47

93

87

93

20

6

53

53

20

33

47

29

13

33

60

47

33

21

50

36

25

50

67

80

87

20

6

77

73

21

39

60

47

29

20

60

50

14

21

29

4-0

79

73

87

8

6

59

64

13

27

21

33

27

27

33

36

17

20

47

43

3

4
5
6
7

26

27

50

67

64

80

13

24

12

40

27

33

27

33

31

27

67

60

33

27

60

67

28
29
30

30

67

80

73

20

24

18

33

27

33

60

47

21

29

67

67

33

14

67

47

33

79

80

71

13

12

47

27

27

27

47

43

20

27

80

53

15

21

67

47

73

80

73

80

14

18

59

40

27

33

40

SJ

20

46

73

53

13

27

79

67

31

73

73

73

73

21

1

71

53

33

33

40

36

27

23

73

47

33

15

67

67
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Figure 5.21 Bisulfite sequencing analysis of the LINE-1 5'-UTR region
A region of 560 bp containing 31 CpG sites was sequenced, and the
methylation status of individual CpG sites was analyzed. Open and closed
circles denote unmethylated and methylated CpG-sites, respectively. Gray
represents the unresolved CpG sites.
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di nucleotide that we investigated (from the 1 to 31) in the endo-siRNAtreated breast cancer cells compared with their control or parental cells
(Figure 5.21 ). The methylation percentage for each of the CpG sites is listed

in Table 5.2. These results strongly suggest that the expression of the endosiRNAs might be related to the methylation status of the CpG islands in the 5'
UTR regions . Similar to the MeDIP results, the normal breast MCF1 OA cells
were found to exhibit high CpG methylation, irrespective of endo-siRNA
expression. Therefore, the absence of LINE-1 expression in normal MCF1 OA
cells appear to be due to the high expression of endo-siRNAs and the
presence of DNA methylation in the LINE-1 promoters. These results
demonstrate that endo-siRNAs are required to trigger the overall increase in
the DNA methylation of LINE-1 elements in human cells. This study also
implies that depletion of endo-siRNAs is widespread in breast cancer cells
and possibly in a wide range of other human cancer cells.
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5.5 Discussion
LINE-1 retrotransposons are believed to be mostly silenced in normal human
somatic cells largely because of hypermethylation of the 5'UTR (Hata and
Sakaki, 1997; Thayer et al., 1993; Woodcock et al., 1996; Yoder et al., 1997).
However, small RNA interference is also involved in LINE-1 repression. An
investigation in human cells showed that deletion of a portion of the LINE-1
promoter or knock down of Dicer1 increased LINE-1 expression (Yang et al.,
2006; Lee et al., 2009), suggesting that small RNAs may be involved in the
control of LINE-1 elements, though bona fide human siRNAs have yet to be
cloned and sequenced. Evidence presented in Chapter 4 demonstrated, for
the first time, the existence of human LINE-1-specific endo-siRNAs that are
differentially expressed between normal and breast cancer cells. In this
chapter, the mechanisms involved in endo-siRNAs silencing of the LINE-1
elements were studied.

Although the mechanism of small RNA interference in humans is not fully
understood, the roles of some components are quite clear. The Dicer1
protein cleaves long dsRNA into small RNAs, and the Ago2 protein binds to
the small RNAs with many other factors forming a RNA-induced silencing
complex (RISC) to silence homologous mRNAs (Doi et al., 2003; Hammond
et al., 2001; Liu et al., 2004). Based on this knowledge, we set out to prove
that the identified endo-siRNAs represses LINE-1 expression by this pathway.
After depletion of endo-siRNAs by knockdown of Dicer1 or Ago2 in normal
breast cells, not only reduced levels of expression of LINE-1 elements (both
mRNA and protein), but also the retrotransposition activity was observed in
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these cells. In contrast, the parental MCF10A cells did not express LINE-1 or
show any retrotransposition activity. This strongly suggests that the endosiRNAs are associated with repression of LINE-1 activity, and that Dicer1
and Ago2 are two essential elements in the regulation pathway. This implies
that endo-siRNAs are probably processed by Dicer1 from long double
stranded RNAs and combine with Ago2 to form a RISC to repress LINE-1
mRNAs . In order to further prove the effect of endo-siRNAs on LINE-1
activity, we overexpressed the identified endo-siRNA sequences in several
breast cancer cell lines. These cells expressed high levels of LINE-1 and
exhibited frequent retrotransposition events with extremely .low levels of
endo-siRNA expression as described in the previous chapters 3 and 4. As
expected, the expression of LIN E-1 elements was significantly decreased in
all cancer cells following overexpression of the endo-siRNAs. The frequency
of retrotransposition events also fell more than 60%,. This study adds to a
growing body of evidence indicating that the endo-siRNAs control LINE-1
elements in human cells.

In addition, studies of siRNAs in plants suggest that siRNAs can mediate
DNA methylation (Lister et al., 2008; Matzke et al., 2009), and plant
transposons can be methylated by some siRNAs (Mathieu and Bender,
2004 ). A similar phenomenon has been observed in mammals (Castanotto et
al. , 2005; Morris et al., 2004; Suzuki et al., 2005). So we hypothesized that
LIN E-1-specific endo-siRNAs might also influence LIN E-1 elements by
affecting DNA methylation, similar to the role of piRNAs in methylation of
retrotransposons in mice (Aravin et al., 2008). After the endo-siRNAs were
depleted by knocking down Dicer1 or Ago2 in MCF1 0A cells, the levels of
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DNA methylation on the LINE-1 5'-UTR was found to be significantly
decreased compared with that in the parental cells by both MeDIP and
bisulfite DNA sequencing. This suggests that endo-siRNAs are involved in
establishment of methylation of the LINE-1 promoter. Furthermore, Dicer1
and Ago2 are also suggested to be possibly associated with this process.
The role of Dicer1 is to produce siRNAs (Doi et al., 2003; Hammond et al.,
2001; Liu et al., 2004). The process of gene silencing may be initiated by
argonaute protein complexes (Kim et al., 2006) and most likely depends on
the recruitment of additional chromatin-modifying factors to the promoter,
such as promoter-specific gene silencing by siRNAs in human cells (Girard
and Hannon, 2008). Studies in Drosophila and S. pombe suggest that some
endo-siRNAs, in complexes with Ago2 protein, can identify their target
repetitive DNA through sequence-specific recognition, - thus enabling the
targeting of DNA methyltransferase enzymes to the LINE-1 sequences that
they then modify (Aravin et al., 2008; Ghildiyal et al., 2008). Consistent with
these findings, the data presented in our study suggest that endo-siRNAs are
involved in DNA methylation of the LINE-1 promoter, and the process is
possibly associated with the Ago2 protein. To further prove the effect of
endo-siRNAs on LINE-1

methylation, the identified endo-siRNAs were

overexpressed in several breast cancer cells with low methylation LINE-1
levels. As expected, the methylation level of the LINE-1 increased in all
breast cancer cells tested. This indicates that endo-siRNAs direct LINE-1
repression through the induction of DNA hypermethylation of the human
LINE-1 promoters.
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It has been reported that the repression of LINE-1 transcription is highly
associated with some critical CpG dinucleotides in the LINE-1 5'-UTR (Hata
and Sakaki, 1997). One of the intentions of our bisulfite sequencing of the
LINE-1 promoter was to identify those CpG sites critical to the process of
endo-siRNA mediated DNA methylation. However, the data presented in our
study showed no significant differences of methylation level at each CpG
dinucleotide. Whether it is because of the experimental method or is due to
the nature of this pathway requires further study.
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Chapter 6 The clinical value of LINE-1 expression in
breast cancer tumour tissues
6.1 Introduction
Breast cancer is the most common malignancy in women (Tabassum et al.,
2012). It represents a heterogeneous group of solid tumours that differ in
their morphology, outcome, and response to therapy (Beck et al., 2011;
Tavassoli and Devilee, 2003). The worldwide incidence of breast cancer
continues to rise and it has become the second leading cause of cancer
death (Healton et al., 2007). Breast cancer arises from the mammary
epithelium in a complex manner involving multiple steps. Atypical ductal
hyperplasia (ADH) is a benign lesion of the breast that indicates an increased
risk of breast cancer (Liberman et al., 1995). If it continues to progress,
benign tumours form. Cells at this stage have the aqnormal characteristics of
tumour, but are typically more organized than cells in cancerous tumours and
do not invade other parts of body (Gunduz and Gunduz, 2011 ). Ductal
carcinoma in situ (DCIS) is the most common type at this stage (Virnig et al.,
2010). The disease finally culminates in the lethal stage of invasive
carcinoma, which is characterized by uncontrolled growth of cells in the
tumour allowing some cells to break through the capsule-like boundary and
invade nearby tissues or spread to other parts of body (Gunduz and Gunduz,
2011 ). Invasive ductal carcinoma (IDC) is the most common form of invasive
breast cancer (Arpino et al., 2004 ).
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The development of breast cancer is associated with a number of genetic
and environmental factors. More than 90% of breast cancers contain
sporadic or acquired somatic mutations, while only 5 to 10% of cases are
thought to be attributable to cancer susceptibility genes such as BRCA 1 and
BRCA2 which maintain genome integrity (Grover and Martin, 2002). A large
number of somatic mutations or predisposing genes are believed to be
responsible for the sporadic cases (Knudson, 1986; Xu and Solomon, 1996).
These mutations may be a consequence of genomic instability, which is
widely thought to be an early event and an important contributor to cancer
initiation. Genomic instability may thus promote the accumulation of genetic
changes in apparently normal tissue, even before histological abnormalities
are detectable (Ellsworth et al., 2004; Ellsworth et al., 2008). This early event
may deregulate the expression of tumour suppressors and oncogenes, which
may render the cells susceptible to the development of cancer. Although
genomic instability is commonly found in invasive carcinomas, little is known
about the timing of critical changes in the early stage of cancer or about the
changes associated with the transition from hyperplasia to DCIS and to IDC.
Given that LINE-1 retrotransposition is able to induce genome instability in
various ways (Schulz, 2006), it is plausible that LINE-1 expression and its
retrotransposition activity is involved in breast cancer initiation or progression
(Bratthauer et al., 1994 ). Thus, measuring expression levels of LIN E-1
proteins in breast cancer might be of clinical value (Harris et al., 2010).

In the clinic, early detection of tumours and prediction of cancer development
are of key importance in cancer management. At present, the prediction of
breast

cancer

outcome

is

generally
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based

on

an

assessment

of

morphological differentiation associated with the various tumour stages and
grades. About 80% of all diagnosed breast cancers are invasive ductal
carcinomas, in which malignant cells have already spread to surrounding
tissues (Bordoni et al., 2009). At present, detection of early stage tumours is
a challenge to clinicians. In addition, current histological grading alone,
based largely on the degree of nuclear atypia, appears insufficient to
distinguish the various grades of DCIS lesions, which

represent a

heterogeneous group of preinvasive lesions that may have an increased
likelihood of becoming invasive cancer (Lagios, 1995). The standard method
of breast cancer diagnosis, which is based on the morphological and
histological changes of the cells and tissues, can be highly subjective and
different pathologists can make different diagnoses (Weigelt and Reis-Filho,
2009). Moreover, the genetic changes always occur before the morphological
changes are observed (Gruver et al., 2011 ). To overcome the disadvantages
of histological diagnosis, it would be desirable to have an objective diagnostic
technique that works at the molecular level.

Cancer biomarkers, which are produced by tumours in response to tumour
growth, are the most effective means of early diagnosis and prediction of
cancer outcome (Conley and Taube, 2004 ). However, few biomarkers are in
clinical use. Most biomarkers either detect late stages of cancer development
or frequently cross-react with normal tissues (Chatterjee and Zetter, 2005).
Also some biomarkers are limited to patients with genetic defects associated
with specific cancer genes. Examples of biomarkers currently tested in breast
cancer patients include those for estrogen receptors (ER), progesterone
receptors (PR), epidermal growth factor receptors (H ER2), and proliferating
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cell nuclear antigens (PCNA) (Guerra et al., 2003; Menard et al., 2001 ). Even
with advances in biomarker detection however, about 30% of patients
diagnosed with early stage breast cancer have already developed metastasis
(Gonzalez-Angulo et al., 2007).

Thus, there is an urgent need to develop

new biomarkers for early detection of cancers before they have spread. In
addition, there is a need for better molecular methods to discriminate
between patients with high and low risk cancers.

LINE-1 elements can lead to insertion mutations, DNA strand breaks and
disruption of neighbouring gene promoters (Matlik et al., 2006; Schulz, 2006;
Shephard et al., 2007; Speek, 2001; Weber et al., 201 O; Wolff et al., 2010).
There is evidence that LIN E-1 elements may also play an important role in
carcinogenesis (Sciamanna et al., 2005; Sinibaldi-Vallebona et al., 2006) and
that even low level of somatic DNA damage or mutation due to LINE-1
retrotransposition may have the potential to contribute to cancer formation
(Belancio et al., 2010). Thus human LINE-1 elements are a potential
biomarker for cancer cells (Piskareva et al., 2011 ). Recently, Harris et al
have reported that the expression of LINE-1 elements in breast tumours is
associated with the outcomes of the disease. Presence of LINE-1 in the cell
nucleus was used as a prognostic indicator in their research (Harris et al.,
2010). However, this study focused only on the LINE-1 ORF1. Clearly, the
next step is to extend this study to measurement of not only LINE-1 ORF1
protein , but also ORF2 protein in breast cancer patients, and to assess its
utility as a biomarker.
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• Figure 6.1 lmmunohistochemistry staining of breast cell lines
Cell blocks taken from normal HMECs, non-invasive T47D and highly
invasive

metastatic

MDA-MB-231

cell

lines

were

stained

immunohistochemically using LINE-1 ORF1 and ORF2 antibodies. The
normal HMEC cells do not stain (left panel), but T47D cells showed strong
intensity of cytoplasmic LINE-1 expression, whereas MDA-MB-231 cells
showed moderate-to-strong nuclear LINE-1 staining. The merged panels of
nuclear (Hematoxylin) and LINE-1 protein (Pink) are shown. Bar represents
20 µm scale.
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6.2 Expression of LINE-1 ORF1 and ORF2 proteins in breast
cancer tissues
Earlier studies revealed that the level of LINE-1 ORF1 protein is significantly
elevated in breast cancer cell Ii nes (Asch et al., 1996; Bratthauer et al., 1994).
A recent study of clinical samples has also shown that the expression of
LINE-1 ORF1 protein is widespread in breast tumours (Harris et al., 2010),
but little is known about the expression of LINE-1 ORF2 protein. In Section
3.2.2 , the differential expression of LINE-1 ORF1 and ORF2 proteins in

normal breast cell lines and breast cancer cell lines was studied by Western
blots and immunofluorescence assays. In this section, the expression of
LINE-1 proteins was examined in breast cancer clinical samples using
immunohistochemistry. The antibodies targeting ORF1 and ORF2 in this
assay were the same as those used in Section 3.2.2. The procedure of
immunohistochemistry was described in Section 2.2.36.

As a control and proof of concept, staining was firstly performed on HMECs,
T4 70 and MDA-MB-231 breast cells (Figure 6.1 ). In earlier experiments ,
these cells showed no expression (HMEC), low to moderate expression (MDMB-231 ), and high expression (T47D) of LINE-1 proteins , respectively (see
Section

3.2.2) . As expected, the immunohistochemistry showed high

expression of LINE-1 proteins in T47D cells compared with that of MDA-MB231 cells , while HMECs showed no expression for both ORF1 and ORF2
proteins . The pattern of expression was consistent with our previous results ,
indicating that the antibodies were suitable for immunohistochemistry and
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that the

method was

sufficiently reliable

to demonstrate differential

expression of LINE-1 proteins.

The relative expression levels of LINE-1 ORF2 protein were lower in all
breast cancer cell lines compared to LINE-1 ORF1 protein. This lower
expression Is consistent with previous reports from Ergun and Banaz
(Babushok and Kazazian, 2007; Ergun et al., 2004 ), as well as our
observations from western blots (Figure 3.11 ). This may be due to the more
efficient translation of ORF1 protein because of the bicistronic nature of the
LINE-1 RNA and the lack of internal ribosome entry sites (Babushok and
Kazazian, 2007). Interestingly, both ORF1 and ORF2 proteins could be
observed in the cytoplasm and nucleus of T4 7D and MDA-MB-231 cells.
However, T47D showed strong cytoplasmic LINE-1 inten-sity, whereas MDAMB-231 cells showed moderate-to-strong nuclear LINE-1 staining.

To evaluate the association between expression of the LINE-1 proteins and
the various stages of breast cancer progression, paraffin-embedded tumour
tissues from 160 randomly selected patients (including 95 cases with
invasive cancer, 25 cases with DCIS, 25 cases of benign breast disease
[fibroadenoma] and 15 cases of normal breast tissue) were screened by
immunohistochemistry. The level of expression of LINE-1 proteins was
assessed by both the staining intensity and the percentage of cells stained at
that intensity. These measurements were combined to produce an intensity
distribution score (IDS) (Winters et al., 2001 ). IDS was calculated as follows:
IDS = 1 x percentage of weakly stained cells + 2 x percentage of moderately
stained cells + 3 x percentage of strongly stained cells. The maximum score
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is 300 if 100% of cells stain strongly positive, and the minimum score is O if
100% of cells stain negative. Overall IDS was determined by the average
IDS values of ten fields which were evenly distributed on the slide. The
samples with overall IDS less than 30 were considered no expression of
LINE-1 protein (negative). This cut-point was based of the background
staining of normal breast cells and tissues, which have no LIN E-1 expression
(Harris et al. , 2010).

As expected , little or no expression of either LINE-1 ORF1 or ORF2 protein
was observed in normal breast tissue (n=15) (Figure 6.2). In contrast, both
LINE-1 proteins were differentially expressed in the breast tumours. The
overall LINE-1 ORF1 and ORF2 protein expression were seen in 88% and
84% of pre-invasive breast cancers (ductal carcinoma in situ, [DCIS, n=25])
respectively, regardless of location. LINE-1

ORF1

and ORF2 protein

expression was seen in 59% and 60% of invasive breast cancers ,
respectively, regardless of location, which was significantly less than that
seen in ductal carcinoma in situ (DCIS) (p<0.001 ). Overall, DCIS tumours
showed stronger and more diffuse staining of LINE-1 ORF1 protein than
invasive cancers . Similar patterns of LINE-1 ORF2 protein staining were also
observed (Table 6.1 ). Unexpectedly, 4% and 8% of fibroadenomas (n=25)
showed expression of LINE-1 ORF1 and ORF2 protein respectively, but the
intens ity and percentage of cell staining was much less than that seen for
DCIS and the invasive tumours.

These results indicate that LINE-1 encoded ORF1 and ORF2 proteins are
markedly overexpressed in breast cancer tissues . This is quite consistent
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Table 6.1 Differential expression of LINE-1 protein
Tissues with overall IOS less than 30 were considered as having no
expression (negative) of LINE-1 protein regardless of location. Tissues
having IDS greater than 30 are considered to be positive for expression.

ORF1 Expression

Negative

Positive

N (%)

N (%)

x2

ORF2 Expression

p

Negative

Positive

value

N (%)

N (%)

x2

p
value

-

Normal

15 (100)

0 (0)

15 (100)

0 (0)

Benign

24 (96)

1 (4)

23 (92)

·-2 (8)

53.6
DCIS

Invasive

<0.001

48.0

3 (12)

22 (88)

4 (16)

21 (84)

39 (41)

56 (59)

38 (40)

57 (60)
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Figure 6.2 Differential expression of LINE-1 proteins in patient's tumour
tissues
lmmunohistochemistry of LINE-1 ORF1 and ORF2 in patient's tumour tissues.
Shown is representative immunohistochemistry of ORF1 protein (top panel)
and ORF2 protein (bottom panel) expressions. A higher magnification of
insert is shown below.
A, D showing normal breast tissue; B, E showing high cytoplasmic
expression in DCIS; and D, F both nuclear and cytoplasmic expressions of
ORF1 and ORF2 protein in IDC.
Bar represents 200-µm scale. Hematoxylin (blue) represents the nuclei of
cells and the pink highlights ORF1 and ORF2 protein.

244

with the observations from the cell lines (see Section 3.2.2). Given that both
ORF1 and ORF2 proteins are required for LINE-1 retrotransposition activity,
which could potentially increase genomic instability, characterizing the
expression pattern of these proteins may possibly serve as one of the factors
responsible for genome instability in the cancer tissues.

Both ORF1 and ORF2 proteins showed higher expression in DCIS cases
(early stages of cancers) while the IDC cases (advanced stages) showed
lower expression of both ORF1 and ORF2. This suggests that the expression
of LINE-1 decreased as the disease advances. Although the reason for this
phenomenon is not clear, the differential expression of LINE-1 proteins may
possibly allow us to use this expression in assessing the invasive potential
and progress of breast cancers.
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6.3 Subcellular localization of LINE-1 proteins in breast
tumour tissues
The expression of the LINE-1 proteins is quite variable, depending on the
tumour subtype. LINE-1 proteins can be detected in two cellular locations: in
the cytoplasm and/or the nucleus (Figure 6.2). Although a nuclear gene,
both ORF1 and ORF2 proteins are exported to the cytoplasm where they
form a ribonucleoprotein (RNP) complex intermediate in which the proteins
are packaged with their own mRNAs, and then re-enter the nucleus to initiate
retrotransposition (Doucet et al., 2010). The cytoplasmic localization of ORFs
is often considered to be an indicator of early activation of LINE-1
retrotransposons, whereas the nuclear staining is associated with potential
genomic instability. Thus, the differences in the level of nuclear and
cytoplasm staining may reflect differences in stages and grades of tumours.
A recent study also reported that nuclear localization of LINE-1 ORF1 protein
was significantly associated with aggressive behaviour in cancers and poor
outcome (Harris et al., 2010).

To determine whether the localization of LINE-1 proteins differed between
the various stages and grades of the tumour tissues from patients, the
intensity distribution score (IDS) of LINE-1

protein expression in the

cytoplasm and nucleus was determined by immunohistochemistry (Winters et
al. , 2001 ). As expected, there were significant differences in the percentage
of LINE-1 localization between DCIS and invasive cancers. Both LINE-1
ORF1 and ORF2 protein were strongly expressed in the cytoplasm (88%, 22
of 25 for ORF1; 84% 21 of 25 for ORF2) in DCIS patients. The frequency of
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cases with positive expression of both LIN E-1 proteins in the cytoplasm
dropped to around 60% in invasive patients, 59% (56 of 95) for ORF1 and
60% (57 of 95) for ORF2 respectively (Table 6.2). The percentage of LINE-1
positive cases was significantly higher in DCIS compared with that in the
invasive cancer patients (p<0.05). However, the LINE-1 protein expression
patterns in the nucleus were quite different between DCIS and invasive
breast cancer. In the nucleus, the percentage of positive cases was 28% (7
of 25) for ORF1 and 40% (10 of 25) for ORF2 in the DICS patient group, and
28% (27 of 95) for ORF1 and 32% (30 of 95) for ORF2 in the invasive patient
group. The difference between the two groups of patients was small and not
statistically significant (Table 6.3). It was not difficult to see that the invasive
patients showed more or less the same positive rate of expression in nucleus,
but much less in the cytoplasm compared with the percentage of positive
LINE-1

expression

cases

in

the

DCIS

group.

The

benign

group

(fibroadenoma) also showed cytoplasmic staining for LINE-1 ORF1 (1 in 25)
and ORF2 (2 in 25) protein, but this was not statistically significant. Neither
normal nor benign patients were found to have LINE-1 expression in the
nucleus. Also, both DICS and invasive patients were found to have less
LINE-1 positive cases in the nucleus compared to the cytoplasm. Taken
together, these results indicate that LINE-1 is differentially expressed, with
greater expression in the cytoplasm than the nucleus of DCIS and invasive
cancers, indicating that there is early activation of LINE-1 retrotransposons
and that this could potentially contribute to genomic instability.
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Table 6.2 Differential expression of LINE-1 proteins in the cytoplasm

Tissues with overall IDS less than 30 were considered to have no expression
of LINE-1 protein regardless of location. Tissues having IDS greater than 30
are considered to have positive expression.

ORF1 Cytoplasm Expression

p

Negative

Positive

value

N (%)

N (%)

0 (0)

15 (100)

0 (0)

1 (4)

23 (92)

2 (8)

Negative

Positive

N (%)

N (%)

Normal

15 (100)

Benign

24 (96)

x2

53.6
DCIS

Invasive

ORF2 Cytoplasm Expression

<0.001

value

48.0

3 (12)

22 (88)

4 (16)

21 (84)

39 (41)

56 (59)

38 (40)

57 (60)
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x2

p

<0.001

Table 6.3 Differential expression of LINE-1 proteins in the nucleus

Tissues with overall IOS less than 30 were considered to have no expression
of LINE-1 protein regardless of location . Tissues having IDS greater than 30
are considered to have positive expression .

ORF1 Nucleus Expression

Negative

Positive

N (%)

N (%)

Normal

15 (100)

Benign

25 (100)

.

x2

p

ORF2 Nucleus Expression

Negative

Positive
-

value

N (%)

N (%)

0 (0)

15 (1 Q0)

0 (0)

0 (0)

25 (100)

0 (0)

14.4

0.002

value

18.5

DCIS

18 (72)

7 (28)

15 (60)

10 (40)

Invasive

68 (72)

27 (28)

65 (68)

30 (32)
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x2

p

<0.001

A

Cytoplasmic ORF1 p

B

Cytoplasmic ORF2p

Figure 6.3 Differential expression of LINE-1 proteins in the cytoplasm
Boxplots representing the comparison of IDS for LINE-1 ORF1 and ORF2
protein expression in the cytoplasm of breast tumours. In graph A , 19 of 22
cases showed high ORF1 expression in DICS , and 33 of 56 cases showed
high ORF1 expression in invasive cancers . In graph B , 20 of 21 cases
showed high ORF2 expression in DICS , and 29 of 57 cases showed high
ORF2 expression in invasive cancers
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Figure 6.4 Differential expression of LINE-1 proteins in the nucleus

Boxplots representing the comparison of IDS for LINE-1 ORF1 and ORF2
protein expression in the nucleus of breast tumours. In graph A, 0 of 7 cases
showed high ORF1 expression in DICS , and 27 of 27 cases showed high
ORF1 expression in invasive cancers . In graph B, 1 of 10 cases showed high
ORF2 expression in DICS, and 26 of 30 cases showed high ORF2
expression in invasive cancers .
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After the initial analysis of the clinical samples, the staining intensity and the
percentage of cells

expressing

cytoplasmic or nuclear staining was

determined separately using an intensity distribution score (IDS) (see

Section 2.2.37). Expression of each of the LINE-1 ORF1 and ORF2 protein
was categorised into three groups: (i) cytoplasmic expression: no expression
IDS< 30, low expression IDS= 30 - 150, and high expression IDS> 150; (ii)
nuclear expression: no expression IDS < 30, low expression IDS = 30 - 150,
and high expression IDS > 150 (Figure 6.3, Figure 6.4). In the benign
tumours (fibroadenomas, n = 25), 4% (1 of 25) and 8% (2 of 25) showed only
weak cytoplasmic expression for LINE-1 ORF1 and ORF2 proteins, while
88% (22 of 25) and 84% (21 of 25) of DCIS tumours displayed expression
that ranged from weak to high for ORF1 and ORF2 proteins, respectively.
Notably, both LINE-1 ORF1 and ORF2 protein exhibited high cytoplasmic
expression in 76% (19 of 25) and 80% (20 of 25) of cases, respectively.
None of the patients with DCIS displayed high nuclear expression , except for
1 of 25 which showed occasional weak staining. In contrast, 59% (59 of 95)
and 60% (57 of 95) of invasive cancers showed cytoplasmic expression of
ORF1 and ORF2 protein , respectively. Interestingly, 68% of these invasive
cancers (65 of the 95 patients) did not express any ORF1 or ORF2 protein in
the nucleus but only weak to moderate cytoplasmic staining. Notably, 28%
(27 of 95) and 27% (26 of 95) of invasive cancers showed high nuclear
expression of ORF1 and ORF2 protein respectively and the cytoplasmic
staining that ranged from weak to high was also seen in these cases. The
association between nuclear and cytoplasmic expression was significant for
both LINE-1 ORF1 and ORF2 protein (p < 0.0001 ). Together, these data
suggest that LIN E-1 retrotransposons are differentially expressed in breast
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tumours, with high expression seen in the cytoplasm and low expression in
the nucleus in DCIS , while LINE-1 expression is low in the cytoplasm and
high in the nucleus of the invasive cancers .
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Table 6.4 Relationship between LINE-1 ORF1 and ORF2 expression and
clinicopathological characteristics of DCIS

Tissues with overall IDS less than 30 were considered to have no expression
of LINE-1 protein regardless of location . Tissues having IDS greater than 30
are considered to have positive expression.

Clinicopathological and
biological
charactersi tics

Lt ORF1p expression

L1 ORF2p expression
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2
0
1

4
3
19
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4
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Figure 6.5 Relationship between ORF1 and ORF2 expression and
clinicopathological characteristics of invasive breast cancer

Tissues with overall IDS less than 30 were considered to have no expression
of LINE-1 protein regardless of location. Tissues having IDS greater than 30
are considered to have positive expression.
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17

0.059
33

40

0.034

6.4 Association between LINE-1 ORF1 and ORF2 protein
expression and clinicopathological characteristics
Tables 6.4 and 6.5 summarise the association between cytoplasmic and
nuclear expression of the LINE-1 ORF1 and ORF2 proteins and a number of
clinical features in patients with DCIS and invasive cancers. From our patient
database,

several

clinicopathological

characteristics were

investigated,

including patient age, family history, menstrual status, tumour size, vascular
invasion, estrogen receptor (ER) expression, progesterone receptor (PR)
expression, patient survival, cancer histological type, tumour grade, and
lymph node metastasis status. There was no significant correlation between
cytoplasmic ORF1 and ORF2 protein expression and the various grades of
the breast tumours. Nuclear expression was only found in a subset of the
invasive cancers (27 of 95 [28%] for ORF1 and 30 of 95 [32%] for ORF2
protein). No significant correlation was observed between nuclear expression
and histological grades although patients with high nuclear expression of
ORF1 and ORF2 proteins showed higher mitotic counts and higher nuclear
pleomorphism than patients with cytoplasmic expression. Although nuclear
ORF1 and ORF2 protein expression was more common in ductal tumours
than in lobular tumours, no significant correlation was observed between
nuclear expression

and

association

between the

expression

in

histological

grade.

There

was

no apparent

presence of vascular invasion and
.

either the cytoplasm or nucleus in

LINE-1

.
.
invasive cancers.

Interestingly, nuclear ORF1 and ORF2 protein, but not cytoplasmic, was
associated with poorer overall survival and the presence of distant
metastases for malignant breast tumours (p<0.05).
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The expression of LINE-1 elements was found to be highly associated with
patients

whose

cancers

expressed

estrogen

receptors

(ER)

and

progesterone receptors (PR). 95% (19 of 20) ER-positive DCIS and 95% (18
of 19) PR-positive DCIS exhibited cytoplasmic expression of both ORF1 and
ORF2 protein. In invasive cancers, 65% (46 of 71) and 68% (48 of 71) of ERpositive cases showed cytoplasmic expression of ORF1 and ORF2 protein
respectively, while the ratios were 66% (37 of 56) and 70% (39 of 56) for PRpositive patients. A similar association was found for nuclear expression:
35% (25 of 71) and 38% (27 of 71) of ER-positive cases showed ORF1 and
ORF2 nucleus expression respectively, and 38% (21 of 56) and 41 % (23 of
56) of PR-positive cases showed ORF1 and ORF2 nucleus expression
respectively. Unexpectedly, we found the expression of both ORF1 and
ORF2 protein in the cytoplasm of receptor-negative invasive cancer in the
range of 37-41% (9-10 of the 24 patients) of ER-negative and 46-48% (1819 of 39) of PR-negative tumours, while the nuclear-expression was found in
8-12% (2-3 of 24) of ER-negative and 15-17% (6-7 of 39) of PR-negative
cases.

In invasive tumours, nuclear expression of LINE-1 ORF1 and ORF2 protein,
but not cytoplasmic expression, was associated with patient age, i.e. 50%
(13 of 23) of patients aged less than 50 years showed ORF1 and ORF2
nuclear expression, and only 20% (14 of 69) and 25% (17 of 69) of patients
aged greater than 50 years showed ORF1 and ORF2 nuclear expression
respectively (p=0.004 and p=0.018 for ORF1 and ORF2 respectively). These
results were consistent with the association of LINE-1 expression and the
patients' menstrual status. 46% (12 of 26) and 50% (13 of 26) of pre-
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menopausal

patients

showed

ORF1

and

ORF2

nucleus

expression

respectively, which was greater than the fractions in post-menopausal
patients, 22% (15 of 69) for ORF1 and 25% (17 of 69) for ORF2 respectively
(p=0.019 for ORF1 and p=0.018 for ORF2).

Interestingly, the patients with lymph node metastasis showed greater
nuclear LIN E-1 expression than patients without lymph node metastasis
(45% V.S 23% for ORF1 and 50% V.S 26% for ORF2, p=0.043 and p=0.034
respectively), but there was no difference in cytoplasmic expression between
these groups. In addition, no significant association was observed between
LINE-1 ORF1 and ORF2 protein expression and other clinicopathological
features such as family history, vascular invasion, histology, grade and size
of tumours.
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Figure 6.5 The effect of nuclear LINE-1 protein expression on overall
patient survival

Kaplan-Meier analysis based on the presence or absence of nuclear LINE-1
ORF1 and ORF2 protein expression . (A) The cumulative overall survival of
invasive carcinoma patients is significantly worse in patients with nuclear
localization of ORF1 protein . (B) The cumulative overall survival of invasive
carcinoma patients is significantly worse in patients with nuclear localization
of ORF2 protein .
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Figure 6.6 Effects of LINE-1 protein expression in cytoplasm on overall
patient survival
Kaplan-Meier analysis based on the presence or absence of cytoplasmic
LINE-1 ORF1 and ORF2 protein expression. {A) The cumulative overall
survival of invasive carcinoma patients exhibited no significant difference
based on cytoplasmic localization of ORF1 protein. {B) The cumulative
overall survival of invasive carcinoma patients exhibited no significant
difference based on cytoplasmic localization of ORF2 protein.
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6.5 Nuclear LINE-1 protein correlates with decreased overall
survival
In breast tumours, it has been recently reported that nuclear, but not
cytoplasmic, ORF1 protein is associated with genomic instability, which in
turn is associated with aggressive behaviour and poor outcomes (Harris et al. ,
2010). In agreement with this study, no correlation between the survival of
the patients with DCIS and cytoplasmic expression of LINE-1 ORF1 and
ORF2 protein was observed . There were no breast cancer-related deaths in
patients with DCIS tumours. In the case of invasive cancers , 21 % of patients
(20 of 95) died of breast cancer (Table 6.5). Nuclear expression of LINE-1
ORF1 and ORF2 protein, but not cytoplasmic, was associated with worse
patient survival, i.e . 55% (11 of 20) and 60% (12 of 20) of patients who died
from breast cancer showed nuclear ORF1 and ORF2 expression respectively,
while only 21 % (16 of 75) and 24% (18 of 75) of PC?tients who survived from
breast cancer showed ORF1 and ORF2 nuclear expression respectively
(p=0.003 and p=0.002 for ORF1 and ORF2 respectively) . The mean followup time for the patients with invasive cancers was 10.7 years (ranging from 2
to14 years). When the localization of the protein was considered , the 10-year
survival was 50 to 51.8% for overall nuclear expression of ORF1 and ORF2
protein (Figure 6.5) while 10-year survival with cytoplasmic expression was
75 to 75 .4% (Figure 6.6). Analysis of the prognostic significance of
expression

using

Kaplan-Meier survival

curves

showed

that

nuclear

expression of ORF1 and ORF2 protein significantly affected patient outcome
(p<0.0001) but cytoplasmic expression did not (Figure 6.5 and 6.6) .
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Table 6.6 Multivariate Cox-regression analysis of cytoplasmic and
nuclear expression of ORF1 and ORF2 protein

Variable

Hazard ratio

95% confidence interval

Cytoplasm

2.159

0.616-7.545

0.228

Nucleus

0.339

0.13-0.886

0.027

Cytoplasm

0.503

0.141-1.798

0.29

Nucleus

0.239

0.099-0.87

0.027

Age

2.855

0.061-134.132

0.593

Family history

1.32

0.016-110.778

0.902

Menopause

0.383

0.009-16.29

0.616

Size

0.54

0.144-2.021

0.36

Vascular invasion

2.452

0.687-8.754

0.167

ER

1.049

0.199-5.519

0.955

PR

2.499

0.525-11.887

0.25

Histology

1.163

0.137-9.855

0.89

Grades

1.085

0.17-6.905

0.604

Lymph node metastasis

0.182

0.065-0.514

0.001

L1 ORF1p

L 1 ORF2p
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Pvalue

Similarly, in a multivariate Cox-regression analysis, nuclear expression of
ORF1 and ORF2 protein was significantly associated with poor patient
outcomes (p=0.027, p=0.027, respectively) while cytoplasmic expression was
not (Table 6.6). The chance of dying from breast cancer is 2.9 times greater
in ORF1 nuclear-positive patients than in ORF1 nuclear-negative patients,
and 4.2 times greater in ORF2 nuclear positive patients than that of
negatives. As would be expected, the lymph node metastasis status which is
strongly related to high nuclear expression of LINE-1 ORF1 and ORF2
protein was highly associated with patient prognosis (p=0.001 ). Patients with
lymph node metastasis have a 5.5 times greater chance of dying compared
to the patients with no such invasion.
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6.6 Discussion
Genomic instability is a major driving force of tumourigenesis that might
occur

in

human tumours even before morphological abnormalities are

detectable (Ellsworth et al., 2004 ). Although it has not been completely
resolved whether genomic instability is a cause, or a consequence of tumour
progression, an unstable genome can be indicative of a poor prognosis of
cancer (Jones and Baylin, 2002). The mechanistic pathways that cause
genomic instability are not well understood. However, the activation of
normally repressed LIN E-1 elements has been implicated as a cause of DNA
double strand breaks and genomic instability (Gilbert et al., 2002; lskow et al.,
2010). Several studies have shown that there is a direct correlation between
the severity of cancer and the loss of DNA methylation at LINE-1 promoter
regions (Ahn et al., 2011; Saito et al., 201 O; van Hoesel et al., 2012).
However, little is known about LINE-1 encoded ORF1 and ORF2 protein
expression. A recent study reported that LINE-1 ORF1 protein is expressed
in a range of cancer tissues, including breast (Harris et al., 2010), and that its
nuclear expression is correlated with poorer outcomes. But it remains unclear
whether any relationship exists between the various stages and grades of
breast cancers and the level of expression of ORF2 protein, which is a key
protein involved in creating DNA strand breaks and inserting LINE-1 element
copies into genomic DNA during the process of retrotransposition.

In this chapter, we investigated the expression of both the LINE-1 ORF1 and
ORF2 proteins in a range of tissues from patients with breast cancer and
determ ined whether it could provide useful information for cancer prognosis.
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In the studies on in vitro cell lines presented in Chapter 3, overexpressed
LINE-1 ORF1 and ORF2 proteins are found to be co-localized in the
cytoplasm suggesting that it may be involved in the assembly of RNP
intermediates

before

entering

the

nucleus

and

initiating

LINE-1

retrotransposition (Belgnaoui et al., 2006; Doucet et al., 2010). The
cytoplasmic expression of LINE-1 elements is not necessarily related to
tumour development, whereas nuclear expression is linked to DNA breaks
and genomic instability. Here, we describe additional data derived from
clinical breast cancer tissue samples that support the importance of
subcellular localization seen in the cell line studies. We found that the
expression of LINE-1 ORF1 and ORF2 protein in the majority of pre-invasive
breast cancers (ductal carcinoma in situ) was cytoplasmic rather than in the
nucleus, which was not associated with patient survival.- Consistently, weak
staining of both proteins was also observed only in the cytoplasm of benign
tumours , suggesting that cytoplasmic expression of LINE-1 elements can be
occasionally seen in benign tumours such as fibroadenoma , although
precisely how this occurs is not clear. Patients with fibroadenomas have
been shown to have a small increase in risk of developing breast cancer
(Dupont et al. , 1994) although in the sample of patients that we studied , none
of the patients developed cancer during the study period. One possible
explanation is that LINE-1 elements might become active early in the
development of cancer. This early expression is in agreement with DNA
methylation studies in which early onset of LINE-1 hypomethylation has been
reported to occur in a number of tumours including breast, colon and lung
(Ahn et al. , 2011 ; Allred et al. , 1992; Saito et al. , 201 O; van Hoesel et al. ,
2012). Certainly, hypomethylation of LINE-1 element promoters , which has
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been shown to correlate with LINE-1 mRNA expression in breast cancer cells
(Asch et al., 1996; van Hoesel et al., 2012), would be consistent with the
expression of ORF1 and ORF2 protein that we see in DCIS tumours. While
there does seem to be some differences in the levels of LINE-1 ORF1 and
ORF2 protein expression depending on the grade of DCIS, the number of
DCIS cases was quite small in this study due to the relatively small number
of cases treated at the source hospital. Further studies with larger samples
would be required to evaluate this more precisely.

It is known that, depending on microenvironment and genetic background,
different subtypes of tumours express different protein profiles. Our study
shows that the overall level of expression of the LINE-1 ORF1 and ORF2
proteins was 29% and 24% higher in DCIS than in invasive cancers
respectively. This suggests that these tumours do not require so much of
these proteins once they become invasive. Higher expression of other
proteins has also been reported in DCIS including Her-2, ER and PR (Allred
et al., 1992; Dobrescu et al., 2011 ), suggesting that some tumours express
variable levels depending on which is the critical step(s) in tumourigenesis.
The expression of LINE-1 ORF1 and ORF2 proteins often occurs in ER and
PR receptor-positive breast tumours. Although there is known to be crosstalk between the ER and growth factors and other signalling pathways, we do
not really understand the relationship between ER or PR and LINE-1
expression and the mechanism by which they affect each other, and this will
require further investigation.
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Expression of both LINE-1 ORF1 and ORF2 protein in the majority of the
invasive breast cancers that we studied was mainly cytoplasmic while
nuclear expression occurred only in a subclass of invasive cancers. Thus,
changes in subcellular localization of ORF1

and ORF2 protein from

cytoplasm to nucleus may be a critical step in tumourigenesis. It is known
that certain proteins, similar to what occurs with ORF1 and ORF2 protein
expression, change their cellular localization during tumour progression. One
well-studied case is ~-catenin which is associated with tumour progression
following its nuclear localization (Fagotto et al., 1998). Our research showed
that expression of LINE-1 ORF1 and ORF2 protein in invasive cancers in
nucleus but not in cytoplasm, was associated with poorer survival in patients
with a more aggressive phenotype. This indicates that the different staining
locations of ORF1 and ORF2 protein may have distinct biological significance
for the metastatic potential of breast cancer and this result is similar to a
recent study in which nuclear ORF1 protein was found to be associated with
an increased risk of distant recurrence and poor prognosis (Harris et al.,
2010). However, the functional role of nuclear LINE-1 element localization
and its relationship to tumour development has not been well elucidated.

As mentioned before, expression of nuclear LINE-1 elements is linked to
genomic instability and DNA breaks. Sciamana et al. have shown that the
inhibition of the reverse transcriptase activity of ORF2 protein reduces cell
proliferation and promotes differentiation by reprogramming gene expression
in tumourigenic cell lines. Recently, it has been postulated that LINE-1
retrotransposition activity in the nucleus might interfere with the transcription
machinery of cells and thereby it may be involved in the development and
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progression of cancer. Thus, identifying the mechanisms by which nuclear
localization of LINE-1 ORF1 and ORF2 proteins occurs may help to
understand the consequences of L 1 element expression in breast cancer
cells.

In summary, this chapter presented results concerning the potential clinical
utility of determining the expression and subcellular localization of LINE-1
encoded ORF1 and ORF2 proteins in breast cancer. The three main findings
are: firstly, there is high cytoplasmic expression of LINE-1 elements in DCIS.
In the majority of invasive cancers, the expression of LINE-1 elements is
found mainly in the cytoplasm while nuclear expression occurs only in a
subclass of invasive cancers. Secondly, only nuclear expression of LINE-1
ORF1 and ORF2 protein is associated with poorer survival in patients with
invasive cancers and it is not related to tumour size, family history, vascular
invasion, tumour type or grade. Thirdly, tumours expressing estrogen or .
progesterone receptors are more likely to show LINE-1 expression than
receptor-negative tumours. This study is the first to observe the expression of
both LINE-1

ORF1

and ORF2 protein in human breast cancer. Our

observations show that considerable heterogeneity exists in the expression
of LINE-1 ORF1 and ORF2 protein in breast tumours that relate to biological
and clinical differences in overall patient survival. The associations found for
both cytoplasmic and nuclear expression of ORF1 and ORF2 protein suggest
that further studies of the biology and function of L 1 elements in breast
cancer are warranted.
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Chapter 7 Conclusion
7.1 Summary
Long interspersed nuclear element 1 (LINE-1) retrotransposons are capable
of generating deleterious mutations by inserting themselves into genes and
affecting their functions in the human genome (Lander et al., 2001;
Waterston

et

al.,

2002).

In

normal

cells,

the

activity

of

LINE-1

retrotransposons is mostly repressed to maintain a stable genome (Goodier
and Kazazian, 2008). In contrast, cancer cells are characterized by aberrant
expression of LINE-1 retrotransposons (Callinan and Batzer, 2006; Ostertag
and Jr, 2006), which, in principle, have the potential to contribute to genomic
instability. The mechanistic pathways that activate genomic instability are not
known.

This study was mainly designed to understand the mechanisms that regulate
LINE-1 elements and their contributions to genomic instability in human
cancer cells. In addition, we also explored the clinical value of measuring
expression of LINE-1 proteins.

In order to explore the underlying mechanisms that regulate LINE-1
expression in human breast cells, we first studied the expression of LINE-1
elements in various breast cancer and normal breast cell lines. Our
experiments showed ubiquitous expression of LINE-1 proteins in breast
cancer cells, while the proteins were not found in normal breast cells. This
result is consistent with the expression of LINE-1 reported in human cancer
including breast cancer (Asch et al., 1996; Bratthauer et al., 1994; Bratthauer
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and Fanning, 1992; Harris et al., 201 O; Roy-Engel and Belancio, 2011; Su et
al. , 2007). Most earlier studies detected only LINE-1 ORF1 protein. In this
study we demonstrated the differential expression of both ORF1 and ORF2
proteins in breast cancer and normal cells in a comprehensive and
systematical way. This is important because both the ORF1 and ORF2
proteins are essential for LINE-1 retrotransposition (Hohjoh and Singer, 1996;
Kulpa and Moran, 2005). LINE-1 mRNA expression levels were also
measured to further confirm the expression of LINE-1 elements. Interestingly,
the LINE-1 expression (mRNA and protein) levels varied among the different
types of cancer cells. Breast cancer cells which are normally considered as
having no invasive ability such as T4 70 cells (Neve et al., 2006) showed
higher expression of LINE-1 elements compared with more invasive cancer
cell lines such as MDA-MB-231 (Kao et al., 2009).

In addition to expression of LINE-1 elements , retrotransposition activity was
also examined in all breast cancer cell lines , including normal breast cells .
The frequency of retrotransposition events was higher in some of the less
invasive cell lines such as T4 7D cells (Neve et al. , 2006) compared to highly
invasive cancer cells such as MDA-MB-231

(Kao et al. , 2009) . The

retrotransposition activity of LIN E-1 was found to be consistent with the level
of expression of the elements. Although the LINE-1 expression is not
necessarily related to the occurrence of LINE-1 retrotransposition (Belancio
et al. , 2010 ), our findings showed that the expression of LINE-1 proteins was
in proportion to LINE-1 retrotransposition activity. This suggests that the
expression of LINE-1 protein in breast cancer cells can initiate LINE-1
retrotransposition.
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Based on the fact that initiation of gene transcription can be blocked by
methylation of the promoter region (Prendergast and Ziff, 1991; Watanabe
and Maekawa, 201 O; Watt and Molloy, 1988), the methylation status of the 5'
UTR of LINE-1 was examined to see whether expression of LINE-1 was
associated with DNA methylation of its promoter region. As expected,
hypermethylation of the LINE-1 5' UTR over the first 31 CpG dinucleotides
was observed in normal breast cells, whereas the methylation level in the
same region was significantly lower in all the breast cancer cell lines that we
studied. Our findings agree with the results of DNA methylation in the same
genomic loci in breast cancer tissues or cell lines reported by other research
groups, despite the fact that their studies covered a smaller number of CpG
sites (Chalitchagorn et al., 2004; Choi et al., 2009; Feng et al., 2007; Sunami
et al., 2008; van Hoesel et al., 2012). In addition, the level of DNA
methylation in the LINE-1 5'UTR is lower in less inyasive breast cancer cell
lines compared to highly invasive types. This is consistent with the LINE-1
expression

levels

and

retrotransposition

frequency

observed

in

our

experiments.

The question

of whether endogenous siRNAs can

regulate

LINE-1

expression in human has long been debated (Soifer, 2006; Soifer et al. ,
2005). Although all the required components of the small RNA interference
pathway are found in human cells , the existence of small RNAs that control
LINE-1 expression have been found rarely in humans (Yang and Kazazian ,
2006). The work discussed in this thesis demonstrated for the first time the
existence of LINE-specific endogenous small RNAs in human breast cells.
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Table 7.1 Qualitative summary of the relationships among several
components associated with LINE-1 activity

Normal cells

Cell line

Less invasive
cells

HMEC/MCF1 QA T47D/MCF7

Highly invasive
cells .
MDA-MB-231/
MDA-MB-436

Promoter

++++

+

++

-

++++

++

++++

+

++

-

++++

+++

methylation
LINE-1
expression
Endo-siRNA
expression
Retrotransposition
events

- = negative; +=low; ++=modera te; +++=strong ; ++++=very strong.
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The specific sequences of these siRNAs were identified and the inhibitory
effect of the sequences on LINE-1 transcription was also confirmed.
Furthermore, differential expression of these endo-siRNAs was observed.
The level of expression of LINE-1 endo-siRNAs is very low in breast cancer
cell lines compared to normal breast cells and the expression is even lower
in some non-invasive and the less invasive cells compared to highly invasive
breast cells.

In addition to the discovery of endo-siRNAs, we also found that these small
RNAs were involved in DNA methylation at the 5'UTR of LINE-1 elements.
Although a direct link between endo-siRNAs and DNA methylation was not
established in this study, the data presented here provide compelling
evidence that endo-siRNAs direct LINE-1 repression through the induction of
DNA methylation and possibly through the recruitment of certain chromatin
modifying factors to facilitate these processes._ siRNA-mediated DNA
methylation has been reported in many plants (Lister et al., 2008; Mathieu
and Bender, 2004; Matzke et al., 2009). Until now there has been little
evidence of a similar pathway in human cells (Castanotto et al., 2005; Morris
et al., 2004; Suzuki et al., 2005). Our experiments, for the first time, show
that endo-siRNAs regulate LINE-1 expression by hypermethylation of its 5'
UTR. However, further studies are required to determine whether the
recruitment of chromatin modifying factors is required for these processes in
human cells.

The relationships among the

methylation

levels,

endo-siRNA levels,

expression levels and retrotransposition frequency of LINE-1 elements in
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various breast cancer and normal breast cell lines are summarized in Table
7.1.

In

normal

cells,

LINE-1

elements

are

hypermethylated.

Thus

DNA

methylation of LIN E-1 promoter acts as the first line of defense against
transcription of the LINE-1 elements and their deleterious activities. For some
unknown reasons, the methyl group is lost from position 5 of the cytosine
residues. Then the protection due to methylation is no longer present and
LINE-1 sequences can be transcribed to LINE-1 mRNAs. RNAs can also be
transcribed from the anti-sense promoter, resulting in expression of some
oncogenes such as c-Met oncogene. The transcripts from the sense and
anti-sense promoters can form LINE-1 double-stranded RNAs, which are
then processed by Dicer1 to generate siRNAs. These siRNAs are believed to
be involved in cleaving LINE-1 mRNAs through classical RNAi machinery.
The origin of endo-siRNAs is not currently known. Endo-siRNA can possibly
derive from multiple regions of the genome. Our genome contains thousands
of copies of truncated LINE-1 elements scattered throughout the genome. In
many regions, genomic fragments contain two or many inverted LINE-1
promoter sequences orientated convergently. Transcription across this
region because of the inverted arrangements would yield long hairpin RNA
products that could serve as dsRNA substrates for Dicer1 and Ago2
processing to yield

a series of 20- to 24- antisense endo-siRNAs.

Alternatively , endo-siRNAs can potentially be derived from complementary
annealed transcripts which

might come from the

same or different

localisation of genomic fragments. Finally, endo-siRNAs can also possibly be
derived from retrotransposons themselves . Whatever the sources, long
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Figure 7.1 Putative pathway that may regulate LINE-1 elements in
normal cells
When loss of DNA methylation occurs in the 5' UTR of a LINE-1 element in a
normal human cell, RNAs produced by action of both the LINE-1 sense and
anti-sense promoters lead to the production of LINE-1 double stranded RNAs
(dsRNAs). These dsRNAs are further processed by Dicer1 into LINE-1
siRNAs. The siRNAs can form a RNA-induced silencing complex (RISC) with
several proteins including Ago2. The RISC binds the LINE-1 mRNAs at its
complementary site and possibly mediate DNA methylation at the LINE-1 5'
UTR, in association with Ago2.
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dsRNAs serve as substrates for Dicer 1 processing to yield small RNAs.
These siRNAs can bind to Ago2 protein forming the RNA-induced silencing
complexes (RISC). The RISC can interact with LINE-1 mRNAs at their
complementary sites before they are translated into functional proteins.
Therefore the expression of LINE-1 retrotransposons is terminated. This
could be one the first lines of defense against LINE-1 elements. The other
function of the endo-siRNAs is to mediate DNA methylation on the LINE-1
promoters. Although the pathways involved in this process is unknown,
several recent studies have found that endo-siRNAs in mice and drosophila
are linked to transposon silencing and DNA Methylation. The evidence from
our studies shows that this might be the case. However, if the cells are
abnormal, such as cancer cells, none of the defense mechanisms are
effective. Hypomethylation of the LINE-1 promoter and absence of LINE-1specific siRNAs lead to expression of ORF1 and ORF2 proteins and
subsequent retrotransposition (Figure 7.1 ).
In addition to the study of mechanisms, the clinical value of measuring LINE1 expression was also explored. Earlier studies showed that LINE-1 ORF1
protein is active in breast cancer cells (Asch et al., 1996) but its clinical
significance was unclear. Recently, increased expression of LINE-1 ORF1
protein has been detected in several types of cancers including breast
cancer and it has been observed that its expression correlates with poor
outcomes (Harris et al. , 2010). However, their study did not assess LINE-1
expression in the different stages and grades of breast cancers nor did it
study the expression levels of LINE-1 ORF2 protein , which has a key role in
nicking double-stranded DNA and copying the L 1 mRNA into the genome. In
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the present study, we investigated the expression of both LINE-1 encoded
ORF1 and ORF2 proteins in a range of tissues from patients with breast
cancer, and found that both LINE-1 ORF1 and ORF2 proteins are expressed
in cancer tissues, but are either expressed at very low levels or are absent in
normal breast tissues. In addition, the expression levels of both proteins are
high in ductal carcinoma in situ (DCIS) but relatively low in invasive cancer,
which is consistent with our findings from experiments on cell lines. This
suggests that the expression level of LINE-1 is associated with the progress
of the disease, i.e. the expression of LINE-1 is higher in non- or less invasive
breast cancers than the more advanced stages of the disease (highly
invasive). We might be able to capitalise on these findings as a method to
help assess the severity of the disease. Importantly, only nuclear expression
of LINE-1 ORF1 and ORF2 protein is associated with- poorer survival in
patients with invasive cancers and it is not related to tumour size, family
history, vascular invasion, tumour type or grade. This novel discovery might
give us a new strategy to evaluate breast cancer and serve as a new
biomarker to help breast cancer prognosis.
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7.2 Discussion
The stability and integrity of the genome Is essential for survival of any
organisms. Genomic instability has been suggested to be an important
contributor to heritable and genetic changes that drive tumourigenic
processes in normal breast cells even before histological abnormalities are
detectable

(Ellsworth

et

al.,

2004).

The

contributions

of

LINE-1

retrotransposons to pathological processes other than genomic insertions are
poorly understood. Earlier studies revealed that LINE-1

expression is

significantly elevated in several types of breast carcinomas (Asch et al., 1996;
Bratthauer et al., 1994 ), but the mechanistic pathways that activate LIN E-1
expression remain elusive. Our findings show that less invasive breast
cancer

cell

lines

exhibit

high

levels

of

LINE-1

expression

and

retrotransposition activity compared to highly invasive cancer cells. To date,
the reason why LINE-1 is overexpressed in these cells is not clear. It has
been suggested that LIN E-1 might become activated in the early stages of
the

malignant

transformation

process,

even

though

the

onset

of

tumourigenesis is a multistep process. This early activation of LINE-1
retrotransposon is also in agreement with DNA rnethylation studies in which
the early onset of LINE-1 demethylation has been reported to occur during
the progression of many human cancers (Sunami et al., 2011 ). And our
studies presented in this thesis also show that the DNA methylation level of
LINE-1 promoter region and expression of LINE-1 endo-siRNAs are slightly
higher in highly invasive breast cancer cells compared to the less invasive
ones. These might be the reason why expression of LINE-1 elements
dereases in late stage cancer. However, what cause the changes of
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methylation level and endo-siRNA expression of LINE-1 elements during
tumour progression are not fully understood. In addition, our studies also
imply that overexpression of LINE-1 may be widespread in breast cancer
cells and possibly in a wide range of tumour tissues.

The expression of LINE-1 retrotransposons is rare in normal human cells
(Callinan and Batzer, 2006). This suggests that several mechanisms may be
involved in the silencing of LINE-1

expression. In addition to DNA

methylation at the promoter region of LINE-1 elements (Asada et al., 2006),
small RNAi-directed transcriptional silencing and recruitment of chromatin
modifying factors have been reported to be involved in preventing the
negative effect of LINE-1 activity within the host genome (Girard and Hannon,
2008; Malone and Hannon, 2009). A recent investigatlon in human cells
showed that deletion of a portion of the LINE-1 promoter or Dicer1 knock
down increased LINE-1 expression (Lee et al., 200~b; Yang and Kazazian ,
2006), suggesting that siRNAs are involved in the control of LINE-1 elements,
though bona fide siRNAs have yet to be cloned and sequenced. Evidence
presented in this study demonstrated, for the first time, the existence of
LINE-1-specific endo-siRNAs that are differentially expressed in normal and
breast cancer cells. This study adds to a growing body of evidence indicating
that endo-siRNAs repress retrotransposable elements. Importantly, our
studies show that endo-siRNAs repress LINE-1 elements by increasing DNA
methylation, similar to piRNAs that have been linked to retrotransposon
methylation in mice (Aravin et al., 2008) . This process of gene silencing
might be initiated by argonaute protein complexes (Kim et al. , 2006) and
most likely depends on the recruitment of additional factors to the promoter,
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such as promoter-specific gene silencing by siRNAs in human cells (Girard
and Hannon , 2008). Studies in Drosophila and S. pombe suggest that some
endo-siRNAs , in complex with Ago2 protein, can identify their repeat targets
through sequence-specific recognition thus enabling the targeting of DNA
methyltransferase enzyme to the LINE-1 sequences that they modify (Aravin
et al., 2008; Ghildiyal and Zamore, 2009). Consistent with this finding, a
mutation in Ago2 protein in plants and fission yeasts is correlated with loss of
histone H3 Lys9 dimethylation (H3K9me2) and siRNA-directed transcriptional
silencing (Malone and Hannon, 2009). In human cells, targeting promoters
with sequence-specific siRNAs leads to transcriptional silencing via histones
H3K9me2 and H3K27me3 (Kim et al., 2006), which are characteristic of
repressive heterochromatin formation. Although a direct link between endosiRNAs and repressive histone modifications was not established in this
study, the data presented here suggest that endo-siRNAs direct LINE-1
repression through the induction of DNA hypermethylation and possibly
through the recruitment of chromatin factors to facilitate these processes .
Further experiments are required to determine whether the recruitment of
chromatin modifications is required for LINE-1 silencing in human cells.

In mammals, DNA methylation

in

CpG sites is often closely linked to

repressive histone marks that alter chromatin structures , resulting

in

repression of a gene. Several studies have found that a loss of LINE-1 DNA
methylation is correlated with a loss of genomic stability in cancer cells
(Hoffmann and Schulz, 2005 ; Phokaew et al. , 2008) , which is a trademark
event in tumouri genesis . Hypomethylation of the LINE-1 promoter has been
reported to be associated with overexpression of LINE-1 transcripts , leading
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to an accumulation of new insertional mutations upon cancer progression
(Roman-Gomez et al., 2005). Thus, depletion of endo-siRNAs might lead to
DNA hypomethylation in breast cancer cells. Strikingly, our results show that
one of the identified endo-siRNAs is endo453 (hgur000380276). Part of this
endo453 stem sequence is almost identical to human piRNA-48208
(DQ580096), which controls LINE-1 expression during cellular development
(Girard et al., 2006). At present, it is not known why endo-siRNAs are
downregulated in breast cancer cells and to what extent the expression of
endo-siRNAs and their genomic locations are associated with histone
modifications. Further studies will be required to systematically analyze the
epigenetic patterns at endo-siRNA loci and their expression profiles in the
human genome.
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7.3 Future studies
The studies presented in this thesis have mainly focused on the mechanisms
by which the expression of LINE-1 elements is regulated by DNA methylation
and endo-siRNAs, and the clinicopathological significance of LINE-1 proteins
in breast cancer tissues. We have studied the relationships among the DNA
methylation, endo-siRNAs and the expression of LINE-1 elements, and
provided a possible link to the regulatory mechanisms that control LINE-1
activity. However, further studies are required to understand the functional
links in silencing LINE-1 pathways in more detail. As a part of an ongoing
project in our group, further research might be carried out on the following
aspects.

7.3.1 Mechanisms of initiation

As described in this thesis, this study started from normal or cancer cells in
which the LINE-1 promoter region was found to be hypermethylated or
hypo methylated.

But

how does

a normal

cells

first of all

become

demethylated and transform into a cancer cell? Is demethylati on a cause or a
consequence in the process of cancer formation? Are endo-siRNAs involved
in the process? Why is the expression of endo-siRNAs downregulated in
cancer cells? If LINE-1 activation does play an important role in the formation
of cancer, it will be critical to explore these questions.
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7.3.2 LINE-1 methylation profiles and LINE-1 endo-siRNA expression
levels in clinical sample

The studies described in this thesis were mainly performed in cancer cell
lines, which may not be accurately reflected in clinical samples. Therefore,
further studies are required to determine whether the DNA methylation and
endo-siRNA expression occur in clinical tissue samples.

7.3.3 Analysing the role of LINE-1 elements in animal model

Although the experiments involved in this study are performed in invitro, they
cannot substitute for in vivo studies as these are the best way to simulate the
real tumour microenvironment and have the potential to demonstrate
conclusive insights about the nature of the disease. In order to further
analyse the role of LINE-1 retrotransposition in the development of breast
-

cancer, animal models would almost certainly be required to determine
whether reducing LINE-1 expression could inhibit tumour growth, and to
explore the effect of increasing LINE-1 expression on tumour development
and metastases. The specific studies might include: (1) transplant nude mice
with breast cancer cells in which LINE-1 expression levels are artificially
knocked down, and compare tumour growth with mice injected with cancer
cells which express LINE-1 natively; (2) transplant nude mice with benign
breast cells in which LINE-1 expression is initiated artificially to determine
whether tumours can form and how far they progress. In fact, it is possible to
conceive of a number of experimental animal models . to demonstrate the
effect of LINE-1 activity in cancer formation, and importantly they may shed
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new light into how and why disease states arise in breast tissues and how
altered expression of LINE-1 retrotransposons activates the process of
breast cancer development.
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7.4 Final conclusion and significance
As a result of these studies , the main findings are as follows. LINE-1
expression is generally elevated in most breast cancer cells and tissues .
There is variable expression of LINE-1 during the progress of breast cancer.
Expression of LINE-1 elements is correlated with the loss of DNA methylation
in the LINE-1 promoter and deregulation of endo-siRNA expression. The
endo-siRNAs are also capable of increasing DNA methylation of the LINE-1
promoter. In addition, nuclear LINE-1 expression correlates with worse
patient survival.

Genomic instability is an important contributor to cancer development, but
the mechanisms that activate genomic instability are not yet known. To date,
studies of epigenetic changes in cancer have focused on gene specific
epigenetic changes and have not considered the global consequences of
activation of DNA repeat elements. We believe that the key to elucidating
how the genome becomes unstable is to understand the mechanisms by
which repeat elements become activated. The studies present in this thesis
are important because they support a potential oncogenic role for LINE-1
retrotransposons in cancer development. In addition, these studies are the
first to show that endogenous small RNAs control LINE-1 expression in
human cancer cells , which have potential implications for our understanding
of how and why cancers arise through the activation of LINE-1 elements.
More importantly, a comprehensive understanding of the endo-siRNA and
methylation

regulatory

expression and

clinical

mechanisms,

the

correlation

between

LINE-1

outcomes may offer new strategies for the
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identification of novel biomarkers for the detection and treatment of breast
cancers, particularly in early diagnosis.
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