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Naturally occurring endo-siRNA
silences LINE-1 retrotransposons in human cells
through DNA methylation

Long Chen,' Jane E. Dahlstrom,"?? Sung-Hun Lee' and Danny Rangasamy'*

'John Curtin School of Medical Research; The Australian National University; Canberra, Australia; 2Department of Anatomical Pathology; The Canberra Hospital;
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Abbreviations: LINE, long interspersed nuclear element; SINE, short interspersed nuclear element; endo-siRNA,
endogenous small interfering RNA

Long interspersed nuclear element 1 (LINE-1) retrotransposons are mutagens that are capable of generating deleterious
mutations by inserting themselves into genes and affecting gene function in the human genome. In normal cells, the
activity of LINE-1 retrotransposon is mostly repressed, maintaining a stable genome structure. In contrast, cancer cells are
characterized by aberrant expression of LINE-1 retrotransposons, which, in principle, have the potential to contribute to
genomic instability. The mechanistic pathways that regulate LINE-1 expression remain unclear. Using deep-sequencing
small RNA analysis, we identified a subset of differentially expressed endo-siRNAs that directly regulate LINE-1 expression.
Detailed analyses suggest that these endo-siRNAs are significantly depleted in human breast cancer cells compared
with normal breast cells. The overexpression of these endo-siRNAs in cancer cells markedly silences endogenous LINE-1
expression through increased DNA methylation of the LINE-1 5' UTR promoter. The finding that endo-siRNAs can silence
LINE-1 activity through DNA methylation suggests that a functional link exists between the expression of endo-siRNAs

and LINE-1 retrotransposons in human cells.

Introduction

Long interspersed nuclear element-1 (LINE-1 or L1) retrotrans-
posons are the most prolific class of retrotransposable elements,
comprising 17% of human genomic sequences. There are
~6,000 full-length LINE-1 elements in the human genome, at
least 100 of which are classified as active elements or retrotrans-
position competents."? An active LINE-1 element is ~6 kb long
and is composed of the 5'-untranslated region (5-UTR), which
harbors an internal promoter, two open reading frames (ORF1
and ORF2), and the 3-UTR, which includes a poly-A tail.?
OREF1 encodes a p40 protein with RNA-binding and chaperone
activities,® whereas ORF2 encodes a protein of 150 kDa with
endonuclease and reverse transcriptase activities.”® Both ORF
proteins are required for autonomous LINE-1 retrotransposition
activity.’

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 affect-
ing the stability of the genome because of its ability to create
breaks in genomic DNA breaks during the process of LINE-1
mobilization or retrotransposition (reviewed in refs. 8 and 9). In
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addition, LINE-1 mediates the retrotransposition of nonauto-
1011 thereby
altering the genomic structure in myriad ways. There are at least

nomous SINE elements such as A/us and retrogenes,

60 known human disease-causing insertions of LINE-1s, Alus
and SVAs.'? Although knowledge about LINE-1 retrotransposi-
tion in somatic tissues is still scarce, increasing evidence suggests
that LINE-1 is expressed in some somatic cells' and that ongoing
LINE-1 retrotransposition causes somatic mosaicism in neuronal
progenitor cells and during embryogenesis.”*'* A recent study sur-
veying lung tumors and comparing their genomes against normal
tissues suggested that tumors exhibit high frequencies of LINE-1
retrotransposition events that are not present in the adjacent nor-
mal tissues.” Because of the potential harmful impact of LINE-1
elements on genome integrity, LINE-1 expression is believed to
be held in check through a variety of genome defense mecha-

nisms'®"

and is mostly undetectable in normal cells. In contrast,
the majority of human cancers, including breast cancer,' exhibit
high levels of LINE-1 expression, which can be one of the driv-
ing forces causing an accelerated rate of mutations and genomic
instability. These defects in LINE-1 expression have been attrib-
uted to transcription activation associated with the DNA meth-

ylation of LINE-1 promoters.””?® It was recently reported that
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Figure 1. Aberrant expression of LINE-1 retrotransposons in breast can-
cer cells. (A) The LINE-1-encoded ORF1 protein was detected by western
blotting of whole-cell lysates from normal and breast cancer cells.
NTera.2D1 human embryonic carcinoma cells were used as positive con-
trols. For protein normalization, mouse a-tubulin was used as a loading
control. (B) The LINE-1 transcripts (L1 mRNAs) derived from the LINE-1
ORFs were detected via gRT-PCR with primers specific for the LINE-1
ORF1 and ORF2 sequences. The data are shown as the fold change com-
pared with the HMECs after normalization to the HPRT1 housekeeping
gene. Each point represents the average from four independent experi-
ments. Unpaired t-test, p = 0.002. Error bars indicate SD (n = 4).

the hypomethylation of LINE-1 promoters activates an alternate
promoter of the MET oncogene in cancer cells.?!

Several studies performed in the Drosophila
germlines* have now suggested that naturally occurring endog-
enous siRNAs (endo-siRNAs), possibly derived from retrotrans-
posons or from complementary annealed transcripts, can repress
LINE-1 expression through an RNAI pathway, acting as a con-
stant genome defense system. However, whether such endo-
siRNAs exist in human somatic cells remains unclear, and thus
endo-siRNAs are not well characterized. One piece of evidence
that supports a role for natural endo-siRNAs is the detection of
21-nt siRNAs in cultured human cells using strand-specific RNA
probes for the LINE-1 5-UTR promoter.'® However, whether
these hybridization signals represent a pool of an siRNA popula-
tion or functional siRNA duplexes remains unknown. Although
bona fide endo-siRNAs have yet to be isolated, others we and

2223 and mouse
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others have shown that the knockdown of components of the
RNAI machinery, such as Dicerl,'®? increases the rate of human
LINE-1 retrotransposition activity, suggesting that a possible
link exists between small RNAs and the epigenetic silencing of
retrotransposons. Despite extensive analyses and their significant
role, little is known about small RNAs or their potential function
as regulators of LINE-1 elements in the human genome.

Endo-siRNAs are small non-coding RNAs of 20-24 nt
that control target gene expression through their secondary
structure and by recruiting chromatin-targeted RNAI silenc-
ing components to form transcriptionally silent heterochroma-
tin structures.”>” Using high-throughput deep sequencing, we
recently identified a subset of repeat-associated endo-siRNAs
that are differentially expressed between normal breast cells and
breast cancer cells. Interestingly, the identified endo-siRNAs are
perfectly complementary in sequence to the LINE-1 bidirec-
tional promoters. In this study, we characterized the functions
of these differentially expressed endo-siRNAs in breast cancer
cells. Here, we demonstrate that the overexpression of the endo-
siRNAs in cancer cells resulted in marked silencing of LINE-1
expression through global hypermethylation of the LINE-1
promoter. The finding that endo-siRNAs can repress LINE-1
activity through DNA methylation provides new insight into the
function of endo-siRNA in the silencing of retrotransposons and
the maintenance of genome integrity in human cells.

Results

Aberrant LINE-1 expression in breast cancer cells. Earlier
studies revealed that the levels of LINE-1 transcripts are signifi-
cantly elevated in human breast cancers and cancer-derived cell
lines.?®* A recent study of clinical specimens of breast cancers
has also shown that the expression of the LINE-1 ORF1 pro-
tein is widespread in a range of breast tumors,' but the mecha-
nisms that influence LINE-1 expression remain unknown. To
gain insight into the mechanisms by which LINE-1 contributes
to breast cancers, we first determined the expression level of
LINE-1-encoded ORF1 protein in normal breast epithelial cells
(HMEC and MCF10A) and breast cancer cells (T47D, MCEF-
7, MDA-MB-231 and MDA-MB-436) by western blotting, as
described previously in reference 18. Human embryonic carci-
noma NTera.2D1 cells, which are known to express high levels
of LINE-1 mRNA and the encoded proteins as a results of altered
transcription start sites,®®?' were used as a positive control. As
shown in Figure 1A, the LINE-1 ORF1 protein was significantly
overexpressed in all breast cancer cells but not in non-tumorigenic
MCF10A breast cells which were derived from primary mam-
mary epithelial HMEC tissue. To further confirm this finding,
the relative expression levels of LINE-1 mRNA were analyzed
using real-time quantitative RT-PCR. These assays showed that
both LINE-1-encoded ORF1 and ORF2 mRNAs were signifi-
cantly overexpressed in all breast cancer cells (Fig. 1B). Notably,
the relative expression of LINE-1 mRNA and the encoded ORF1
protein was markedly higher in non-invasive T47D cancer cells
compared with moderate (MCF7)-to-invasive (MDA-MB-231)
cancer cells. The findings that LINE-1 is overexpressed in
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Figure 2. The LINE-1 retrotransposition A Sh
cassette. (A) Schematic diagrams of the
PRP99-L1-EGFP expression cassettes
used for LINE-1 retrotransposition assays.
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. 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. (B) Detection of sustained
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the potential to contribute to genomic
instability in these cells.

Breast cancer cells support in vivo LINE-1 retrotransposi-
tion activity. To investigate whether breast cancer cells can also
support LINE-1 retrotransposition activity, we transfected the
engineered human LINE-1 retrotransposition cassette into nor-
mal MCF10A cells and breast cancer cell lines (T47D, MCF-7,
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.2D1
cells were used as a positive control. The retrotransposition cas-
sette (PRP99-L1-EGFP) contained a full-length human L1,
retrotransposon (driven by its native promoter) tagged at its 3'

760 Epigenetics

UTR with an antisense EGFP expression cassette.” The EGFP
gene was disrupted by a 960 bp sequence of the y-globin intron
in the same orientation as the LINE-1 transcript (Fig. 2A). This
arrangement ensures that functional EGFP expression occurs
only after an LINE-1 retrotransposition event or insertional
mutagenesis, that is, following LINE-1 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
EGEFP expression in the pRP99-L1-EGFP transfected cells could
be measured under UV light, allowing us to detect near real-
time LINE-1 retrotransposition events in living cells without
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cell staining. An inactive form of LINE-1 (pRP99-AL1-EGFP)
containing missense mutations in ORF1 to abrogate retrotrans-
position activity was used as a negative control.” In the resulting
assay, EGFP-positive cells were not detected in any of the normal
MCF10A-transfected cells, even after several passages (Fig. 2B).
In contrast, all breast cancer cells exhibited retrotransposition
events, averaging 687 to 1,063 events per 100,000 cells, while
the mutant pRP99-AL1-EGFP showed no retrotransposition
(not shown). Interestingly, the relative LINE-1 retrotransposi-
tion frequency was significantly higher in non-invasive T47D
cells (1,063 events on average), compared with MCF7 (890
events), MDA-MB-231 (717 events), MDA-MB-436 (687) and
NTera.2D1 (775) cells, suggesting that T47D cells support high
levels of LINE-1 retrotransposition activity, which is consistent
with the high levels of LINE-1 mRNA and the encoded ORF1
protein observed in these cells.

To determine whether the observed EGFP expression was a
result of in vivo LINE-1 retrotransposition activity, we conducted
a PCR based genomic DNA analysis to confirm the presence of
retrotransposed or spliced EGFP in these cells. Intron-less EGFP
(0.5 kb in size) was amplified from all cancer cells transfected
with the active pRP99-L1-EGFP cassette (shown with a plus
symbol) but not from cells transfected with the inactive pRP99-
AL1-EGFP (shown with a minus symbol), indicating the occur-
rence of retrotransposition events (Fig. 2C). These observations
suggest that de novo LINE-1 retrotransposition indeed occurs
in breast cancer cells but not in normal MCF10A breast cells. In
principle, MCF10A cells might present genomic defense mecha-
nisms that are responsible for silencing endogenous LINE-1
expression.

Depletion of Dicerl or Ago2 activates LINE-1 expression.
LINE-1 is expressed at very low levels in somatic cells, if at all. In
contrast, the overexpression of LINE-1 is a characteristic feature
of many cancer-derived cells and germlines,?*% as well as a variety
of transformed cell lines."® The mechanisms that activate LINE-1
expression in these cells are currently unknown. Recent discover-
ies have revealed the existence of Piwi-interacting RNAs (piR-
NAs) which silence retrotransposon expression in the germline of
Drosophila and the mouse.** In addition, small RNA sequencing
from mouse oocytes® revealed that some siRNAs derived from
retrotransposons silence LINE-1 elements in trans, suggesting
that the multiple mechanisms may control LINE-1 expressions
in mammals. Studies on Drosophila and S. pombe suggest that
endo-siRNAs, in complex with Ago2 proteins, can identify their
transposon targets through sequence-specific recognition, thus
enabling the targeting of chromatin-modifying enzymes to the
repeat sequences that they modify.***¢ Consistent with this find-
ing, a mutation in the Ago2 protein in plants and fission yeasts is
correlated with loss of siRNA-directed transcriptional silencing.?”
A recent report on Drosophila indicates that naturally occurring
some endo-siRNAs silence transposon expression by targeting
their promoters at the transcriptional and post-transcriptional
levels.?”?® However, the few endo-siRNAs that have been identi-
fied thus far originated from mouse, Drosophila, Arabidopsis and
C. elegans. Direct evidence for the existence of such endo-siRNAs
in the human genome is still lacking.

www.landesbioscience.com

The human LINE-1 5-UTR promoter is known to contain
both the sense and anti-sense promoters,® which can potentially
lead to the production of dsRNAs, which are in turn, processed
by Dicerl to yield a series of LINE-1-specific siRNAs.'® A previous
study by our group on chicken-human hybrid DT40 cells showed
that there was a reduced accumulation of small RNAs overall
in Dicer-deficient cells and thus, increased expression of LINE-1
transcripts.”” Although these studies suggested that the RNAi
pathway is required for the silencing of the LINE-1 elements,
we obtained no direct evidence for the existence of small RNAs
that can control human LINE-1 retrotransposons. Endo-siRNAs
are small non-coding RNAs that arise from convergent transcrip-
tion units or from structured genomic loci through the action
of Dicerl. These small RNAs bind to Ago2 protein complexes
and repress retrotransposons in somatic cells of Drosophila.® In
humans, the existence of such mechanisms remains unclear.

To test whether the RNAi pathway is required for the pro-
duction and association with Ago2 proteins to silence human
LINE-1 elements, we used recently published Dicerl and Ago2-
specific shRNA sequence separately in normal MCF10A breast
cells." An shRNA targeting the luciferase gene was used as a
negative control. Using qRT-PCR analysis, we achieved knock-
down efficiencies of 78 + 3.5% and 76 + 7.7% for the Dicerl
and Ago2 genes, respectively (Fig. 3A). These results were further
confirmed by western blotting against Dicerl and Ago2 antibod-
ies (Fig. 3B). The effects of Dicerl and Ago2 knockdown on
LINE-1 expression were assessed by transfecting MCF10A cells
with the active LINE-1 pRP99-L1-EGFP retrotransposition cas-
sette. LINE-1-retrotransposed EGFP-positive cells were readily
detected in Dicerl and Ago2 knockdown cells within 72 h post-
transfection but not in any of the parental or control shRNA-
transfected cells (Fig. 3C). Using flow cytometric analysis, we
compared the LINE-1 retrotransposition frequencies in these
cells. Both the Dicerl- and Ago2-knockdown cells showed high
levels of LINE-1 retrotransposition activity, averaging 225 and
240 events for Dicerl and Ago2, respectively, whereas cells trans-
fected with control shRNA and parental MCF10A cells did not
express any EGFP for at least 16 d (Fig. 3D). To further vali-
date these findings, we performed a PCR-based genomic DNA
analysis to confirm the presence of retrotransposed LINE-1
or spliced EGFP in these cells (Fig. 3E). Transposed LINE-1
(~0.5 kb in size) was indeed amplified from MCF10A cells trans-
fected with the Dicerl and Ago2 shRNAs but not from cells
transfected with the control shRNA, indicating the occurrence of
LINE-1 retrotransposition events upon depletion of Dicerl and
Ago2 proteins. These observations indicate that there is a link
between small RNAs processed by Dicerl/Ago2 and the silenc-
ing of LINE-1 expression. Taken together, these results suggest
that some naturally occurring small RNAs in normal MCF10A
breast cells specifically target LINE-1 expression in association
with components of the RNAi machinery, such as Dicerl and
Ago2 protein complexes, akin to endo-siRNAs in Drosophila
somatic cells.

Identification and validation of endo-siRNA function.
To identify potential endogenous small RNAs in the human
genome, we recently sequenced two small RNA libraries from
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Figure 3. Depletion of Dicer1 and Ago2 activates LINE-1 expression. (A) Quantitative real-time RT-PCR analysis of endogenous Dicer1 and Ago2 mRNAs
in normal MCF10A cells that were stably transfected with shRNAs targeting the Dicer1 and Ago2 genes. An shRNA 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 control HPRT1. (B) Western
blot of endogenous Dicer1 and Ago2 proteins knocked down in MCF10A cells. a-tubulin was used as an internal control. (C) Dicer1- and Ago2-depleted
MCF10A cells were transiently transfected with the pRP99-L1-EGFP expression cassette. The analyses of the parental MCF10A cells and cells transfected
with control shRNA were performed in parallel. EGFP-expressing cells were readily detected 3 d after transfection. The EGFP signal was digitally over-
laid on the corresponding phase-contrast image. (D) The time course of LINE-1 retrotransposition events in Dicer1- and Ago2-knockdown cells. Num-
ber 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). (E) Confirmation of retrotransposition events using PCR, as revealed by a 531 bp band observed in MCF10A cells in
which the Dicer1 and Ago2 genes were depleted, but not in cells treated with control shRNA or parental MCF10A cells. The 1,491 bp band represents
the intron-containing pRP99-L1-EGFP vector.
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normal MCF10A breast cells, which show little or no LINE-1
expression, and from T47D breast cancer cells, which strongly
overexpress LINE-1 elements, using the Illumina genome ana-
lyzer (manuscript in preparation). Following the normalization
and subsequent bioinformatics analysis, we identified two subsets
of small RNAs that were differentially expressed between the
MCF10A and T47D cells (data not shown). These antisense small
RNAs were matched perfectly complementary to the 5-UTR
of the most active Homo sapiens-specific LINE-1Hs subfamilies
(Fig. 4A). Annotation of the small RNAs using the deepBase
mapping database®” (version GRCh37, UCSC hgl9) revealed
that these species represented repeat-associated endo-siRNAs and
mapped mainly to the deepBase sequences hgur000097447 and
hgur000380276 (termed endo392 and endo453, respectively). A
comparison with the position of the LINE-1 5-UTR revealed
that enrichment of these endo-siRNAs yields two distinct peaks
at positions of 392 to 479 nucleotides of the LINE-1 element
corresponding to the bidirectional promoters of the LINE-1
5-UTR. Interestingly, a previous study found that the deletion
of this region of the LINE-1 5-UTR increased the expression of
LINE-1 elements in cultured human cells,'® indicating that this
region may be the target site for small RNA binding. The expres-
sion profiles of the endo-siRNAs and their read counts were dis-
tinctly different between the normal MCF10A breast cells and
T47D breast cancer cells (Fig. 4B). The reason for this differ-
ential expression between normal and cancer cells is currently
unknown. The high levels of expression of the homogeneous
population of endo-siRNAs, with the majority of species exhibit-
ing lengths of 20 to 22 nt, raises the possibility that these endo-
siRNAs are likely to play a key role in silencing human LINE-1
elements.

To investigate whether the identified endo-siRNAs are also
present in other types of breast cancer cells, we performed north-
ern blot analysis using low-MW RNA isolated from various
breast cancer cells and probed with DNA oligos complementary
to the endo-siRNA sequences hgur000097447 (endo392) and
hgur000380276 (endo453). As a loading control, hsa-miR16
was used (Fig. 5A). The results showed that compared with nor-
mal breast HMECs or MCF10A cells, the endo-siRNAs were
weakly detected in all breast cancer cells. To accurately quan-
tify the expression levels of endo-siRNAs, we used a custom-
designed TaqMan assay that employs a stem-looped primer for
reverse transcription and a sequence-specific MGB probe. The
fold changes in breast cancer cells vs. normal cells were analyzed
using real-time qRT-PCR (Fig. 5B). In this assay, SnoRNA37A
served as a normalizing control. We found that both of the endo-
siRNAs were significantly underexpressed in all breast cancer
cells, which is consistent with the high levels of LINE-1 mRNA
and the encoded ORF1 protein observed in these cells. Strikingly,
both of these endo-siRNAs were found to exhibit significant
secondary RNA structures (Mfold prediction) with calculated
free energies (AG’, = -30.2 and AG®,, = -30.7 for endo453 and
endo392, respectively) that may be required for their interaction
with Argonaute proteins.”> Moreover, using the UCSC genome
browser, we found that these endo-siRNA sequences did not show
any significant homology to any mRNAs or RefSeq cDNAs by
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querying the NCBI non-redundant database (data not shown),
indicating that the expression of endo-siRNAs may specifically
regulate the expression levels of human LINE-1 elements.

Having identified LINE-1-specific endo-siRNAs, we set out
to confirm their inhibitory effect on human LINE-1 expression.
To this end, we transfected HEK293T cells with two chemi-
cally synthesized endo-siRNAs (21 nt of endo392 and 22 nt of
endo453) together with the luciferase reporter gene driven by the
LINE-1Hs 5-UTR promoter and performed a dual luciferase
reporter assay (Fig. 5C). In this assay, a scrambled endo-siRNA
sequence was used as a negative control. The results showed that
the transcript levels produced from the LINE-1 promoter were
decreased at least 2-fold compared with the control siRNA-
transfected cells and parental cells (p = 0.005), suggesting that
the identified endo-siRNA species are able to silence LINE-1
expression in human cells.

As the expression of endo-siRNAs is almost undetectable in
breast cancer cells, these cells provide an excellent model for
investigating the biological functions of endo-siRNA expres-
sion. Moreover, breast cancer cells express high levels of LINE-
1-encoded transcripts. To further demonstrate that the identified
endo-siRNAs were LINE-1 specific, we transfected normal
MCF10A and breast cancer cells (T47D, MCF-7, MDA-MB-231
and MDA-MB-436) with two individual shRNA constructs
(mimicking endo453 and endo392 sequences) whose expres-
sion is driven by constitutively expressing the U6 promoter
(Fig. S1). The scrambled endo-siRNA sequence was used as a
control, and we performed real-time quantitative RT-PCR as
above (Fig. 5D). 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 shRNA or non-transfected
parental cells and this decrease was strongly correlated with the
expression of the endo-siRNAs. Comparison of the LINE-1 ret-
rotransposition frequencies between parental T47D cells and
cells overexpressing endo453 showed that the overall percentage
of retrotransposition events in the shRNA-expressing cells was
74% lower (average of 963 events vs. 251 events) than that in
the parental cells (data not shown). Notably, the overexpression
of endo-siRNAs in normal MCF10A breast cells had no effect
on LINE-1 expression because MCF10A cells do not express any
of the LINE-1-encoded transcripts. These data suggest that the
downregulation of endo-siRNAs in cancer cells may contribute
to the aberrant expression of LINE-1 elements.

Endo-siRNA increases DNA methylation of the LINE-1 pro-
moter. The exact mechanisms of endo-siRNA action in human
LINE-1 silencing are largely unknown. DNA methylation is
often associated with the repression of LINE-1 transcription.®
Using a portion of the LINE-1 5-UTR promoter, several studies
have reported an inverse correlation between LINE-1 expression
and the methylation status of the LINE-1 promoters.** Recent
studies have found that a relatively large group of endo-siRNAs
in mice and Drosophila are linked to transposon silencing and
DNA methylation.***” In addition, the presence of a large CpG
island in the human LINE-1 5-UTR promoter region led us
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Figure 4. Comparison of LINE-1-specific endo-siRNA abundance in MCF10A and T47D cells. (A) Read counts of endo-siRNAs and their binding sites on
LINE-1 (L1) retrotransposons are shown. (B) Structure of the LINE-1Hs 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 ASP in-
volved in the regulation of LINE-1 are denoted by closed dot symbols. Grey arrows indicate the bidirectional transcripts of the LINE-1 5'-UTR. Sequenc-
es of two differentially expressed endo-siRNAs, read counts, and their binding positions on the LINE-1 5-UTR sequences are shown.

to investigate whether the endo-siRNAs could target the DNA
methylation of the 5-UTRs, thereby silencing LINE-1 expres-
sion. Surprisingly, a bioinformatics search showed that part of the
identified endo453 stem sequence is almost identical to human
piRNA-48208 (DQ580096), which controls LINE-1 expression
during gametogenesis and cell development, when DNA meth-
ylation is not fully active.’

Through an analysis of the sequences of the human LINE-1
promoters using EMBOSS CpGPlot, we identified 31 CpG dinu-
cleotides in the 5-UTR region forming a CpG island of 534 bp
(Fig. 6A). The LINE-1 promoter is known to be hypomethylated
in several types of human cancer cells activating its expression.?*%
Thus, to examine the methylation status of the LINE-1 5-UTRs,

we initially performed a methylated DNA immunoprecipitation

764 Epigenetics

(MeDIP) analysis in parental cells and cells stably expressing the
endo-siRNA (endo453 and endo0392) sequences. The scrambled
endo-siRNA sequence was used as a negative control. The meth-
ylated DNAs isolated from the normal MCFI0A breast cells
and HMECs were used as positive controls. In these assays,
two highly conserved sites of the LINE-1 5-UTRs were exam-
ined using two primer sets (I and II) and quantified via a qPCR
analysis (Fig. 6B). These primer sets were expected to hybridize
with most of the LINE-1Hs promoters present in the genome.
Compared with the cells transfected with the scrambled siRNA
or parental cells, the endo-siRNA-overexpressing cancer cells
showed significantly higher levels of DNA methylation, by up
to 3-fold for both primer sets (one way ANOVA p < 0.0001 and
p < 0.0003 for primer sets I and 11, respectively). The extent of
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DNA methylation varied for each of the primers used because of
the global quantification of LINE-1 methylation. Remarkably,
the LINE-1 5-UTR exhibited no methylation changes in nor-
mal MCF10A breast cells compared with the same cells treated
with the endo-siRNAs. These results clearly suggest that the cells
expressing the endo-siRNAs exhibit an overall increase in the lev-
els of LINE-1 DNA methylation.

To further investigate the methylation pattern of individual
CpG sites in the LINE-1H nomic DNA-derived endo-siRNA-
treated cells and matched control cells. We amplified a CpG
island of the LINE-1 5-UTR containing 31 CpG sites (Fig. 6A)
and sequenced the resulting amplicons, as described previously
in references 45 and 48. In practice, this bisulfite primer should
amplify all of the methylated LINE-1Hs promoters present in the
human genome, thus indicating the global methylation patterns
of the LINE-1 promoters. The resulting sequences were ana-
lyzed using BiQ-Analyzer software.” In all cases, we achieved a
bisulfite conversion efficiency > 90% (data not shown). Notably,
the LINE-1 5-UTR exhibited significantly higher methylation
in cells expressing both of the endo-siRNAs compared with the
matched control siRNA-transfected cells or non-transfected
parental cells (Fig. 6C). An analysis of individual 5-UTR
sequences using BDPC software™ showed the greatest variation
of LINE-1 CpG methylation between the cells. In all types of
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. These results strongly suggest that the expression
of the endo-siRNAs might be related to the methylation status of
the CpG islands in the 5-UTRs. Interestingly, the normal breast
MCF10A cells were found to exhibit high CpG methylation
(81.5 + 1.8%) in the 5-UTR region, irrespective of endo-siRNA
expression. Therefore, the absence of LINE-1 expression and de
novo LINE-1 retrotransposition events in normal MCF10A cells
appear to be due to the high expression of endo-siRNA and the
existence of DNA methylation in the promoters. These results
demonstrate that endo-siRNAs are required to trigger the overall
increases in the DNA methylation of LINE-1 elements in human
cells. Our results also imply that depletion of endo-siRNAs is
widespread in breast cancer cells and possibly in a range of other
breast cancer cells.

Discussion

Breast cancer arises from the mammary epithelium through a
multistep sequence of cellular and genetic changes: normal epi-
thelium becomes a breast carcinoma usually by way of hyper-
plasia, atypical hyperplasia, in situ carcinoma, and invasive
carcinoma. Instability of the genome has been suggested to be an
important contributor to heritable and genetic changes that drive
tumorigenic processes in normal breast cells even before histolog-
ical abnormalities are detectable.” The contributions of LINE-1
retrotransposons to pathological processes other than genomic
insertions are poorly understood. Eatlier studies revealed that
LINE-1 is significantly elevated in several types of breast carci-
nomas,”*? but the mechanistic pathways that activate LINE-1
expression remain elusive.

www.landesbioscience.com

Our findings show that non-invasive breast cancer cells express
high levels of LINE-1 retrotransposons and their retrotransposi-
tion activity compared with moderate-to-invasive cancer cells.
At present, it is not clear why LINE-1 is overexpressed in non-
invasive cells. One possible explanation for the higher expres-
sion is that LINE-1 might become activated in the early stages
of the malignant transformation process, even though the onset
of tumorigenesis is a multistep process. This early activation of
LINE-1 retrotransposon is also in agreement with DNA meth-
ylation studies in which the early onset of LINE-1 demethyl-
ation has been reported to occur during the progression of many
human cancers.”? Our studies also imply that overexpression of
LINE-1 may be widespread in breast cancer cells and possibly in
a wide range of tumor tissues. Further experiments will determine
whether endogenous LINE-1 expression occurs in clinically rele-
vant breast tumors and whether their expression is correlated with
the retrotransposition activity.

The expression levels of LINE-1 retrotransposons are extremely
low in normal cells, if they are expressed at all. This observa-
tion suggests that posttranscriptional control mechanisms are
involved in the silencing of LINE-1 expression, presumably via
small RNAi-directed transcriptional silencing and recruitment of
epigenetic factors to prevent the negative effect of LINE-1 activ-
ity within the host genome.’”*® A recent investigation in human
cells showed that deletion of a portion of the LINE-1 promoter
or knocking down Dicerl increased LINE-1 expression,'®® sug-
gesting that siRNAs may be 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 human 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 LINE-1 retrotransposons. Importantly, our
finding suggests that endo-siRNAs can silence LINE-1 retrotrans-
posons by increasing DNA methylation, similar to piRNAs linked
to retrotransposon methylation in mice.* This process of gene
silencing may be initiated by argonaute protein complexes®® and
most likely depends on the recruitment of additional factors to the
promoter, such as promoter-specific gene silencing by siRNAs in
human cells.?® Studies on Drosophila and S. pombe suggest that
some 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 LINE-1 sequences that they modify.***¢ 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.’” In
human cells, targeting promoters with sequence-specific siRNAs
leads to transcriptional silencing via histones H3K9me2 and
H3K27me3,* which are characteristic of repressive heterochro-
matin formation. Although a direct link between endo-siRNAs
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 hypermethyl-
ation and possibly through the recruitment of chromatin factors
to facilitate these processes. Further experiments are required to
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Figure 5. For figure legend, see page 767.

determine whether the recruitment of chromatin modifications is  structure, resulting in gene repression. Several studies have found
required for LINE-1 silencing in human cells. that a loss of LINE-1 DNA methylation is correlated with a loss

In mammals, DNA methylation in CpG sites is often closely  of genomic stability in cancer cells,**> which is a trademark event
linked with repressive histone marks that alter chromatin in tumorigenesis. Interestingly, hypomethylation of the LINE-1
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Figure 5 (See opposite page). Endo-siRNA mediates LINE-1 silencing. (A) Northern blot analysis of endo-siRNAs. Low MW total RNAs were probed
with the sense strand of endo-siRNA sequences, and the resulting signals were detected after exposure to X-film for 3 d. As a small RNA loading con-
trol, hsa-miR-16 was used. Labeled Decade RNA markers were used as size markers. (B) Differential expression of endo-siRNAs in various types of breast
cancer cells determined using real-time qRT-PCR. The fold changes were determined by comparing the AC, value of each endo-siRNA after normaliza-
tion to the control Sno37A small RNA. The data are shown as the ratio of the mean signal in cancer cells/mean signal in normal cells. A negative value
indicates reduced expression of endo-siRNAs in cancer cells compared with MCF10A cells. (C) A schematic of the construct used for the dual luciferase
report assay is shown in the top part. The synthetic siRNAs used in this study are shown at the bottom. Luciferase reporter assay detecting expression
from in HEK293T cells transfected with scrambled, endo453 and endo392 siRNAs. Cells transfected with firefly luciferase (under control of the LINE-1Hs
5'-UTR) and the Renilla luciferase reporter plasmid without any siRNA sequences were used as a negative control. The firefly luciferase activity was nor-
malized to the Renilla luciferase activity. The data are shown as the relative luciferase activity of endo-siRNA-treated cells with respect to the control
cells. Unpaired t-test, p = 0.005. Error bars indicate SD (n = 9). (D) Real-time RT-PCR analysis of the transcript abundance of LINE-1 (L1) mRNAs (ORF1 and
ORF2) in normal MCF10A cells and various types of breast cancer cells after being stably transfected with shRNA constructs that encode the endo453
and end0392 sequences. Negative controls containing control shRNA or no shRNA were performed in parallel. The relative LINE-1 mRNA levels were
determined after normalizing the data to the control 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.

promoter has been reported to be associated with overexpres-
sion of LINE-1 transcripts, leading to an accumulation of new
insertional mutations upon cancer progression.” 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 cellu-
lar development.”” At present, it is unknown why endo-siRNAs
are downregulated in breast cancer cells and to what extent the
expression of endo-siRNAs and their genomic locations are asso-
ciated with histone modifications. Further studies are required to
systematically analyze the epigenetic patterns of endo-siRNA loci
and their expression profiles in the human genome. Nevertheless,
the data presented in this study demonstrates the following: first,
breast cancer cells support the retrotransposition of engineered
human LINE-1Is in vivo, whereas normal breast cells do not; sec-
ond, the depletion of LINE-1-specific endo-siRNAs is widespread
in breast cancer cells and; third, the overexpression of endo-
siRNAs in breast cancer cells increases the levels of CpG methyla-
tion in the LINE-1 5-UTR promoter. Taken together, the results
of this study demonstrate that endo-siRNAs are closely associ-
ated with LINE-1 expression. This study also adds to a growing
body of evidence suggesting that endogenous siRNAs can repress
LINE-1 retrotransposons in mammalian cells.

Materials and Methods

Cell cultures. Normal human breast epithelial cells (HMECs)
and the MEGM Bullet Kit were obtained from Lonza. The
HMEC (Lonza-CC-2551) and immortalized non-tumorigenic
MCF10A cells (ATCC-CRL-10371) were cultured using the
MEGM Bullet Kit (Clonetics) supplemented with 10 pg/ml of
insulin. The MCF7, T47D, MDA-MB-231 and MDA-MB-436
cell lines were obtained from ATCC and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 2 mM L-glutamine
and 10% FCS at 37°C under 5% CO,,.

Western blot analysis. Whole-cell lysates were prepared using
MPER reagent (Pierce), following the manufacturer’s instruc-
tions. Western blot analysis was performed with affinity puri-
fied anti-LINE-1-ORFlp antibodies® at a 1:5,000 dilution (a
generous gift from Chris Harris of the University of Medicine

www.landesbioscience.com

and Dentisery of New Jersey), followed by the addition of HRP-
conjugated anti-rabbit secondary antibodies (Dako Cytomation).
The signals were visualized using the ECL chemiluminescence
system (Pierce). To confirm protein normalization, the mem-
branes were stripped and reprobed with mouse a-tubulin anti-
bodies (Sigma).

Quantitative RT-PCR. Total RNA was isolated from cells
using the RNeasy Kit (Qiagen) and digested with TurboDNase-1
(Ambion). A total of 2 pg of purified RNA was employed for
c¢DNA synthesis with 0.1 pg of random decamer primers using
the RETROScript RT Kit (Ambion). The resulting cDNAs were
used as templates for QRT-PCR with the following LINE-1-
specificand HPRT1 primers: 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 GAAAACTG-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". The fold changes were determined by com-
paring the AC_ value of each product normalized to HPRTT as
an internal control. The data are presented as the average of four
independent experiments, with each experiment performed in
triplicate. The standard deviations were calculated from the fold
changes of the replicates. Unpaired t-tests were used for statistical
analysis.

Retrotransposition assay. Exponentially growing normal
breast and cancer cells were transfected with human L1, con-
taining an EGFP retrotransposition cassette (pRP99-L1-EGFP
or pRP99-AL1-EGFP) using the Amaxa nucleofector kit. Briefly,
1 x 10° cells were suspended in 90 pl of Nucleofection solution,
and 10 pl of Nucleofection solution containing 4 g of LINE-1
vector was added. The mixture was transferred to an electro-
poration cuvette and electroporated using the A-23 program of
the Nucleofector-1 device (Amaxa Biosystems). Approximately
500 pl of pre-warmed medium was added to the cuvette, and
the cells were transferred to a 10-cm culture plate. pDsRed-N1
(Clontech) was used as a reporter to examine the transfection
efficiency. The transfected cells were enriched by growing them
in 200 pg/ml hygromycin. After 9 d of antibiotic selection,
untransfected cells were eliminated and maintained in low dose
selective medium (75 pg/ml hygromycin). The retrotransposi-
tion assay and the determination of retrotransposition frequency
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were performed at various time points, as described previously
in reference 48. The EGFP-positive cells were analyzed by sort-
ing with a FACSVantage DiVa cell sorter (Becton-Dickinson).
Over 10,000 individual fluorescent events were acquired using
a 530/30 bandpass filter for the EGFP protein signal obtained
with fluorescence emission centered at 530 nm. Cells transfected
with pRP99-AL1-EGFP were used as negative controls to deter-
mine 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, and two inde-
pendent transfections per construct were analyzed at each time
point.

PCR analysis of retrotransposed cells. Genomic DNA was
isolated from cells using a QIAamp DNA kit (Qiagen). PCR
was performed to examine the structure of the EGFP reporter
cassette integrated with host cell genomic DNA using the Geno-
5' (5TAT TGC CGA TCC CCT CAG AAG A-3") and Geno-
3' (5-CAA GGA CGA CGG CAA CTA CAA G-3') primers,
as previously described in reference 25. The amplified products
were visualized on a 1.2% agarose gel. Genomic DNA from
retrotransposition-defective (pPRP99-AL1-EGFP) cells and non-
transfected parental cells was used as negative controls.

Small RNA isolation and northern blotting. Approximately
50 g of total RNA was subjected to enrichment of low MW
RNAs by adding 50% PEG-8000 and 5 M NaCl to final con-
centrations of 5% and 0.5 M, respectively. The resulting super-
natant was precipitated with ethanol together with 2 g of
glycogen (Promega) and then dissolved in 20 pl of water. Equal
amount of the small RNA sample was electrophoresed in a 15%
urea-PAGE gel and then transferred to a BrightStar-Plus Nylon
membrane (Ambion). DNA oligonucleotide probes detecting
LINE-1 sense endo-siRNAs and hsa-miR16 (endo453: 5'-CCC
AGG CTT GCT TAG GTA AAC-3'; endo392: 5-CAG CAG
TCT GAG ATC AAA C-3' and hsa-miR16: 5-CGC CAA TAT
TTA CGT GCT GCT A-3') were prepared via end labeling
with OptiKinase according to the supplier’s instructions (USB,
Cleveland, Ohio). Hybridization and washing of the blot were
performed as previously described in reference 25. Signals were
detected by exposure to X-film for 2-3 d, except for the miR16
probe, which was exposed for only 4 h.

Expression profiling of endo-siRNAs. Small RNA samples
were isolated from cells using the mirVana™ miRNA isola-
tion kit (Ambion) and were reverse-transcribed using custom-
made endo-siRNA primers (Applied Biosystems), in accordance
with the manufacturer’s protocol. qRT-PCR was performed

using TagMan 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
AC, value of each endo-siRNA normalized to SnoRA37 (prim-
ers 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). For statistical analysis,
unpaired t-tests were used.

Luciferase assay. HEK293T cells were cotransfected with
modified firefly luciferase (under control of the human LINE-1Hs
promoter), a Renilla luciferase reporter plasmid, and chemically
synthesized endo-siRNA sequences (obtained from Qiagen).
The luciferase assays were performed 48 h after transfection
using the Dual-Luciferase Reporter assay system (Promega). The
firefly luciferase activity was normalized to the Renilla activity to
correct for the transfection efficiency.

Cloning of endo-siRNAs and transfection. shRNAs that
mimic 21-22-nt of the endo-siRNAs were designed using the
RNAIi 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 previously in
reference 55, and cloned directly into the pSM2 vector (Open
Biosystem) under the control of the U6 promoter (Fig. S1). To
achieve stable transfection, cells (-2 x 10%) were seeded into six-
well plates and transfected with -2 pg of shRNA constructs
using the Amaxa nucleofector kit (Amaxa Biosystems) and then
selected over a one-week period in the presence of 0.6 pug/ml
puromycin (Sigma).

Dicerl and Ago2 shRNA transfection and validation.
Dicerl-specific shRNAs (AAC CAG GTT GCT CAA CAA G,
GCT GGC TTA TAT CAG TAG C) and Ago2-specific shRNAs
(CGG CAG GAA GAA TCT ATA C, GAT CGG CAA GAA
GAG ATT A)* in the pSiLv-U6 vector were purchased from
GeneCopeia (Cat No. HSH006073 and Cat No. HSH007558).
As a negative control, an shRNA targeting the luciferase gene
in the pSiLv-U6 vector (Cat No. CSHCTR001-LvmUG6) was
used. Each shRNA was transfected independently into normal
MCF10A cells using an Amaxa Nucleofection kit as described
above. The depletion of mRNAs was confirmed by gqRT-PCR
using SYBR Green and 200 nM for forward and reverse primers
with the PRISM7700 Sequence Detection System. The primers
used were as follows: Dicerl forward, 5“TTA ACC TTT TGG
TGT TTG ATG AGT GT-3, Dicerl reverse, 5-GCG AGG

determined by BDPC analysis.

Figure 6 (See opposite page). DNA methylation analysis. (A) Schematic representation of the CpG dinucleotide distribution within the 5' UTR of the
LINE-1Hs 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 immunopre-
cipitation (MeDIP) and bisulfite sequencing are shown as arrows. (B) MeDIP analysis of LINE-1 5'-UTR methylation patterns. The data are shown as the
percentage of methylated DNA relative to the total input for primer sets | and Il. 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 endo453; and lane 4, shRNAs
encoding endo392. (C) Bisulfite sequence analysis of the LINE-1Hs 5'-UTR region. A region of 560 bp containing 31 CpG sites was sequenced, and the
methylation status of individual CpG sites was analyzed within the LINE-1 CpG island. Open and closed circles denote unmethylated and methylated
CpG-sites, respectively. Gray represents the unresolved CpG sites. The corresponding percentage of overall CpG methylation is illustrated below, as
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ACA TGA TGG ACAA TT-3; Ago2 forward, 5-CTA GAC
CCG ACT TTG GGA CCT-3), Ago2 reverse, 5-GGG CAC
TTC TCT GGT TGA TA-3". The measured transcript levels
were normalized to HPRT1. The samples were amplified in trip-
licate. For protein analysis, western blotting of whole-cell lysates
was performed using affinity-purified anti-Dicerl and Ago2
(Abcam) antibodies at 1:1,000 and 1:500 dilutions, respectively,
followed by the addition of HRP-conjugated secondary antibod-
ies. The resultant signals were visualized using the ECL chemilu-
minescence system (Pierce). To confirm protein normalization,
the membranes were stripped and reprobed with a-tubulin anti-
bodies (Sigma).

Methylated DNA immunoprecipitation (MeDIP). Genomic
DNA was extracted from cells using the Qiagen DNA Mini
kit (Qiagen). Approximately 2 g of DNA was sonicated in
200 pl of H,O for ten sonication cycles (30 sec “on” and 30
sec “off”) using a Biorupter sonicator (Diagenode) to produce
sheared DNA with lengths of 300-1,000 bp. Methylated DNA
was precipitated from 1 pg of the sheared DNA using 1 pg of
an anti-5-methylcytosine antibody (Epigentek) according to the
manufacturer’s instructions. As a background control, precipita-
tion was performed using a normal mouse IgG antibody. The
precipitated DNA was quantified by qPCR using the two fol-
lowing sets of the primers: Set-I forward, 5-ACA GGA ACT
GCG GTG GAG-3', Set-I reverse, 5-AAC TCC CTG ACC
CCT TGC-3'; Set-Il forward, 5-GGC ACA CTG ACA CCT
CAC C-3), Set-Il reverse, 5-TGG TCT TTG ATG ATG GTG
AT-3". The graph represents the average of three replicate qPCR
reactions for precipitated DNA and input DNA. The calculated
errors in all graphs are the standard deviations from triplicate
reactions. For the statistical analysis, a one-way ANOVA was
used.

Bisulphite sequencing analysis. After isolating genomic
DNA as described above, 4 pg of DNA was treated with the

Methyl-Easy DNA bisulfite modification kit (Human Genetic
Signatures) according the manufacturer’s instructions. The
primers used for bisulfite sequencing of the LINE-1 promoter
were designed using Methyl Primer Express software (Applied
Biosystems). A forward primer (5-TTA TAA ATT ATG TTT
TTG TGA ATG GAT AGT-3') and a reverse primer (5-TAA
TTT TAT CTA CTT TTA ATC TTT AAT AAT-3") that bind
conserved sequences of LINE-1 promoters were used for this
assay. Approximately 60 ng of bisulfite-modified DNA was sub-
jected to PCR using the following conditions: initial denatur-
ation at 94°C for 3 min, followed by 35 cycles of 94°C for 1 min,
52°C for 2 min and 72°C for 2 min and a final step by 72°C for
10 min. The obtained amplicons were analyzed on 1.5% agarose
gels and isolated with the MinElute Gel extraction kit (Qiagen).
The purified PCR products were cloned into the pGEM-T easy
vector (Promega) and sequenced as described previously in refer-
ence 45. The sequence of each amplicon was analyzed with using
BiQ Analyzer software (http://big-analyzer.bioinf. mpi-inf.mpg.
de) to assess sequence quality and to visualize the DNA meth-
ylation data. The average methylation levels and the percentage
of each CpG site were analyzed by the using BDPC web server
(htep://biochem. jacobs-university.de/BDPC).
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