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Abstract

The evolutionary success of retrotransposable elements is reflected by their abundance in mammalian
genomes. To restrict their further advance, a number of defence mechanisms have been put in place
by the host. These seem to be particularly effective in the germ line while somatic lineages might be
more permissive to new insertions, as recent work by Kano and colleagues suggests.

Introduction and context
Large chunks of the mammalian genome (approxi-
mately 40%) are made up of retrotransposable ele-
ments [1]. Retrotransposons multiply by making more
copies of themselves within a host genome, but at the
same time they have to keep the host alive to guarantee
its and therefore their own reproductive success. Host
and transposons probably adapt to cooperate with each
other while at the same time trying to outdo each other
in order to gain the upper hand. One of the largest
groups of these ‘selfish genes’ in humans, and the only
such group that is active, is the L1 retrotransposon
family (a subfamily of long interspersed nucleotide
elements, or LINEs) with a full length of approximately
6 kb and about 500,000 copies in the genome, most of
which, however, are truncated forms [1]. Their tran-
script encodes two proteins called ORF1 and ORF2,
which are responsible for retrotransposition via a ‘copy
and paste’ mechanism that can cause various types of
insertion mutations in the host genome. These include
target site deletions, alteration of expression of nearby
genes, exon-shuffling, and even the creation of new
genes [1].

In somatic cells, expression of L1 retrotransposons is
attenuated by DNA methylation in order to maintain
genomic integrity [1]. However, in mice (and probably
also in other mammals), primordial germ cells between

E11.5 and E13.5 (and early embryos) undergo genome-
wide demethylation during a process called epigenetic
reprogramming [2]. This substantial loss of DNA
methylation, which comprises many genomic elements,
including L1 retrotransposons [3], lifts this key epige-
netic silencing mechanism from L1 elements at a
particularly vulnerable time when new insertions
would affect the integrity of the germ line genome. So,
are retrotransposons roaming freely during these critical
windows in development, or are other mechanisms
curtailing their movements?

In male germ cells, a pathway involving small RNAs – the
so-called piRNAs, which are bound by the Piwi (P
element-induced wimpy testis) clade of Argonaute
proteins – has been shown to keep L1 elements in
check [4]. The knockout of two Piwi members –Mili and
Miwi2 – leads to loss of L1 DNA methylation in testes
and to sterility, a phenotype strikingly similar to loss of
Dnmt3L in mouse male germ cells [5-7]. It has therefore
been proposed that de novo methylation of transposons
in male germ cells, which starts around day E14.5, is
guided by piRNAs [8,9]. Mili is also expressed in female
germ cells, but the function of piRNAs in the female germ
line is unclear. Female germ cells undergo de novo
methylation much later – during oocyte growth – and
remain in meiotic arrest, a non-dividing state less
favourable for L1 retrotransposition [5,10].
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In addition to epigenetic silencing of transposons, there
could be other layers of protection, especially during the
genome-wide erasure of DNA methylation, including
post-transcriptional regulation or interference with other
aspects of the life cycle of the retrotransposon. Given the
incomplete knowledge we have of the mechanisms that
may interfere with retrotransposon mobility in germ
cells, an important question to ask is how common
retrotransposition is in germ cells and early embryos.

Major recent advances
The Kazazian lab [11] has been using a system in which
an L1 transcription unit is expressed from its own
promoter in transgenic mice or rats, and transposition
events that create new insertions in the genome are
monitored by the loss of an intron. Recent work by
Hiroki Kano and colleagues [12] based on this transgenic
system has now shown that retrotransposition in germ
cells is in fact uncommon but that most new insertions
that are detectable in mouse tissues were created by
transposition events in early embryos, leading to somatic
mosaicism.

First, the authors detected expression at the RNA level of
the L1 transgene during spermatogenesis and also in
ovaries (they did not investigate expression in oocytes
themselves) and showed L1 transgene expression at least
in late-stage germ cells. However, despite this expression,
the frequency of finding new transposon insertions in
the next generation was low, suggesting that protection
mechanisms, inhibiting the transposon life cycle at a
post-transcriptional level, are in place. Furthermore,
most new insertions that were found were mosaic in
the offspring (i.e., had presumably not occurred in germ
cells but rather in early embryos after fertilization);
notably, the authors observed that retrotransposition
events in the offspring can occur even without the
transmission of the transgene.

Kano et al. [12] were indeed able to detect transgenic L1
RNA in pre-implantation embryos that had not
inherited the transgene from their parents (both from
transgenic mothers and fathers). The authors suggest
that the L1 RNA produced in germ cells is then carried
over by either oocyte or sperm with similar efficiencies
into the next generation, where it is reverse-transcribed
and then integrates into the host genome during early
embryonic development. By breeding transgene-
negative animals that had undergone retrotransposition
(mediated by parentally inherited transcripts), the
authors provide evidence for somatic rather than germ
cell retrotransposition as the newly inserted transposon
is not inherited in the next generation. They were also
able to estimate the frequency of retrotransposition by

RNA carried over to about 1 in 1000 cells by performing
quantitative polymerase chain reaction analysis on
tissues of transgene-negative, retrotransposition event-
positive mice. It is surprising and interesting that
transfer of L1 RNA via sperm to offspring is as effective
as that through the much larger oocyte, but in both
situations it appears that non-genetic information based
on RNA can be transmitted from parents to offspring
through the germ cells.

While retrotransposition occurs in embryos in the
presence of this inherited RNA, a 10-fold-higher
retrotransposition frequency is observed in embryos
that also inherit the L1 transgene. This could be
explained through further transposon transcription in
a second phase of genome-wide demethylation after
fertilization in the early embryo [13]. It is possible that,
during this developmental period, post-transcriptional
restrictions to transposition are slowly being lifted as
embryonic cells divide and the likelihood that the
RNA would invade germ line cells diminishes. Inter-
estingly, however, retrotransposon insertions that
occur after fertilisation thus result in somatic mosai-
cism for the new insertion, with the possibility that this
can create increased phenotypic diversity without
being detrimental to the host. An intriguing example
of this type of somatic retrotransposition and its
potential implications comes from studies on human
neural progenitor cells, which showed that retro-
transposition events of L1s in the fetal brain can create
somatic mosaicism [14,15]. This mosaicism has the
potential to influence neuron formation and thus
create individual characteristics and phenotypic diver-
sity of the brain.

Future directions
The interesting set of experiments reported by Kano et al.
[12] in 2009 opens up many new questions about the
regulation of L1 transposition in germ cells and early
embryos. For example, is the L1 transgene transcribed at
an early stage of primordial germ cell development,
during which DNA methylation is erased? Does it
become silenced at later stages when the Piwi/piRNA
pathway gets activated? Does the L1 RNA survive for
longer periods during gametogenesis because it might be
packaged in ribonucleoprotein particles that lead to a
more stable protein-RNA complex than RNA itself and
thus can avoid defence mechanisms that would usually
lead to its destruction? Are there other mechanisms
controlling retrotransposable elements in germ cells at
the post-transcriptional level in particular? Elucidating
the full arsenal of defence mechanisms will be a key
future objective to understand the interrelation of
transposon expression and their integration in germ
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cells. For example, the function of APOBEC (apolipo-
protein B mRNA-editing enzyme, catalytic polypeptide-
like) or ADAR (adenosine deaminases acting on RNA)
deaminases may be required for editing of transposon-
derived transcripts (reviewed in [14,15]). Furthermore,
very little is known about the role of Tex19.1, a protein
with an intriguing role in restricting activation of
retrotransposons in pluripotent cells [16].

It is surprising that the L1 RNA can apparently be
inherited stably from gametes into the early embryo,
but it may offer a strategy for retrotransposons to
reproduce in cells that can give rise to the germ line
(blastomeres of preimplantation embryos) if they are
prevented from doing so in the germ cells themselves.
Hence, whether there is a trigger or loss of a protective
mechanism in the early embryo that allows the L1
transcripts to produce DNA copies and to integrate into
the host genome needs to be established. The erasure of
DNA methylation in the early embryo may also
contribute to increasing L1 transcription; insertions
during this developmental period potentially create
mosaicism in both future germ cells and in somatic cells
and thus can contribute to somatic phenotypic diversity
in many tissues without necessarily being transmitted
through the germ line.

Finally, it is also possible that our logic in interpreting
these results is completely back-to-front: instead of
retrotransposons apparently benefitting from epigenetic
reprogramming by being expressed and able to trans-
pose, is it possible that epigenetic reprogramming
‘exposes’ retrotransposons to powerful silencing
mechanisms (perhaps based on small RNA pathways)?
[17]. In other words, are repeated exposure and resilen-
cing necessary because epigenetic silencing mechanisms
are inevitably leaky?

While the cat-and-mouse games that transposons and
the host genome play will continue to fascinate
biologists for some time to come, an overall balance
between the two that ensures prosperity and reproduc-
tive success for both is probably a successful aspiration
for the future!

Abbreviations
L1, long interspersed nucleotide element-1; LINE, long
interspersed nucleotide element; piRNA, Piwi (P element-
induced wimpy testis)-interacting RNA; Piwi, P element-
induced wimpy testis.

Competing interests
The authors declare that they have no competing
interests.

Acknowledgments
We thank Claire Senner for critical reading of the
manuscript.

References
1. Goodier JL, Kazazian HH: Retrotransposons revisited: the

restraint and rehabilitation of parasites. Cell 2008, 135:23-35.
2. Hajkova P, Erhardt S, Lane N, Haaf T, El-Maarri O, Reik W, Walter J,

Surani MA: Epigenetic reprogramming in mouse primordial
germ cells. Mech Dev 2002, 117:15-23.

3. Popp C, Dean W, Feng S, Cokus S, Andrews S, Pellegrini M,
Jacobsen S, Reik W:Genome-wide erasure of DNAmethylation
in mouse primordial germ cells is affected by AID deficiency.
Nature 2010, 463:1101-5.

F1000 Factor 6.4 Must Read
Evaluated by Nina Papavasiliou 17 Mar 2010, Guoping Fan 23 Mar
2010

4. Aravin AA, Hannon GJ: Small RNA silencing pathways in germ
and stem cells. Cold Spring Harb Symp Quant Biol 2008, 73:283-90.

5. Aravin AA, Bourc’his D: Small RNA guides for de novo DNA
methylation in mammalian germ cells. Genes Dev 2008, 22:
970-5.

6. Aravin AA, Sachidanandam R, Girard A, Fejes-Toth K, Hannon GJ:
Developmentally regulated piRNA clusters implicate MILI in
transposon control. Science 2007, 316:744-7.

F1000 Factor 3.0 Recommended
Evaluated by Deyou Zheng 14 May 2007

7. Bourc’his D, Bestor TH: Meiotic catastrophe and retrotranspo-
son reactivation in male germ cells lacking Dnmt3L. Nature
2004, 431:96-9.

F1000 Factor 9.0 Exceptional
Evaluated by Eric Selker 27 Aug 2004

8. Aravin AA, Sachidanandam R, Bourc’his D, Schaefer C, Pezic D,
Toth KF, Bestor T, Hannon GJ: A piRNA pathway primed by
individual transposons is linked to de novo DNA methylation
in mice. Mol Cell 2008, 31:785-99.

9. Law J, Jacobsen S: Establishing, maintaining and modifying
DNAmethylation patterns in plants and animals. Nat Rev Genet
2010, 11:204-20.

10. Kubo S, Seleme MC, Soifer HS, Perez JL, Moran JV, Kazazian HH,
Kasahara N: L1 retrotransposition in nondividing and primary
human somatic cells. Proc Natl Acad Sci U S A 2006, 103:8036-41.

11. Ostertag EM, DeBerardinis RJ, Goodier JL, Zhang Y, Yang N,
Gerton GL, Kazazian HH: A mouse model of human L1
retrotransposition. Nat Genet 2002, 32:655-60.

12. Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, Ostertag EM,
Kazazian HH: L1 retrotransposition occurs mainly in embryo-
genesis and creates somatic mosaicism. Genes Dev 2009,
23:1303-12.

F1000 Factor 6.0 Must Read
Evaluated by Kenneth Zaret 04 Aug 2009

13. Lane N, Dean W, Erhardt S, Hajkova P, Surani A, Walter J, Reik W:
Resistance of IAPs to methylation reprogramming may
provide a mechanism for epigenetic inheritance in the
mouse. Genesis 2003, 35:88-93.

14. Chiu YL, Greene WC: The APOBEC3 cytidine deaminases: an
innate defensive network opposing exogenous retroviruses
and endogenous retroelements. Annu Rev Immunol 2008, 26:
317-53.

15. Nishikura K: Editor meets silencer: crosstalk between RNA
editing and RNA interference. Nat Rev Mol Cell Biol 2006, 7:
919-31.

16. Ollinger R, Childs AJ, Burgess HM, Speed RM, Lundegaard PR,
Reynolds N, Gray NK, Cooke HJ, Adams IR: Deletion of the

Page 3 of 4
(page number not for citation purposes)

F1000 Biology Reports 2010, 2:44 http://f1000.com/reports/biology/content/2/44

http://www.f1000biology.com/article/id/2570957
http://www.f1000biology.com/article/id/1083010
http://www.f1000biology.com/article/id/1020801
http://www.f1000biology.com/article/id/1163121


pluripotency-associated Tex19.1 gene causes activation of
endogenous retroviruses and defective spermatogenesis in
mice. PLoS Genet 2008, 4:e1000199.

17. Slotkin RK, Vaughn M, Borges F, Tanurdzić M, Becker JD, Feijó JA,
Martienssen RA: Epigenetic reprogramming and small RNA

silencing of transposable elements in pollen. Cell 2009,
136:461-72.

F1000 Factor 8.1 Exceptional
Evaluated by Elizabeth Dennis 04 Mar 2009, Ilha Lee 16 Mar 2009,
Azim Surani 23 Mar 2009

Page 4 of 4
(page number not for citation purposes)

F1000 Biology Reports 2010, 2:44 http://f1000.com/reports/biology/content/2/44

http://www.f1000biology.com/article/id/1157170

	Abstract
	Introduction and context
	Major recent advances
	Future directions
	Abbreviations
	Competing interests
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


