L1 retrotransposition occurs mainly
in embryogene31s and creates somatic
mosaicism
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Long Interspersed Element 1 (L1) is a retrotransposon that comprises ~17% of the human genome. Despite its
abundance in mammalian genomes, relatively little is understood about L1 retrotransposition in vivo. To study
the timing and tissue specificity of retrotransposition, we created transgenic mouse and rat models containing
human or mouse L1 elements controlled by their endogenous promoters. Here, we demonstrate abundant L1 RNA
in both germ cells and embryos. However, the integration events usually occur in embryogenesis rather than in

germ cells and are not heritable. We further demonstrate L1 RNA in preimplantation embryos lacking the L1
transgene and L1 somatic retrotransposition events in blastocysts and adults lacking the transgene. Together,
these data indicate that L1 RNA transcribed in male or female germ cells can be carried over through fertilization
and integrate during embryogenesis, an interesting example of heritability of RNA independent of its encoding
DNA. Thus, L1 creates somatic mosaicism during mammalian development, suggesting a role for L1 in

carcinogenesis and other disease.
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L1s (Long Interspersed Element 1s) are important genome
modifiers, altering mammalian genomes in many ways,
both constructively and destructively (Kazazian 2004).
L1s have contributed to >35% of the mass of the human
genome (Lander et al. 2001), not only by creating L1
insertion (retrotransposition), but also by indirect repli-
cation of short interspersed elements (SINEs) and pro-
cessed pseudogenes. The full-length human L1 retrotran-
sposon is ~6 kb and encodes two proteins necessary for
its mobilization by a “copy and paste” mechanism
(Moran et al. 1996). The parent element is transcribed
into RNA, and the bicistronic mRNA is exported from
the nucleus to the cytoplasm where it is translated into
ORFlp, a nucleic acid chaperone (Hohjoh and Singer
1997; Martin and Bushman 2001), and ORF2p, containing
endonuclease and reverse transcriptase activity (Mathias
et al. 1991; Feng et al. 1996). The L1 RNA forms
a ribonucleoprotein (RNP) complex with its proteins
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(Kulpa and Moran 2006), and reverse transcription and
integration occur in a single step on genomic DNA,
a process called target primed reverse transcription (Luan
et al. 1993).

Despite the tremendous impact of L1 on the human
genome, much of the process of L1 retrotransposition in
vivo remains unexplored. The several hundred thousand
copies of L1 in the human genome demonstrate that they
have accumulated over time. If L1s are still accumulating
in the genome, they must either retrotranspose directly
in germ cells during gametogenesis or early enough in
embryonic development to be incorporated into germ
cells. Somatic retrotransposition events that do not get
incorporated into germ cells are not heritable and will not
accumulate in the genome. In addition, L1 RNA and
proteins have been found predominantly in germ cells
and infrequently in differentiated tissues (Branciforte and
Martin 1994; Trelogan and Martin 1995). Therefore, the
prevailing view has been that the bulk of L1 retrotrans-
position occurs in germ cells. Approximately 20 human
de novo L1 retrotransposition insertions have been char-
acterized to date. However, since in all cases there is
no definitive evidence as to when the retrotransposit-
ion event occurred, many or all of these de novo L1
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retrotransposition insertions may have occurred early in
embryogenesis. Studies of human L1 elements in trans-
genic mice have demonstrated direct germline retrotrans-
position only when the L1 transgene was driven by
a heterologous promoter (Ostertag et al. 2002).

Thus, in order to investigate when and where most L1
retrotransposition occurs, we created mouse and rat trans-
genic models with native human or mouse L1 elements
driven by their endogenous promoters, and also analyzed
a previous transgenic mouse model in which the human
L1 was driven by its endogenous promoter (Muotri et al.
2005). Our transgenes comprised a human or mouse L1
tagged in its 3’ untranslated region (UTR) with a retro-
transposition cassette and followed by an SV40 poly(A)
signal (Supplemental Fig. S1).

Some new transgenic mouse lines contain the L1 pgs
element, a highly active human L1 (Brouha et al. 2002,
2003). Previous transgenic mouse models have demon-
strated significant variability in retrotransposition activ-
ity (Ostertag et al. 2002; Prak et al. 2003; Muotri et al.
2005; An et al. 2006; Babushok et al. 2006), possibly the
result of methylation of the transgene. To study retro-
transposition independent of position effects in these
lines, we added two copies of a chicken B-globin insulator
sequence (West et al. 2002) at each end of the transgene
(L1 rgs mouse; three lines).

The previously created mouse line (Muotri et al. 2005)
is similar to those described here, but contains the human
L1gp element (another highly active human L1) followed
by an EGFP (enhanced green fluorescent protein) retro-
transposition cassette (Ostertag et al. 2000) and does not
contain insulators. These mice had exhibited L1 retro-
transposition in neuronal precursor cells, but retrotrans-
position was not studied in sperm or sperm precursor
cells, or in early development (L1zp mouse; one line).

We also made the following transgenic animals as con-
trols: (1) a transgenic rat model using human L1yp without
insulators to control for possible species-specific effects of
the host organism (L1gp rat; eight lines), and (2) a mouse
model of an active mouse L1, Gg21, with a retrotransposi-
tion cassette to control for possible species-specific effects
of the L1 element (L1 Gg21 mouse; two lines).

Results

L1 retrotransposition events in transgenic animals

A retrotransposition cassette contains an intron that can
only be removed during a retrotransposition event. An
intron-flanking PCR distinguishes the L1 transgene from
a retrotransposition event (Supplemental Fig. S1). All
mice and rats were genotyped for the presence or absence
of the transgene by at least two different PCR assays and/
or Southern blot. A total of 19 L1 retrotransposition
events from the mouse and rat models were cloned and
sequenced using thermal asymmetric interlaced PCR
(Babushok et al. 2006), and showed all features typical
of authentic retrotransposition (Table 1).

Offspring of human L1 transgenic animals exhibited
high retrotransposition activity. In mice, L1 retrotrans-
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position events were seen in >60% of offspring inheriting
the transgene and in 9% of offspring lacking the transgene
(Table 2). Transgenic rats exhibited greater retrotranspo-
sition activity than mice. Human L1 retrotransposition
events were identified in all 197 rats inheriting the
transgene as well as 6% of rats lacking the transgene. In
total, we found 35 animals (both mice and rats) that were
transgene-negative, retrotransposition event-positive.
These retrotransposition events were clearly not false
positives, as they were detected in the same animal
multiple times with different tail DNA preps and differ-
ent PCR primers.

L1 RNA in germ cells is heritable and integrates into
the genome during development

Retrotransposition events in animals lacking the trans-
gene might be explained by germline retrotransposition
events in the parent prior to the end of meiosis I, followed
by segregation from the donor transgene, as demonstrated
previously (Ostertag et al. 2002). In that scenario, retro-
transposition events would be present in all cells of the
offspring, and would be inherited in 50% of their off-
spring. Among the 35 transgene-negative, retrotransposi-
tion event-positive animals, we bred 10 different mice
and rats (five offspring of transgenic males and wild-type
females and five offspring of transgenic females and wild-
type males). Instead of the expected 50% transmission
rate, we found that none of 170 offspring of these matings
(72 mice and 98 rats) inherited the L1 retrotransposition
event (see Fig. 1 for data on two of these noninherited
events). These results suggest that L1 RNA transcribed
before the end of spermatogenesis and oogenesis can be
carried over in both male and female germ cells and
integrated into the genome during embryogenesis.

In order to provide further evidence of RNA carryover
from germ cells, we analyzed the RNA and DNA from
single morulae and early blastocysts obtained from mat-
ings between transgenic animals and wild-type animals.
Among 12 mouse morulae of a single litter, there were
three that did not inherit the L1 transgene from the
mother. Two of the three had readily detectable L1
RNA (Fig. 2A). Similarly, among 12 rat blastocysts from
a single litter, three did not inherit the L1 transgene, and
one of the three had L1 RNA (Fig. 2B), indicating that, in
both mice and rats, L1 RNA can be carried over from
germ cells to the next generation. Although carried-over
L1 RNA appeared quite stable and was present at least
until the preimplantation embryo stage, we failed to
detect it in embryonic day 10.5 (E10.5) transgene-negative
embryos (data not shown).

To investigate whether L1 RNA carryover was due to
non-species-specific transgenes, we created transgenic
mouse lines using a native mouse L1 element. Mouse
L1s are generally homologous to human L1s but differ
significantly in their 5'UTR and the 5’ half of ORF1. The
mouse L1 transgene consisted of a highly active mouse
L1, Gg21 (Goodier et al. 2001), driven by its own promoter
and tagged with the retrotransposition cassette (L1 Gg21
mouse). As in human L1 experiments, mouse L1 RNA



L1 retrotransposition during development

*911s uoneIdnul (/) ‘uonyesrjdnp 2318 39818, (OS.L)
“TE€8 PUB ‘9/G ‘09% ‘TSP :SOUI] IUIJJIP INOJ WIOIJ PIIB[OST IOM JBI JTUISSURI) UT SIUIAD UOTITSOdSURNIONY CTAT]T o) PILLILD IDTUI O} JO 18I A pue U7 o) PILLILd GG ISNON

€6 LTV/¥0 MN 11bp1 £47Te8

89 €69.¥0” MN yTby 6199.S

€9 0ve.v0” MN tebo1 e} £57

S9 919/%0” MN 11bt eolIey

8§ T6SLY0 MN I eIy

UOTSIDAUT ‘UOTIBdUNIY, ,§ v/ /- 0O0LILVIOVIVLIVVVVV/oeeel- g Q[ ee 816160100 MN Tehx 6V09¥
98 /S VIVIVOVOVVVVOVVV/S1080-,6  ISus[-[[ng 91S/¥0” MN T1bg1 6V09Y

Ll S VOLVIVVVLLIVVV/11-,G  p8udf-[[ng 0ve.¥0” MN tebo1 PIdiey

/8 ,8-VODIVVVIVVVOVVV/38ee-, ¢ Isud[-[ng 889/%0” MN ¢1by PId1ey

910N (dq) yasdust (V)4T0d as.t. I3ua 3nuo) AWOSOWOoIYD) I [ewruy

918 uontsodsuenonay

SyeI JTUddsuen) [

TS5 96T6TIOV Tde ved
144 6ST1v6TXd 504 969

6 1#0€99TV ALl 969

L€ $06.STOV Tasl 605

09 0TeIEIOV qcl 60S

65 8eY1910V 1481 $0.

79 /S LOVVOVILOOVVIOVY/18081-,G  [asudl-[[ng 19%¥CIOV v/ ¥0.

uona[ap dq-gg9 ‘UOISISAUT ‘UOTEIUNL], G €S £ OVIVVOVIVVVVOVV/1ee1d-,g PLST 000STIOV €01 06¢
(e1+ 1u je surdoq) uoneouniy, ,S 8¢ £ VOVVVOVVVVVVVVV/1E10- .S Q€9 T881TIOV 9HI t1a
uopeouniy, ,§ 6T £-VVOV/8108e- .G dq ps P9Y9T1OV TdTl 89¢

910N (dq) yadusy (V)4[0d asiy. 8ua Snyuon QUWIOSOWOIY D) 1 [ewruy

931s uonIsodsuenonay

Q0TI OTUISSUBI) [T

SIVI pupv 201U JTU2SSUVI] UI SIU2AD UONISOdSUDII0IAI [T JO UOIIDZIIa10vIDyD) T dqeL

1305

GENES & DEVELOPMENT



Kano et al.

Table 2. Genotyping of offspring in L1 transgenic animals

Animals crossed

Genotype of offspring

Transgenic line

Male Female Tg", Rtn* Tg*, Rtn~ Tg~, Rtn* Tg~, Rtn™ Total
L1lgp mouse Tg X WT 29 23 4 40 96
WT X Tg 46 25 8 72 151
L1igrgs mouse Tg X WT 52 23 5 67 147
WT X Tg 6 4 3 20 33
Llgp rat Tg X WT 128 0 10 111 249
WT X Tg 69 0 5 104 178

Transgene-positive (+), retrotransposition event-negative (—) mice and transgene-positive (+), retrotransposition event-positive (+) rats
were crossed with wild-type animals. Genotyping was performed using tail DNA. (Tg) L1 transgene; (Rtn) retrotransposition event;

(WT) wild-type animal.

was observed in one of four transgene-negative blasto-
cysts (Fig. 2C).

Furthermore, upon PCR genotyping of individual late
blastocysts from a human L1 transgenic male mated with
a wild-type female, we found retrotransposition events in
both transgene-positive and transgene-negative embryos
(Fig. 2D). To estimate the copy number of retrotranspo-
sition events in these embryos, mouse DNA with a germ-

Figure 1. L1 retrotransposition caused by L1 RNA
carried over through meiosis, fertilization, and embryo-
genesis in the Llgp mouse (A-C) and in the Lligpgs
mouse (D-F). (A) Southern blot analysis on tail DNA
isolated from offspring of an Llgp transgenic female

mouse. A 1.4-kb DNA probe generated from the retro- kb
transposition cassette of the L1zp transgene, which was
expected to hybridize to both the transgene and retro- b=
transposition insertion, exhibited only transgene bands 4=
in spite of the presence of retrotransposon amplicons by 3 =
PCR. The membrane was rehybridized with an un- 5

related DNA probe generated from mouse chromosome
11 as a DNA loading control. (B) Genotyping PCR on
tail DNA indicates an L1 retrotransposition event in
a mouse lacking the transgene (mouse 11). (C) Mouse 11
(transgene-negative, retrotransposition event-positive)
was bred with a wild-type mouse, and its offspring were
genotyped. No offspring of this mouse inherited the

retrotransposition insertion, indicating mosaicism of D
the L1 retrotransposition event in mouse 11. A control

PCR on mouse chromosome 11 was performed to
confirm the amount and quality of DNA. (D-F) Similar &
data to those in A-C are shown for the offspring of an
Lligres transgenic male mouse using tail DNA. The p
transgenic male mouse was bred with a wild-type
female mouse, and its offspring were genotyped by 6 -
Southern blot using a 503-bp probe generated from the 4=
L1 3'UTR and SV40 poly(A) signal sequence of the 3=
L1ires transgene (D), and by PCR (E). Two independent , _

PCR primer sets were used to confirm the presence of
retrotransposition events. (F) The single offspring (D17)
that had a retrotransposition event while lacking the L1
transgene was bred with a wild-type mouse. As shown
in C, none of its offspring inherited the retrotransposi-
tion event. Asterisk denotes a transgene-negative, retro-
transposition event-positive mouse. (Tg) transgene;
(Rtn) retrotransposition event; (WT) wild-type animal;
(M) 1-kb plus DNA Ladder (Invitrogen).
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Figure 2. Single preimplantation embryos lacking the transgene contain L1 RNA (A-C) and L1 retrotransposition events (D). RT-PCR
analysis and genotyping PCR on offspring of an L1 zg3 mouse (A), an Llgp rat (B), and an L1 Gg 21 mouse (C). RNA isolated from single
morulae or blastocysts was subjected to RT-PCR to detect L1 RNA from the L1 transgene. For genotyping, DNA from each embryo was
subjected to genotyping PCR. To exclude the possibility of a false negative genotype for the transgene, each embryo was genotyped by
two independent primer sets for the L1 transgene, and three independent genomic loci were amplified as controls. In A-C, an asterisk
denotes a transgene-negative, L1 RNA-positive preimplantation embryo. (D) Retrotransposition events in individual late blastocysts.
Single blastocysts of the Llzp mouse were subjected to genotyping PCR. For semiquantification, mouse DNA that carries one
retrotransposition event per diploid genome (Ostertag et al. 2002) was used as a calibrator DNA. (Middle) The amount of DNA of each
blastocyst used in the intron-flanking PCR was presumed to be 0.1-0.5 ng. Thus, retrotransposition events appear to be present in much
less than one copy per cell. (RT) Reverse transcriptase; (Tg) transgene; (Rtn) retrotransposition event; (WT) wild-type animal; (M) 1-kb
plus DNA Ladder (Invitrogen).

indicating somatic L1 retrotransposition events in these
embryos. In addition, since L1 retrotransposition events
in single blastocysts lacking the transgene were derived
from a cross in which the male carried the transgene,
these data further support L1 RNA carryover from male
germ cells into the embryo.

Most L1 retrotransposition events occur during
development, creating nonheritable de novo L1
insertions

To investigate more precisely when L1 retrotransposition
occurs, we compared L1 expression and retrotransposition

in various developmental stages of transgenic animals, as
well as adult tissues. We tested pachytene spermatocytes
(PS), round spermatids (RS), condensing spermatids (CS),
and sperm from transgene-positive mice and rats. We also
assayed transgene-positive preimplantation embryos (mor-
ulae and blastocysts), E10.5-E11.5 embryos, and adult
somatic tissues. We found L1 RNA in all spermatogenic
cell fractions, morulae, blastocysts, E10.5-E11.5 embryos,
and adult testes and ovaries (Fig. 3A,B). Faint amplicons
were also identified in other adult tissues, such as lung.
Genomic DNA of spermatogenic cell fractions and
pooled preimplantation embryos were subjected to the
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Figure 3. L1 transcripts and retrotransposition events in various developmental stages and adult tissues. (A,B) RT-PCR on transgenic
Llgp mouse (A) and L1gp rat (B) spermatogenic cell fractions, preimplantation embryos (morulae and blastocysts), E10.5-E11.5 embryos,
and adult tissues. Only a head portion of E10.5-E11.5 embryos was subjected to RT-PCR in order to eliminate contamination of germ
cells in the embryonic developmental stages. Testis from wild-type adult animals was used as a negative control for L1 RNA from the
transgene. Histone H2A.Z gene was used as an endogenous control. (C-F) Genotyping PCR on Llgzp mouse (C), L1gp rat (D), L1ires
mouse (E), and L1 G 21 mouse (F) spermatogenic cell fractions and pooled preimplantation embryos (L1gp mouse line, 10 morulae; L1zp
rat line, 25 blastocysts; L1; gz mouse line, nine blastocysts; L1 Gg 21 mouse line, 12 blastocysts). Spermatogenic cell fractions were
prepared from transgene-positive, retrotransposition event-negative mice (C,E,F) and transgene-positive, retrotransposition event-
positive rats (D). Nested PCR was performed on each sample, which was optimized to amplify small products preferentially. In D,
similar amounts of DNA (5 ng) from rat spermatogenic cell fractions, pooled blastocysts, and tail were subjected to PCR. Genomic DNA
of the Actb region was amplified to confirm the amount of DNA. (M) 1-kb plus DNA Ladder (Invitrogen); (RT) reverse transcriptase; (Tg)
transgene; (Rtn) retrotransposition event; (WT) wild type.

intron-flanking PCR to identify L1 retrotransposition 3C). In contrast, L1 retrotransposition was much more
events (Fig. 3C-F). To our surprise, L1 retrotransposition frequent in preimplantation embryos than in spermato-
events were rarely detectable in spermatogenic cell genic fractions, even though far less embryonic DNA was
fractions of L1zp mice, and only a faint retrotransposition used in PCR. Similar results were obtained in all human
insertion amplicon was observed in the CS fraction (Fig. L1 transgenic models, including the L1zp transgenic rat

1308 GENES & DEVELOPMENT



lines (Fig. 3D) and the L1 rg3 mouse lines (Fig. 3E). To rule
out a species-specific effect on L1 retrotransposition, we
also studied the timing of retrotransposition of an active
mouse L1 transgene and found that it was similar to that
of the human L1 transgenes. Intron-flanking PCR
revealed a much greater frequency of mouse L1 retro-
transposition in preimplantation embryos than in sperm
(Fig. 3F). Thus, for all transgenic lines, a relative post-
transcriptional block to retrotransposition present in
germ cells is alleviated after fertilization.

The great majority of de novo L1 retrotransposition
events observed in this study integrated during embryo-
genesis. To estimate the frequency of developmental retro-
transposition, we performed quantitative PCR (qPCR) on
several adult tissues (brain, lung, liver, kidney, and tail)
and sperm DNA of human L1 transgene-positive, retro-
transposition event-positive mice (Fig. 4). Animals dis-
played an unequal tissue distribution of retrotransposi-
tion frequency, with higher frequencies of retrotranspo-
sition in somatic tissues than in sperm. Retrotransposi-
tion events were identified in one out of 50 to one out of
500 somatic cells and in about one out of 1000 sperm. To
estimate the frequency of human L1 retrotransposition
from RNA carryover, we performed qPCR on adult
tissues and sperm DNA of transgene-negative, retrotrans-
position event-positive mice. The retrotransposition fre-
quencies were lower than those of transgene-positive
mice without significant differences between somatic
tissues and sperm. Retrotransposition from RNA carry-
over was estimated to be about one in 1000 cells (about
one in 2000 genomes) in both somatic tissues and sperm
(Fig. 4).

0.012
OBrain BlLung OLiver BKidney M Tail OSperm
0.01

(per

0.008
't 0.006

0,004

£ 0.002

L1Tg+ Rtn+

L1 Tg - Rtn +

Figure 4. L1 retrotransposition frequency in the Llgp mouse.
DNA derived from brain, lung, liver, kidney, tail, and sperm of
transgene-positive, retrotransposition event-positive mice (A-E)
and transgene-negative, retrotransposition event-positive mice
(F,G) was analyzed by qPCR. Genomic DNA of each tissue was
subjected to the intron-flanking PCR reactions and internal
control PCR. Both PCR reactions were normalized to those of
the calibrator DNA. The calibrator DNA was obtained from
a mouse with a germline L1 retrotransposition event identified
in our previous studies (Ostertag et al. 2002), which had 0.5
retrotransposition insertions per haploid genome. (Tg) L1 trans-
gene; (Rtn) retrotransposition event.

L1 retrotransposition during development

Discussion

Previously, L1 retrotransposition was thought to occur
predominantly in germ cells (Ostertag and Kazazian 2001;
Bourc’his and Bestor 2004). Here, we demonstrate that
retrotransposition occurring directly in germ cells is un-
common. Most human and mouse L1 retrotransposition
events occur in embryonic development; only a fraction of
these events get into the germline and are heritable. These
findings in transgenic animals suggest that the majority of
L1 retrotranspositions in human beings occur in early
embryonic development. Recently, retrotransposition of
a transfected L1 has been demonstrated in human embry-
onic stem cells (Garcia-Perez et al. 2007). In addition, an L1
retrotransposition event during early human embryogen-
esis leading to somatic and germinal mosaicism was
reported (van den Hurk et al. 2007). In fact, all known
human retrotransposition events could have occurred
early in human development. In one case, we reported
a retrotransposition event that we believed had occurred
prior to the end of maternal meiosis I (Brouha et al. 2002).
On the basis of the present study, the alternative of RNA
carryover from the mother followed by retrotransposition
in the embryo is just as likely.

In our study, human and mouse L1 RNA was carried
over through both male and female germ cells to the next
generation. Thus, L1 RNA in this context is quite stable,
with a half-life likely >24 h. We speculate that the
previously described L1 RNP (Martin 1991) protects L1
RNA from degradation. Interestingly, male transgenic
animals give rise to a similar percentage of transgene-
negative, insertion-positive offspring as female transgen-
ics (Table 2). Although it has been widely accepted that
there is little, if any, RNA in mature sperm, a recent
study in mice has demonstrated strong evidence of non-
Mendelian inheritance of RNA molecules through both
genders (Rassoulzadegan et al. 2006). The meiotically
stable and heritable RNA can cause a phenotypic change
in the absence of the inducing allele. L1 RNA is similarly
transmitted to the next generation. Moreover, L1 RNA
that is inherited independently of its parental allele can
modify DNA sequence by creating a de novo L1 retro-
transposition event in the genome of the offspring. The
mechanism of L1 RNA carryover remains unclear. L1
RNA that is assembled into its RNP complex might be
sufficiently stable to complete this unusual scenario (Fig.
5A). Sequestration of the LIRNP in a cellular organelle as
seen with the I-factor RNA of Drosophila melanogaster is
another possibility (Chambeyron et al. 2008).

L1 RNA was easily identified in spermatogenic cells
and individual preimplantation embryos, as reported
previously (Packer et al. 1993; Branciforte and Martin
1994; Ostertag et al. 2002; Peaston et al. 2004). Further-
more, L1 RNA was also present in post-implantation
embryos and a low amount of L1 RNA was present in
adult tissues, suggesting a potential role of L1 in human
development. In spite of abundant L1 RNA in spermato-
genic cells, most actual L1 integration occurs after
fertilization and may continue throughout development,
resulting in highly unequal tissue distributions of L1
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Figure 5. L1 transcripts and L1 retrotransposition in A

germ cells and early development. (A) Abundant L1
RNA is present in both developing germ cells and
meiotic cells. Some L1 RNA segregates from its encod-
ing DNA. However, L1 retrotransposition events are rare
in these cells. (B) L1 transgene-positive gametes can be
fertilized, carrying L1 RNA into the fertilized egg. L1
RNA transcribed either during germ cell development or
during embryogenesis can retrotranspose into the ge-
nome. (C) L1 transgene-negative gametes (both sperm
and egg) can carryover L1 RNA that has segregated from
its encoding DNA into the fertilized egg. This L1 RNA
can be the source of infrequent L1 retrotransposition
events during embryogenesis. Retrotransposition events
in scenario B occur more frequently than those in sce- /
nario C (see Fig. 4). (Tg) L1 transgene; (Rtn) retrotrans-
position event. Shaded cells represent retrotransposition-
positive cells.

retrotransposon insertions. The retrotransposition fre-
quency in somatic tissues of transgene-positive mice
was roughly 10 times greater than the retrotransposition
frequency in somatic tissues of transgene-negative mice.
These data indicate that most somatic L1 retrotransposi-
tion events are caused by L1 RNA that is transcribed after
fertilization, creating mosaicism in both somatic and
germline tissues (Fig. 5B,C).

More interestingly, the L1 retrotransposition frequency
in the sperm of transgene-positive mice was generally
lower than that of other somatic tissues. Embryonic
germ cells are believed to carry abundant L1 RNA be-
cause of L1 demethylation in the fetal testes (Kuramochi-
Miyagawa et al. 2008), while L1s in somatic tissues are
kept continuously silenced. In fact, abundant L1 RNA
was found predominantly in spermatogenic cell fractions.
These results indicate that germ cells might have a post-
transcriptional defense mechanism that prevents L1 in-
tegration into the genome. They also indicate that de
novo L1 retrotransposition events can occur even after
the time of establishment of germ cells (E7.25), or even in
adult tissues, which cannot be transmitted to the next
generation. These nonheritable L1 retrotransposition
events in somatic tissues may play a significant role in
creating genomic diversity within an individual.

It is of great interest that most human L1 retrotrans-
position events likely occur in development rather than
in the germline, using L1 RNAs transcribed in the
embryo and in developing germ cells. These data suggest
a role for somatic L1 retrotransposition events in human
development with potential effects on learning and
behavior, as previously suggested (Muotri et al. 2005),
carcinogenesis (Miki et al. 1992), and other conditions
with somatic, nonheritable mutations in their etiology.
That L1 RNA can alter the DNA of a subsequent gener-
ation is another example of the noncanonical role RNA
can play in determining the human phenotype.

Materials and methods

All primer sequences are listed in Supplemental Table 1. Ani-
mal studies were performed in compliance with Institutional
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Animal Care and Use Committee guidelines of the University of
Pennsylvania.

Generation of transgenic animals

A DNA fragment containing the +v-globin intron (INT) was
cloned into the BstZ17I and Xmal sites in the L1 3'UTR of
pJCC5-L11ges (Ostertag et al. 2000; Brouha et al. 2002) to create
pJCC5-L11res-INT. We cloned Llppgs-INT as a Notl/blunted
Apal fragment into the multiple cloning site of pRJD099 cut
with NotI/blunted Sfil to create pRJD099-L1;ges-INT-SV40
poly(A) signal. To create an insulator backbone, two copies of
the chicken B-globin insulator (INS) were isolated from pJC13-1
(a gift of Gary Felsenfeld) as a Sall/Kpnl fragment and cloned into
pBluescript KS™ (Stratagene) to create pBS-2xINS. Another two
copies of the insulator were cloned into pBS-2xINS as a Spel/
BamHI and a BamHI/EcoRI fragment to create pBS-4xINS. We
cloned the L1 ggs-INT-SV40 poly(A) signal as a blunted NotI/Sall
fragment into the multiple cloning site of pBS-4xINS cut with
EcoRV/Sall to create pBS-2xINS-L1; pg3-INT-SV40 poly(A) signal-
2XINS (Llpggs transgene). The full-length mouse L1 element,
Gp21, was liberated as a NotI/blunted Xhol fragment (Goodier
et al. 2001). The Gg21 fragment was swapped into pLRE3-EGFP
(Brouha et al. 2002) using the Notl and BstZ17I sites to create the
Gp21 element tagged with the EGFP retrotranspositon cassette
but lacking insulators (pGr21-EGFP; mouse L1 Gg21 transgene).
The transgene-containing plasmid was tested in a cell culture
assay of retrotransposition to confirm its activity. The transgene
was prepared for injection by cutting it from its backbone
plasmid with BssHII or NotlI/Sall digestion followed by purifica-
tion of the transgene-containing fragment using Elutip column
(Schleicher & Schuell). The transgenes were microinjected into
fertilized C57BL/6] or B6D2F1 oocytes. The transgenic mice
were maintained by crossing with wild-type C57BL/6] mice. The
transgenic rat was created using the L1zp tagged with a marker-
less retrotransposition cassette (Babushok et al. 2006). This
transgene was microinjected into fertilized Sprague-Dawley
oocytes.

Genotyping PCR

Genotyping PCR was performed on 100-500 ng of DNA using an
intron-flanking PCR as described (Ostertag et al. 2002; Muotri
et al. 2005; Babushok et al. 2006). PCR products were purified
using QIAquick PCR purification (Qiagen) and subjected to



second-round PCR as necessary. Nested PCR was optimized to
amplify small products preferentially. Cycling conditions of the
second PCR were initial denaturation for 1 min at 95°C, followed
by a two-step profile: denaturation for 30 sec at 95°C and
annealing extension for 15 sec at 68°C for 40 cycles. Three
different spermatogenic germ cell fractions of PS, RS, and CS
were purified from transgene-positive, retrotransposition event-
negative mice and transgene-positive, retrotransposition event-
positive rats as described previously (Romrell et al. 1976;
Ostertag et al. 2002). DNA was purified from pooled preimplan-
tation embryos after proteinase K treatment and was subjected to
PCR. When both DNA and RNA were required from single
preimplantation embryos, RNA was purified using magnetic
beads (Dynal Biotech) and then DNA was purified from the
unbound fraction of the beads using the Wizard DNA clean-up
system (Promega). The purified DNA was subjected to the
genotyping PCR directly (L1gp rat and L1 Gg 21 mouse) or was
subjected to whole-genome amplification (WGA) using the
PEPLI-g kit (Qiagen) prior to the genotyping PCR (L1 ggs mouse).
Three independent WGA reactions on each embryo were com-
bined and subjected to genotyping PCR.

Southern blot

Genomic DNA isolates from mouse tails of the Llzp line mice
were digested with Pvull or Sall/EcoRV, and those from the
L1iggs line animals were digested with Pvull or BglIl. Digested
samples were separated by electrophoresis on 0.8% agarose gels
and transferred to Hybond-N* membranes (Amersham Biosci-
ence) using alkaline transfer. Membranes were prehybridized for
12 h at 65°C in hybridization buffer (10% polyethylene glycol,
7% SDS, 200 pg/mL denatured sonicated salmon sperm DNA).
Blots were probed with a 1.4-kb probe consisting of the CMV
promoter and EGFP sequence liberated from pEGFP-NI1 as
a Notl/Asel fragment (Clontech) or with a 503-base-pair (bp)
probe consisting of partial L1 3'UTR and SV40 poly(A) signal
sequence liberated from the Lliggs transgene as a Xmal/Sall
fragment. Each probe was radiolabeled with 2P by random
priming, and membranes were hybridized overnight at 65°C.
Membranes were then washed and exposed to X-ray film. Each
membrane was stripped and hybridized with a 759-bp probe
generated from an unrelated region on chromosome 11 or a 532-
bp probe generated from the Actb gene region as a DNA loading
control. Southern blot for the Llgp rat lines was performed as
described (Babushok et al. 2006).

RT-PCR

RNA was purified using either magnetic beads (Dynal Biotech)
from individual preimplantation embryos or the RNeasy kit
(Qiagen) from other tissues and was reverse transcribed with
oligo(dT) primers using SuperScript III (Invitrogen) to synthesize
c¢DNA according to the manufacturer’s protocol. L1 transcript
was amplified using a primer set that was specific to the L1
transgene. Histone H2A.Z was used as an internal control.

gqPCR

Real-time qPCR was performed with LightCycler FastStart DNA
Master™™ SYBR Green I (Roche). Genomic DNA of the Llpp
mouse was subjected to PCR. L1 retrotransposition events were
amplified by the intron-flanking PCR. An unrelated genomic
DNA around the Actb gene region was amplified as an internal
control. We used calibrator DNA to normalize retrotransposition
frequency. The calibrator DNA was derived from a mouse with

L1 retrotransposition during development

a germline retrotransposition insertion in our previous studies
(Ostertag et al. 2002). The calibrator DNA carried 0.5 L1 re-
trotransposition events per haploid genome. The intron-flanking
PCR and the internal control PCR of each tissue were normal-
ized to those of the calibrator DNA. Each DNA sample was
subjected to qPCR in duplicate. qPCR experiments were per-
formed at least twice for each sample. Each reaction was
analyzed by melting curve and/or gel electrophoresis to confirm
that nonspecific products or the L1 transgene was not amplified.
Cycling conditions were initial denaturation for 10 min at 95°C,
followed by a three-step profile: denaturation for 10 sec at 95°C,
annealing for 15 sec at 60°C, and extension for 3 sec at 72°C.
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