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ABSTRACT

R2 is a long interspersed element (LINE) found in a specific sequence of the 28S rDNA among a wide variety of animals.
Recently, we observed that R2Ol isolated from medaka fish, Oryzias latipes, retrotransposes sequence specifically into
the target sequence of zebrafish. Because the 28S target and flanking regions are widely conserved among vertebrates,
we examined whether R2Ol can also integrate in a sequence-specific manner in human cells. Using adenovirus-mediated
expression of R2Ol constructs, we confirmed an accurate insertion of R2Ol into the 28S target of human 293T cells.
However, the R2Ol mutant devoid of endonuclease (EN) activity showed no retrotransposition ability, suggesting that
the sequence-specific integration of R2Ol into 28S rDNA occurs via the cleavage activity of EN. By introducing both
R2Ol helper virus and donor plasmid in human cells, we succeeded in retrotransposing an exogenous EGFP gene into
the 28S target site by the trans-complementation system, which enabled simplification of specific gene knock-in in a
time-efficient manner. We believe that R2Ol may provide an alternative targeted gene knock-in method for practical ap-
plications such as gene therapy in future.
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INTRODUCTION

Precision targeted gene integration technologies are
needed for improved safety, particularly in therapeutic
applications involving human cells. Since 2013, CRISPR/
Cas9-mediated genome editing has been trending be-
cause of its simplicity and efficiency (Lino et al. 2018; You
et al. 2019). TheCRISPR/Cas9 system repairs theDNAdou-
ble-strand break (DSB) by the homology-directed repair
(HDR) pathway resulting in gene knock-in at the target
site in the presence of donor DNA. Although this HDR-me-
diated knock-in method has been successful in human
cells, it still suffers from low HDR efficiency, off-target con-
cern, and time and labor consuming of donor DNAdesign-
ing (Liu et al. 2018; Lee and Kim 2019). Thus, another
system that functions independently of HDRmight provide
a better alternative to targeted gene knock-in strategies.

Long interspersed elements (LINEs) are widely distribu-
ted in eukaryotes and move by a LINE-specific “copy-out
and copy-in” mechanism. After transcription and transla-
tion of LINEmRNA, its protein andmRNA form the ribonu-

cleoprotein (RNP) complex, move back to the nucleus, and
insert the LINE cDNA into the target DNA by target
primed reverse transcription (TPRT) (Luan et al. 1993).
LINE encodes an endonuclease domain (EN) that nicks
the target DNA and the reverse transcriptase (RT) domain,
which reverse transcribes its own mRNA to cDNA onto the
nicked site in 3′ to 5′ orientation. Most LINEs retrotrans-
pose randomly into the host genome, such as human L1 el-
ements, which demonstrate their ongoing activity in
humans and cause various diseases (Kazazian and Moran
2017). Nevertheless, some elements integrate in a se-
quence-specific manner into repetitive genomic sequenc-
es, such as ribosomal DNA (rDNA), telomeric repeats, and
microsatellites (Fujiwara 2015).

Phylogenetically, LINEs are classified into two large
groups based on their structural and phylogenetic
features: an ancient group encodes restriction enzyme-
like endonucleases (RLEs) and a recently branched group
encodes apurinic/apyrimidinic endonucleases (APEs).
Many of the RLE-encoding elements (NeSL, R2, HERO,
and CRE) retrotranspose in a sequence-specific fashion
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(Eickbush and Eickbush 2015; Fujiwara 2015). Among the
RLE elements, the 28S rDNA sequence-specific R2 ele-
ments are themost studied LINEs concerning retrotranspo-
sition mechanisms both in vitro (Luan et al. 1993; Bibillo
and Eickbush 2004; Christensen et al. 2006; Eickbush and
Eickbush 2010; Govindaraju et al. 2016) and in vivo
(Eickbush et al. 2000). They are distributed in a diverse
range of both invertebrates and vertebrates, such as fishes,
birds, and reptiles, but not inmammals (Kojima et al. 2016).
In addition, an approximately 300 base pair (bp) region
around the R2 insertion site in the 28S rDNA is highly con-

served across a wide variety of eukaryotes, including hu-
mans (Fig. 1A; Kojima and Fujiwara 2005). Based on its
high sequence-specific and efficient retrotransposition,
R2 may be a candidate as an alternative tool for gene
integration.
Recently, we isolated R2Ol from medaka fish, Oryzias

latipes, comprising a 5′ untranslated region (5′ UTR), a sin-
gle open reading frame (ORF) encoding EN and RT do-
mains, and a 3′ UTR (Fig. 1B). We detected its sequence-
specific retrotransposition into 28S rDNA both in insect,
Spodoptera frugiperda 9 (Sf9) cells (T Kawashima and H
Fujiwara, unpubl.) and the zebrafish embryo (Kuroki-Kami
et al. 2019). Recently, we also found that R2Ol encodes a
self-cleavage hepatitis D virus (HDV)-like ribozyme in its
5′ UTR and that the cleavage site by the ribozyme is locat-
ed within the 28S sequence, at 28 nt upstream from the
5′ junction between the 28S rDNA and the R2Ol element
(F Shiba and H Fujiwara, unpubl.). We here tried to estab-
lish an adenovirus-based R2Ol retrotransposition system in
human cells, because R2Ol seems to retain the retrotrans-
position activity among diverse organisms.
We confirmed that R2Ol retrotransposes in a sequence-

specific manner into the human 28S target site. In addition,
the exogenous gene of interest (EGFP) was retrotrans-
posed into the 28S rDNA target site by trans-complemen-
tation, which might offer a convenient gene integration
method. The R2Ol system uses TPRT, unlike the CRISPR/
Cas9 gene knock-in system using HDR, which may provide
an alternative tool with potential applications such as gene
therapy.

A

B

C

FIGURE 1. Schematic structure and insertion sites of R2Ol in the
rDNA unit. (A) Comparison of the R2Ol insertion site sequence align-
ment of three vertebrates—namely, medaka fish (CP020779.1), zebra-
fish (BX537263.17), and human (M11167.1). An ∼300-bp region
around the R2 insertion site in 28S rDNA is strongly conserved except
for differences at 4 nt (yellow). The insertion site (red) of R2 is found
between −1 (G) and +1 (T). In the downstream 28S sequence of the
insertion site, 1 to 4 (TAGC) nt are denoted as r4. (B) A schematic di-
agram of R2Ol (4204 bp), cloned from the medaka fish, Oryzias lat-
ipes, comprises a 5′ untranslated region (UTR; 265 bp, blue), a
single open reading frame (ORF; 3831 bp) encoding EN and RT do-
mains, and a 3′ UTR (108 bp, red). Vertical lines represent the zinc fin-
gers. The rDNA unit is indicated by closed boxes. The double-
stranded sequences of the precise insertion sites are indicated. The
bottom and putative top strand cleavage sites are indicated by a solid
and dashed arrow, respectively. (C ) R2Ol retrotransposition assay in
human cells. R2Ol-r4 contains the CAG promoter, a full-length R2Ol
with the r4 downstream from its 3′-end, and a β-globin pA signal.
R2Ol ENmut-r4 includes a mutation at the essential amino acid sites
for EN (IPD→ IPA). After 293T cells were infected by the R2Ol adeno-
virus for 72 h, retrotransposition events were detected by nested PCR
by amplifying the 3′ and 5′ junction of the retrotransposed R2Ol in the
28S rDNA target. Horizontal arrows indicate the PCR primers used to
detect retrotransposition events. Primer sets “s1” and “a” (red) were
used for analyzing the 3′ junction, and primer sets “s2”, “a1”, “a2”,
“a3”, “a4”, and “a5” (blue) were used for analyzing the 5′ junction.
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RESULTS

Adenovirus-mediated R2Ol retrotransposition
system in human cells

To determine whether R2Ol retains its retrotransposon ac-
tivity in human cells, we established a retrotransposition
assay using an adenovirus-based expression system. We
constructed an adenovirus R2Ol-r4 construct (wild type;
WT) which contains the full-length unit of R2Ol (5′ UTR/
ORF/3′ UTR) and a 4-bp 28S rDNA downstream flanking
sequence at its 3′-end of 3′ UTR (r4; TAGC) under the con-
trol of CAG promoter and polyadenylation signal se-
quence (pA) (Fig. 1B,C). The r4 sequence at the 3′-end
was expected to increase the retrotransposition efficiency
and accuracy by annealing efficiently between the tem-
plate RNA and target DNA (Kuroki-Kami et al. 2019). As
a negative control, we constructed R2Ol ENmut-r4, which
has a mutation (IPD> IPA) in the catalytic center that is es-
sential for the endonuclease activity (Fig. 1C; Yang et al.
1999). After the recombinant R2Ol adenovirus infected
the 293T cells for 72 h, the total genomic DNAs was ex-
tracted from the infected cells and the retrotransposition
event was detected by nested PCR, amplifying the 3′ junc-
tion and 5′ junction sites between R2Ol and 28S rDNAwith
primer sets as shown in Figure 1C.

3′′′′′ and 5′′′′′ junction analyses of retrotransposed R2Ol in
the 28S rDNA target

The R2Ol-r4 and R2Ol ENmut-r4 were introduced into
293T cells at varying (1, 10, and 50) multiplicity of infection
(MOI). PCR-amplified bands of the expected size (327 bp),
representing the precise integration of R2Ol at the 3′ junc-
tion, were observed at higher MOI—namely, 10 and 50—
but not at MOI 1 (Fig. 2A, open triangle), indicating that
higher expression of R2Ol from the adenovirus vector is
necessary for efficient retrotransposition of the R2Ol ele-
ment into the target site. To certify whether the PCR bands
at MOI 10 and 50 represent the exact targeting of R2Ol,
the PCR fragments from samples MOI 10-3 and MOI 50-
3 were cloned and sequenced (Fig. 2A, asterisks).
Among all clones analyzed, six clones indicated the pre-
cise integration of R2Ol at the 28S rDNA target region in
the 3′ junction site (Fig. 2B). The remaining clones were
nonspecific PCR artifacts originated from R2Ol or 28S
rDNA sequences. In contrast, the PCR band representing
a precise integration of R2Ol using R2Ol ENmut-r4 was
not detected under anyMOI conditions, whereas two extra
bands were observed (filled triangles) (Fig. 2C). To analyze
these extra bands in R2Ol ENmut-r4 samples, we cloned
and sequenced PCR products MOI 10-1 and MOI 50-3
and observed that all the analyzed clones showed non-
specific PCR sequences, indicating no retrotransposi-
tion activity. Thus, the above results suggest that the
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FIGURE 2. 3′ and 5′ junction analyses for retrotransposed R2Ol in hu-
man 293T cells. (A) PCR results of the 3′ junction of R2Ol-r4. The open
triangle indicates accurate retrotransposition. β-actin was used as an
internal control. The numbers marked above the lanes indicate inde-
pendent experiments. (B) 3′ junction sequence of the R2Ol-r4 retro-
transposition events. (C ) PCR results of the 3′ junction of R2Ol
ENmut-r4. Filled triangles indicate nonspecific bands. (D) PCR results
of the 5′ junction of R2Ol-r4. (E) 5′ junction sequences of inserted
R2Ol. The PCR products indicated by asterisks were TA cloned for fur-
ther analyses. (N) Negative control PCR conducted with genomic
DNA from noninfected cells, (closed box) 28S rDNA sequence,
(open box) R2Ol ORF, (blue line) 5′ UTR, (red line) 3′ UTR, (blue trian-
gle) vector sequences, (MOI) multiplicity of infection, (n) total number
of sequenced clones. Truncated or deleted sites are indicated by nu-
cleotide numbers (+1 as 5′end of R2Ol).
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sequence-specific integration of R2Ol into 28S rDNA de-
pends on the cleavage activity of self-encoded EN. Al-
though we do not have experimental data using RT
mutants in human cells, we speculate that the R2Ol inte-
gration observed here is caused by reverse transcription
but not recombination events, because we observed the
complete loss of the retrotransposition activity in both
EN and RT mutants of R2Ol in zebrafish embryo (Kuroki-
Kami et al. 2019).
We further analyzed the 5′ junctions between the retro-

transposedR2Ol and the28S rDNA target using fiveprimer
sets (Fig. 1C, blue). Using the same genomic DNA samples
as those used for 3′ junction analyses (Fig. 2A, MOI 10-3
and MOI 50-3), we detected variable-sized PCR bands
with the primer sets a1 and a5 in MOI 10 and a1, a3, a4,
and a5 in MOI 50 (Fig. 2D, asterisk). After cloning and se-
quencing, we observed four types of integrated R2Ol
(Fig. 2E). Notably, one type represented a full-length inser-
tion (>4.2 kb) of R2Ol (Fig. 2E, i; Supplemental Table S2),
suggesting that longer exogenous genes of interest could
be knocked-in by using this system. The remaining three
types showed 5′-truncated R2Ol, terminating its reverse
transcription at various sites within the ORF (Fig. 2E, ii–iv;
Supplemental Table S2). This type of 5′ truncation is often
observed among LINEs. As a negative control, we used the
genomic DNA from 293T cells without virus infection,
which showed no PCR bands, as expected (Fig. 2D, N).

R2Ol retrotransposes the exogenous EGFP gene into
the 28S target by trans-complementation

Previously we showed that R2Ol recognizes its own 3′ UTR
sequences to retrotranspose the exogenous gene (EGFP
with the R2Ol 3′ UTR) in the zebrafish embryo by trans-
complementation (Kuroki-Kami et al. 2019). Because it en-
ables easier manipulation and designing of the transgene
construct, we next tried to develop a sequence-specific
gene integration system of R2Ol by trans-complementa-
tion in human cells. The adenovirus R2Ol-r4 or R2Ol
ENmut-r4 (negative control) was used as a helper to retro-
transpose two donor EGFP plasmids, EGFP-3U and EGFP-
3U-r4 (Fig. 3A). The donor plasmid EGFP-3U includes a full
length of EGFP gene that terminates with the 3′ UTR of
R2Ol. We also constructed pEGFP-3U-r4 in which the r4
sequence was added to pEGFP-3U. The plasmids (0.5, 1,
and 1.5 µg) were transfected into 293T cells, and subse-
quently the helper virus R2Ol-r4 infected cells at MOI 10
(Fig. 3A). It is hypothesized that the R2Ol ORF protein
from the helper virus recognizes the R2Ol 3′ UTR in the
donor mRNA, forms the RNP complex, and reverse tran-
scribes the EGFP mRNA into cDNA on the 28S rDNA tar-
get. Retrotransposition of the EGFP gene was detected
by nested PCR amplification of the 3′ junction between
the 28S rDNA target and the EGFP gene using primer
set s3 and a (Fig. 3A).

In case of EGFP-3U transfection, we observed several
bands in lanes 1–3 around the predicted sized band
(667 bp), representing the retrotransposition events (Fig.
3B). Cloning and sequencing of PCR bands (Fig. 3B, aster-
isks) revealed four types of clones representing a success-
ful retrotransposition of donor EGFP-3U into the 28S
rDNA target (Fig. 3C). All clones showed the 3′-truncated
sequences in EGFP-3U, suggesting that the reverse
transcription started from within the 3′ UTR (−71) or the
vector sequence (−229, −243, −377), but not from the
end of R2Ol 3′ UTR (Fig. 3C, left region; Supplemental
Table S3). In addition, the R2Ol endonuclease digestion
site of the bottom strand of the 28S rDNA at the
3′ junction was shifted to various positions from the exact
target site (+203, +48, −142) (Fig. 3C, right region;
Supplemental Table S3). However, when R2Ol ENmut-r4
was used as a helper, no clear band was observed
(Fig. 3B).
In the EGFP-3U-r4 transfection, we observed a PCR

band corresponding to approximately predicted size
(667 bp) representing a retrotransposition event (Fig. 3D,
R2Ol-r4, lane 2). After cloning and sequencing of the
3′ junction sites (Fig. 3D, asterisks), we observed five types
of successful retrotransposition of the EGFP gene from
EGFP-3U-r4 (Fig. 3E). It is noteworthy that two types of
clones contained the complete 3′ UTR of R2Ol (Fig. 3E, i,
ii; Supplemental Table S4), indicating that the reverse tran-
scription started exactly from the 3′-end of R2Ol (Fig. 3E, left
region; Supplemental Table S4). Because the EGFP-3U
clones showed no accurate reverse transcription (Fig.
3C), addition of the r4 sequence to EGFP-3U-r4 enhanced
the accuracy of reverse transcription in the trans-comple-
mentation system of R2Ol. This suggests that annealing
of the r4 sequence to the 28S rDNA target is critical for de-
termining the start point of reverse transcription. However,
even in the case of EGFP-3U-r4, the digestion sites by
R2Ol EN were shifted from the exact target site (Fig. 3E,
right region; Supplemental Table S4), as shown in EGFP-
3U. When R2Ol ENmut-r4 virus was used as a helper, the
retrotransposition into the 28S rDNA target was not ob-
served (Fig. 3D). Although we have tried to detect the
5′ junction sites, we failed to get PCR fragments probably
because of the 5′-truncation at various sites in the up-
stream region of EGFP, or because of a very low efficiency
of the trans-complementation retrotransposition system.
The above results showed that EGFP in the donor plasmid
could be retrotransposed into the 28S rDNA using the
R2Ol trans-complementation system; however, the inser-
tion site was not completely identical with the original tar-
get site of R2Ol.

DISCUSSION

A LINE-based tool for integrating exogenous genes in a
sequence-specific manner in human cells has not been
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developed. In this study, we successfully demonstrated a
28S rDNA-specific retrotransposition of the R2 element
(R2Ol) isolated from medaka fish in human cells. Both

the 3′- and 5′-ends of R2Ol were
shown to be inserted into the exact
target site of the human 28S rDNA.
Although R2 elements had become
extinct from mammalian genomes
(Kojima et al. 2016), the above results
indicate that R2Ol from a distantly re-
lated species retains the ability to ret-
rotranspose into the same 28S rDNA
target sequence even in case of hu-
man cells.
Although a full-length of R2Ol (>4.2

kb) could be inserted by the WT R2Ol
virus construct (R2Ol-r4), a 5′ trunca-
tion due to the midway cessation of
reverse transcription was often ob-
served (Fig. 2E, ii–iv, right region;
Supplemental Table S2), as reported
in many other LINEs (Richardson et
al. 2015). In contrast to the exact
3′ junction structure (Fig. 2B), various
5′ junction structures were often ob-
served at the integration site of R2Ol
(Fig. 2E,ii–iv; Supplemental Table
S2). Because various 5′-end sequenc-
es of endogenous R2 are known to ex-
ist in the genome (Eickbush and
Eickbush 2012), it is presumed that
the structural variation at the 5′ junc-
tion is also caused by the intrinsic inte-
grationmechanism of the R2 element.
It is reported that a ribozyme in the
5′ UTR of R2 elements cleaves the
5′-end of R2 mRNA cotranscribed
with the 28S rRNA, and the cleaved
site within 28S rRNA (9–36 nt of 28S
flanking sequence) is correlated with
the 5′ junction structure (Eickbush
and Eickbush 2010; Eickbush et al.
2013). Notably, R2Ol encodes a ribo-
zyme that cleaves the cotranscribed
28S rRNA at 28 nt upstream from the
28S-R2Ol 5′ junction site (F Shiba
and H Fujiwara, unpubl.). At the time
the experiments were conducted, the
cleavage activity of the ribozyme was
not characterized fully, and thus the
5′-endof theR2Ol transcript expressed
in our constructs consisted of the
5′ UTRandnoupstream28Ssequence.
Furthermore, how the upstream 28S
rDNA affects the retrotransposition

events of R2Ol has not been clarified yet. The lack of the
28S flankingsequenceat the5′-end in theR2Ol-r4 construct,
used in this study, might enhance the 5′ structural variation.

B

A

D

C E

FIGURE 3. The EGFP gene fused with R2Ol 3′ UTR is retrotransposed into the 28S rDNA.
(A) Schematic trans-complementation between the helper adenovirus and donor plasmids.
The helpers are adenovirus R2Ol-r4 or R2Ol ENmut-r4; the donors are plasmids EGFP-3U or
EGFP-3U-r4. The helper adenovirus provides the ORF protein to bind the donor mRNA to
form a RNP complex. The 3′ junctions of retrotransposed copies were detected by PCR with
the primer sets s3 and a. (B) PCR results of the 3′ junction of EGFP-3U. (C ) 3′ junction sequence
of inserted exogenous EGFP-3U. (D) PCR results of the 3′ junction of EGFP-3U-r4. (E) 3′ junc-
tion sequence of inserted exogenous EGFP-3U-r4. Lanes indicate independent experiments
using different amounts of EGFP (0.5 µg in lane 1, 1 µg in lane 2, and 1.5 µg in lane 3) with
helper R2Ol-r4 or R2Ol ENMut-r4. The PCR products indicated by asterisks were TA cloned
for further analyses. (R2Ol-r4 only or R2Ol ENmut-r4 only) Negative control PCR conducted
with genomic DNA from the cells that only infected with adenovirus R2Ol-r4 or R2Ol
ENmut-r4, (EGFP-3U only or EGFP-3U-r4 only) negative control PCR conducted with genomic
DNA from cells that only transfected with plasmid EGFP-3U or EGFP-3U-r4, (N) negative con-
trol PCR conducted with genomic DNA from noninfected and nontransfected cells, (β-actin)
internal control, (closed box) 28S rDNA sequence, (green box) exogenous EGFP sequence,
(gray box) inverse SV40 sequence, (blue box) r4, (red line) 3′ UTR, (SV40) SV40 poly(A) signal
sequence, (blue triangle) vector sequences, (dotted box) nonspecific sequences. Truncated
or deleted sites in C and E are indicated by nucleotide numbers (left region, +1 as 5′-end of
R2Ol; right region, +1 as 3′-end of R2Ol). The inverse SV40 sequence between EGFP and
3′ UTR of R2Ol (gray box) has no functional role for retrotransposition.
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In contrast to the retrotransposition of R2Ol (Fig. 2B), we
could not obtain retrotransposed clones showing the exact
3′ junction structure in the trans-complementation system
(Fig. 3C,E), except for observing intact 3′ UTR reverse
transcription in EGFP-3U-r4 (Fig. 3E, i,ii, left region;
Supplemental Table S4). Cleavage of the bottom strand
of the 28S rDNA for insertion of the EGFP varied in struc-
ture even with the r4 sequence at the 3′-end of the con-
struct (Fig. 3E, right region; Supplemental Table S4).
Recently, we observed a decreased retrotransposition effi-
ciency of R2Ol and an inaccurate 3′ junction structure of
the integrated R2Ol in the zebrafish embryo, when a se-
quence unrelated to the target 28S rDNA, such as poly
(A) tail, was added to the 3′-end of R2Ol mRNA (Kuroki-
Kami et al. 2019). This suggests that the read-through
3′-region of EGFP mRNA transcribed from the donor plas-
mid vector, which is not related to the 28S sequence, may
cause an inefficient and inaccurate integration of the EGFP
gene. In addition, when the length of 28S rDNA sequence
added to the 3′ UTR of R2Ol was elongated from 4 bp to
100 bp, the retrotransposition efficiency was drastically in-
creased, even though the constructs ended with the unre-
lated sequence (Kuroki-Kami et al. 2019). This indicates
that annealing of the downstream 28S rRNA sequence in
the read-through transcript with the target 28S rDNA en-
hances the retrotransposition activity. Thus, the addition
of a longer 3′-flanking 28S target sequence at the 3′-end
of the exogenous gene in the donor plasmid is expected
to improve the efficiency and accuracy of integration by
trans-complementation.
Although we here succeeded in detecting the insertion

of the donor sequence into the 28S rDNA target, more
primer sets for PCR should be examined to exclude a pos-
sibility of the insertion in other target sites. Furthermore,
the low efficiency of the trans-complemented retrotrans-
position of the donor sequence may be explained by com-
petition with the WT helper construct, which retains the
3′ UTR of R2Ol and is retrotranspositionally competent it-
self. To elevate the efficiency and accuracy of in trans-ret-
rotransposition system in human cells, at least the helper
construct without 3′ UTR of R2Ol should be used in future.
In addition, our recent study in zebrafish showed that the
retrotransposition efficiency of R2Ol itself wasmuch higher
than that of the trans-complemented retrotransposition
system, even using the helper construct without 3′ UTR
(Kuroki-Kami et al. 2019). This indicates that further im-
provement may be necessary for establishing the efficient
trans-complementation system, in addition to the block of
retrotransposition of the helper sequence itself.
Establishment of the R2Ol-based trans-complementa-

tion system in human cells signals great progress for future
advances in therapeutic engineering. In this system, the
helper and donor constructs are separately incorporated
and expressed in human cells, which enables a time-effi-
cient and easier manipulation, because the same helper

R2Ol virus can be used in different cases. Here, we used
plasmid constructs for donor by addition of the R2Ol
3′ UTR, which enabled an easier vector construction. This
novel system presents the advantage that multiple genes
of interest on different plasmids can be transfected simul-
taneously and integrated into multiple target sites in the
rDNA tandem array, because most eukaryotes have re-
tained more than one hundred copies of the rDNA unit
(Salim and Gerton 2019). We consider that transgene inte-
gration into several rDNA units will have fewer effects on
the host and thus the rDNAwill be a good candidate target
site for gene therapy.
A critical difference between the CRISPR/Cas9 and R2Ol

systems lies in the process of integration; LINE uses reverse
transcription of mRNA into cDNA using TPRT with relative-
ly high efficiency and specificity. Although a further refine-
ment and improvement of the R2Ol system are needed,
we expect that R2Ol may provide an alternative targeted
gene knock-in method for future practical applications
such as gene therapy.

MATERIALS AND METHODS

Human cell culture

293T cells (RCB2202) provided from the RIKEN cell bank in Japan,
were grown in DMEM medium (Sigma-Aldrich) supplemented
with 10% FBS (Japan Bio Serum) and 1% penicillin–streptomycin
(Thermo Fisher Scientific) at 37°C with 5% CO2.

Plasmids

For the retrotransposition assay, a full-length R2Ol (pR2Ol-r4) and
R2Ol ENmut (pR2Ol ENmut-r4), which had the 4 bp downstream
sequence (TAGC) of the 28S target site r4 at the 3′-end, were di-
gested with EcoRI and NotI and inserted between EcoRI and NotI
of the pENTR plasmid (Invitrogen). This resulted in pENTR2Ol-r4
and pENTR2Ol ENmut-r4, which were used for recombinant ade-
novirus construction. For the trans-complementation assay, we
designed donor plasmids, pEGFP-3U and pEGFP-3U-r4, as fol-
lows. For the construction of donor pEGFP-3U, a Xenopus EF1-
α (EF1) promoter was inserted at KpnI and HindIII sites in the vec-
tor plasmid pBluescript II KS(+). The EGFP sequence was inserted
into NocI and ClaI sites of the plasmid. Then the SV40 polyA sig-
nal sequence (in reverse orientation) was inserted into the ClaI
and NotI site. The 3′ UTR of R201 unit was inserted into NotI
site, ended with SV40 polyA signal sequence. Similarly, we con-
structed pEGFP-3U-r4, which had the r4 sequence at the 3′-end.

Recombinant adenovirus construction

Adenovirus expression vectors for R2Ol were constructed from
pAxCAwtit (TaKaRa) containing the chicken β-actin promoter
(CAG) promoter. Two plasmids, pENTR2Ol-r4 and pAxCAwtit
(or pENTR2Ol ENmut-r4 and pAxCAwtit), were mixed with LR
Clonase (Gateway Vector Conversion System, Invitrogen) to gen-
erate recombinant pAxCAwtit according to manufacturer’s
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instructions. The recombinant pAxCAwtit vector was digested
with NspV, and the linearized adenovirus DNA was transfected
into human 293T cells using FuGENE HD Transfection Reagent
(Promega) according to the manufacturer’s protocol to generate
recombinant adenovirus.

Retrotransposition assay

A R2Ol retrotransposition assay in 293T cells was performed in
24-well plates. The recombinant R2Ol adenovirus infected at
MOIs of 1, 10, and 50. In case of the trans-complementation
retrotransposition assay, the donor plasmid pEGFP-3U or
pEGFP-3U-r4 (0.5, 1, or 1.5 µg) was transfected in 293T cells with
60% confluence in 24-well plates using Lipofectamine 3000
(Invitrogen) following manufacturer’s instructions. Twenty-four
hours later, helper recombinant adenovirus of R2Ol was infected
into the cells and incubated for 72 h.

Genomic DNA was extracted from the cells infected with R2Ol
viruses, and sequence-specific retrotransposition events were de-
tectedby nestedpolymerase chain reaction (PCR) to amplify the 3′

junction site and 5′ junction site, respectively. The 3′ junction of
R2Ol integration was detected using a forward primer set within
R2Ol (s1; s11 and s12) and a reverse primer set in the human
28S rDNA (a; a1 and a2) (Fig. 1C, red). The 5′ junction of R2Ol in-
tegration was detected using a forward primer set in the human
28S rDNA (s2: s21 and s22) and five reverse primer sets at different
positions within R2Ol (a1: a11 and a12, a2: a21 and a22, a3: a31
and a32, a4: a41 and a42, a5: a51 and a52) (Fig. 1C, blue). To
detect the 3′ junction integration of EGFP-3U and EGFP-3U-r4
by trans-complementation, a forward primer set s3 (s31 and s32)
within EGFP and a reverse primer set a (a1 and a2) in Hm28S
rDNAwere used (Fig. 3A). All PCRs were performedwith 35 cycles
of amplification for 20 sec at 98°C, for 30 sec at 60°C, and for
30 sec at 72°C. The PCR products were TA cloned using pGEM-
T Easy Vector Systems (Promega) and sequenced. The β-actin
gene, used as an internal standard for equal genomic extraction,
was amplified by primers human β-actin-F and human β-a ctin-R.
All primer sequences are listed in Supplemental Table S1.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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