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The synthesis and subsequent genomic integration of DNA that is complementary to the genomes of
non-retroviral RNA viruses are rarely observed. However, upon infection of various human cell lines and
primary fibroblasts with the vesicular stomatitis virus (VSV), we detected DNA complementary to the VSV
RNA. The VSV DNA was detected in the cytoplasm as single-stranded DNA fully complementary to the
viral mRNA from the poly(A) region to the 7-methyl guanosine cap. The formation of this DNA was
cell-dependent. Experimentally, we found that the transduction of cells that do not produce VSV DNA with
the long interspersed nuclear element 1 and their infection with VSV could lead to the formation of VSV
DNA. Viral DNA complementary to other RNA viruses was also detected in the respective infected human
cells. Thus, the genetic information of the non-retroviral RNA virus genome can flow into the DNA of
mammalian cells expressing LINE-1-like elements.

here are few reports on the synthesis of deoxyribonucleic acid (DNA) corresponding to non-retroviral

ribonucleic acid (RNA) viruses, and the biological and clinical implications of this phenomenon are

unclear'”’. Zhdanov reported that DNA complementary to some non-retroviral RNA viruses, including
the measles virus, could be detected in vitro and in vivo; Zhdanov discussed the possible implications of this viral
DNA in autoimmune diseases'. However, the existence of such viral DNAs was not confirmed until recently>*.
Complementary DNA (cDNA) to the lymphocytic choriomeningitis virus (LCMV), a murine arenavirus, was
detected after retrovirus-producing but not retrovirus-nonproducing mouse cells were infected with LCMV?.Ina
more recent study, the same group reported that parts of the LCMV DNA are integrated into the genome of
infected cultured mouse cells and recombined with a long terminal repeat (LTR) retrotransposon, i.e., an
intracisternal A-type particle (IAP)®. Although the biological effects of the LCMV DNA in mice are unclear,
the integrated viral genome could persistently produce viral antigens in vivo’.

Bornavirus® and filovirus” sequences are present in the genome sequences of many animal species, suggesting
that cDNAs were synthesized from viral RNAs in germline cells of some ancient animals and these cDNAs were
integrated into chromosomes of the germline cells. The mechanism of reverse transcription that produces cONA
from these RNA viruses is unclear; however, IAP and long interspersed nuclear elements (LINEs) have been
implicated in the reverse transcription of LCMV? and bornavirus®, respectively. LINE-1 is a non-LTR retro-
transposon containing two open reading frames (ORFs), ORF1 and ORF2, which encode a nucleic acid binding
protein and an endonuclease/reverse transcriptase, respectively®. The reverse transcription step is initiated at a
nick on the nuclear genomic DNA through target-primed reverse transcription (TPRT)’.

The vesicular stomatitis virus (VSV), a member of the Rhabdoviridae family, is a negative-sense single-
stranded RNA virus. The VSV genome consists of five genes that encode the following proteins: nucleocapsid
(N), polymerase co-factor (P), polymerase (L), peripheral matrix protein (M), and surface glycoprotein (G). The
mRNA expressed from each gene consists of a 7-methyl guanosine (m7G) cap, the coding sequence (N, P, M, G,
or L), and a polyA tail. There are leader and trailer sequences at the 5" and 3’ ends of the VSV antigenome,
respectively. The VSV-encoded mRNAs are generated from the antigenome RNA and are transcribed from the
start site of the gene, and the termination of mRNA transcription likely occurs by polyadenylation. Two hours
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after inoculation, viral protein production from the VSV mRNA can
be detected. VSV G has been widely used for the pseudotyping of
retroviral and lentiviral vectors'®'’, and VSV was proposed to be a
useful oncolytic virus for the selective killing of tumour cells™.
Echovirus type 30 and respiratory syncytial virus (RSV) are the
member of the positive-sense single-stranded RNA virus family
Picornaviridae and the negative-sense single-stranded RNA virus
family Paramyxoviridae, respectively.

We describe the synthesis of viral DNA that is complementary to
the non-retroviral RNA viruses VSV, echovirus type 30, and RSV in
retrovirus-free human cell lines or primary human fibroblasts after
acute infection. The VSV DNA was detected in the cytoplasm in a
non-integrated form and was fully complementary to the VSV
mRNA. The VSV DNA structure was unique and potentially reverse
transcribed from the viral mRNA of the polyA tail to the m7G cap.
Furthermore, our data suggest that LINE-1-related retrotransposons
may be responsible for VSV DNA synthesis.

Results

Generation of VSV cDNA in human 293T cells after infection. We
detected cDNA to the VSV RNA genome in lysates of 293T cells that
were incubated overnight after VSV infection. We examined the
synthesis of viral cDNA at various post-infection time points via
polymerase chain reaction (PCR). For PCR amplification, the VSV
N gene was detected using the N478-F/N681-R primer pair (all PCR
primers used are listed in Supplementary Table S1). The viral DNA
was initially detected 2 hr after the infection of 293T cells with VSV
at an MOI of 0.1, and the level of viral DNA increased over time
(Fig. 1a); however, PCR bands were not detected earlier than 2 hr.
The resulting PCR products were confirmed to be of VSV origin
(Indiana strain) via DNA sequencing. To confirm that the VSV
DNA was present in the cell lysate, the nucleic acids extracted after
16 hr were treated with RNase A or DNase I and used for PCR. The
PCR-generated band disappeared when the templates were treated
with DNase I but not after treatment with RNase A (Fig. 1b). These
data indicate that the viral DNA was generated after VSV infection.
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Figure 1| Detection of VSV DNA in 293T human cells. (a) DNA was
extracted from 293T cellsat 0, 1, 2,4, 6, or 16 hr after infection with VSV at
an MOI of 0.1 and subjected to PCR amplification for the VSV N gene
using the N478-F/N681-R primer pair. The VSV inoculum (Sup) (lane 7)
and mock-infected samples (lane 8) were included as controls. The samples
prepared 1 hr after inoculation (lane 2) or VSV Sup did not produce VSV
DNA. The DNA sequence of the PCR product obtained from the cells
harvested at 16 hr post-infection (lane 6) was verified to be the expected
VSV N amplicon. (b) DNA samples were harvested at 16 hr post-infection
and were treated with RNase A or DNase I and subsequently used for PCR.
The VSV DNA was not detected after DNase I treatment (lane 2). All
samples used in Figures la and 1b were prepared in a single experiment,
and cropped gel images are shown.

When lysates of 293T cells infected with VSV were treated with S1
nuclease before PCR for the VSV N gene and P globin, a PCR band
for the N gene but B globin gene was disappeared as shown in
supplementary Figure S1. This result suggests that there is a single-
stranded region in VSV DNA for the N gene.

Localisation of VSV DNA. To determine the localisation of the viral
DNA, cell fractionation experiments were performed after the
infection of 293T cells with VSV. Different MOI (0.1, 0.01, and
0.0001) were used to optimise the cell fractionation experiments
(Fig. 2). The cells were harvested 16 hr after infection and
fractionated; the cytoplasmic and nuclear lysates were subjected to
real-time PCR to amplify the VSV N gene using the primer pair
described above. The PC03/PC04 primer pair was used to amplify
the cellular B-globin gene. At an MOI of 0.01 or 0.0001, the VSV
DNA was only detected in the cytoplasmic fraction, whereas the -
globin DNA was detected primarily in the nuclear fraction and
weakly in the cytoplasmic fraction, indicating the accurate
separation of the cytoplasmic and nuclear fractions. At an MOI of
0.1, the B-globin DNA was also detected in the cytoplasmic fraction,
likely due to the cytopathic effects of VSV infection (Fig. 2). These
data suggest that the VSV DNA is localised to the cytoplasm and may
be generated there.

Structure of the VSV DNA. To characterise the structure of the VSV
DNA, PCR primers targeting the coding (N and L) and non-coding
regions (leader and trailer) of the VSV genome were used. The
accumulation of viral proteins synthesised from primary mRNA
transcripts leads to the replication of the genome, which involves
the synthesis of an antigenome. The VSV N and L mRNA lack the
non-coding regions (leader and trailer) but contain m7G and polyA
atthe 5" and 3’ ends, respectively. The antigenome contains the viral
RNA sequences from the leader to the trailer RNA (Fig. 3a).

The DNA was extracted from the 293T cells infected with VSV as
described above. Using a primer pair targeting the N gene (N1173-F/
N1383-R), the viral DNA was detected in the lysates of the infected
cells even at a 1/1000 dilution of the lysates. However, the primer pair
N1173-F/P1415-R, which amplifies a DNA fragment spanning the N
and P genes, yielded discrete PCR bands at dilutions of 1/1 and 1/10
but not at higher dilutions (Fig. 3a and b). Similarly, the L gene was
amplified using the L10858-F/L11087-R primer pair even ata 1/1000
dilution of the lysates, whereas the fragment spanning the L gene and
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Figure 2 | Fractionation of VSV-infected 293T cells. 293T cells were
infected with VSV at different MOI (0.0001 to 0.1) and incubated for

16 hr. The nuclear and cytoplasmic fractions were separated and subjected
to real-time PCR using the VSV-N (left panel) and B-globin primers (right
panel). The DNA copy number per cell was estimated using the VSV N
gene or B-globin gene in the control plasmid and is indicated on the axis.
The means = SE of two independent experiments performed in duplicate
are shown.
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Figure 3 | Structure and strand polarity of the VSV DNA and viral
mRNAs. (a) The PCR primers (A), (B), (C), and (D) are indicated above
the diagram showing the VSV structure. The PCR primer pairs targeted
(A) aregion within the N gene (N1173-F/N1383-R), (B) a region spanning
the N-P gene junction (N1173-F/P1415-R), (C) a region within the L gene
(L10858-F/L11087-R), and (D) a region spanning the L gene-trailer
junction (L10858-F/Tr11161-R). The N and L mRNA are shown
schematically. (b) The DNA was extracted from 293T cells at 16 hr after
infection with VSV at an MOI of 0.1 and subjected to PCR amplification.
The cell lysates were diluted 1- to 1000-fold prior to PCR, and the PCR
products were visualised using gel electrophoresis. (c) Unidirectional
primer extension was performed using the positive-strand G3365-F primer
or negative-strand G3631-R primer. After treatment with Hinfl, the
samples were subjected to PCR using the G3365-F/G3631-R primer pair.
The three arrowheads indicate the positions of the Hinfl restriction sites
between the G3365-F and G3631-R primers. (d) The first and second lanes
show the PCR results using G3365-F as the extension primer with and
without Hinfl treatment, respectively. The third and fourth lanes show the
PCR results with and without Hinfl treatment, respectively, using G3631-R
as the extension primer. Note that cropped gel images, (b) and (d), are
shown, and the gels shown in (b) were run under identical conditions.

trailer region could not be amplified with the L10858-F/Tr11161-R
primer pair even at a 1/1 dilution of the lysates (Fig. 3a and b). These
data suggest that the majority of VSV DNA molecules were fragmen-
ted and that each viral DNA corresponded to a single viral gene. This
fragmentation pattern suggests that these molecules may be cDNAs
that were reverse transcribed from viral mRNAs produced after VSV
infection.

Strand polarity of the VSV DNA. To further investigate the above
possibility, we determined the strand polarity of the VSV DNA.
Unidirectional primer extension was performed with either the
positive strand (coding sequence polarity) primer G3365-F or the

negative strand primer G3631-R, and the resulting reaction mixtures
were treated with the Hinfl restriction enzyme. There are three Hinfl
sites in this PCR fragment. PCR was subsequently performed using
the G3365-F/G3631-R primer pair (Fig. 3c). If the first unidirectional
primer extension produced double-stranded DNA, no PCR band was
expected after Hinfl treatment. When the G3365-F primer was used
for unidirectional primer extension, PCR products were not detected
after Hinfl treatment (Fig. 3d). This result demonstrates that the VSV
DNA is single-stranded and has the opposite polarity relative to the
coding sequence. However, we observed that the viral RNA with the
same polarity as the genome was not reverse transcribed, although
this RNA is expected to be present abundantly in infected cells
(Fig. 3a).

VSV DNA synthesis in human cells. We tested the ability of various
human cells to produce the VSV DNA upon acute VSV infection.
The total DNA was extracted from 32 human cell lines and two
primary cells, SF-TY and TT-5 primary skin fibroblasts (Table S2)
that had been infected with VSV and incubated for 16 hr; the
extracted DNA was used for real-time PCR to amplify the VSV N
gene and cellular 3-globin gene (Fig. 4). Many of the tested human
cell lines contained the VSV DNA, but a third of the cell lines
contained no detectable VSV DNA (<1 X 107> DNA copies/cell).
Even among the positive cell lines, the VSV DNA levels varied across
a three-log range (2.2 X 107°-4.2 X 10° copies/cell): RCM, 293T or
NTERA-2 -cl. D1 cells contained high levels of VSV DNA. There was
no clear dependence of VSV DNA content on cell lineage. Many
suspension cells or hematopoietic cells, such as ATL-1K, BALL-1,
BJAB, HL60, H9, IM-9, RAJI, TALL-1, U937, and WIL2-NS, did not
contain the VSV DNA, whereas the K562 or HEL erythroleukaemia
cell line and the HTLV-I-positive MT-2 T-cell line contained the
VSV DNA. Notably, even the adherent NP-2 and U-251 MG glial
cell lines but U87-MG cell line did not contain VSV DNA. Both the
SE-TY and TT-5 primary skin fibroblasts contained the VSV DNA,
indicating that primary cells can generate VSV DNA. Therefore,
most adherent cell lines, some primary cells, and some hemato-
poietic cell lines of human origin can produce VSV DNA.

Effects of LINE-1 (L1.2) transduction on VSV DNA formation.
We postulated that LINE-1 produced the VSV DNA. LINE-1 (L1.2)
has a moderate retrotransposition activity, whereas LINE-1 (L1.2
ORF2mut) lacks this activity’>. Therefore, we introduced VSV
DNA via transduction into non-producing NP-2 cells with either
wild-type LINE-1 (L1.2) or a LINE-1 mutant to generate NP-2/
LINE-1 (L1.2) and NP-2/LINE-1 (L1.2 ORF2mut) cells (Fig. 5a).

NP-2/LINE-1 (L1.2) and NP-2/LINE-1 (L1.2 ORF2mut) cells and
the parental NP-2 cells and 293T cells were infected with VSV at an
MOI of 0.1, incubated for 16 hr, and tested for the formation of VSV
DNA (Fig. 5b). The time course of VSV cytopathic effects was similar
among these cells; all cells produced similar levels of progeny virus
(2.8 X 10°-4.0 X 10° IU/ml) and VSV mRNA (9.2 X 10°-2.3 X
10° copies/cell) (Fig. 5b). The VSV DNA was detected in the lysate
of 293T cells as described above (Fig. 4). No VSV DNA was detected
in the parental NP-2 cells or the NP-2/LINE-1 (L1.2 ORF2mut) cells
(<1 X 107 copies/cell), whereas the NP-2/LINE-1 (L1.2) cells pro-
duced an amount of VSV DNA (4.7 X 107> copies/cell) two logs
higher than the detection limit (Fig. 5b). Subsequent inverse PCR
analyses and the sequencing of PCR products also confirmed that the
VSV N gene cDNA was produced in the NP-2/LINE-1 (L1.2) cells, as
shown in Figures 6a and 6b. Furthermore, the transduction of U-251
MG cells (which did not produce VSV DNA (Fig. 4)) with LINE-1
(L1.2) also led to the generation of VSV DNA (data not shown).
These data indicate that the LINE-1 reverse transcriptase can gen-
erate VSV DNA in human cells.

Although the intensity of the Western blot band detected in 293T
cells using the anti-ORF1p IgY antibody against LINE-1 ORF1p was
significantly weaker than that of NP-2/LINE-1 (L1.2) (Fig. 5a), the
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Figure 4 | Cell-based differences in VSV DNA production. Various human cells were infected with VSV at an MOI of 0.1. The DNA was extracted 16 hr
later and subjected to PCR amplification. Real-time PCR was performed using the N478-F/N681-R or B-globin primer pair. The copy numbers of
the VSV N and f-globin genes in each cell line are shown in closed and open bars, respectively. The arrows indicate that the copy number per cell was
below the detection limit. The positive cells are ordered according to the VSV N DNA level, followed by the VSV DNA-negative adherent cells.
Subsequently, the VSV DNA-negative suspension cells are arranged in alphabetical order. The means *+ SE of two independent experiments performed in

duplicate are shown.

amount of VSV DNA formed in the VSV-infected 293T cells was
nearly 2 logs higher than that of NP-2/LINE-1 (L1.2). This result
suggests that LINE-1 (L1.2) is not a major factor responsible for VSV
DNA formation in 293T cells, although LINE-1 (L1.2) can produce
VSV DNA.

Structures of the 5" and 3’ ends of viral DNA. To resolve the hypo-
thesis that the VSV mRNA rather than the VSV genomic RNA or
antigenome RNA was used as the template for VSV DNA synthesis
(Fig. 3b and d) and to determine the 5" and 3’ end structures of the
VSV DNA, the DNA fragments that were expected to contain both
ends of the VSV DNA were cloned using inverse PCR following
single-stranded head-to-tail ligation (Fig. 6a). Any extra DNA
sequences at the 5" or 3’ end of the VSV DNA would be detected
using this assay. The lysates of the 293T, JHH-7, and Hep G2 cells
prepared 16 hr after VSV infection were treated with RNase H to
digest the template VSV RNA; T4 RNA ligase was then added to
produce circular VSV DNA (Fig. 6a). The DNA was then subjected
to PCR using primers that directed extension from the N gene to
either the P gene or leader sequence (Fig. 6a; also see Fig. 3a). Nested
PCR products (approximately 300 bp each) were cloned and
sequenced. DNA sequences complementary to the VSV DNA were
detected (Fig. 6b).

All clones contained the sequences corresponding to the 5" end of
the N mRNA (nt position 1376), followed by polyA tails consisting of
11 to 78 adenylate residues. In seven of the eight clones obtained
from the VSV-infected 293T, JHH-7, or Hep G2 cells, the 5" end of
the N mRNA (nt position 51) was ligated to the 3’ polyA tail with an
additional G residue inserted between them. The seventh clone had
six additional T residues. The origin of the additional G residue was
unclear, but a C residue could have been incorporated into the VSV
cDNA by pairing with the m7G 5" mRNA cap. However, no addi-
tional G residue was found in the two clones from the NP-2/LINE-1
(L1.2) cells infected with VSV.

Effects of reverse transcriptase inhibitors on VSV DNA forma-
tion. We examined whether the synthesis of VSV DNA was sensitive
to reverse transcriptase inhibitors. The 293T and NP-2/LINE-1
(L1.2) cells were treated with 2',3’-dideoxyinosine (ddI), 2',3'-
dideoxythymidine (ddT), or 3’-azido-3’-deoxythymidine (AZT)
for 1 hr and then infected with VSV at an MOI of 0.1. After a 16-
hr incubation with these drugs, the DNA was extracted and
examined for the presence of the VSV N DNA. These drugs were
also used to test cells infected with HIV-1 (IIIB strain) and a murine
leukaemia virus (MuLV) pseudovirus; the synthesis of VSV DNA in
the 293T and NP-2/LINE-1 (L1.2) cells was similarly and markedly
inhibited by ddI and ddT but not AZT (Fig. 7). In conclusion, these
results suggest that LINE-1 may generate the VSV DNA.

Synthesis of DNA complementary to other single-stranded RNA
viruses in human cells. We examined whether the DNA that was
complementary to other cytopathic RNA viruses, specifically a
positive-sense single-stranded RNA virus (echovirus type 30) and
negative-sense single-stranded RNA virus (RSV), was produced in
human cells that were permissive to these viruses (Fig. 8). Only a few
cell lines are susceptible to these viruses. DNA complementary to the
echovirus type 30 and RSV were detected in the lysates of the RD and
HEp-2 cells, respectively. This finding suggests that the infection of
human cells with other non-retroviral RNA viruses could lead to the
production of viral cDNA.

Discussion

There are few reports on the cDNA formation of RNA viruses"'.
However, illicit viral DNA formation has not been confirmed**, with
the exception of recent studies on LCMV and bornavirus>>*'>. Viral
DNA complementary to the LCMV RNA is produced in retrovirus-
infected mouse cells but not in retrovirus-uninfected mouse cells or
human cells’. This study suggested the involvement of a retrovirus in
LCMV DNA formation. However, we showed that the VSV DNA
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Figure 5| LINE-1 transduction of the NP-2 cell line and its effect on VSV DNA formation. (a) LINE-1 transduction of the NP-2 cell line. The LINE-1
ORF1p and B-actin levels in the 293T, NP-2, NP-2/LINE-1 (L1.2), and NP-2/LINE-1 (L1.2 ORF2mut) cells were examined via Western blot using the
anti-ORF1p IgY antibody. The ORF1p protein was observed at a molecular weight of ~41 kDa. The membrane was re-probed with an anti-f-actin
antibody. The size marker at 38 kDa is indicated. Note that cropped western blots are shown and that full-length images are presented in the
supplementary information. (b) The effect of LINE-1 transduction on VSV DNA production. The cells described above were infected with VSV, and the
cell lysates were prepared. Real-time PCR was performed with either the N478-F/N681-R or -globin primer pair. In addition, the VSV progeny produced
by these cells were titrated and the VSV N mRNA expression levels were compared among these cells.

was formed in various human cell lines and primary human
fibroblasts.

In this report, we clarified the structure of the cytoplasmic VSV
DNA and showed that a retrotransposon-related reverse transcrip-
tase can generate the VSV DNA. Dhellin et al. showed that when cells
are transfected with expression plasmids for LINE-1 and unspliced
RNA, spliced RNA is made abundantly and DNA complementary to
the spliced RNA is formed. This finding suggests that cellular mRNA
as well as mRNA to the transduced gene can be reverse transcribed
when LINE-1 is expressed. We showed that VSV DNA is formed
in primary fibroblastic cells infected with VSV and that DNA

complementary to echovirus type 30 or RSV was detected in human
cells infected with them. It is probable that the reverse transcription
of human cellular RNA can occur under natural conditions.

In HEp-2 cells, DNA complementary to RSV RNA but not to VSV
RNA was detected after infection (Figs. 4 and 8). It was even difficult
to detect cDNA to RSV RNA despite repeated attempts to detect it
using several PCR primer pairs under different PCR conditions as
described. Fortunately, we could detect it using one PCR primer pair.
Regarding the detection of VSV DNA, more than 30 different types
of cells (Fig. 4) were examined using only one PCR primer pair under
similar assay conditions. It is probable that the viral DNA produced
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Figure 6 | Sequence analysis of the 5’ and 3’ ends of the VSV DNA. (a)
Schematic diagram of the inverse PCR method used to amplify the 5" and
3" ends of the VSV DNA. According to the results shown in Fig. 3, we
proposed that the VSV mRNA was reverse transcribed to DNA. The start
(nucleotide 51) and end (nucleotide 1376) sites of the VSV N mRNA are
indicated (GenBank: J02428.1). The cell lysates were treated with RNase H
to digest the VSV RNA and then incubated with T4 RNA ligase to induce
intra-molecular DNA end joining. The DNA was then amplified across the
junction via nested PCR and sequenced. (b) The VSV DNA sequences of
the head-to-tail junctions are shown. (A) VSV DNAs from four clones of
293T cells, three clones of JHH-7 cells, and one clone of Hep G2 cells are
shown. All clones contained sequences corresponding to the 5’ end of the
N mRNA (nt position 1376), followed by polyA tails consisting of 11 to 78
adenylate residues. (B) No additional G residue was found in two clones
from the NP-2/LINE-1 (L1.2) cells infected with VSV.

in the HEp-2 cells infected with VSV or RSV was of a small amount,
which produced contradictory results.

The polarity of the VSV DNA was complementary to viral mRNA
(Fig. 3d); the mRNA of the VSV N gene was reverse transcribed from
the m7G cap to the polyA tail (Fig. 6b). The VSV DNA was initially
detected as early as 2 hr after inoculation (Fig. 1a), which was con-
sistent with the fact that the first viral mRNA transcription in the
replication cycle occurs 2 hr after inoculation'®. These data suggest
that the VSV DNA is generated in the infected cells when the mRNA
becomes available for reverse transcription.

The inverse PCR and subsequent sequencing revealed that addi-
tional G residues, which correspond to m7G in Figure 6b, were
present before the initiation site of the N gene mRNA. Interes-
tingly, the extra G residue was not observed in the NP-2 cells over-
expressing L1.2 (Fig. 6b). Similar additional G residues were detected
in retrotransposition experiments by Gilbert et al'”. Volloch et al. also
showed that reverse transcriptase of avian myeloblastosis virus
(AMV) can reverse transcribe m7G cap'®. In that study, HeLa cells

were transduced with replication-competent LINE-1s (RC-L1s),
highly potent L1.3 and lowly potent L1.2A and LRE-2, and L1 retro-
transposition events were characterised'”. Two of the six full-length
L1s obtained after the transduction of the highly potent L1.3 con-
tained an additional G residue next to the start of the transposed
LINE-1 sequence, whereas the L1s obtained after the transduction of
the lower potency elements L1.2A and LRE-2 did not contain an
additional G. This study suggests that highly potent LINE-1 can
reverse transcribe full length LINE-1 mRNA, including m7G, while
lowly potent LINE-1 will reverse transcribe mRNA before m7G. We
have made similar observations. That is, the full-length viral mRNA
of the N gene from the polyA to the m7G cap was reverse transcribed
into VSV DNA in the 293T, JHH-7, and Hep G2 cells, whereas the
NP-2 cells transduced with a lowly potent LINE-1, L1.2, NP-2/LINE-
1 (L1.2) produced VSV DNA that lacked a residue complementary to
the m7G cap. Additionally, the NP-2 cells transduced with LINE-1
(L1.2) did not produce as much VSV DNA as the 293T cells after
VSV infection (Fig. 5a and b). Thus, 293T, JHH-7, and Hep G2 cells
may express a highly potent LINE-1 or another LINE-1-related
reverse transcriptase.

We detected the expression of LINE-1 via Western blot using
a chicken antibody against recombinant ORFlp expressed in
Escherichia coli. The use of a specific antibody against LINE-1 reverse
transcriptase ORF2p is recommended if such an antibody is avail-
able. Using the ORF1p antibody, we confirmed that the ORFlp
protein was abundantly expressed in the NP-2 cells transfected with
the L1.2 expression plasmids (Fig. 5a). However, the 293T cells that
produced VSV DNA in amounts that were two logs higher than the
NP-2/LINE-1 (L1.2) cells had a weak signal (Fig. 5b). These results
suggest that the Western blot signal using the ORF1p antibody may
not fully reflect the activity of LINE-1. The expression of LINE-1 in
human cells may be strongly suppressed; LINE-1 transduction
experiments have suggested that there are various types of LINE-1
with different activities. Our findings (Figure 4 and 5) suggest that
different types of LINE-1 are expressed in human cells. Whether the
expression of LINE-1 in human cells can be monitored via the detec-
tion of DNA complementary to the VSV RNA remains to be
determined.

Primers are required for the reverse transcription of VSV RNA by
the reverse transcriptase encoded by LINE-1. The inverse PCR ana-
lyses indicated that special DNA primers may not be required for
VSV DNA formation because no extra DNA sequences were
detected using these assays (Fig. 6b). The mechanism of production
and accumulation of VSV DNA in the cytoplasm remains unclear.
VSV RNA is present in the cytoplasm, and we showed that VSV
DNA was detected in the cytoplasm. It still remains to be determined
how VSV DNA formation is initiated in cells infected with VSV.
OligoU or oligoT in VSV-infected cells can be used as a primer.
Furthermore, RNA molecules with an oligoU stretch at their 3’ ends,
such as uridine-rich snRNAs, are good candidate primers for VSV
DNA synthesis. In particular, U6 RNA sequences are frequently
mobilised by LINE-1, and U6 often fuses with the 3" end of LINE-
1. The U6 RNA may associate with the LINE-1 complex®. The
identity of the primer used for VSV DNA synthesis remains unclear.

For formation of double-stranded DNA, a specific primer or spe-
cific mechanism will be required to start transcription of second
DNA strands. In the case of retrovirus infection, DNA-RNA hybrid
is made and polypurine tracts in viral genome RNA play a role to
start the transcription of the second DNA strand. Similar sequences
are not present in VSV RNA. In the case of double-stranded DNA
formation by LINE-1, cellular DNA nicks and repair system in the
nucleus are used to make second DNA strand. Such DNA repair
system will not operate for VSV DNA.

The biological relevance of the formation of cDNA to non-retro-
viral RNA virus genomes is unclear. The viral genes integrated into a
germline cell genome may confer resistance to the infections of hosts
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Figure 7 | Effects of reverse transcriptase inhibitors on VSV DNA production. The synthesis of VSV DNA in the 293T and NP-2/LINE-1 (L1.2) cells in
the presence of AZT, ddI, or ddT was examined via real-time PCR using the VSV N primers. We also tested the effects of these drugs on infection with
recombinant MuLV pseudotype virus or HIV-1 strain IIIB. The means * SE of two independent experiments performed in duplicate are shown.

by related exogenous viruses’. Although LCMV DNA can be inte-
grated into the host genome and contributes to persistent viral gene
expression>'?, the VSV DNA was primarily found in the cytoplasm of
cells dying due to the cytopathic effects of VSV (Fig. 2). Therefore,
the VSV DNA may be recognised using DNA sensors®, e.g., DAI
(DLM-1/ZBP1)?%, inflammasome®, or Toll-like receptor 9**. Stetson
et al. reported that the nuclease Trex1 prevents the accumulation of
single-stranded DNA derived from endogenous retro-elements and
inhibits the autoimmunity triggered by DNA sensors of the inter-
feron-stimulatory DNA (ISD) pathway®. Jones et al. showed that
HIV-1 infection results in the accumulation of L1 DNA in primary
CD4+ cells and that the majority of the L1 DNA is extra-chromo-
somal. They discussed the implications of the innate immune res-
ponse to HIV-1 infection by an unrecognised interaction between
HIV-1 and the endogenous retrotransposable elements. We showed
that the genetic information of the non-retroviral RNA virus genome
can flow into DNA in mammalian cells. The biological significance of
the cytoplasmic VSV DNA should be investigated further.

Methods

Cell lines and plasmids. The NP-2 cells were derived from human glioma cells. The
N4R (NP-2/CD4/ecoR) cells were NP-2 cells transduced with CD4 and an ecotropic
murine leukaemia virus (MuLV) receptor®. The N4R5X4/iGFP cells, which were
used for HIV-1 titration, were N4R cells that were transduced with CXCR4, CCR5,
and an HIV-LTR-driven GFP. The N4R5X4/iGFP cells clearly expressed GFP when
HIV-1 infection was established. The NP-2/LINE-1 cells were NP-2 cells that were
transfected with a LINE-1 (L1.2) expression plasmid with a pCEP4 backbone'*. The
NP-2/LINE-1 (L1.2 ORF2mut) cells were transfected with a LINE-1 (L1.2) expression
plasmid with an ORF2 mutation (D702Y)". The other human cells used in this study

are presented in Table S2. All cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,. N4R and N4R5X4/iGFP were used for the infection
assays with MuLV and HIV-1, respectively.

VSV preparation and titration. To prepare the VSV samples, 4.0 X 10° HOS cells
were seeded onto 60 mm plates. After 24 hr, the cells were infected with VSV
(Indiana strain) at an MOI of 0.5. After washing with phosphate buffered saline
(PBS), the cells were incubated at 37°C for 16 hr. The cells and debris were removed
by low-speed centrifugation, and the supernatant was harvested and stored in small
aliquots at —80°C until use. The viral titres were determined via standard plaque
assays using feline kidney 8C cells”’. The 8C cells were seeded into 35 mm plastic
culture plates at a density of 1.2 X 10° cells/plate. The following day, the cells were
infected with 300 pl of diluted VSV at 37°C for 1 hr. The cells were then washed once
with culture medium, and agar-containing medium was placed over the plates. The
following day, the cells were stained with neutral red, and the number of plaques was
counted. The VSV stocks showed infectious titres of 1.0 X 10® pfu/ml. Therefore, to
obtain an MOI of 0.1, the VSV stocks were usually diluted 100-fold. The echovirus
type 30 and RSV were propagated in RD and HEp-2 cells, respectively; their culture
supernatants were harvested after cultivation for 48 hr and five days, respectively.
Because these viral titres were very low, the cells were infected with undiluted virus
stocks and incubated for significantly longer periods compared with VSV infection
before the cytopathic effects became evident.

VSV infection and DNA purification. A total of 1.0 X 10° 293T cells were infected
with VSV at an MOI of 0.1 for 1 hr. The cells were washed once with PBS and
incubated for 16 hr. The cell lysates were prepared using the Wizard® Genomic DNA
Purification Kit (Promega, Madison, W1, USA) according to the manufacturer’s
instructions. The extracted DNA was dissolved in 100 pl of TE buffer. For the
experiments examining the differences in VSV DNA production between various cell
lines, the cells were lysed in 160 pl of buffer containing 10 mM Tris-HCI (pH 8.0),
1 mM ethylenediaminetetraacetic acid (EDTA), 0.45% Nonidet P-40 (Sigma, St.
Louis, MO, USA), 0.45% Tween 20 (Sigma), and 20 mg/ml proteinase K (Sigma),
incubated at 52°C for 2 hr, and heated to 96°C for 10 min to inactivate the proteinase
K.
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Figure 8 | Synthesis of complementary DNA to RNA of echovirus type 30
and RSV in human cells. (a) The DNA was extracted from RD cells 48 hr
after infection with echovirus type 30 and subjected to PCR with the
echovirus type 30-specific primers. (b) The RSV DNA was detected in
HEp-2 cell lysates prepared five days post-infection with RSV. The DNA
sequences of these bands were determined after cloning and found to be
identical to the sequences of the viral strains used (GenBank: echovirus
type 30, AF311938; RSV, AY911262). Viral RNAs were extracted from
echovirus type 30 and RSV propagated in RD and Hep-2 cells, respectively.
cDNAs to these RNAs were made, purified and used as templates for PCR
(lane 1). RD and HEp-2 cells were infected with echovirus type 30 and RSV,
incubated and lysed as described in the Methods section. The cell lysates
were used for PCR (lane2). The lysates of mock-infected RD and Hep-2
cells were used as controls (lane 3). Note that cropped gel images are shown
and full-length gel images are presented in the supplementary information.

PCR amplification. To detect the viral DNA via PCR, 15 pl of a reaction mixture
containing 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 2 mM of each
dNTP, 60 ng of the sense and antisense PCR primers, and Taqg DNA polymerase
(Roche, Branchburg, NJ, USA) was added to 5 pl of the cell lysate. PCR was
performed in a thermal cycler (Perkin-Elmer Cetus, Norwalk, CT, USA). Thirty-
seven cycles of PCR were performed under the following conditions: denaturation at
94°C for 1 min, annealing at 55°C for 45 sec, and extension at 72°C for 1 min. The
resulting PCR products were confirmed via DNA sequencing to be of VSV origin.

Real-time PCR amplification. Cell lysate aliquots (2.5 pl) were subjected to real-
time PCR using 25 pl of Brilliant SYBR® Green QPCR Master Mix (Agilent
Technologies, La Jolla, CA, USA) with 0.4 pM of each primer. The amount of VSV
DNA in each sample was normalised using the B-globin gene as a control. The assay
was performed in duplicate using the Mx3000P QPCR system (Agilent
Technologies). The thermo-cycling conditions were as follows: denaturation at 95°C
for 30 sec, annealing at 55°C for 1 min, and extension at 72°C for 30 sec. The copy
number of each product was estimated using standard curves that were obtained
using serial dilutions of the plasmids containing the VSV N and B-globin genes
(pGEM®-T Easy vector) (Promega).

PCR primers. The oligonucleotide primers were synthesised by Hokkaido System
Science Co., Ltd. (Sapporo, Japan). PC03/PC04 and HA031578-F/HA031578-R were
ready-made primer pairs designed for the amplification of B-globin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), respectively (TAKARA,
Otsu, Shiga, Japan). A list of PCR primers is provided in Table S1. The primer pairs
used to determine the presence of VSV DNA were N1173-F and N1383-R (targeting a
region within the N gene), N1173-F and P1415-R (targeting a region spanning the N
and P genes), L10858-F and L11087-R (targeting a region within the L gene), and
L10858-F and Tr11161-R (targeting a region spanning the L gene and trailer region).
The efficiencies of these PCR primer pairs were assessed using cloned VSV ¢cDNA
fragments as the control template. The primers were shown to have similar
efficiencies (data not shown).

Time course of VSV DNA synthesis and the treatment of cell lysates with RNase A
or DNase I. The time course of VSV DNA synthesis was determined as follows: 1.0 X
10° 293T cells were seeded in 60 mm plates and infected with 1.0 X 10° infectious
units (IUs) of VSV (MOI of 0.1). After 1, 2, 4, 6, and 16 hr, the cellular DNA was
extracted and dissolved in 100 pl of TE buffer. A 1-pl aliquot of this sample was then
subjected to PCR, which enabled the detection of DNA resulting from the inoculation
0f 1.0 X 10° IUs of VSV. The virus lysate derived from 4.0 X 10* IUs of VSV was used
as a supernatant (sup) control (Fig. 1a) to detect VSV DNA.

At 16 hr post-infection, 1 pl of the cell lysate was treated with 1 ul of RNase A
(Wako Pure Chemical Industries, Osaka, Japan) or DNase I (Promega) and incubated
at 37°C for 1 hr. The cell lysates were extracted with phenol/chloroform, and the
DNA was precipitated in ethanol. The DNA pellet was dissolved in 10 pl of distilled
water. One microliter of dissolved DNA was subjected to PCR using the N478-F/
N681-R primer pair.

Cell fractionation. 293T cells were infected with VSV as described above and
incubated for 16 hr. The cells were then lysed with 100 pl of buffer containing 10 mM
Tris-HCI (pH 8.0), 1 mM EDTA, 0.65% Nonidet P40, and 150 mM NaCl, and then
vortexed for 10 sec and centrifuged at 5000 rpm for 5 min to separate the
supernatant from the precipitate. The supernatant was treated with 20 mg/ml
proteinase K, incubated at 52°C for 2 hr, and then heated to 96°C for 10 min to
inactivate the proteinase K. The precipitate was washed with buffer, and 100 pl of
buffer containing 20 mg/ml proteinase K was added. The samples were then
incubated at 52°C for 2 hr and heated again to 96°C for 10 min. The VSV N gene and
B-globin gene in the cell lysates were detected via real-time PCR (Brilliant SYBR®
Green QPCR Master Mix) using the N478-F/N681-R and B-globin primer pairs,
respectively. The copy numbers of the VSV N gene and B-globin gene in each cell were
estimated with standard curves obtained using serial dilutions of plasmids
(pGEMT®-easy vector) containing the VSV N and B-globin genes. The B-globin
DNA was detected to examine whether the nuclear fractions were separated from the
cytoplasm fractions.

Determination of strand polarity of the VSV DNA. One cycle of unidirectional
primer extension was performed at 72°C for 1 min using either the positive-strand
primer G3365-F or negative-strand primer G3631-R. The product was treated with
Hinfl at 37°C for 1 hr. After the phenol/chloroform extraction and ethanol
precipitation, the sample was subjected to PCR using the G3365-F/G3631-R primer
pair. There are three HinfI restriction sites between G3365-F and G3631-R (Fig. 3¢). If
double-stranded DNA was synthesised during the first extension, this DNA would be
digested by Hinfl, leading to the disappearance of the PCR bands.

Inverse PCR to determine the end structures of VSV DNA. Inverse PCR was
performed to clone the 5" and 3’ ends of the VSV DNA (Fig. 6a). Human cells were
infected with VSV and lysed 16 hr later. The cell lysates were treated with RNase H to
digest the template VSV RNA. The lysates were then incubated with T4 RNA ligase
(TAKARA) overnight at 37°C*® to induce intra-molecular DNA joining and produce
circular VSV DNA (Fig. 6a). The ligated DNA was purified using phenol/chloroform
and subjected to PCR with the N1173-F/N681-R primer pair. Nested PCR was
performed using the N1228-F/N163-R primer pair, and the nested PCR products
were cloned into the pGEM®-T Easy vector and sequenced using the SP6 and T7
promoter primers.

Western blot analysis to detect LINE-1 proteins. The cells were lysed in a solution
containing 25 mM Tris-HCI (pH 7.4), 137 mM NaCl, 2.7 mM KCl, 1% Nonidet-P40,
and a proteinase inhibitor cocktail (Roche). The lysate of 3 X 10° cells was centrifuged
to pellet the debris, and the supernatant was harvested and boiled in a reducing
sodium dodecyl sulphate (SDS) sample buffer prior to the immunoblot analyses using
an anti-ORF1p IgY antibody and control anti-B-actin antibody (A4700, Sigma)
according to the manufacturer’s protocols. Antibodies against LINE-1 ORF1p were
generated by immunising chickens with purified human L1 ORFlp, which was
overexpressed in E. coli and purified from yolks®.

Effects of LINE-1 transduction on the synthesis of VSV DNA. The 293T, NP-2,
NP-2/LINE-1, and NP-2/LINE-1(ORF2mut) cells were seeded at a density of

1 X 10° cells/plate in 60 mm plates. The following day, the cells were infected with
VSV at an MOI of 0.1 and incubated at 37°C for 16 hr. The whole cell extracts were
subjected to real-time PCR using the N478-F/N681-R and B-globin primer pairs. The
VSV progeny produced by these cells were titrated as described above. To compare
the VSV N mRNA expression levels in these cell lines, real-time RT-PCR was
performed. The total cellular RNA was isolated using ISOGEN® according to the
manufacturer’s protocol and treated with DNase I to digest any contaminating
cellular DNA. The cDNA was synthesised using the SuperScript® II First-Strand
Synthesis System with an oligo(dT) primer. The cDNA was then subjected to real-
time PCR using the N478-N/N681-R primer pair, and the results were normalised to
GAPDH mRNA expression using the HA031578-F/HA031578-R primer pair (Table
S1). The PCR conditions were the same as those described above.

Effects of reverse transcriptase inhibitors on the synthesis of VSV DNA. We
seeded 5.0 X 10° 293T and NP-2/LINE-1(L1.2) cells in six-well plates. The following
day, the cells were treated with ddI, ddT, or AZT for 1 hr at concentrations ranging
from 0.1 to 10 pg/ml and then infected with VSV at an MOI of 0.1. After a 16-hr
incubation period in the presence of the drugs, the cells were lysed and subjected to
real-time PCR using the N478-F/N681-R primer pair. No apparent cell damage was
observed in the drug-treated, mock-infected cells.

A recombinant MuLV pseudotype virus and HIV-1 (IIIB strain) were also tested
for sensitivity to AZT, ddI, and ddT. For the MuLV pseudotype, Phoenix-E cells were
transfected with the pCX bsr-GFP plasmid, which is a MuLV-based retroviral vector
(pCX bsr)™ containing the GFP gene, using FuGENE6 (Roche). The viral super-
natants were harvested and stored at —80°C until further use. The N4R cells were
seeded by adding 125 pl of medium (5.0 X 10* cells/ml) to the wells of a 96-well plate.
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The following day, the cells were treated for 1 hr with the reverse transcriptase
inhibitors at concentrations of 0.1-10 pg/ml and then infected with the MuLV
pseudotype virus. After three days of culture in the presence of the drug, the fluor-
escent cells were counted. For HIV-1 infection, the N4R5X4/iGFP cells were seeded
into 96-well plates at a concentration of 1.0 X 10* cells/ml. The following day, the
cells were treated with AZT, ddI, or ddT for 3 hr at concentrations of 0.1-10 pg/ml
and then infected with HIV-1 (strain IIIB). The number of fluorescent cells was
recorded after two days of culture in the presence of the drug.

Synthesis of the cDNA of other non-retroviral RNA viruses. For the infection with
echovirus type 30, 4.0 X 10° RD cells were seeded into six-well plates. The following
day, the cells were infected with the virus at an MOI of 0.01 for 1 hr and washed once
with PBS. Two days later, a cytopathic effect was observed, and the cell lysates were
prepared using cell lysis buffer as described for VSV experiments. A PCR was
performed using the ECHO6462-F/ECHO6668-R primer pair targeting the
polyprotein (Table S1). We performed 40 cycles of PCR using the following
conditions: denaturation at 94°C for 30 sec, annealing at 60°C for 30 sec, and
extension at 72°C for 30 sec. The amplified reaction mixture was then separated via
electrophoresis on agarose gels that were subsequently stained with ethidium
bromide.

For infection with RSV, 4.0 X 10° HEp-2 cells were seeded into six-well plates. The
following day, the cells were infected with the virus at an MOI of 0.04 for 1 hr and
washed once with PBS. Five days later, a cytopathic effect was observed, and the cell
lysates were prepared as described. A PCR was then performed using the RSV3334-F/
RSV3518-R primer pair targeting the M gene (Table S1). We performed 40 cycles of
PCR using the following conditions: denaturation at 98°C for 10 sec, annealing at
59°C for 20 sec, and extension at 72°C for 20 sec. The amplified reaction mixture was
then separated via electrophoresis on agarose gels that were subsequently stained with
ethidium bromide. The RSV and echovirus type 30 synthesised via RT-PCR were used
as positive controls. We used several different primer pairs to detect echovirus type 30
and RSV; however, only the primer pairs described above yielded positive bands. The
DNA samples extracted from these bands were sequenced and confirmed to be of
echovirus type 30 and RSV origins.
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