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ABSTRACT

Retrotransposons are mobile genetic elements, and
their mobility can lead to genomic instability.
Retrotransposon insertions are associated with a
diverse range of sporadic diseases, including
cancer. Thus, it is not a surprise that multiple host
defense mechanisms suppress retrotransposition.
The 2,5-oligoadenylate (2-5A) synthetase (OAS)-
RNase L system is a mechanism for restricting
viral infections during the interferon antiviral
response. Here, we investigated a potential role for
the OAS-RNase L system in the restriction of retro-
transposons. Expression of wild type (WT) and a
constitutively active form of RNase L (NA385), but
not a catalytically inactive RNase L mutant
(R667A), impaired the mobility of engineered
human LINE-1 (L1) and mouse intracisternal A-type
particle retrotransposons in cultured human cells.
Furthermore, WT RNase L, but not an inactive
RNase L mutant (R667A), reduced L1 RNA levels
and subsequent expression of the L1i-encoded
proteins (ORFip and ORF2p). Consistently,
confocal immunofluorescent microscopy demo-
nstrated that WT RNase L, but not RNase L R667A,
prevented formation of L1 cytoplasmic foci. Finally,
siRNA-mediated depletion of endogenous RNase L
in a human ovarian cancer cell line (Hey1b)
increased the levels of L1 retrotransposition by
~2-fold. Together, these data suggest that RNase
L might function as a suppressor of structurally
distinct retrotransposons.

INTRODUCTION

Transposable elements comprise at least 45 and 37.5% of
the human and mouse genomes, respectively (1,2). They
are classified by whether they replicate via a DNA (trans-
posons) or an RNA intermediate (retrotransposons)
[reviewed in (3)]. DNA transposons originally were dis-
covered in maize as mutable loci capable of mobilizing
to new genomic locations (3,4). DNA transposons
comprise ~3% of the human genome (1) and were
active during primate evolution until ~37 million years
ago (5). However, with the exception of certain bat
species (6), DNA transposons appear to be inactive in
most mammalian genomes (1).

Unlike the ‘cut-and-paste” mobility mechanism used by
DNA transposons, retrotransposons mobilize via a ‘copy-
and-paste’ mechanism that uses an RNA intermediate
[reviewed in (7)]. There are two major groups of retro-
transposons that are distinguishable by the presence or
absence of long terminal repeats (LTRs). LTR-retrotrans-
posons include human endogenous retroviruses (HERVs)
as well as murine intracisternal A-particle (IAP) and
MusD sequences [reviewed in (8—10)]. Endogenous LTR-
retrotransposons are structurally similar to retroviruses,
but generally lack or contain a defective envelope (env)
gene, which relegates them to intracellular replication
[reviewed in (11)]. While HERVs appear to be inactive
in the human genome, it is estimated that ~300 copies
of IAP and 10 copies of MusD remain functional in the
mouse genome (12—-14).

Non-LTR retrotransposons, including Long
INterspersed Element-1 (LINE-1 or L1) and the Small
INterspersed Elements (SINEs), account for about
one-third of human genomic DNA (1). L1 elements
are the only class of autonomously active human
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retrotransposons [reviewed in (10)]. The Ll-encoded
proteins (ORFIp and/or ORF2p) can also mobilize
certain SINEs (e.g. Alu and SVA elements) (10,15-17).
Importantly, Ll-mediated retrotransposition events
continue to cause insertional mutagenesis and genetic dis-
orders in humans [reviewed in (18)].

Human L1 sequences represent ~17% of human
genomic DNA (1). While the vast majority of Lls are
molecular fossils incapable of retrotransposition, it is
estimated that ~80-100 L1s remain retrotransposition-
competent (19,20). Full-length human L1s are ~6kb in
length (21,22). They contain an internal sense-strand
promoter (SP) located within their 5'-untranslated region
(UTR) (23-27). Transcription generates a bicistronic
mRNA that consists of the L1 5-UTR, two open
reading frames (ORF1 and ORF2) and a 3’-UTR that
ends in a poly (A) tail (21,22). The L1 5-UTR also
contains an antisense promoter (ASP), which drives the
production of an RNA containing a region of the
5-UTR conjoined to an mRNA sequence derived from
genomic sequences located upstream of the L1 integration
site (28) [see pJM101/L1.3 gene map in Figure 1A (top)].

Human ORFI1 encodes an ~40kDa RNA binding
protein (ORFIp) with nucleic acid chaperone activity
(29-31). ORF2 encodes an ~150kDa protein (ORF2p)
that contains both endonuclease (32) and reverse tran-
scriptase (33) activities. ORF1p and ORF2p preferentially
bind to their encoding L1 mRNA by a process termed
cis-preference (34-36), which leads to the formation of
an L1 ribonucleoprotein particle (RNP) (30,37,38). The
resultant L1 RNPs are transported into the nucleus,
where L1 integration is completed by target-site primed
reverse transcription (32,39,40). The activities associated
with ORF1p and ORF2p are both required for efficient L1
retrotransposition (41).

L1 retrotransposition can lead to local genomic
rearrangements (e.g. deletions and inversions) at their in-
tegration sites [reviewed in (10)]. Moreover, L1 retrotran-
sposition events may influence the expression of genes
near the integration sites [reviewed in (10)]. Thus far, 96
L1-mediated retrotransposition events have been reported
to be responsible for a wide range of single-gene diseases
in humans [reviewed in (18)]. In addition, ORF2p may
generate double-strand breaks in genomic DNA, which
have the potential to be mutagenic (42,43).

The host cell has evolved various strategies to regulate
retrotransposon activity at both the transcriptional and
posttranscriptional levels [reviewed in (7)]. For example,
retrotransposon-derived Piwi interacting RNAs, in con-
junction with Piwi proteins, can degrade L1 and other
transposable element transcripts in the germ line of mice
and flies, and they are thought to be involved in the epi-
genetic silencing of retrotransposons via promoter methy-
lation in murine embryonic male germ cells [reviewed in
(44,45)]. It also is proposed that hybridization of the LI
sense and antisense transcripts may serve as double-strand
RNA triggers for Dicer-dependent RNA interference
mediated regulation of L1 retrotransposition (46),
although this supposition requires further study. Besides
these small RNA-based inhibition pathways, L1 retrotran-
sposition can be inhibited by several proteins, including

the apolipoprotein B mRNA editing enzyme 3
(APOBEC3) family of cytidine deaminases [reviewed in
(47)], Trex1 (48) and MOVI10 (49-51). Recent evidence
also suggests the ataxia telangiectasia mutated protein
may limit the length and/or number of engineered L1
retrotransposition events in cultured cells (52). In
addition, heterogeneous nuclear ribonucleoprotein L
(hnRNPL) binds L1 RNA and interferes with L1
retrotransposition (53,54). HnRNPL and several other
cellular inhibitors of L1 retrotransposition were also
identified in the L1 ORF1 protein interactome (54). In
contrast, the poly(A) binding protein Cl1 was recently
shown to promote L1 retrotransposition (55).

The interferon (IFN) regulated 2',5-oligoadenylate
(2-5A) synthetase (OAS)-RNase L system inhibits viral
replication, but it is unclear whether it restricts retrotrans-
poson activity [reviewed in (56)]. The OAS genes encode
IFN inducible enzymes that are expressed at basal levels in
many mammalian cell types (57). Viral dsRNAs activate
OAS-1, -2 and -3, which use ATP to generate 2-5A mol-
ecules with the following structures: [pxS'A(2'pS5S'A)y;
x = 1-3; n> 2] (58). The 2-5A then binds to the ankyrin
repeat domain of latent RNase L, causing it to form an
enzymatically active dimer (59). Active RNase L cleaves
single-strand regions of viral and cellular RNA, suppress-
ing viral protein synthesis, replication and spread
[reviewed in (56)]. Moreover, cleavage products generated
by RNase L, mostly short duplex RNAs with 3’-phos-
phoryl groups, can bind and activate the RIG-I and
MDAS helicases (60). Interaction of these helicases with
the mitochondrial adapter MAVS then results in a signal-
ing cascade, allowing type I IFN production (60). The
prolonged activation of RNase L results in cell death
through apoptosis, leading to the elimination of virus-
infected cells (61-63).

The antiviral activity of the OAS-RNase L pathway
combats the infectivity of numerous RNA and DNA
viruses [reviewed in (56)]. Here we demonstrate that wild
type (WT) RNase L and a constitutively active (NA385)
RNase L mutant potently restrict both L1 and IAP
retrotransposition in cultured human cells. In contrast,
RNase L (R667A), catalytically inactive due to a
mutation in the active site, does not restrict L1 or IAP
retrotransposition. Consistent with the above observa-
tions, siRNA-mediated knockdown of endogenous
RNase L leads to a ~2-fold increase in L1 retrotran-
sposition. Finally, the expression of active forms of
RNase L, but not the R667A RNase L mutant, leads to
the degradation of L1 mRNA, which, in turn, leads to a
decrease in the expression of L1 ORF1p and ORF2p. Thus,
in addition to its role in restricting the infectivity of several
viruses, RNase L may act to restrict the retrotransposition
of certain endogenous retrotransposons.

MATERIALS AND METHODS
Plasmid constructs

Schematic maps of L1 and IAP plasmids used in this study
are shown (Figure 1A and B and Supplementary Figures
S4A and S5A). Brief descriptions of each plasmid used in
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Figure 1. An overview of the L1 and IAP retrotransposition assays. (A) Schematics of L1 and IAP constructs: The L1 and IAP constructs contain a NEO-
based (mneol) or EGFP-based (mEGFPI) retrotransposition indicator cassette near their 3’ ends. The indicator cassettes are in an anti-sense (backward)
orientation relative to the transcriptional orientation of the L1 or IAP elements. The indicator cassettes also contain an intron that is in the same
transcriptional orientation as the retroelement. SD and SA indicate the splice donor and splice acceptor sites of the intron, respectively. Pr’ indicates
the promoter driving the expression of the retrotransposition indicator cassette. Closed lollipops indicate the polyadenylation signal on the indicator cassette.
A CMV promoter enhances the expression of the pJM101/L1.3, pAD2TEL, pES2TEI and pAD3TEI L1 vectors. An SV40 polyadenylation signal is present
at the 3’ end of each L1 expression cassette. Notably, the mneol-based L1 vectors are expressed from a pCEP4 vector that contains a HYG and an EBNA-1

(continued)
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this study and the original references describing the
plasmid construction are provided below.

pCEP4: is a mammalian expression vector (Gibco/Life
Technologies/InVitrogen) used to construct some of the
L1 plasmids (as indicated below) and contains a cyto-
megalovirus  (CMV) promoter and an SV40
polyadenylation signal. The plasmid backbone also
contains a hygromycin resistance gene (HYG) and the
Epstein Barr Virus Nuclear Antigen-1 gene (EBNA-1).

pJM101/L.1.3: is a pCEP4-based plasmid that contains an
active human L1 (L1.3) equipped with an mneol retrotran-
sposition indicator cassette (20,64).

pLRE3-mEGFPI: is a pCEP4-based plasmid that contains
an active human L1 (LRE3) equipped with an mEGFPI
retrotransposition indicator cassette (65). The pCEP4
backbone was modified to contain a puromycin resistance
(PURO) gene in place of the HYG. The CMV promoter
also was deleted from the vector; thus, L1 expression is
only driven by its native 5-UTR (65).

pAD2TETL: is a pCEP4-based plasmid similar to pJM101/
L1.3. It was modified to contain a T7 genel0 epitope-tag
on the carboxyl-terminus of ORFIp and a TAP epitope-
tag on the carboxyl-terminus of ORF2p. Its 3-UTR
contains the mmneol retrotransposition indicator cassette
(66).

pES2TEL1: is identical to pAD2TE]1, but was modified to
replace the TAP tag on the carboxyl-terminus of ORF2p
with a FLAG-HA tag (66).

pAD3TETL: is identical to pAD2TEI1, but was modified to
contain 24 copies of the MS2 stem-loop RNA binding
repeats upstream of the mneol indicator cassette (66).

pDJ33/440N1neo™": is a gift from Thierry Heidmann
(Institut Gustave Roussy, Paris, France). It contains a
mouse IAP tagged with a neomycin resistance gene
(NEO) retrotransposition indicator cassette similar to
the one present in pJM101/L1.3 (13).

pJM111-LRE3-mEGFPI: is identical to pLRE3-mEGFPI,
but contains two missense mutations in ORF1p (RR261-
262AA), which render the L1 retrotransposition-defective
(41). Mr William Giblin (University of Michigan) made
the plasmid.

pDK500: is a pCEP4-based ORF1 expression plasmid. It
contains the L1.3 ¥-UTR, ORF1 containing a T7 gene 10

epitope-tag at its carboxyl-terminus and the mmneol
retrotransposition cassette (38).

pAD500: is a pCEP4-based ORF2 expression plasmid. It
contains the L1.3 5-UTR, ORF2 containing a TAP
epitope-tag at its carboxyl-terminus and the mneol
retrotransposition cassette (66).

pMS2-GFP: was obtained from Addgene (plasmid 27121),
and was originally deposited by Robert Singer (67). It
encodes a nuclear localized MS2-GFP fusion protein.

The human HA epitope-tagged APOBEC3A (A3A) ex-
pression plasmid was obtained from Dr Bryan Cullen at
Duke University (68). The A3A cDNA was subcloned into
pFLAG-CMV-2 (Sigma-Aldrich) to ensure that it was ex-
pressed from the same context as the RNase L constructs
used in this study.

The human cDNAs for RNase L (69), A3A and RIG-I
(a gift from Michael Gale, Seattle, WA, USA) were cloned
into pFLAG-CMV-2 (Sigma Aldrich). They all contain a
FLAG tag at their amino terminus. Plasmid pIREShyg
(Clontech) contains a hygromycin B phosphotransferease
gene under control of a CMV promoter and downstream
of an internal ribosome entry site from encephalo-
myocarditis virus.

The catalytically inactive (R667A) RNase L mutant (70)
was generated by site-directed mutagenesis and verified
by DNA sequence analysis. The constitutively active
(NA385) RNase L mutant was described in the same
study (70).

Myc-tagged WT and mutant RNase L cDNAs were
cloned into a modified pcDNA 3.0 (Gibco/Life
Technologies/InVitrogen) vector that lacks a NEO using
standard molecular cloning protocols. Briefly, the
plasmids were double digested with BstBI and Sfol,
followed by 3’ end filling with Klenow fragment of
DNA polymerase, and blunt-end cloned into the
modified pcDNA 3.0 vector using T4 DNA ligase (New
England BioLabs).

Cells and culture media

HeLa-M cells, which are deficient for RNase L (71), and
Heylb cells (a human ovarian cancer cell line that was a
gift from Alexander Marks, University of Toronto,
Toronto, Canada) (72) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) and RPMI medium,
respectively. The complete medium was supplemented
with 10% fetal bovine serum (FBS), 50 U/ml of penicillin,

Figure 1. Continued

gene. The mEGFPI-based L1 vectors are expressed from a pCEP4 vector that was modified to contain a PURO gene; it also contains the EBNA-1
gene. Flag symbols indicate the names of epitope-tags present in some L1 vectors. The SP and ASP labels indicate the sense and anti-sense promoters
located in the L1 5-UTR. The MS2 24x designation indicates the 24 copies of the MS2-GFP RNA binding motif in the pAD3TE1 construct. The
PCR primers for pAD2TE] are labeled F1, R1, F2 and R2 (see ‘Materials and Methods’ section for details). In the IAP vector [pDJ33/440N1neo”™"
(13)], Pr indicates the viral LTR promoter. The IAP GAG and POL genes also are indicated. (B) Rationale of the assay: Transcription from a
promoter driving L1 or IAP expression allows splicing of the intron from either the mneol- or EGFP-based indicator cassettes. Retrotransposition of
the resultant RNA leads to activation of the reporter gene, conferring either G418-resistance or EGFP-positivity to host cells. TSD indicates a target
site duplication flanking the retrotransposed L1. (C) Experimental protocols to detect L1 retrotransposition: Cells were co-transfected with an
engineered L1 or IAP retroelement and either an empty vector (pFLAG-CMV-2) or amino-terminal FLAG-tagged RNase L expression plasmid.
For the mneol-based assays, the transfected cells were subjected to G418 selection 2 days after transfection. The numbers of G418-resistant foci serve
as a readout of retrotransposition efficiency. For the mEGFPI-based assays, FACS analysis was used to measure the percentage of EGFP-positive
cells 4 days after transfection (See ‘Materials and Methods’ section for further details about each assay).
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50 pg/ml of streptomycin and 2mM L-glutamine (Gibco/
Life Technologies).

Retrotransposition assays

Retrotransposition assays were performed as described
previously with minor modifications (65,73). Briefly, for
G418-resistance—based retrotransposition assays, HeLa-
M cells (~8 x 10* per well) were seeded into two sets of
six-well plates. The next day, the cells were co-transfected
with 0.5 pg of the indicated L1 or TAP expression plasmid
and 0.5pg of a corresponding expression plasmid for
RNase L, A3A, RIG-I or an empty vector (pFLAG-
CMV-2) using 3l of the Fugene6 transfection reagent
(Roche) per well. Forty-eight hours after transfection,
the cells were collected from one set of plates and were
analyzed for protein expression in western blot experi-
ments. Cells from the other set of plates were
trypsinized and resuspended in complete DMEM
medium supplemented with G418 (500 pg/ml) (Gibco/
Life Technologies). Cells from each well were split into
three 10-cm tissue culture dishes, generating triplicate
cultures. After 10 days of G418 selection, the remaining
cells were treated with 10% neutral buffered formalin for
Smin to fix them to tissue culture plates and then were
stained with 0.05% crystal violet for 30 min to facilitate
their visualization. The dishes were washed in phosphate
buffered saline (PBS), scanned and foci numbers
were determined using Integrated Colony Enumerator
software  (National Institute of Standards and
Technology) (74). Notably, toxicity control reactions
were performed in a similar manner (in triplicate).
Briefly HeLa-M cells were co-transfected with 0.5pg of
the pcDNA 3.0 NEO expression vector and 0.5 pg of the
RNase L expression plasmids using 3 pul of the Fugene6
transfection reagent per well (Roche). After G418 selec-
tion (500 pg/ml) for 10 days, the remaining cells were
fixed, stained and counted.

For enhanced green fluorescent protein (EGFP)-based
retrotransposition assays, HeLa-M cells were transfected
with 0.5pg of an active (pLRE3-mEGFPI) or inactive
(pJIMI111-LRE3-mEGFPI) L1 expression plasmid and
0.5ug of a corresponding RNase L expression plasmid,
using 3 pl of Fugene6 transfection reagent (Roche) per
well. The transfected cells then were subjected to puro-
mycin selection (1 pg/ml) (Gibco/Life Technologies) to
enrich for cells containing the L1 expression plasmids.
After 4 days, the cells from each well were detached
with a nonenzymatic cell dissociation solution (Cellgro),
washed with PBS containing 1% FBS and analyzed on a
FACScan (Becton-Dickinson) without fixation. For each
sample, 2 x 10° cells were analyzed. Data were analyzed
with FlowJo software (TreeStar Inc.).

In experiments to study the effect of endogenous RNase
L on L1 retrotransposition, Hey1b cells (4 x 10° cells/well)
were plated in a six-well tissue culture dish. The next day,
the cells were transfected with 50 nM of a control siRNA
pool (sc-37007, Santa Cruz Biotechnology) or an siRNA
pool against RNase L (sc-45965, Santa Cruz
Biotechnology) using the DharmaFECT 1 transfection
reagent (Thermo Scientific). Twenty-four hours later, the
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cells in each well were transfected with pLRE3-mEGFPI
or pJMI11-LRE3-mEGFPI (1pg), using 3pul of the
Fugene6 transfection reagent (Roche). After another
12 h, cells were trypsinized and counted as noted above.
An aliquot of the cells (one-tenth) was used to monitor the
endogenous RNase L protein level. The remaining cells
were replated (one well was split into three wells to
generate triplicate technical replicates) and were subjected
to 4 days of puromycin selection (1 pg/ml, Gibco/Life
Technologies). After 4 days of puromycin selection (5 and
6 days after transfection with L1 construct and siRNA,
respectively), the percentage of GFP positive cells was
determined by flow cytometry as described above.

Preparation of L1 RNPs, total cell lysates and western
blot assays

L1 RNPs were isolated as described previously (38) with
some modifications. Briefly, HeLa-M cells were plated
into two identical sets of six-well plates. The next day,
the cells in each well were co-transfected with 0.5 ug of
an engineered L1 expression construct (pAD2TEI,
pDK500 or pADS500) and 0.5ug of a corresponding
RNase L plasmid (FLAG-WT RNase L, FLAG-RNase
L R667A or FLAG-RNase L NA385) using 3 ul of the
Fugene6 transfection reagent (Roche). The cells in one set
of plates were harvested 48h after transfection, and
RNase L expression was monitored using an RNase L
monoclonal antibody by western blot. Cells from the
other set of plates were replated into a 10-cm dish and
were subjected to selection in DMEM medium supple-
mented with hygromycin (200 pg/ml) (Gibco/Life
Technologies) for four additional days to detect L1
protein expression 6 days after transfection. The remain-
ing cells then were harvested and were resuspended in 1 ml
of lysis buffer (20mM HEPES, pH 7.5; 1.5mM KCI,;
2.5mM MgCly; 0.5% NP-40) containing complete mini
EDTA-free protease inhibitor cocktail (Roche) per
0.5ml of packed cell volume. After incubation on ice for
10 min, cell lysates were centrifuged at 3000 x g for 10 min
at 4°C to remove cell debris. Protein concentrations were
determined with Bradford assays (Biorad). One-fiftieth of
the supernatants (~50 pg of total protein) was used for
protein analysis (total cell lysates in Figure 8 and
Supplementary Figures S4 and S5). Aliquots of total cell
lysate (~150 pg) were ultracentrifuged at 160000 x g for
90 min to concentrate the L1 RNP fraction. After ultra-
centrifugation, the supernatants were removed, the pellets
were resuspended with 50 ul 1 x sodium dodecyl sulphate-
polyacrylamide gel electrophoresis sample buffer
(Novagen) and 20 ul were used for western blot analysis
(RNP fractions in Figure 8 and Supplementary Figures S4
and SY).

For control experiments, an EGFP-encoding plasmid,
pEGFP-C1 (Clontech), was co-transfected with a corres-
ponding RNase L expression plasmid (WT, R667A and
NA385) into HeLa-M cells. Total cell lysates were
prepared 48 h after transfection (as described above) and
were analyzed in western blots.

In general, western blots were developed using the
ECL substrate (GE Healthcare) and exposed to


,
-
6
,
post-
utes
utes
,
[
 (NIST
]
,
-
,
s
6
ours
four 
,
6
,
,
ours
post-
six 
post 
utes
utes
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1308/-/DC1
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1308/-/DC1
,
X
SDS-PAGE
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1308/-/DC1
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1308/-/DC1
,
ours
post-
s

3808 Nucleic Acids Research, 2014, Vol. 42, No. 6

autoradiography film (Denville Scientific). The Western
Bright ECL HRP Substrate (Advansta) was used to
detect ORFIlp expressed from the pAD2TEl and
pDK3500 expression constructs, as well as ORF2p from
the pADS00 expression construct. The SuperSignal West
Pico Chemiluminescent Substrate (Pierce) was used to
detect ORF2p expressed from pAD2TEI construct.

The following antibodies were used in western blotting
experiments: mouse anti-T7 (1:5000 dilution, Novagen),
rabbit anti-TAP (1:1000 dilution, Open Biosystems),
rabbit anti-S6  (1:2000  dilution, Cell Signaling
Technology), mouse anti-FLAG M2 (1:5000 dilution,
Sigma Aldrich), mouse anti-f-actin (1:50000 dilution,
Sigma Aldrich), mouse anti-GFP (1:5000 dilution, Santa
Cruz), rabbit anti-GAPDH (1:2000 dilution, Cell
Signaling Technology) and mouse anti-RNase L (1:2000
dilution) (59). HRP-linked goat anti-mouse and anti-
rabbit secondary antibodies were purchased from Cell
Signaling Technology and were used at 1:2000 dilutions.

Quantitative real time polymerase chain reaction to
detect L1 RNA

HelLa-M cells were co-transfected with 0.5pg of
pAD2TEIl and 0.5pg of one of the following vectors:
pFLAG-CMV-2 empty vector, FLAG-tagged WT
RNase L or FLAG-tagged RNase L R667A. Forty-eight
hours later, total RNA was prepared with Trizol (Gibco/
Life Technologies) according to manufacturer’s protocol.
After contaminating DNA was removed using a Turbo
DNA-free kit (Ambion), cDNA was synthesized using
the High Capacity cDNA Reverse Transcription (RT)
kit (Gibco/Life Technologies). The resultant cDNA was
amplified using Sybr Green PCR master mix (Gibco/Life
Technologies) on a StepOnePlus system according to
manufacturer’s protocol. Primers were designed to
amplify a 91-bp fragment specific to pAD2TEl mRNA.
The product spanned the junction of L1 ORF2 gene and
the coding sequences of the engineered TAP epitope-tag in
pAD2TE!1 (Figure 1A).

The following primers were used to detect L1 RNA
from pAD2TEI:

Forward primer (F1), 5-ACACCGCATATTCCCACTC
ATAG-3; reverse primer (R1), 5-GCGGTTGGCTGC
TGAGAC-3'.

The following primers were used to detect the HY G mRNA
from the pCEP4 backbone: forward primer (F2), 5-CA
GCGAGAGCCTGACCTATTG-3'; reverse primer
(R2), ¥-CAGGCAGGTCTTGCAACGT-3.

All the primers were designed with Primer Express 3.0
software (Agglied Biosystems) and data were analyzed
with the 2°22T method (75).

Immunofluorescence

Immunofluorescence experiments to detect the co-expres-
sion of the L1 and RNase L proteins were performed as
described previously with minor modifications (66).
Briefly, HeLa-M cells (8 x 10%) were plated onto sterile
glass cover slips in each well of six-well tissue culture
plates. The next day, adherent cells were co-transfected

with 1pg of pES2TEI and 1pg of one of the following
constructs: an empty vector (pcDNA 3.0) (Gibco/Life
Technologies/InVitrogen), a Myc-tagged WT RNase L
or a Myc-tagged catalytically inactive RNase L mutant
(R667A), using 6 ul of the Fugene6 transfection reagent.
Forty-eight hours after transfection, the cells were fixed
with freshly prepared 4% paraformaldehyde (Electron
Microscopy Sciences) in | x PBS for 10 min at room tem-
perature. The fixed cells were washed three times with PBS
and permeabilized by treatment with ice-cold anhydrous
methanol for Imin at —20°C. After another 1 x PBS
wash, cells were blocked by incubation with 3% goat
serum and 0.1% Triton X-100 in 1 x PBS for 1h at
room temperature. The permeabilized cells then were
incubated with primary antibodies overnight at 4°C in a
humidified chamber. The cells were washed three times
with 1 x PBS and incubated with secondary antibodies
for 1h at 37°C in the dark. After four 1 x PBS washes,
the coverslips were mounted with Vectashield mounting
media with DAPI (Vector Labs) and sealed with nail
polish to prevent drying.

L1 RNA was detected with the MS2-GFP labeling tech-
nique (66,76). HelLa-M cells were co-transfected with
pAD3TE1 and pMS2-GFP as noted above. A nuclear-
localization signal restricts GFP-MS2 chimera to the
nucleus, where it associates with L1 RNA through MS2-
binding sites present in the pAD3TEl 3-UTR (66).
Cytoplasmic GFP signals (white arrows, Figure 7)
indicate the location of engineered L1 RNA after
nuclear export.

All the primary and secondary antibodies were diluted
in blocking buffer (3% goat serum, 0.1% Triton X-100 in
1 x PBS). The following primary antibodies were used: rat
anti-HA (clone 3F10, 1:100 dilution, Roche), mouse anti-
EBV nuclear antigen (EBNA-1, 1:100 dilution, Abcam)
and rabbit anti-Myc (1:200 dilution, Cell Signaling
Technology). Highly cross-absorbed Alexa Fluor Dyes
linked to goat IgG (H+L) secondary antibodies were
used at 1:1000 dilution, including Alexa Fluor 488 goat
anti-mouse, Alexa Fluor 568 goat anti-mouse, Alexa
Fluor 568 goat anti-rat and Alexa Fluor 647 goat anti-
rabbit (Molecular Probes). Notably, the entire slide was
examined and representative images of each sample slide
were captured using a Leica TCS-SP confocal microscope
with fluorescent filters.

RESULTS

RNase L suppresses the retrotransposition of engineered
L1 and IAP elements

We used previously established cell culture assays to de-
termine whether the expression of an RNase L ¢cDNA
affects the retrotransposition of engineered human LI
and mouse IAP retrotransposons (Figure 1) (13,41,73).
Briefly, HeLa-M cells, which are deficient in endogenous
RNase L expression (71) (Figure 3C, Lane 1), were co-
transfected with either an engineered retrotransposon
[human LI PJMIOI/LI .3 (20)] or mouse IAP [pDJ33/
440N1neoTN (13)] and either an empty vector (pFLAG-
CMV-2) or a plasmid that expresses an amino-terminal
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FLAG-tagged version of RNase L [WT RNase L, a cata-
Iytically inactive RNase L mutant (R667A), or constitu-
tively active (NA385) RNase L mutant (70)]. While the
HeLa-M cells used in this study are deficient in RNase
L, it should be noted that other types of HeLa cells
(including ATCC CCL-2 and S3) express normal levels
of endogenous RNase L (77,78). Both the L1 and TAP
constructs contain a retrotransposition indicator cassette
in their 3’ ends (Figure 1). The indicator cassette con-
sists of either an antisense copy of a neomycin
phosphotransferase gene (mneol) or an enhanced green
fluorescent protein-coding gene (mEGFPI) equipped with
a heterologous promoter (Pr’) and polyadenylation signal
(lollipop symbol, Figure 1A) (41,65,79). Notably, both the
mneol and mEGFPI indicator cassettes are disrupted by
an intron [IVS2 of the y-globin gene in the L1 constructs
(41) and intron 2 of the murine tumor necrosis factor beta
(TNF-B) gene in the IAP construct (80)] that is in the same
transcriptional orientation as the L1 or IAP retrotrans-
poson. This arrangement ensures that the reporter gene
only will become activated and expressed if the retrotrans-
poson RNA is reverse transcribed and integrated into
genomic DNA (Figure 1B). The resultant numbers of
G418-resistant foci or EGFP-positive cells serve as a
read out of L1 or IAP retrotransposition efficiency
(Figure 1C) (41,65).

Retrotransposition assays revealed that expression of
FLAG-tagged WT or constitutively active RNase L
mutant (NA385) proteins (70) led to a reduction in L1
retrotransposition efficiency in the mneol-based reporter
assays (~72 and ~97%, respectively) (Figure 2A and B).
In contrast, the FLAG-tagged catalytically inactive
RNase L mutant (R667A) did not significantly inhibit
L1 retrotransposition (Figure 2A and B). As a positive
control, we demonstrated that the expression of a
FLAG-tagged A3A protein reduced L1 retrotransposition
by ~50%. The lower level of A3A expression (Figure 2C)
may lead to its reduced suppression of L1 retrotran-
sposition when compared with previous studies (68,81).
As a negative control, we demonstrated that the
expression of FLAG-tagged RIG-I protein (82), a
pathogen recognition receptor for viral RNA, had no sig-
nificant effect on L1 retrotransposition. Western blot
analyses confirmed that FLAG-tagged RNase L, A3A
and RIG proteins were expressed in Hela-M cells
(Figure 2C). Moreover, the expression of the RNase L
proteins did not significantly impact cell viability (Figure
3). To corroborate the above findings, we next tested
whether the expression of FLAG-tagged WT RNase L,
constitutively active RNase L mutant (NA385) and
catalytically inactive RNase L mutant (R667A) proteins
could inhibit the mobility of an engineered human L1
that contains the mEGFPI-based retrotransposition
cassette located in the 3-UTR (Figure 1A; pLRE3-
mEGFPI) (19,65). Once again, we found that both the
WT and NA385 RNase L proteins inhibited L1 retrotran-
sposition and that the catalytically inactive R667A RNase
L mutant did not (Figure 4A and Supplementary Figure
S1). The control plasmid (pJMI111-LRE3-mEGFPI),
which carries two missense mutations in ORF1p rendering
it inactive, showed only background EGFP expression.

Nucleic Acids Research, 2014, Vol. 42, No.6 3809

Western blot analyses confirmed that the epitope-tagged
RNase L and A3A proteins were expressed (Figure 4B).
Notably, the decrease in retrotransposition efficiency
(~50%) caused by RNase L expression was less
pronounced in the EGFP-based retrotransposition assays
when compared with the mneol-based retrotransposition
assay. These differences may be due to the shorter time
duration of the mEGFPI-based retrotransposition assays
(6 days) when compared with mneol-based (12 day)
assays.

To test whether endogenous RNase L restricts L1
retrotransposition, we used siRNA-based experiments to
deplete RNase L in a human ovarian cancer cell line,
Heylb (Supplementary Figure S2). Heylb cells express
relatively high levels of RNase L typical of some human
cancer cell lines, in contrast, RNase L is barely detectable
in HeLa-M cells (71). Western blot analyses, using a
monoclonal antibody that detects endogenous RNase L,
revealed that cells transfected with an siRNA pool that
targets RNase L exhibited an ~90% reduction in en-
dogenous RNase L protein levels when compared with
cells transfected with a control siRNA pool (Figure 5A).
Reduction of the endogenous RNase L protein level was
evident 24 h after transfection and was maintained for
~96 h (data not shown). Retrotransposition assays using
pLRE3-mEGFPI (19,65) revealed that ~0.4% of cells
treated with control siRNA became EGFP-positive after
4 days of puromycin drug selection (Figure 5B and C and
Supplementary Figure S2), which enriched for cells con-
taining the L1 expression plasmid. In contrast, ~0.75% of
cells treated with siRNNA against RNase L were EGFP-
positive (Figure 5B and C). As expected, the retrotran-
sposition-defective L1 (pJMI111-LRE3-mEGFPI) only
exhibited background EGFP expression levels regardless
of RNase L depletion (Figure 5B).

We next determined if RNase L was able to repress the
retrotransposition of an engineered mouse IAP element
(Figure 1A, construct pDJ33/440N1neo’™*). Consistent
with our L1 findings, expression of the WT and constitu-
tively active RNase L proteins severely reduced IAP
retrotransposition efficiency by ~90% (Figure 6). The
catalytically inactive RNase L (R667A) mutant did not
significantly —affect TAP retrotransposition. Again,
controls indicated that the expression of A3A reduced
IAP retrotransposition, whereas RIG-I expression did
not significantly affect retrotransposition (Figure 6B).
Together, the above data strongly suggest that RNase L
is a potent inhibitor of engineered L1 and IAP retrotran-
sposition and that this inhibition requires RNase L
nuclease activity.

RNase L reduces levels of L1 RNA

Since RNase L is a ribonuclease, we next asked if its ex-
pression affected steady state L1 mRNA levels in trans-
fected cells. To accomplish this goal, we designed primers
that would amplify a 91-bp fragment that spans the
junction of the ORF2/TAP-tag coding region in a trans-
fected L1 expression construct (pAD2TE1) (66). Notably,
these primers should specifically amplify L1 mRNA
derived from pAD2TEl and should not amplify
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Figure 2. Inhibition of L1 retrotransposition by RNase L. (A) L1 Retrotransposition Assays: HeLa-M cells were co-transfected with pJM101/L1.3
and either an empty vector (pFLAG-CMV-2) or a plasmid that encodes amino-terminal FLAG-tagged versions of the following proteins: RNase L,
A3A or RIG-I. The cells were subjected to selection for 10 days and G418-resistant foci were fixed and stained with crystal violet for visualization
purposes. A representative tissue culture dish for each condition is shown. (B) Quantitation of the L1 Retrotransposition Assays: The X-axis depicts
the co-transfected construct names. The Y-axis depicts the number of G418-resistant foci per cell culture dish. Data are shown as the mean + stand-
ard deviation (SD) from a single experiment with three technical replicates. *P < 0.01 (when each test group was compared with empty vector control
with Dunnett’s Multiple Comparison Test). The experiment was conducted four times (biological replicates) with similar results. (C) Protein
expression analyses: The WT RNase L, catalytically inactive RNase L mutant (R667A), constitutively active (NA385) RNase L mutant, A3A
and RIG-I proteins were detected from total cell lysates in western blots with anti-FLAG antibody 2 days after transfection. B-actin served as loading
and transfer control. Size standards are indicated in kDa at the left of the gel.

endogenous L1 mRNAs, which lack the TAP epitope-tag
at the end of the ORF2 coding sequence. Primers capable
of amplifying mRNA from the hygromycin
phosphotransferase gene (HYG) present on the pCEP4
L1 expression plasmid backbone served as an internal/
normalization control. [The polymerase chain reaction
(PCR) strategy is illustrated in Figure 1A, see PCR
primers beneath the map of pAD2TEl.] Quantitative
reverse transcriptase PCR (RT-PCR) analysis revealed
that the expression of WT RNase L reduced L1 mRNA
levels by ~80% (Figure 7A). However, expression of the
catalytically inactive R667A RNase L mutant failed to
significantly reduce L1 mRNA levels (Figure 7A). In a
separate control experiment, we demonstrated that co-
transfection of WT RNase L did not affect HYG
mRNA levels expressed from pIREShyg (Clontech)
(Supplementary Figure S3). These data suggest that
RNase L preferentially targets L1 mRNA for degradation,
and that its nuclease activity is required for the decrease in
L1 mRNA levels.

To validate our quantitative RT-PCR (qRT-PCR)
findings, we analyzed the effect of RNase L on the accu-
mulation of L1 mRNA in the cytoplasm of cells. To

visualize the L1 mRNA, we took advantage of a previ-
ously described construct, pAD3TEIl, which encodes an
L1 element that contains 24 copies of MS2 RNA
binding element in its 3’-UTR (Figure 1A) (66). The co-
expression of pAD3TE]1 and a plasmid encoding a nuclear
localized MS2-GFP protein would allow the MS2-GFP
protein to bind the MS2 RNA sequences in pAD3TEI
mRNA, allowing the indirect visualization of the L1
mRNA via immunofluorescent confocal microscopy (66).
We observed punctate L1 cytoplasmic foci in cells co-
transfected with pAD3TEI, the MS2-GFP protein expres-
sion construct and either the empty vector pcDNA 3.0 or
the inactive RNase L R667A mutant (Figure 7B). In
contrast, we did not observe punctate L1 cytoplasmic
foci in cells co-transfected with pAD3TEIl, the MS2-
GFP protein expression construct and the WT RNase L
expression construct (~200 cells were examined per slide
and representative images were captured) (Figure 7B). As
an additional control for this experiment, we determined
that EBNA-1, which is present on the backbone of the
pAD3TE]1 expression vector, was still expressed in the
presence of WT RNase L. Together, these data indicate
a ribonuclease-dependent effect of RNase L on L1 RNA
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Figure 3. Human RNase L alone does not affect G418-resistant foci formation. (A) Results from the Assay: HeLa-M cells were co-transfected with
pcDNA 3.0 (Gibco/Life Technologies/InVitrogen) and either an empty vector (pFLAG-CMV-2) or an amino-terminal FLAG-tagged RNase L
expression plasmid. The cells were subjected to selection for 10 days and G418-resistant foci were fixed and stained with crystal violet for visual-
ization purposes. A representative tissue culture dish for each condition is shown. (B) Quantitation of the Assays: The X-axis depicts construct
names. The Y-axis depicts the number of G418-resistant foci per cell culture dish. Quantification was performed as outlined in the legend to Figure
2B. Data are shown as the mean =+ standard deviation (SD) from a single experiment with three technical replicates. The experiment was conducted
three times (biological replicates) with similar results. No statistically significant difference was found with one-way ANOVA and post hoc tests. (C)
Protein expression analyses: The WT RNase L, catalytically inactive RNase L mutant (R667A) and constitutively active (NA385) RNase L mutant
were detected from total cell lysates in western blots with anti-RNase L antibody 2 days after transfection. B-Actin served as loading and transfer

control. Size standards are indicated in kDa at the left of the gel.

levels and likely explain, in part, how RNase L adversely
affects L1 retrotransposition.

Expression of RNase L leads to a decrease in L1 protein
expression

During viral infections, the OAS-RNase L system
degrades certain viral and cellular mRNAs, thereby pre-
venting protein synthesis [reviewed in (56)]. Thus, we per-
formed western blot analyses to determine if the observed
reduction in L1 mRNA correlated with a reduction in the
accumulation of the L1-encoded proteins. To accomplish
this goal, we co-transfected HeLLa-M cells with pAD2TE1
(66) and either an empty vector (pFLAG-CMV-2) or a
FLAG-tagged RNase L expression construct (WT, the
constitutively active NA385 RNase L mutant or the cata-
lytically inactive R667A RNase L mutant). The trans-
fected cells then were subjected to selection in
hygromycin B containing medium. The total cell lysates
and L1 RNP preparations then were subjected to western
blot analyses (see ‘Materials and Methods’ section).

An anti-T7 antibody detected the ~40 kDa ORFlp in
both total cell lysates and RNP fractions derived from
cells co-transfected with pAD2TEI1 and either an empty
vector (pFLAG-CMV-2) or the catalytically inactive
RNase L (R667A) mutant (Figure 8A). Similarly, an
anti-TAP antibody detected the ~170 kDa ORF2p in
both total cell lysates and RNP fractions. In contrast,
ORFl1p and ORF2p were markedly reduced in cells trans-
fected with pAD2TEI and either the WT RNase L or
constitutively active NA385 RNase L mutant. Notably,
RNase L did not affect the level of endogenous ribosomal
S6 protein in total cell lysates and RNP fractions. We also
observed an RNase L-dependent reduction of ORFlIp
in cells transfected with pDKS500 (a T7-gene 10 epitope-
tagged ORFIp expression construct), as well as a
reduction in ORF2p in cells transfected with pAD500
(a TAP epitope-tagged ORF2p expression construct)
(Supplementary Figures S4 and S5, respectively).
Control assays again demonstrated that the WT and
mutant FLAG-tagged RNase L proteins are expressed at
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Figure 4. Expression of RNase L inhibits L1 retrotransposition in an
EGFP-based retrotransposition assay. (A) Results from the assays:
HeLa-M cells were co-transfected with an expression construct contain-
ing an active human L1 (pLRE3-mEGFPI) and an empty vector
(pFLAG-CMV-2), a plasmid encoding an amino-terminal FLAG-
tagged RNase L expression plasmid or an amino-terminal HA-tagged
A3A expression plasmid. Experiments with a retrotransposition-defective
L1 pJMI111-LRE3-mEGFPI served as a negative control. The cells were
subjected to puromycin selection for 4 days after transfection.
Fluorescence Activated Cell Sorting (FACS) was then used to screen
for EGFP-positive cells. The X-axis indicates the construct name. The
Y-axis indicates the percentage of EGFP-positive cells. For each sample,
2 x 10° cells were analyzed and the percentage of EGFP-positive cells was
calculated with using the FlowJo software package. Data were analyzed
with one-way ANOVA with post hoc tests and are shown as mean = SD
from a single experiment with three technical replicates. *P <0.01
(Dunnett’s Multiple Comparison Test). The experiment was conducted
four times (biological replicates) with similar results. (B) Protein expres-
sion analyses: The WT RNase L, catalytically inactive RNase L mutant
(R667A), and constitutively active (NA385) RNase L mutants were
detected in total cell lysates by western blot with anti-RNase L
antibody 2 days after transfection. The A3A protein was detected
using an anti-HA antibody. B-Actin served as loading and transfer
control. Size standards are indicated in kDa at the left of the gel.

similar levels in total cell lysates 2 days after transfection
(Figure 8B). Importantly, we did not observe an RNase
L-dependent reduction in HeLa-M cells co-transfected
with pEGFP-C1, suggesting that RNase L may preferen-
tially target L1 RNA, thereby adversely affecting the
expression of the L1 proteins (Figure §B).

Expression of RNase L prevents the formation of L1
cytoplasmic foci

Previous immunofluorescence studies demonstrated that
the Ll-encoded proteins and L1 RNA begin to appear
as discrete cytoplasmic foci that often associate with
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Figure 5. Depletion of endogenous RNase L increases L1 retrotran-
sposition efficiency. (A) Knockdown of endogenous RNase L protein:
Heylb cells were transfected with control siRNA pools or RNase L
siRNA pools. Western blotting using an anti-RNase L monoclonal
antibody confirmed RNase L knockdown 48 h after siRNA transfec-
tion. B-Actin served as loading and transfer control. The band intensity
was quantified with Image] software (83) and the relative ratio of
RNase L to B-actin is shown. (B) Representative Retrotransposition
Assay Results: Control siRNA (control) and siRNA-mediated RNase
L depleted cells (RNase L) were transfected with either pLRE3-
mEGFPI or pJMI11-LRE3-mEGFPI. L1 retrotransposition was
assayed as described in Figure 4. Representative FACS plots are
shown, as is the conservative gating strategy used to detect EGFP-
positive cells. (C) Quantitation of the Retrotransposition Assays: The
X-axis indicates the control siRNA (control) or siRNA-mediated
RNase L depleted cells (RNase L). The Y-axis indicates the percentage
of EGFP-positive cells. For each sample, 2 x 10° cells were analyzed
and the percentage of EGFP-positive cells was calculated with using the
FlowJo software package. The experiment was conducted four times
(biological replicates) with similar results; representative data from one
experiment are shown. Data are reported as the mean = SD from three
technical replicates of a single representative experiment. The asterisk
indicates a P = 0.0079 and was calculated with two-tailed Student’s
t-test.

stress granules and/or processing bodies (P-bodies) at 48
h posttransfection (66,85). Because the expression of
RNase L adversely affected L1 mRNA levels and, in
turn, ORF1p and ORF2p protein accumulation, we next
examined whether RNase L expression adversely affects
L1 cytoplasmic foci accumulation. To accomplish this
goal, we co-transfected HeLa-M cells with an L1 expres-
sion vector (pES2TEI1) (66) including an HA-tagged
ORF2p, and an empty vector (pcDNA 3.0), a plasmid


two 
post-
as soon as 
ours
post
-
Since 
either 

Nucleic Acids Research, 2014, Vol. 42, No.6 3813

A Vector RNase L B < 900 IAP
Control Full length WT =)
(Full length WT) > 500
/.—‘_-.\\ DU-’ 7004
oo 2 600-
oo . ‘ S
) § 500+
heer *g 400+
— 3 3004 *
RNase L R667A RNase L NA385 & 200
(Nuclease-Dead) (Constitutive Active) L 1004 *
<
— © 0- - = =
y A > 5 —~ < 0 -
52 %€ 35 88 & 9
£ 2 8 = Lo 8<d < o
W= gz
C  (pa) »
100—
< 75—
A3A RIG-I 2 50—
(Positive Control)  (Negative Control) o
T, ‘é H—
T, g
25—

Anti-p-Actin
Ab b d ad A X 4

Figure 6. Inhibition of IAP retrotransposition by RNase L. (A) IAP Retrotransposition Assays: HeLa-M cells were co-transfected with a mouse IAP
expression construct (pDJ33/440N1neo”™") and either an empty vector (pbFLAG-CMV-2) or an expression plasmid that encodes an amino-terminal
FLAG-tagged version of the following proteins: WT RNase L, a catalytically inactive RNase L mutant (R667A), a constitutively active RNase L
mutant (NA385), A3A or RIG-I. The cells were subject to selection for 10 days and G418-resistant foci were fixed and stained with crystal violet for
visualization purposes. A representative tissue culture dish for each condition is shown. (B) Quantitation of the IAP Retrotransposition Assays: The
X-axis depicts names of constructs co-transfected into cells with the IAP construct. The Y-axis depicts the number of G418-resistant foci per cell
culture dish. Data are represented as the mean + standard deviation (SD) from a single experiment with three technical replicates. *P <0.01 (when
each test group was compared with empty vector control with Dunnett’s Multiple Comparison Test). The error bar in the Empty Vector bar is too
small to visualize. The experiment was conducted three times (biological replicates) with similar results. (C) Protein expression analyses: The WT
RNase L, catalytically inactive RNase L mutant (R667A), constitutively active RNase L mutant (NA385), A3A and RIG-I proteins were detected in
total cell lysates by western blotting with anti-FLAG antibody 2 days after transfection. B-Actin served as loading and transfer control. Size
standards are indicated in kDa at the left of the gel.

expressing the amino-terminal Myc-tagged WT RNase L because RNase L degraded L1 RNA, thereby inhibiting

or a catalytically inactive R667A RNase L mutant expres- L1 protein expression and RNP formation. Together, the
sion construct. Consistent with the findings reported above data are not inconsistent with the conclusion that
above, immunofluorescent confocal microscopy revealed RNase L may preferentially target L1 transcripts for

the presence of ORF2p cytoplasmic foci in the presence degradation.
of the empty vector and the catalytically inactive R667A

RNase L mutant expression construct (Figure 9). In

contrast, L1 ORF2p foci were not observed on co-expres- DISCUSSION
sion of WT RNase L.

Additional control experiments revealed expression of
the EBNA-1 protein from the pCEP4 plasmid backbone Our findings strongly suggest that the relatively general
in either the presence or absence of WT RNase L antiviral pathway mediated by RNase L may also
(Figure 9, green signal), confirming that the plasmids restrict certain non-LTR and LTR retrotransposons.
were successfully transfected into cells. Moreover, we con- The available data indicate that transient expression of
firmed that both the WT and R667A RNase L mutant RNase L inhibits both L1 and IAP retrotransposition
were expressed in Hela-M cells, and exhibited a diffuse (Figures 2, 4 and 6). Conversely, the siRNA-mediated

Mechanism of L1 restriction by RNase L

cytoplasmic localization (Figure 9, magenta signal). knockdown of endogenous RNase L increased LI
Although RNase L previously was reported to associate retrotransposition by ~87% (Figure 5). Regarding our
with stress granules after viral infection (86), we did not TAP results, while there are limitations in drawing conclu-

detect co-localization of RNase L and ORF2p, possibly sions from cross species transfection experiments, our
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Figure 7. RNase L reduces L1 RNA accumulation in cells. (A) Results of qRT-PCR experiments: HeLa-M cells were co-transfected with pAD2TEI
and an empty vector (pFLAG-CMV-2) or an amino-terminal FLAG-tagged RNase L expression plasmid. L1 RNA levels were determined 48 h after
transfection using the Sybr Green method (84). The X-axis indicates the RNase L co-transfected samples. The Y-axis indicates the relative expression
level of L1 RNA from the transfected construct. The L1 RNA amounts were normalized with hygromycin mRNA levels (see ‘Materials and
Methods’ section for detailed PCR strategy). Data are represented as the mean + SD from three technical replicates of a single representative
experiment. *P < 0.01 (Dunnett’s Multiple Comparison Test). The experiment was conducted three times (biological replicates) with similar results.
ns, not significant. (B) Immunofluorescent Confocal Microscopy Studies: HeLa-M cells were co-transfected with pAD3TEI, a plasmid expressing a
nuclear localized MS2-GFP fusion protein, and an empty vector (pcDNA 3.0) or an amino-terminal Myc-tagged RNase L expression plasmid.
Immunofluorescent confocal microscopy demonstrated L1 RNA accumulation in cytoplasmic foci by exploiting the 24 MS2 binding sites in
pAD3TEl L1 RNA. The top labels indicate DAPI, MS2-GFP or the antibodies used to detect the EBNA-1 and RNase L proteins. The labels
on the left side of the figure indicate the empty vector or RNase L constructs that were co-transfected into cells. The rightmost column indicates the
overlay staining. The white arrows indicate L1 cytoplasmic foci containing L1 RNA. For each condition, either two or three slides were examined per
experiment. About 200 cells were examined per slide and representative images were captured. The experiment was conducted three times (biological

replicates) with similar results.

findings suggest a relatively general role for RNase L in L1 and IAP retrotransposition are not suppressed in the
restricting retrotransposons that have different integration presence of an RNase L containing a single amino acid
mechanisms. IAP elements in mice are the result of trans- substitution (R667A), which abrogates its enzymatic
mission of the viral progenitor IAPE (87), and therefore, activity. These data indicate that a principal mechanism

inhibition of AP transposition by RNase L is not incon- by which RNase L inhibits L1 and IAP retrotransposition
sistent with its antiviral function. likely involves the posttranscriptional cleavage of
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Figure 8. Expression of RNase L reduces L1 protein expression. (A) L1 protein expression: HeLa-M cells were co-transfected with pAD2TEI and
either an empty vector (pFLAG-CMV-2) or a plasmid that encodes an amino-terminal FLAG-tagged RNase L expression plasmid. Two days after
transfection, cells were selected with hygromycin containing medium for an additional 4 days when total cell lysates and L1 RNPs were prepared.
Western blotting, using anti-T7 and anti-TAP antibodies, was used to detect ORF1p and ORF2p, respectively. Shown are two exposures of the
ORF2p anti-TAP western blot. Endogenous ribosomal S6 protein was used as the loading/transfer control. -Actin detection discriminated the total
cell lysate (left side of panel) from the L1 RNP fractions (right side of panel). The experiments were repeated twice (biological replicates) with similar
results. Shown are data from one representative experiment. (B) RNase L does not inhibit exogenous EGFP protein expression: HeLa-M cells were
co-transfected with pEGFP-C1 and either an empty vector (pFLAG-CMV-2) or a plasmid that encodes an amino-terminal FLAG-tagged RNase L
expression plasmid. Total cell lysates were harvested and the expression of RNase L and GFP was detected in western blot experiments using anti-
RNase L and anti-GFP antibodies at 48 h after transfection. GAPDH served as a loading and transfer control.

retrotransposon RNA. In addition, it is unknown if R667A
also affects RNA binding, but if it does it could explain why
the catalytically inactive mutant cannot be co-localized with
L1 RNA. The expression of WT RNase L, as well as a
constitutively active RNase L mutant (NA385), led to a
reduction in L1 RNA levels; this reduction, in turn, led
to a decrease in both ORFlp and ORF2p expression
(Figures 7, 8 and 9). In contrast, RNase L expression had
little effect on HYG mRNA, which also is expressed from
the L1 expression construct (pCEP4) backbone (Figure 7).
These findings and a lack of ribosomal RNA cleavage
products (data not shown) suggest that RNase L preferen-
tially targets L1 RNA for degradation.

The specificity of RNase L has been previously
studied (88,89). RNase L cleaves single-strand RNA,

predominantly after UpAp and UpUp dinucleotide se-
quences (88,89). However, the structural context of the
RNA substrate greatly influences the choice of cleavage
sites (90). Certain viral and cellular single-strand RNAs
are subject to degradation. For example, ribosomal RNA
present in intact ribosomes can be cleaved by RNase L
producing a characteristic pattern of discrete products in
some IFN-treated and virus-infected cells (91,92). The mo-
lecular mechanism by which RNase L targets L1 RNA
requires further study. We hypothesize that double-
stranded structures (e.g. stem loops) within L1 RNA
may activate OAS to produce microdomains of 2-5A (an
activator of RNase L) from ATP. Alternatively, RNAs
produced from the L1 sense and antisense promoters
(SP and ASP, respectively) (46) may hybridize to form a
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3.0) or a plasmid that encodes an amino-terminal Myc-tagged RNase L expression plasmid. Immunofluorescent confocal microscopy was used to
examine L1 ORF2p accumulation in cytoplasmic foci by exploiting the FLAG-HA epitope-tag in pES2TE1 48 h after transfection. The top labels
indicate the antibodies used to detect the indicated proteins: anti-HA-ORF2p, red; anti-EBNA-1, green; anti-Myc RNase L, magenta. The labels on
the left side of the figure indicate the empty vector or RNase L constructs that were co-transfected into cells. The rightmost column indicates the
merged overlay staining. L1 ORF2p formed discrete cytoplasmic punctate localization in co-transfection experiments performed with the empty
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per experiment. About 200 cells were examined per slide and representative images were captured. The experiment was conducted three times

(biological replicates) with similar results.

region of dsRNA that activates OAS (46,93). This
proposed localized activation of OAS, and RNase L
may then result in the targeted degradation of L1 RNA.

The above model has precedent. For example, it previ-
ously was hypothesized that partially double-stranded
RNAs, such as replicative intermediates from certain
picornaviruses including encephalomyocarditis virus,
could lead to localized OAS-RNase L activation (94,95).
RNAs linked to double-strand RNA were preferentially
degraded by RNase L when compared with single-
stranded RNAs lacking a double-strand segment (94).
By analogy, there is evidence for another localized activa-
tion model involving production of a different small
molecule  second  messenger, cyclic  adenosine
monophosphate (cAMP). The distribution in rat
neonatal cardiac myocytes of enzymes that synthesize
and degrade cAMP produce microdomains of cAMP
that specifically activate a subset of localized protein
kinase A molecules (96). Thus, in principle, 2-5A
microdomains would form near the sites of OAS com-
plexed with its RNA activators. Within these 2-5A
microdomains, RNase L would become active causing
cleavage of the RNA stimulators of OAS, in this case
L1 RNA. This model could be relevant to both retrotran-
sposition and viral infections and warrants further

investigation. Finally, it is noteworthy that RNase L
may not be the only host protein that regulates L1
retrotransposition by nucleic acid degradation. For
example, it is hypothesized that the 3/-5 exonuclease
Trex1 inhibits L1 retrotransposition by degrading L1
cDNA intermediates (48).

Notably, we did not observe co-localization of RNase L
with L1 cytoplasmic foci (Figures 7 and 8). There are a
number of possible explanations for this result. First, the
degradation of L1 RNA by WT or constitutively active
RNase L would be predicted to inhibit the formation of
L1 RNPs, thereby hampering the visualization of co-
localized foci. Second, the inability to observe co-localiza-
tion of L1 cytoplasmic foci with the catalytically inactive
R667A RNase L mutant could reflect the transient nature
of the association of RNase L with its RNA substrate
(97). Similarly, the absence of RNase L in the interactome
from isolated L1 ORFI protein and its RNPs is not in-
consistent with a transient interaction between in LI
RNA and RNase L (54). Lastly, it remains possible that
the ectopic expression of RNase L leads to an artifactual
degradation of L1 RNA. However, this scenario is
unlikely because RNase L did not inhibit HYG mRNA
production or EGFP protein production, and siRNA-
mediated depletion of RNase L from Heylb cell led to
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a modest increase in L1 retrotransposition (Figures 5, 7A
and 8B).

Implications for RNase L in the control of
retrotransposons

RNase L was previously suggested to be involved in
prostate carcinogenesis after being mapped to the heredi-
tary prostate cancer 1 locus (98). Mutations in RNase L
discovered from linkage analysis include two protein
inactivating mutations (A157-164X and E265X), a
mutation that abrogates translation (M1I) and a
missense variant 1385G—A (R462Q) that reduce RNase
L activity by 3-fold (99). The connection between RNase
L and prostate cancer was further expanded to other types
of cancer. Genetic variations in RNASEL have been
identified in cancers of head and neck, uterus, cervix and
breast (100). They are also associated with disease
aggressiveness and metastasis in familial pancreatic
cancer (101) and with age of onset of hereditary nonpolyp-
osis colon cancer (102).

Studies from our group and others found that loss-of-
function mutations in RNASEL potentially contributed to
cancer development by dysregulating apoptosis of cancer
cells (71,103-105). However, inconsistent findings on the
same RNASEL mutations among studies, some that
show an association with cancer and others that do not,
suggest that RNase L might act as a modifier of disease
progression with possible interactions between environ-
mental factors and genetics [reviewed in (99,106)]. In this
regard, it would be interesting to see if a loss of RNase L
activity correlates with an increase in LI retrotran-
sposition activity in certain tumors. Recent studies have
shown somatic L1 retrotransposition activity in a subset
of colorectal, liver and lung tumors (107-110).

In conclusion, we have identified a potential restriction
mechanism for retrotransposition involving the antiviral
protein RNase L. These findings emphasize the complex
and dynamic interplay between retrotransposons and the
cell. Our data provide evidence that RNase L inhibits
L1 RNA accumulation and the subsequent formation of
L1 RNPs, thereby impairing the completion of the LI
retrotransposition cycle. By inhibiting L1 retrotran-
sposition in somatic cells, RNase L might contribute to
the maintenance of genomic stability.
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