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ABSTRACT

Short interspersed nuclear elements (SINEs) are
retrotransposons evolutionarily derived from en-
dogenous RNA Polymerase III RNAs. Though SINE
elements have undergone exaptation into gene reg-
ulatory elements, how transcribed SINE RNA im-
pacts transcriptional and post-transcriptional reg-
ulation is largely unknown. This is partly due to
a lack of information regarding which of the loci
have transcriptional potential. Here, we present an
approach (short interspersed nuclear element se-
quencing, SINE-seq), which selectively profiles RNA
Polymerase III-derived SINE RNA, thereby identify-
ing transcriptionally active SINE loci. Applying SINE-
seq to monitor murine B2 SINE expression during a
gammaherpesvirus infection revealed transcription
from 28 270 SINE loci, with ∼50% of active SINE ele-
ments residing within annotated RNA Polymerase II
loci. Furthermore, B2 RNA can form intermolecular
RNA–RNA interactions with complementary mRNAs,
leading to nuclear retention of the targeted mRNA via
a mechanism involving p54nrb. These findings illumi-
nate a pathway for the selective regulation of mRNA
export during stress via retrotransposon activation.

INTRODUCTION

Approximately 10% of mammalian genomic sequence con-
sists of repetitive elements referred to as short interspersed
nuclear elements (SINEs) (1). SINEs are non-autonomous,
noncoding retrotransposons transcribed by RNA Poly-
merase III (RNA Pol III). Alu elements are the predomi-
nant SINE family in the human genome, while the murine
genome harbors two major and unrelated SINE families, B1
and B2.

Both human and murine SINEs are evolutionarily de-
rived from endogenous RNA Pol III transcripts. Though

Alu and B1 elements are both derived from 7SL RNA, the
RNA component of the signal recognition particle, they
evolved independently of each other following the primate-
rodent split (2–4). Conversely, B2 elements are derived from
transfer RNA (tRNA) (5). Human and murine SINE ele-
ments have independent evolutionary origins, but they ex-
hibit a similarly biased genomic distribution in gene-rich re-
gions and a preference for an antisense orientation within
genes (6–8). The evolutionary convergence of both SINE
location and orientation suggests a functional advantage,
perhaps at the level of gene expression regulation.

Although traditionally viewed as parasitic elements, nu-
merous functions related to gene regulation and pathogen-
esis have been discovered for both silent and transcription-
ally active SINE loci. At the genomic sequence level, SINEs
have evolved into a variety of regulatory elements includ-
ing enhancers and transcription factor binding sites (9–16).
SINEs located within genes can also impact the fate of the
transcribed gene, even if they are not independently ex-
pressed. For example, when these ‘embedded’ SINEs are lo-
cated within RNA Pol II-transcribed RNAs, they can serve
as polyadenylation signals (17,18). Additionally, they can
form intra- or intermolecular complementary base pair in-
teractions with other embedded SINE sequences. Such in-
teractions can promote nuclear retention of mRNA (19), as
well as facilitate mRNA or long ncRNA degradation via the
Staufen-mediated RNA decay (SMD) pathway (20–22).

In germ cells and during early embryonic development,
SINE elements are transcriptionally active (23). In con-
trast, in healthy somatic cells, SINE elements are typically
transcriptionally repressed. However, SINE ncRNA levels
rapidly and robustly accumulate in response to a variety of
stresses, including heat shock, noxious chemicals, and viral
infection, and functions for these ncRNAs are beginning
to be discovered (24–30). For example, Alu and B2 ncR-
NAs induced during heat shock can repress gene expression
by interacting directly with RNA Pol II and preventing it
from establishing contacts with the promoter during closed
complex formation (31–33). Upon entering the cytoplasm,
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SINE ncRNAs activate components of the innate immune
response linked to inflammation, and thus their constitutive
expression can lead to pathogenic outcomes such as age-
related macular degeneration (AMD) (34,35). SINE ncR-
NAs are robustly induced by multiple viruses, and we re-
cently demonstrated that one outcome of this induction
during murine gammaherpesvirus 68 (MHV68) infection is
activation of NF-�B, a component of the innate immune re-
sponse (30). Interestingly, in the case of MHV68 infection
the virus hijacks the IKK� kinase from the NF-�B pathway
to stimulate viral transcription (36), and thus SINE induc-
tion benefits the viral lifecycle (30). Presumably, additional
functions exist for SINE ncRNAs in cell signaling and/or
individual or global gene regulation.

The mechanisms behind SINE transcriptional regulation
are not fully understood, although both DNA CpG methy-
lation and trimethylation of histone H3 (H3K9me3) have
been implicated (37–41). However, it is unclear how many of
the individual SINE loci retain transcriptional potential, or
whether the strong positional and orientation bias of SINEs
impacts SINE RNA transcription or function. These ques-
tions cannot be addressed without a strategy to globally
monitor repetitive element expression that discriminates be-
tween RNA Pol III-derived SINE RNAs and SINEs that
are embedded within RNA Pol II transcripts but not inde-
pendently expressed as ncRNAs.

Here, we present an approach to selectively profile RNA
Pol III-derived SINE RNA, and use it to characterize B2
SINE expression induced upon infection with the gamma-
herpesvirus MHV68. Our analysis revealed 28 270 tran-
scriptionally active B2 loci, many of which reside within
annotated RNA Pol II genes. Transcribed SINE RNAs
could impact gene expression in a variety of ways, and
we demonstrate that one such mechanism involves inter-
molecular RNA–RNA interactions between SINE RNA
and complementary mRNAs, leading to nuclear retention
of the targeted mRNA. Thus, transcriptional activation of
retrotransposon elements can impact the trafficking of in-
dividual mRNAs. Collectively, our findings provide a plat-
form for analyzing how activation of specific SINE loci con-
tributes to cellular gene regulation during stress.

MATERIALS AND METHODS

Cells, viruses, and infections

NIH 3T3 and NIH 3T12 mouse embryo fibroblasts were
obtained from ATCC and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen) with 10% fetal
calf serum (FBS; Invitrogen, HyClone). The green fluores-
cent protein (GFP)-expressing WT MHV68 bacterial arti-
ficial chromosome (BAC) and the MHV68 ORF37 R443I
(�HS) point mutant BAC that produces virus defective
for mRNA degradation activity were previously described
(42,43). MHV68 BAC-derived virus was produced by trans-
fecting BAC DNA into NIH 3T3 cells using SuperFect (Qi-
agen). Virus was then amplified in NIH 3T12 cells and
titered by plaque assay on NIH 3T3 cells. For infections,
NIH 3T3 cells were incubated with virus at a multiplicity of
infection of 5 for 1 h at 37◦C. The media was then removed
and cells were washed with 1X PBS two times and then
replaced with growth media and grown for an additional

24 h prior to harvesting. Where indicated, the RNA Poly-
merase III inhibitor ML-60218 (EMD Millipore; 40 �M)
was added to cells 4 h prior to infection and maintained
throughout the course of the experiment.

Nucleic acid isolation, quantitation and A-to-I editing analy-
sis

For analysis of gene expression by RT-qPCR, total RNA
was isolated with TRIzol (Invitrogen) in accordance with
the manufacturer’s instructions. cDNA was synthesized
from 1 �g of RNA with random hexamers (Integrated
DNA Technologies) and SuperScript II reverse transcrip-
tase (Invitrogen). qPCR was performed using the DyNAmo
ColorFlash SYBR green qPCR kit (Thermo Scientific) with
appropriate primers (Supplementary Table S1).

For small RNA northern blot analysis, total RNA was
separated on 8% polyacrylamide–7 M urea gels and electro-
transferred at 4◦C to Amersham Hybond-N+ membranes
in 0.5× TBE buffer for 16 h at 15 V. Membranes were
probed using 32P-end labeled probes (Supplementary Ta-
ble S1) overnight at 55◦C. Blots were washed three times in
0.1X SSC for 10 min each before exposed to phosphoimager
screens overnight. For mRNA northern blot analysis total
RNA was resolved on 1.2% agarose-formaldehyde gels and
transferred to Hybond-N+ membranes by capillary action.

For primer extension, 15 �g of total RNA was incubated
with 6 pmol 32P-labeled primer (Supplementary Table S1)
in 10 �l of Buffer A (250 mM KCl, 10 mM Tris, pH 7.5
and 1 mM EDTA) for 1 h at 55◦C. 40 �l of Buffer B (10
mM Tris–HCl pH8.8, 5 mM MgCl2, 5 mM DTT, 1 mM
dNTP) and 0.5 �l AMV reverse transcriptase (Promega)
were added and incubated at 42◦C for 1 h. Products were
phenol-chloroform extracted, ethanol-precipitated and re-
suspended in RNA loading dye before being resolved on 8%
polyacrylamide–7 M urea gels.

To assess A-to-I editing in the SGOL2 3′UTR, total RNA
was isolated from NIH3T3 cells infected with MHV68
for 24 h. Total RNA was reverse transcribed using an
SGOL2 gene-specific primer located 3′ of the antisense B2
SINE (Supplementary Table S1). PCR was performed us-
ing Kapa HiFi DNA Polymerase (KapaBiosystems) and
primers flanking the antisense B2 SINE in the SGOL2
3′UTR (Supplementary Table S1). The resulting PCR prod-
ucts were inserted into the pCR-Blunt II-TOPO vector us-
ing the Zero Blunt TOPO PCR cloning kit (Invitrogen). 30
colonies were sequenced, of which 27 contained the SGOL2
3′UTR.

The polyadenylation site within the SGOL2 3′UTR was
mapped using the 3′ RACE System for Rapid Amplification
of cDNA Ends (Invitrogen). The resulting 3′RACE PCR
products were inserted into the pCR-Blunt II-TOPO vector
using the Zero Blunt TOPO PCR cloning kit (Invitrogen).
A total of 24 SGOL2-positive clones were sequenced and
mapped back to the SGOL2 gene (NCBI reference sequence
NM 199007.2) to determine the location of the 3′ end.

To knockdown B2 SINEs in MHV68-infected NIH3T3
cells, 2′-O-methyl-phosphothioate antisense oligonu-
cleotides targeting B2 SINE RNA or GFP RNA (negative
control) (Supplementary Table S1) were electroporated into
NIH3T3 cells using the Neon transfection system (Invit-
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rogen). The media was replaced 12 h post-electroporation
and the cells were infected as described above.

SINE-seq

200 �g total RNA was primer extended using an oligonu-
cleotide specific for B2 SINEs (Supplementary Table S1) as
described above, with the exception that the primer was not
radioactively labeled. Primer extension products were re-
solved on 8% polyacrylamide–7 M urea gels. For isolation
of B2 products, the region of the gel corresponding to 130–
180 bp was isolated and placed in a 10 ml polypropylene
tube containing 5 ml of G50 buffer (20 mM Tris–HCl, 300
mM NaCl, 2 mM EDTA, 0.2% SDS), flash frozen in liquid
N2, and allowed to incubate overnight at RT. The following
day the G50 buffer containing the isolated B2 products was
phenol-chloroform extracted and ethanol precipitated. The
B2 extension products were further 3′ poly dG-tailed using
20 U of terminal deoxynucleotidyl transferase (TDT, Fer-
mentas) and 0.25 mM dGTP. After 3′ poly dG-tailing, the
cDNAs were used as templates for 10 cycles of PCR ampli-
fication using an oligoC and B2 extension oligo that con-
tained barcoded sequencing adapters (Supplementary Ta-
ble S1). B2 SINE-seq libraries were sequenced on a MiSeq
instrument at the UC Berkeley QB3 Vincent J. Coates Ge-
nomics Sequencing Laboratory.

SINE-Seq data analysis

SINE-Seq was performed on two biological replicates. 175
bp single end MiSeq generated reads were first subject
to a windowed adaptive quality and adapter trimming
using trim galore (http://www.bioinformatics.babraham.
ac.uk/projects/trim galore/). The G-tail was used to find
the beginning of any adapter sequences, whereupon the
reads were trimmed. The reads were then aligned to the
mouse mm10 reference genome using bwa (44). Non-unique
alignments were discarded giving 8257630 and 7946798
uniquely mapped reads for each replicate. Reads mapping
to known B2 SINEs (these were part of the UCSC repeat-
masker track) were counted and normalized RPKM values
were computed using the BamUtil tool (http://genome.sph.
umich.edu/wiki/BamUtil). B2 SINEs with an RPKM of ≥5
were categorized as expressed, and those expressed in both
replicates were used in subsequent analyses (Supplemen-
tary Table S2). Intersection analysis of expressed B2 SINEs
with genomic features (Intron, 3′-UTR, 5′-UTR, promoter,
and other intergenic regions) obtained from UCSC table
browser was performed using bedtools (45). Promoters were
defined as 4kb upstream of known TSS and other intergenic
regions were defined as regions that were not in genic or pro-
moter regions. Consensus finding software RSAT matrix-
scan (http://rsat.ulb.ac.be/rsat/) and sequence logo program
weblogo (46) were used to find consensus A and B boxes
in B2 SINEs. Expressed B2 SINEs were analyzed using the
GREAT tool, which provided gene ontology information
for the genes proximal to expressed B2 SINEs (46–48). Raw
data are available in the NCBI GEO database under acces-
sion number GSE85518 (49).

ChIP-qPCR

ChIP was performed as described previously, except us-
ing a Covaris focused sonicator for chromatin shearing
(50). Cross-linked chromatin was immunoprecipitated us-
ing anti-POLR3A (clone ab96328; Abcam) and normal rab-
bit IgG (clone 2729; Cell Signaling). Following reversal
of cross-links, DNA was purified using a PCR purifica-
tion spin column (Fermentas) and resuspended in 50 �l of
dH2O; 1 to 2 �l of DNA was used for quantitative PCR
(qPCR) with the DyNAmo ColorFlash SYBR green qPCR
kit (Thermo Scientific) with appropriate primers (Supple-
mentary Table S1). Signals obtained by qPCR were normal-
ized to the input DNA.

Cell fractionation, siRNA knockdowns, western blotting and
immunoprecipitations

Subcellular fractionation was performed using the REAP
method as published (51), with the minor modification of
using one 10-cm plate for each fractionation condition.

p54nrb (NONO) and control siRNA smart pools (Dhar-
macon) were transfected using RNAiMAX (Life Technolo-
gies). To determine knockdown efficiency, cells were lysed in
NET-2 buffer (50 mM Tris–HCl [pH 7.6], 150 mM NaCl, 3
mM MgCl2, 10% glycerol, 0.5% Nonidet P-40), and pro-
tein concentrations were determined by Bradford assay.
Equivalent quantities of each sample were resolved by SDS-
PAGE, transferred to a polyvinylidene difluoride mem-
brane, and incubated with the indicated antibodies (anti-
p54nrb ab70335, Abcam; anti-GAPDH ab8245, Abcam).
Western blots assays were developed with HRP-conjugated
Protein G (EMD Millipore) or HRP-conjugated secondary
antibodies (Southern Biotech), and ECL reagents (Pierce).

For immunoprecipitations, mock- or MHV68-infected
cells were cross-linked with 1% formaldehyde for 10 min
at RT followed by quenching of the cross-linking with 0.25
M glycine for 5 min. Cross-linked cells were resuspended in
RIPA buffer (25 mM Tris–HCl (pH 7.6), 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) and lysed by
sonication with a branson sonicator. 5 �g of anti-p54nrb
(clone ab70335, Abcam), anti-mIgG antibody (Cell Signal-
ing), or 50 �l protein G magnetic beads were added to the
extracts and rotated overnight at 4◦C, whereupon 50 �l of
pre-washed protein G magnetic beads were added rotated
for an additional 2 h. Antibody-bead complexes were then
isolated on a magnetic stand and washed three times with
high salt RIPA buffer containing 500 mM NaCl and then
eluted in 1× SDS loading buffer. Samples were incubated
at 55◦C for 1 h prior to western blot analysis. Anti-dsRNA
(J2; Scicons) immunoprecipiations were preformed as de-
scribed above but cells were not formaldehyde cross-linked
and immunoprecipitations were preformed on REAP pre-
pared nuclear fractions that were adjusted to 150 mM NaCl,
3 mM MgCl2, 10% glycerol and 0.5% Nonidet P-40.

Oligoaffinity chromatography

For oligoaffinity chromatography ∼200 million cells were
psoralen cross-linked as described previously (6). Briefly,
cells were washed with phosphate-buffered saline (PBS)
twice and then incubated with 5 �M psoralen (Sigma) in
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PBS for 10 min. A first round of psoralen cross-linking was
carried out with 365 nm UV light (1.2 kJ/m2/min; UVP)
for 5 min at room temperature, after which excess psoralen
was removed by two sequential washes with PBS. A sec-
ond round of psoralen cross-linking was then performed in
the presence of 365 nm UV light (1.2 kJ/m2/min) for 15
min at room temperature. RNA was then isolated as de-
scribed above, except using Trizol pre-warmed to 60◦C. The
RNA pellet was resuspended in hybridization buffer (750
mM NaCl, 1% SDS, 50 mM Tris 7.0, 1 mM EDTA, 15%
formamide and RNAse inhibitor). 40 pmol of each 5′-TEG
biotinylated SGOL2 antisense oligonucleotide (Supplemen-
tary Table S1) was added and the mixture was rotated end-
over-end at 37◦C for 6 h. 100 �l of streptavidin-magnetic C1
beads were blocked with 500 ng/ml yeast total RNA, 100
�g/ml glycogen and 1 mg/ml BSA for 1 h at room temper-
ature. Blocked C1 beads were added and the reaction was
mixed for another 2 h at 37◦C. Complexes were captured
by magnets (Invitrogen) and washed five times with wash
buffer (2× SSC, 0.5% SDS, and RNAse inhibitor). After
the final wash, beads were resuspened in elution buffer (50
mM Tris pH 7.0, 100 mM NaCl, 1 mM EDTA). Beads in
elution buffer were heated to 70◦C for 5 min before separat-
ing the elution buffer from the beads. Psoralen crosslinks
were reversed by irradiating samples under a 254 nm lamp
for 10 min.

RESULTS

A genome-wide SINE activation map reveals extensive tran-
scription of SINE loci during infection

Many SINE sequences are embedded within mRNAs and
other noncoding RNAs, and there is a high degree of
sequence conservation between individual loci. For these
reasons, conventional RNA-sequencing approaches cannot
distinguish between sequence tags corresponding to bona
fide SINE RNAs transcribed by RNA Pol III and SINE
sequences that are not independently transcribed but in-
stead embedded within other RNAs. We therefore gener-
ated SINE transcript-specific sequencing libraries, using an
approach we termed SINE-seq, and identified RNA Pol
III-transcribed SINE loci (Figure 1A). Selectivity for SINE
RNAs was achieved first by reverse transcription (RT) of
total RNA using an oligonucleotide complementary to a
highly conserved region of B2 SINEs. These were then en-
riched through denaturing gel electrophoresis and purifi-
cation of reverse transcription products that migrated be-
tween 130 and 180 nt, which corresponds to the size of RT
products reaching the 5′ transcription start-site of SINE
RNAs. Although SINEs are repetitive, using 175 base pair
long-reads, sufficient sequence divergence exists to identify
individually active loci upon high-throughput sequencing
of libraries generated from the size-selected cDNAs.

Using this technique, we examined the profile of B2
SINEs expressed 24 h post-MHV68 infection of NIH3T3
cells, as we have previously demonstrated their robust tran-
scriptional induction under these conditions (30). We re-
stricted our bioinformatics analysis of SINE-seq reads to
those that map to a single SINE locus in the murine genome.
Using these parameters, we identified 28 270 transcription-
ally active B2 SINE loci in infected cells (Figure 1B). There

was a >10 000 fold range in the expression of B2 RNA, with
808 of the transcriptionally active B2 loci exhibiting >1000
RPKM and the remainder being weakly expressed (Figure
1B). We were unable to identify specific features common
to the robustly expressed set of SINE loci, such as proxim-
ity to RNA Pol II transcribed genes or B2 SINE subfamily.
RNA Pol III occupancy of several of the loci identified as in-
duced by SINE-seq were independently evaluated by chro-
matin immunoprecipitation (ChIP) analysis for POLR3A,
the largest subunit of RNA Pol III (Figure 1C). We observed
increased POLR3A occupancy at each of these SINE loci
in infected cells, whereas no increased occupancy was ob-
served at the Pol III-transcribed U6atac promoter, and no
signal above background was detected at the control RNA
Pol II-transcribed RPL37 promoter (Figure 1C). These data
confirm that there is a specific induction of individual SINE
loci upon infection, rather than a generalized increase in
RNA Pol III occupancy.

The abundance of activated SINE loci coupled with the
wide range in B2 RNA expression prompted us to explore
whether transcriptional potential or expression level cor-
related with the strength of the A and B boxes of the in-
ternal RNA Pol III promoter. It has been suggested that
the vast majority of B2 SINE loci have been genetically in-
activated by promoter mutations (52), although there have
been no prior systematic analyses of transcriptionally active
SINE loci. MEME analysis on the highest 100 expressed,
lowest 100 expressed, and 100 non-expressed B2 loci identi-
fied internal A and B box elements in all examined B2 loci
(Figure 1D). However, only the expressed B2 loci contained
highly conserved A and B box sequences, while those of
non-expressed B2 loci were less well conserved. The pres-
ence of strong consensus sequences within both the high-
est expressed and weakest expressed SINEs indicate SINE
RNA levels are not solely dictated by the RNA Pol III pro-
moter sequence. Additionally, directed mutagenesis studies
have demonstrated that the B-box is the most critical region
for TFIIIC binding to tRNA genes, and that a highly con-
served cytosine in the fifth position of the B box is critical
for high affinity binding of TFIIIC (53). In both the high-
est and lowest expressed B2 loci a cytosine is present at the
fifth position of the B box, while it is absent in most non-
expressed B2 loci (Figure 1D). The lack of strong consen-
sus sequences within the non-expressed B2 loci supports the
hypothesis that large-scale mutational inactivation of SINE
loci has occurred.

The B2 family of SINEs is grouped into several subfami-
lies of different genetic ages, with acquisition occurring be-
tween 10 and 80 million years ago. Assuming large-scale
mutational inactivation has occurred over time, the older B2
SINE subfamilies should exhibit less transcriptional poten-
tial. Indeed, only ∼1% of transcriptionally active SINE loci
identified in our dataset belong to the oldest B3 and B3A
subfamilies (Figure 1E). Interestingly, however, despite the
fact that few B3 and B3A subfamilies are transcriptionally
active, the mean expression value for distinct SINE subfam-
ilies is not statistically different (Figure 1F).

Active B2 loci were present on all chromosomes except
the Y chromosome (Figure 2A). While the abundance of
SINE loci varies on each chromosome, ∼7% of SINEs
on each chromosome were transcriptionally induced, and
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Figure 1. SINE-seq profiling of MHV68-induced B2 SINE expression. (A) Schematic of SINE-seq method. (B) Dot plot describing dynamic range and
extent of B2 SINE induction. (C) Chromatin from MHV68-infected NIH3T3 cells 24 hpi was subjected to ChIP using antibodies against RNA Pol III or
control IgG. Recovered DNA was detected by qPCR. (D) MEME analysis of A and B box elements with the promoters of transcribed and nontranscribed
SINE elements. Consensus A and B Box sequences for expressed tRNA genes from the mouse mm10 reference genome are shown for comparison. (E)
Stratification of active B2 loci based on their genetic age. (F) Box plots of RPKM for individual SINE subfamilies. Statistical significance was determined
by Student t test (*, P < 0.05; **, P < 0.01).
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Figure 2. Genomic properties of transcriptionally activated SINE loci. (A) Histograms showing number of transcriptionally active SINEs per chromosome.
(B) Box plots (whiskers extend +1.5 interquartile range (IQR)/5 RPKM) of RPKM for SINE expression on indicated chromosome. (C) Pie chart indicting
the location of all transcriptionally active B2 SINEs identified by SINE-seq. (D) Box plots of RPKM for SINE expression from indicated genomic region.
(E) Genomic coordinates of active B2 loci were analyzed using GREAT to retrieve gene ontology (GO) associations of SINE-proximal RNA Pol II loci.
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SINE RNA expression levels did not correlate with chro-
mosome of origin (Figure 2B). Examination of genomic
features proximal to transcriptionally active B2 SINEs re-
vealed that nearly 60% of active B2 loci reside within or
near annotated RNA Pol II expressed loci (Figure 2C and
D). Interestingly, many of these RNA Pol II loci are onto-
logically associated with the regulation of gene expression
(Figure 2E). Furthermore, as many transcriptionally active
SINEs map within promoters (defined as <4kb upstream of
a transcription start site), introns and 5′ and 3′UTRs, under
conditions of simultaneous transcription these active SINE
loci have the potential to regulate their cognate RNA Pol
II-transcribed genes.

B2 SINE RNA forms intermolecular base pairs with mRNA

Approximately 50% of transcriptionally active SINE loci
fall within genomic sequences corresponding to the non-
coding regions of pre-mRNA, and could regulate process-
ing or fate of their cognate mRNAs in a variety of ways
(Figure 2C). We focused on SINEs derived from sequences
corresponding to mRNA 3′ UTRs, as this region is a fre-
quent target for gene regulation. B2 RNAs present in the
antisense orientation have the potential to form intermolec-
ular base pairs with the mRNA on the opposite strand (54).
Thus, they might be restricted to a subset of mRNAs that
use SINE RNAs to regulate mRNA fate, as suggested by the
fact that active B2 loci in 3′UTRs are enriched in the sense
orientation (p = 0.0164), while there is no preference for
orientation for active B2 loci in introns and 5′UTRs (Fig-
ure 3A).

We identified 81 transcriptionally active B2 loci present
in the antisense orientation within sequences correspond-
ing to mRNA 3′ UTRs (Supplementary Table S2). Many
of these loci contained multiple SINE elements, making
it difficult to distinguish between potential intermolecu-
lar and intramolecular interactions. We therefore focused
our analysis on the SGOL2 locus, which was identified by
SINE-seq as having a single, highly expressed antisense B2
SINE located within its 3′UTR. We confirmed by ChIP
for POLR3A that the SGOL2-derived SINE was induced
in infected cells, whereas RNA Pol III occupancy of the
tRNAser promoter was unchanged (Figure 3B). Given the
possibility that convergent transcription of the SINE and
SGOL2 might prevent RNA Pol II from reaching the 3′end
of the SGOL2 gene, we performed 3′-rapid amplification
of cDNA ends (RACE) to compare the SGOL2 mRNA
produced in mock and MHV68-infected NIH3T3 cells. We
detected use of 2 polyadenylation sites within the SGOL2
gene, one located at nts 1345–1361 following the stop codon
and a second at nts 1463–1478 following the stop codon
(diagramed in Figure 3B). Among the 13 SGOL2-positive
clones sequenced from mock-infected cells, 11 mapped to
the first polyA site and 2 mapped to the second polyA site.
Similarly, among the 11 SGOL2-positive clones sequenced
from MHV68-infected cells, 8 mapped to the first polyA site
and 3 mapped to the second polyA site. These data suggest
that full-length SGOL2 mRNA is produced in both mock-
and MHV68-infected NIH3T3 cells at a similar frequency.

To first test for the possibility that the SGOL2-derived
SINE RNA bound the SGOL2 mRNA, we immunopre-

cipitated (IP) dsRNAs from extracts of mock- or MHV68-
infected cells using the dsRNA-specific antibody J2 (55).
Primer extension analysis revealed that both B2 SINE RNA
and the SGOL2 mRNA were enriched in eluates of J2 IPs
specifically in MHV68-infected cells (Figure 3C). This result
indicates that a dsRNA structure within the SGOL2 tran-
script is formed specifically during MHV68 infection. Nei-
ther 7SK nor the GAPDH controls, which lack transcrip-
tionally active B2 SINEs, were detectable in the J2 IPs.

We next used 4-aminomethyltrioxalen (AMT) crosslink-
ing to detect direct B2 SINE RNA-SGOL2 mRNA interac-
tions. AMT, a psoralen derivative, is a reversible crosslinker
specific for double-stranded nucleic acids; upon irradia-
tion at 365 nm, covalent adducts form between adjacent
pyrimidine bases, while irradiation at 254 nm reverses the
crosslinks (56–58). Thus, AMT crosslinking can be used
to directly detect RNA–RNA interactions (58,59). Purifi-
cation of the SGOL2 mRNA via oligonucleotide affinity
chromatography of extracts cross-linked with AMT led to a
selective co-purification of the B2 SINE RNA (Figure 3D).
The interaction occurred specifically in MHV68-infected
cells in which the B2 SINE within the SGOL2 locus is tran-
scribed, and no co-purification of the highly abundant 7SK
snRNA or the GAPDH mRNA controls occurred. These
data demonstrate that infection-induced B2 RNAs engage
in intermolecular RNA–RNA interactions with mRNA, as
demonstrated for SGOL2.

SINE transcription is linked to selective control of mRNA ex-
port

Intermolecular RNA–RNA interactions affect diverse pro-
cesses in the gene expression cascade. Thus, we examined
whether infection-induced B2 SINE RNA impacted the
abundance or localization of SGOL2 or control GAPDH
mRNAs. Both northern blotting and RT-qPCR analysis
showed no change in SGOL2 or GAPDH mRNAs between
mock or MHV68-infected NIH3T3 cells at 12 hpi (Figure
4A and Supplementary Figure S1A). However, subcellular
fractionation revealed a specific increase in SGOL2 mRNA
levels within the nucleus during MHV68 infection (Figure
4A and Supplementary Figure S1A). This phenotype was
linked to B2 SINE RNA expression, as pretreatment of
the cells with the RNA Pol III-specific inhibitor ML-60218
prior to infection to reduce the expression of B2 RNAs par-
tially relieved the SGOL2 mRNA export block (Figure 4A
and Supplementary Figure S1A) (60). Steady state levels of
other RNA Pol III transcribed RNAs remained unchanged
during the duration of ML-60218 treatment, presumably do
the long half-life of these RNAs relative to the rapidly de-
graded B2 RNAs (Figure 4B) (31,61). We also assessed the
role of B2 RNAs in preventing SGOL2 nuclear export by
specifically depleting B2 RNAs using 2′-O-methyl phospho-
rothioate antisense oligonucleotides (ASOs) (Supplemen-
tary Figure S1B). Similar to our observations with the ML-
60218 treated cells, depletion of B2 RNA by ASO treat-
ment rescued the SGOL2 mRNA export block in MHV68-
infeced cells, whereas expression of control ASOs targeting
GFP had no effect (Supplementary Figure S1C). These re-
sults indicate that B2 RNA, but not other RNA Pol III tran-
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Figure 3. B2 SINE RNA forms intermolecular base pair interactions with SGOL2 mRNA. (A) Analysis of the orientation of active SINEs compared
to RNA Pol II loci, displayed as percent sense versus antisense. (B) Chromatin from MHV68-infected NIH3T3 cells 24 hpi was subjected to ChIP using
antibodies against RNA Pol III. Recovered DNA was detected by qPCR. A schematic (not drawn to scale) of the SGOL2 locus is shown above. The
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reversal and analyzed by northern blotting with the indicated probes. Statistical significance was determined by Student’s t test (**P < 0.01).

scripts, impacts SGOL2 mRNA export during MHV68 in-
fection.

We next evaluated SGOL2 mRNA distribution within
cells using a functional assay in which we measured its sus-
ceptibility to an MHV68 encoded mRNA-specific nuclease
(mRNase), termed SOX. SOX expression is induced ∼12
hpi, and specifically targets cytoplasmic mRNA for degra-
dation (62). Thus, the population of SGOL2 retained in
the nucleus in a B2 SINE-dependent manner should es-
cape degradation by the viral mRNase. Indeed, while both

SGOL2 and GAPDH mRNAs were depleted in cells in-
fected with MHV68 at 24 hpi, blocking B2 SINE transcrip-
tion by ML-60218 treatment prior to infection selectively
enhanced the depletion of SGOL2 RNA (Figure 4C). This
result is consistent with an increased percentage of SGOL2
mRNA residing in the cytoplasm in the absence of B2 RNA.
Importantly, ML-60218 treatment did not affect SGOL2
steady state RNA levels during infection with a viral mu-
tant with impaired SOX mRNase activity (MHV68�HS),
despite the fact that MHV68�HS induced B2 RNA expres-
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Figure 4. SGOL2 subcellular distribution is affected by B2 SINE expression. (A) RT-qPCR analyses of SGOL2 and GAPDH mRNA levels in cytoplasmic
and nuclear fractions from mock- or MHV68-infected NIH3T3 cells. Cells were pretreated with either DMSO or 40 �M ML-60218 for 4 h prior to infection.
(B) Northern blot analysis of RNA Pol III transcribed RNAs from cells described in (A). (C) NIH3T3 cells were pretreated with DMSO or ML-60218 (40
�M) 4 h prior to being infected with MHV68 at an MOI of 5. Total RNA was isolated at 24 hpi and the levels of the indicated RNAs were monitored by
RT-qPCR. (D) NIH3T3 cells were treated as described in (C) and then infected with MHV68.�HS. Total RNA was isolated at 24 hpi and the levels of
the indicated RNAs were monitored by RT-qPCR. (E) Total RNA was isolated from NIH3T3 cells infected with either WT MHV68 or MHV68.�HS at
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significance was determined by Student’s t test (*P < 0.05; **P < 0.01).

sion to a similar extent (Figure 4D and E). Thus, B2 RNA
retains a proportion of SGOL2 RNA in the nucleus, where
it cannot be accessed by the cytoplasmic viral mRNase.

Finally, we considered whether the SINE RNA-mediated
nuclear retention of the SGOL2 mRNA required the B2
RNA to be transcribed from the native SGOL2 locus, or
whether it could be mediated by an exogenously expressed
SINE RNA. We tested this possibility by overexpressing a
plasmid-borne B2 SINE RNA, complementary to the em-
bedded B2 SINE within the SGOL2 3′UTR, in uninfected
cells where the native SGOL2-derived SINE was silent.
Though B2 SINE RNA was robustly expressed from the
plasmid, we did not detect nuclear retention of the SGOL2

mRNA. This suggests that the B2 RNA-mediated nuclear
retention, at least in the case of SGOL2, originates as a re-
sult of overlapping transcription within the 3′UTR of spe-
cific transcripts (Figure 4F).

p54nrb regulates the nuclear distribution of SGOL2-B2 du-
plexes

The SINE RNA-induced nuclear retention of mRNA is
similar to the fate of mRNAs that contain inverted SINE
sequences embedded within their transcript (19). Although
not independently transcribed by RNA Pol III, because
the SINE sequences are inverted and complementary, they
can form long intramolecular dsRNA structures that pro-
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mote nuclear retention. Nuclear retention of mRNAs con-
taining inverted SINEs requires the nuclear protein p54nrb
(63). We therefore tested whether p54nrb might similarly be
required for nuclear retention of SGOL2 during MHV68
infection. First, we examined whether p54nrb was associ-
ated with SGOL2 mRNA (Figure 5A). To preclude post-
lysis interactions, cells were formaldehyde cross-linked prior
to p54nrb IP and RT-qPCR analysis. We detected a spe-
cific interaction between p54nrb and the SGOL2 mRNA
in an infection-dependent manner (Figure 5A). No interac-
tion was detected between p54nrb and the control GAPDH
mRNA in mock or infected cells. Consistent with a role
for B2 RNAs mediating this interaction, inhibiting B2
RNA transcription by treatment of MHV68-infected cells
with ML-60218 reduced the association between p54nrb
and SGOL2 (Figure 5A). Furthermore, IP of cross-linked
p54nrb complexes also enriched B2 RNAs (Figure 5B).

We next tested whether p54nrb, like B2 RNA, was re-
quired for SGOL2 nuclear retention. NIH3T3 fibroblasts
were treated with either p54nrb or control siRNAs and sub-
sequently mock or MHV68-infected for 12 h (Figure 5C).
Knockdown of p54nrb prevented accumulation of SGOL2
in the nucleus (Figure 5D). p54nrb interacts with inosine
containing RNAs, and dsRNA structures formed through
inverted SINE sequences are also subjected to A-to-I edit-
ing (63–68). We thus examined whether the antisense B2
SINE embedded within the SGOL2 mRNA underwent A-
to-I editing by cloning the 3′UTR of SGOL2 from total
RNA and sequencing individual clones. As expected, we
detected A-to-I editing specifically in the B2 RNA bind-
ing region of the SGOL2 3′ UTR, and specifically during
MHV68 infection, in 22% of our clones (Figure 5E). These
results demonstrate that both transcribed SINE RNA and
embedded non-transcribed SINEs use a parallel mechanism
for regulating mRNA export in a transcript-specific manner
(Figure 6).

DISCUSSION

Our assembly of the first transcriptome-wide map of B2
SINE activation highlights the remarkable breadth of tran-
scriptionally competent SINEs, and provides a straightfor-
ward means to probe SINE activation profiles under a va-
riety of developmental and stress conditions. Historically,
identifying active RNA Pol III-transcribed SINE loci re-
lied on either ChIP-seq analyses of RNA Pol III or the use
of extensive computational algorithms to analyze RNA-seq
data (69–76). However, unlike SINE-seq, these techniques
are limited by challenges associated with retrotransposon
analyses. In particular, the extremely high copy number and
sequence similarity of SINE elements within the murine
genome, and the frequent location of SINE elements within
introns or untranslated regions of RNA Pol II transcripts
have likely resulted in a marked underestimation of tran-
scriptionally active loci.

Our finding that many of the B2 loci transcribed in re-
sponse to MHV68 infection cluster proximal to or within
genes associated with the regulation of gene expression raise
the intriguing question of whether distinct subsets of SINEs
may be transcribed in response to different stimuli, and that
SINE RNAs may therefore have evolved roles in regulat-

ing gene expression specific to each stimulus. This hypoth-
esis is supported by a previous analysis of six human Alu
loci, which revealed that viral infection induces a subset
distinct from those induced by heat shock (77). Addition-
ally, two recent RNA Pol III ChIP-seq studies in human
K562 and HeLa cells each reported ∼1000 RNA Pol III-
bound Alu loci, though only ∼2% of the loci overlapped,
indicating that SINE transcriptional potential may also be
cell type specific (37,78). Our characterization of how SINE
RNAs can impact mRNA export through intermolecular
RNA–RNA interactions, coupled with recent reports link-
ing SINE RNAs to both gene expression control and im-
mune signaling provide examples of distinct mechanisms of
SINE RNA-based regulation (30,31,34,35,79,80).

Intermolecular RNA–RNA interactions are used by
many noncoding RNAs as a mode of substrate recognition
(81). The interaction between a B2 SINE RNA and its cog-
nate SGOL2 mRNA demonstrates that transcribed SINEs
also participate in this type of regulation. The B2 RNA-
SGOL2 mRNA interaction promotes nuclear retention of
the SGOL2 mRNA via a mechanism involving p54nrb. This
mechanism is reminiscent of that which mediates nuclear
retention of mRNA containing pairs of inverted SINE el-
ements, though it is important to note that the mechanism
we describe here is mediated via intermolecular rather than
intramolecular RNA–RNA interactions (19,63). Interest-
ingly, it was recently reported that expressed 4.5SH RNA,
a repetitive element highly homologous to B1 SINE RNA,
is similarly capable of mediating the nuclear retention of
mRNAs containing embedded antisense B1 RNA elements
(82). Whether 4.5SH-mediated nuclear retention requires
the RNA-binding protein p54nrb is unknown. In addition
to the role of p54nrb, nuclear retention of mRNA contain-
ing inverted SINE elements also requires the long nuclear-
retained noncoding RNA NEAT1 (83). It was recently re-
ported that the protein arginine methyltransferase CARM1
regulates nuclear retention of mRNAs containing inverted
SINE elements via two distinct mechanisms: methylation of
p54nrb, which reduces its affinity for mRNAs containing in-
verted SINEs, and as a transcriptional repressor for NEAT1
(84). It will be of interest to examine the role of CARM1 in
nuclear retention of RNAs that engage in intermolecular
interactions with expressed B1 or B2 RNAs.

How SGOL2 retention may affect viral infection or other
cellular responses to stress is currently unclear, as its only
characterized function is linked to chromosome segrega-
tion during gametogenesis (85–87). However, its regulation
serves as a model for how SINE RNAs can impact the
transport of specific mRNAs. Our data suggest the SINE-
SGOL2 interaction likely occurs as a result of overlapping
transcription within the SGOL2 3′UTR, as nuclear reten-
tion of the SGOL2 mRNA did not occur when the B2
SINE was expressed ‘in trans’ from a plasmid. This in-
termolecular interaction may be favored in the context of
overlapping transcription because of limiting SINE RNA
abundance and/or increased efficiency of binding prior to
completion of RNA folding or ribonucleoprotein assembly
of each individual transcript. Alternatively, antisense tran-
scription within an mRNA may result in transcriptional
collisions between the two opposing polymerases resulting
in the production of prematurely terminated mRNA, po-
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Figure 5. p54nrb regulates the nuclear distribution of SGOL2-B2 SINE RNA duplexed RNAs. (A) Cells were pretreated with DMSO or ML-60218 (40
�M) 4 h prior to mock or MHV68 infection. At 12 hpi cells were formaldehyde cross-linked and immunoprecipitated with IgG, �-p54nrb, or a no antibody
control (beads). Recovered RNAs were detected by RT-qPCR. (B) Mock- or MHV68-infected cells were formaldehyde cross-linked 12 hpi and whole cell
extracts were immunoprecipitated with IgG or �-p54nrb antibodies. Recovered RNAs were northern blotted for B2 RNA and 7SK snRNA. Western blot
analysis confirmed the immunoprecipitation of p54nrb. (C) Western blot analysis of NIH3T3 cells transfected with si-CONTROL or si-p54nrb. GAPDH
serves as a loading control for quantifying the efficiency of p54nrb depletion, indicated below. (D) NIH3T3 cells were transfected with si-CONTROL
or si-p54nrb 36 hr before infection with MHV68. At 12 hpi, RNA was isolated from nuclear and cytoplasmic fractions and analyzed by RT-qPCR. (E)
Bar graph showing number of RT-PCR clones demonstrating A-to-I editing. Error bars represent the mean with SEM of ≥3 independently performed
experiments. Statistical significance was determined by Student’s t test (*P < 0.05; **P < 0.01).

tentially resulting in a similar block in mRNA nuclear ex-
port. While this may occur at other loci, we disfavor this
mechanism for the SGOL2 locus for several reasons. These
include our detection of RNA synthesis 3′ of the antisense
B2 sequence, the similar SGOL2 3′ polyA site usage in mock
and infected cells, and the observation that SGOL2 nuclear
retention is dependent on p54nrb. In addition to occurring
at loci engaged in overlapping transcription, this type of reg-
ulation could presumably also occur in trans through in-
teractions with embedded SINE elements in mRNAs tran-

scribed from independent loci. In this scenario, akin to how
a single microRNA can modulate the expression of multi-
ple mRNAs, the transcriptional activation of a single SINE
element has the potential to regulate multiple mRNAs. In
this regard, additional experiments to map the specific tar-
get mRNA residues involved in B2 RNA binding through
mutational analyses would be informative. Recently, several
methods have been developed capable of globally mapping
inter- and intra-molecular RNA–RNA interactions and the
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Figure 6. Model depicting how SINE ncRNA-mRNA intermolecular in-
teractions facilitate an mRNA export block. SINE loci are transcription-
ally activated in response to many stresses. Antisense transcribed SINEs
generate RNAs with the potential to base pair with complementary SINE
sequences within mRNA. SINE ncRNA–mRNA intermolecular interac-
tions recruit the protein p54nrb, leading to a block in mRNA export.

application of them to MHV68-infected cells should reveal
the full breadth of SINE RNA–RNA interactions (88–90).

Independent of B2 RNA function, the act of B2 SINE
transcription also provides the opportunity for regulation
of cellular gene expression through alterations in the lo-
cal chromatin environment. For instance, transcription of
a B2 SINE facilitates the temporal activation of genes in
the murine growth hormone (GH) locus by converting the
local chromatin structure from a heterochromatic to a more
permissive euchromatic state (49). Similarly, the recruit-
ment of TFIIIC, a general transcription factor for RNA
Pol III, to SINEs within the somatosensory cortex of mice
exposed to novel enriched environmental conditions pro-
moted the transcriptional activation of TFIIIC occupied
SINE-proximal genes (91). It is therefore perhaps notable
that active SINEs are located proximal to specific classes of
genes, including those related to chromatin regulation.

SINE elements within genes are enriched for an anti-
sense orientation. However, our analysis of the orientation
of the transcriptionally active subset of B2 loci with re-
spect to the host RNA Pol II gene revealed that within
5′UTRs and introns, there is no preference for orientation.
Interestingly, few of the transcriptionally active B2 loci re-
side within 5′UTRs, perhaps because of the potential for
transcriptional interference between the two polymerases.
In contrast to 5′UTRs and introns, active B2 loci within
3′UTRs are overwhelmingly in the sense orientation. As
shown for SGOL2, antisense B2 loci within 3′UTRs can
result in the formation of dsRNA structures that impede
mRNA export, and the preference for sense orientation pre-
sumably restricts this regulation to specific loci. In the case

of intronic antisense B2 transcription, intronic sequences
are rapidly removed by the spliceosome leaving little time
for the formation of dsRNA structures, thus minimizing
orientation-specific effects. This would suggest an active
mechanism is responsible for either the preferential inhibi-
tion of antisense B2 SINEs in 3′UTRs, or conversely, the
preferential induction of sense B2 SINEs in 3′UTRs.

In unstressed somatic cells, SINE RNAs as well as the
RNA Pol III occupancy of B2 SINE loci are virtually unde-
tectable, suggesting a widespread redistribution of the RNA
Pol III transcription machinery during stresses such as in-
fection. What mechanism drives the selective induction of
B2 SINE loci but not other RNA Pol III genes, as well as
the basis for which of the SINE loci with intact promoters
are transcribed remain key open questions. Stratification of
the SINE-seq data with regard to B2 SINE subfamily age
revealed a strong correlation between younger subfamilies
and transcriptional activity, as only 1% of transcriptionally
active B2 loci belong to the oldest B2 SINE subfamilies.
This result fits well with the hypothesis that mutational inac-
tivation has silenced a large fraction of SINE loci. However,
the age of the subfamily is not associated with the expres-
sion level, as both the highest and lowest expressed B2 loci
possess conserved A and B box promoter elements. Thus,
other non-promoter sequences within or surrounding the
SINEs may impact expression, perhaps in a posttranscrip-
tional manner. For example, variations in SINE sequence
would affect the secondary structure of SINE RNA, poten-
tially impacting protein binding or accessibility to ribonu-
cleases. Coupled with the fact that nearly 30 000 SINE loci
become active during infection, this makes likely that SINE
RNA expression has broad functional consequences.
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