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ABSTRACT Our genomes are dominated by repetitive elements. The majority of
these elements derive from retrotransposons, which expand throughout the genome
through a process of reverse transcription and integration. Short interspersed nu-
clear elements, or SINEs, are an abundant class of retrotransposons that are tran-
scribed by RNA polymerase lll, thus generating exclusively noncoding RNA (ncRNA)
that must hijack the machinery required for their transposition. SINE loci are gener-
ally transcriptionally repressed in somatic cells but can be robustly induced upon in-
fection with multiple DNA viruses. Recent research has focused on the gene expres-
sion and signaling events that are modulated by SINE ncRNAs, particularly during
gammaherpesvirus infection. Here, we review the biology of these SINE ncRNAs, ex-
plore how DNA virus infection may lead to their induction, and describe how novel
gene regulatory and immune-related functions of these ncRNAs may impact the viral
life cycle.
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ver one million retrotransposons called short interspersed nuclear elements, or
SINEs, reside in our genome (1-3). Their impressive copy number is a direct result

of their “copy and paste” mechanism of replication, which occurs by reverse transcrip-
tion of expressed SINE RNAs, followed by integration of newly copied SINE cDNA. SINEs
are unique in that they are transcribed by RNA polymerase Ill (pol lll), a polymerase
responsible for the expression of essential housekeeping genes such as transfer RNAs
(tRNAs) and the 5S rRNA. Like other pol Il genes, SINEs produce short noncoding RNAs
(ncRNAs) (typically <500 bp) and therefore do not encode the protein machinery to
assist with their retrotransposition (4). Proteins with reverse transcriptase and integrase
activities required for replication of SINEs are provided by pol ll-dependent retrotrans-
posons called long interspersed nuclear elements (LINEs) (5, 6). Thus, SINEs are not
self-sufficient; they parasitize not only our genomes but other retrotransposons as well.
There is incredible diversity regarding the abundance and types of SINEs in animal
genomes, with the latter defined in part by the pol Illl gene from which they are
ancestrally derived. The most abundant SINE in the human genome is the Alu SINE,
named for an Alul restriction site present in these repeats (1). The copy number of Alu
is over 1 million, with each element approximately 300 bases long organized as a
dimeric structure, with each monomer derived from the pol lll-transcribed 7SL RNA
gene (7). The human genome also contains a much less abundant SINE called SVA,
whose copy number reaches only approximately 3,000 and likely relies on RNA pol Il for
its transcription (8). In mice, four different classes of SINEs are present: B1 (~550,000
copies), B2 (~350,000), ID (~80,000), and B4 (~400,000) elements (3). B1 and B2 are the
best studied murine SINEs—they are known to be active in the mouse genome (6). The
B1 elements, like Alu elements, are derived from 7SL, while B2 elements most closely
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resemble a tRNA gene (9, 10). B1 and B2 are both monomeric in structure and are ~135
bases long and ~200 bases long, respectively (4).

Like their ancestral and modern pol lll gene counterparts, the internal promoter of
a SINE element comprises two stretches of conserved sequences called the A and B
boxes. These sequences, which are classified as type Il pol lll promoters, bind a
transcription factor complex called TFIIIC, which then recruits the TFIlIB complex and
pol lll to the promoter for transcription. Although pol Ill genes produce the most
abundant RNAs in the cell, SINEs are expressed at extremely low levels in healthy
somatic cells. This has been attributed to rampant DNA methylation marks found at
repetitive sequences in the genome (11-13), but a recent study has also highlighted the
importance of histone methylation in control of SINE expression (14). It is thought that
the silencing of SINEs is a preventive measure against uncontrolled amplification that
could be detrimental to the integrity of the host genome.

SINE loci are normally silent, but they can be robustly induced upon infection with
a number of DNA viruses, including members of the Adenoviridae, Polyomaviridae,
Parvoviridae, and Herpesviridae families, as well as in certain developmental and stress-
related contexts (15-22). Simian virus 40 (SV40), minute virus of mice (MVM), and
murine gammaherpesvirus 68 (MHV68) lead to induction of murine B1 and B2 SINEs (18,
22, 23), and Alu induction has been described for both adenovirus and herpes simplex
virus infection (15-17). While SINE expression might correlate with increased retrotrans-
position frequency, SINE retrotransposition is a rare event, and it is not known whether
DNA virus infection leads to the amplification of genomic SINE copies. However, SINE
ncRNAs have demonstrated functions separate from those occurring during retrotrans-
position, and there is now evidence that SINE ncRNA transcripts influence viral repli-
cation, particularly in the context of immune signaling.

DNA VIRUSES UPREGULATE RNA POL Il ACTIVITY

The transcriptional activation of SINEs during infection is likely linked, in part, to the
increased pol I activity that is often observed upon infection with DNA tumor viruses.
Enhanced expression of pol Il genes such as tRNAs and 5S rRNA is associated with
transformation of cells (24) and may contribute to the oncogenic environment during
DNA tumor virus infection. Furthermore, many DNA viruses require the activity of pol
Il for the expression of select viral ncRNAs, including adenoviral viral-associated (VA)
RNAs, MHV68 tRNA-micro RNA (miRNA) encoding RNAs (TMERs), and Epstein-Barr virus
(EBV)-encoded small RNAs (EBERs) (25-27). Pol Il activation during DNA tumor virus
infection is frequently linked to functions associated with viral oncogenes. During EBV
infection, the viral EBNAT protein boosts production of transcription factor complexes
(TFIIC, TFIIB, c-Myc) required for the expression of pol Ill genes (28, 29). Similarly,
adenovirus and SV40 promote TFIIIC expression and/or activity through the action of
the oncogenic ETA and the large T antigen proteins, respectively (30-34). The large T
antigens of polyomavirus and SV40 also elevate pol Il activity by sequestering the
retinoblastoma protein (Rb), thereby preventing it from binding and inhibiting Brf1-
TFIIB association with pol lll promoters (30, 31, 35).

One key question is the extent to which increased pol Ill transcription factor
availability drives the induction of SINEs (or other pol Il genes). TFIIC induction
correlates well with phenotypes observed during EBV infection, as there is increased
transcription of TFIlIC-dependent 5S rRNA, tRNA, and 7SL RNA genes (type | and I
promoters), but not with TFIlIC-independent U6 or 7SK genes (type lll promoters) (29).
In contrast, while the gammaherpesvirus MHV68 induces B1 and B2 SINEs (type Il
promoters), levels of other endogenous type I/Il pol Ill promoters containing genes
such as 55, tRNA, and 7SL RNAs remain stable (23). We have not observed changes in
TFIIC levels during MHV68 infection (unpublished observations), suggesting that ad-
ditional mechanisms drive selective pol Ill promoter activation in this context.

Given the vast overrepresentation of SINE promoters relative to those of other pol
Il genes and the observation that SINE loci are epigenetically silenced (11-14), other
signaling events presumably help direct virus-induced retrotransposon activation. In
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FIG 1 SINE ncRNAs can impact cellular function by distinct mechanisms. Once expression is induced by
viral infection or other contexts, nuclear SINE ncRNA can disrupt transcription by binding and inhibiting
RNA pol Il at the step of initiation, or by binding to genomic loci and inhibiting pol Il elongation.
Independently expressed SINEs embedded in an antisense orientation to mRNAs can base pair with their
cognate mRNA, causing recognition by p54nrb and blocking of nuclear export. In the cytoplasm, SINE
ncRNAs trigger NF-«B, likely due to a resemblance to pathogen-associated molecular patterns (PAMPs),
i.e, 5’ triphosphate end and double-stranded regions. In the context of MHV68 infection, SINE ncRNAs
activate NF-kB through both MAVS-dependent and -independent mechanisms. MHV68 co-opts IKKf to
phosphorylate the major viral transcriptional regulator RTA to enhance viral gene expression, while
simultaneously blocking the downstream effects of NF-«B activation. The factor(s) responsible for sensing
SINE ncRNAs remains unidentified. See the text for references.

this regard, sequencing of independently expressed B2 SINE RNAs (SINE-seq) during
MHV68 infection reveals that only a subset of B2 SINE loci in the genome are induced,
suggesting that additional layers of transcriptional regulation are operational (36). This
is supported by the observation that intact promoter elements do not predict B2 SINE
expression levels or strictly define which loci are active during infection (36).

CONSEQUENCES OF SINE EXPRESSION

When induced, SINE ncRNAs are localized to both the nucleus and cytoplasm,
affecting distinct cellular process in each cellular compartment (Fig. 1). In the nucleus,
SINE ncRNAs induced upon heat shock downregulate a subset of pol Il genes by
binding directly to pol Il and preventing transcription initiation (37, 38). A recent
CHART-seq study designed to identify B2 ncRNA-associated chromatin further sug-
gested that nuclear B2 ncRNA may block transcriptional elongation by acting as a
molecular “speed bump” (29). Induction of specific SINE loci could also impact gene
expression by altering the chromatin context of neighboring genes or by directly
interacting with nascent transcripts, as many SINEs are embedded within mRNAs. In the
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case of MHV68 infection of 3T3 cells, SINE-seq analyses revealed that the majority of
induced B2 SINE loci are located within or proximal to RNA pol Il transcribed genes,
including in the antisense orientation within 3’ untranscribed regions (UTRs) of mRNAs
(36). As proof-of-concept, B2 ncRNAs expressed from the SGOL2 locus specifically
during MHV68 infection were shown to base pair with SGOL2 mRNA, leading to nuclear
retention of this transcript through a mechanism involving binding by the p54nrb
protein. Additionally, RNA pol Il genes located proximal to MHV68-induced SINEs were
ontologically enriched in the regulation of gene expression (36). Although the func-
tional consequences of these observations toward the viral life cycle have yet to be
explored, they suggest that identifying which SINE loci become activated is relevant
from a gene regulatory perspective.

Recent findings indicate that SINE ncRNAs exported to the cytoplasm can impact the
course of viral infection by stimulating immune signaling pathways (23). SINE ncRNA
contains double-stranded regions and usually possesses 5 triphosphate ends (39-42),
and several lines of evidence lend support to the idea that these RNAs could be
immune stimulatory. First, introduction of Alu or B2 SINE plasmids into various cell
types is sufficient to activate the NF-«B signaling pathway (23, 43). Furthermore,
transfection of in vitro transcribed Alu or B2 ncRNA can lead to cytokine release or
cytotoxicity, respectively (although the sensing of transfected SINE RNA is likely distinct
in some aspects to endogenous transcription) (44, 45). There is also evidence of a role
for SINE ncRNA in human disease, suggesting that control of SINE expression is
biologically relevant beyond preventing the spread of these repetitive elements. Alu
and B2 ncRNAs are implicated in the degeneration of the retinal pigmented epithelium
during geographic atrophy, a type of age-related macular degeneration (46). An
abundance of SINE ncRNAs in this tissue leads to activation of NF-«B and the inflam-
masome, ultimately leading to apoptosis of these cells (43). Additionally, Alu expression
is elevated in association with altered immune-related gene expression patterns in the
absence of the Alu-binding protein Ro60, a protein recognized by autoantibodies in
patients with systemic lupus erythematosus (SLE) or Sjogren’s syndrome (44).

Given the above observations, it seems logical that virus-induced SINEs might play
a role in the innate immune response to infection. Indeed, induced B2 SINE ncRNA in
the cytoplasm was recently shown to contribute to the rapid activation of NF-«B that
occurs during lytic MHV68 infection (Fig. 1) (23). NF-«B activation by B2 SINE ncRNA is
partially dependent on the presence of the mitochondrial antiviral-signaling protein
(MAVS) adaptor protein, which is known to be stimulated by RIG-I-like receptors
following binding of specific RNA structures (23, 47). However, the full extent of NF-«B
stimulation cannot be explained by MAVS signaling, and the identity of the participat-
ing RNA sensor(s) during MHV68 infection remains unknown (23). Surprisingly, sup-
pressing B2 ncRNA accumulation reduced viral gene expression and replication, indi-
cating that B2 SINEs are proviral for MHV68 (23). This occurs on account of a clever
twist: MHV68 coopts a kinase within the NF-«kB pathway (IKKB), redirecting it to
phosphorylate and thereby boost the activity of the major viral transcriptional regulator
RTA (23, 48, 49). Downstream NF-«kB signaling is subsequently inhibited by the virus,
enabling MHV68 to avoid NF-«B-induced antiviral cytokine production (23, 49).
Whether other viruses similarly hijack SINE-induced signaling or are instead restricted
by the immune stimulatory capacity of these ncRNAs remains an exciting avenue for
future studies.

FINAL REMARKS

While it is clear that SINE activation occurs following infection with a wide array of
DNA viruses, much remains to be done to define the mechanism of SINE induction,
especially with regard to the specificity observed at pol Il loci, as well as whether similar
induction occurs upon RNA virus infection. Additionally, it will be important to decipher
how these abundant ncRNAs function during virus replication, either through regula-
tion of RNA pol Il gene expression in the nucleus or stimulation of cytoplasmic immune
signaling. Exploring how cells sense and respond to virus-induced SINE ncRNAs should
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provide key insight into novel retrotransposon-linked components of cell signaling
during infection.
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