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Summary

High-fidelity binding of transcription factors (TFs) to DNA target sites is fundamental for proper
regulation of cellular processes, as well as for the maintenance of cell identity. Recognition of
cognate binding motifs in the genome is attributed by and large to the DNA binding domains of
TFs. As an additional mode of conferring binding specificity, noncoding RNAs (ncRNAs) have
been proposed to assist associated TFs in finding their binding sites by interacting with either
DNA or RNA in the vicinity of their target loci. However, a well-documented example of such a
mechanism was lacking until we recently reported that a ncRNA made by Epstein-Barr virus uses
an RNA-RNA interaction with nascent transcripts generated from the viral genome to facilitate the
recruitment of an interacting TF, PAX5, to viral DNA. This proof-of-principle finding suggests
that cellular ncRNAs may likewise function in guiding interacting TFs to chromatin target sites.
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Introduction

With the advent of deep sequencing technology, pervasive transcription of at least 80% of
the genome has been uncovered [1]. Since protein-coding genes are limited to ~2%, the vast
majority of transcripts is considered to be non-protein coding. Several studies have mined
the wealth of deep sequencing data and described a novel class of noncoding transcripts
termed long noncoding RNAs (IncRNAs) [2-4], arbitrarily defined as transcripts longer than
200 nucleotides (nts). Even though the physiological relevance, as well as the mode of
action, of only a tiny fraction of IncRNAs has been established [5], it is generally accepted
that all transcripts are produced for a reason, as cells should not waste energy and resources
to generate completely nonfunctional ncRNAs. An interesting feature of some IncRNAs is
their association with transcription factors (TFs) [6-8], implicating them in transcription
regulation. Three distinct modes of action can be envisaged whereby TF-interacting
ncRNAs might affect transcription. They could act as: i) scaffolds (for one or more TFs)
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[9-11], ii) tethers that remain at the site of transcription and thus recruit an interacting TF
[7], or iii) trans-acting guides for interacting TFs by base pairing with DNA or RNA in the
vicinity of their target sites.

The ability to form complementary base pairs is a property of all nucleic acids and
fundamental to the mode of action of all well-characterized classes of ncRNAs: ribosomal
RNAs (rRNA), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAS), and tiny RNAs (short-interfering/micro/PIWI-interacting RNAS).
Notable instances of RNA-RNA interactions include the 16S rRNA sequence that base pairs
with the Shine-Dalgarno sequence in bacterial mRNAs [12], tRNAs interacting with mRNA
codons [13], snRNAs binding to exon-intron junctions of nascent pre-mRNAs during the
process of splicing [14], snoRNAs base pairing with RNAs targeted for chemical
modification [15], and si/mi/piRNAs base pairing with target mRNAs [16]. Thus, it is
expected that IncRNAs as well may utilize complementary base pairing as an integral aspect
of their function. However, cellular IncRNAs that interact with TFs have not yet been
reported to act as guides via a base-pairing mechanism.

Examples of ncRNAs that recruit an effector protein, other than a TF, to a target site on the
genome by base pairing with either DNA or RNA have recently been reported for smaller
ncRNAs. One example is the CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas9 (CRISPR associated gene 9) system, which has garnered great attention
because of its powerful application in genome editing and transcriptional interference
[17,18]. Here a ncRNA called CRISPR-RNA recruits its interacting effector protein, the
endonuclease Cas9, to a target site by complementary base pairing with one strand of the
DNA duplex. Short-interfering RNAs in fission yeast constitute another example of an
effector protein-guiding ncRNA,; they recruit the RNA-Induced Transcriptional Silencing
(RITS) complex to heterochromatic regions by complementary base pairing with nascent
transcripts from these sites [19]. This expanding number of ncRNAs that mediate targeting
of effector proteins to chromatin via base pairing suggests that IncRNAs may likewise
utilize base-pairing-mediated targeting of interacting TFs as well. We have recently
described how a ncRNA from the Epstein-Barr virus (EBV) base pairs with nascent
transcripts to facilitate recruitment of an interacting TF, PAX5, to binding sites on the EBV
genome [20]. As effective mechanisms tend to be re-used, our results point to future
identification of cellular IncRNAs that function in an analogous manner.

A viral ncRNA guides an interacting TF to its target site via RNA-RNA

interaction with nascent transcripts

EBV is a human gamma-herpesvirus that infects B lymphocytes [21]. It is the causative
agent of mononucleosis and is associated with several types of tumors, including
lymphomas and carcinomas [22]. Two approximately 170 nt-long ncRNAs called EBV-
encoded RNA 1 (EBER1) and EBER? are expressed in infected cells at high levels (~10°
copies) [23,24] and localize exclusively to the nucleoplasm [25,26]. Their high copy number
has made the EBERSs an ideal diagnostic tool for EBV infection, as these viral RNAs can be
readily detected by in situ hybridization in tissue samples [27]. Their abundance also
suggests important functions in the life cycle of the virus, since cellular ncRNAs expressed
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at comparable levels are essential to the host cell, such as the small nuclear RNAs involved
in the process of splicing. EBV strains with deletion in the EBER locus have been generated,
but conflicting observations regarding their phenotype were reported. One study suggested
that EBERS promote B-cell growth and transformation [28], whereas other studies did not
find any phenotype for EBER deletions [29,30]. Thus, despite the abundance of the EBERs,
their molecular modes of action have remained elusive until recently.

Given their nuclear localization, we probed EBERSs for possible chromatin localization by
Capture Hybridization Analysis of RNA Targets (CHART), a method comparable to
chromatin immunoprecipitation but aimed at identification of RNA binding sites on the
genome [31]. A prerequisite for CHART is the availability of an accessible region within the
ncRNA of interest that can hybridize to an antisense oligonucleotide for selection. While
EBERL1 has no accessible sites and does not lend itself to CHART [32], EBER2 has two
regions that are accessible for antisense oligonucleotide hybridization (Fig. 1A). To study
whether EBERL1 is also targeted to specific sites on either host or EBV genome, the
conventional CHART protocol would require modification. One possibility would be to
insert an aptamer into EBER1 to add an artificial selection surface [32]; since it would be
impossible to know whether EBER1 function had been disrupted, ideally several such tags
should be used.

Employing CHART, EBER2 was found to localize to the so-called terminal repeats (TRs) of
the latent EBV genome [20]. TRs are tandem direct repeat units of approximately 550 base
pairs that flank both ends of the linear genome found in virions and are the site of
circularization to form the viral episome after its entry into the host cell [33]. Interestingly,
the EBER?2 binding sites at the TRs coincide with previously identified binding sites for the
B-cell TF PAXS5 (Fig. 1B). PAX5 and EBF1 are the two major B-cell specificity-
determining TFs [34,35]. Thus, EBV evolved to select PAX5, one of the master regulators
of the cell type it primarily infects, as an interacting partner for one of its own gene
products. The chromatin co-localization of EBER2 and PAXS5 suggested a collaborative
action, and indeed these factors interact with each other, probably indirectly through an as-
yet unidentified bridging factor. Functionally, knockdown of either factor has two outcomes:
i) viral genes located nearest their binding sites become de-regulated during latency; and ii)
when the viral lytic cycle is induced, EBV genome replication is compromised [20].

Most unexpected is the recruitment mechanism of the EBER2-PAX5 complex to its binding
sites in the TRs of the EBV genome. Since EBER?2 depletion abrogates PAXS5 binding to the
TRs, but PAX5 depletion has no effect on EBER2 localization to the TRs, EBER2 appears
to be the key recruiting component of the complex. Indeed, EBER2 base pairs with nascent
transcripts generated from the TR regions, thus potentially guiding the interacting PAX5 TF
to its consensus sequence sites within the TRs and facilitating its binding. Consistent with
recruitment being mediated by RNA-RNA interactions, one of the accessible regions within
EBER2 (marked as site 1 in Fig. 1A) was predicted in silico and subsequently shown in vitro
to interact with nascent transcripts from the TR region (Fig. 1C). Another piece of evidence
suggesting an RNA-RNA based mechanism, rather than EBER2 interaction with DNA, is
our observation that RNase H treatment prior to CHART did not abrogate EBER2
localization to the TRs. The precise function of the second accessible region in EBER2 (site
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2 in Fig. 1A), which we targeted by antisense oligonucleotides during the CHART
procedure, remains to be determined. Possibly the second site represents an additional
interaction interface, for either another RNA or a protein. EBER?2 binding to chromatin
appears to be restricted to the TR regions of the EBV genome, as no apparent binding sites
on host chromatin were observed by CHART.

Evolutionary conservation of a molecular mechanism across related viral species provides
important evidence of functionality. The rhesus lymphocryptovirus (RLV), a gamma-
herpesvirus related to EBV [36,37], harbors in its genome an EBER2 homolog that can be
modeled to adopt an equivalent secondary structure to EBV EBER2. Even though the
primary sequences of the EBER2 homologs are only 65% conserved and the TR sequences
between the two species are not conserved except for a high GC-content, prediction of
RNA-RNA interactions between the RLV-EBER2 and the RLV TR RNA sequence revealed
a potential duplex. It exhibits remarkably divergent base pairing as compared to EBV (Fig.
1B, bottom), but nonetheless displays two striking common features: i) the region in RLV-
EBER2 predicted to form base pairs is in the same relative location within the ncRNA (top
stem-loop region/site 1 in Fig. 1A); ii) the predicted interaction site on the TR RNA is
adjacent to the PAX5 consensus sequence site on the TR DNA sequence (Fig. 1B) [20].
Whether other gamma-herpesviruses that contain an EBER2 homolog employ such RNA-
RNA interaction remains to be studied once their complete genome sequences become
available.

Such a guide function, bringing an interacting TF to its DNA target site, has not previously
been described for trans-acting ncRNAs. As viruses often adopt host mechanisms and
pathways to enhance their own replication, our results suggest that cellular ncRNAs
comparable to EBER2 may exist. These would engage in RNA-RNA interactions with
nascent transcripts to guide other TFs to their target sites on host chromatin, possibly
employing the same protein components that participate in EBER2's mode of action (Fig.
1C). Further analysis of the composition of the EBER2-PAX5 complex will enable the
identification of these cellular guide ncRNAs.

Do ncRNAs enhance transcription factor binding to target sites?

Since PAX5 contains a paired domain that recognizes a cognate DNA motif present in the
TRs [38], why should a ncRNA, EBER?2, be required to facilitate PAX5 binding to these
sites on the viral genome? Genome-wide location analysis of Pax5 in murine B cells has
identified, based on the ~8000 genomic binding sites, a consensus sequence comprising a
15-bp degenerate motif with sequence variations at each position [39]. This degenerate motif
occurs more frequently in the genome than the ~8000 reported Pax5 binding sites. Thus,
bona fide PAX5 binding to the EBV TR regions, each of which contains two perfect
consensus sequence sites (Fig. 1B), may require EBER2 to enhance the binding specificity
or increase the affinity of PAX5 once bound.

The concept of co-factor mediated enhancement of binding specificity is well established for
TFs, as exemplified by the Hox gene-encoded homeodomain-containing TFs that play a role
in determining cell identity along the anterior-posterior axis [40]. Each Hox TF regulates a
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different set of target genes, yet their DNA binding homeodomain, encoded by the
homeobox, is highly conserved, resulting in Hox TFs recognizing nearly identical DNA
sequences in vitro [41]. Target gene specificity of Hox TFs in vivo is achieved through the
protein co-factor Extradenticle (Exd) [42,43]. Interaction with Exd alters DNA recognition
and ensures proper recruitment of Hox TFs. A similar scenario can be envisaged for EBER2
and PAXS5 binding at the TRs. EBER2's interaction with nascent transcripts from the TR
regions might be necessary to bring PAX5 to the vicinity of its consensus sequence sites
within the TRs, whereupon it binds to these sites with high affinity. The role of EBER2
could thus be compared to the role of a tugboat that maneuvers PAXS5 to its appropriate
landing pad, ignoring the many low-affinity sites in the genome. Here, EBV chose to utilize
a ncRNA, EBER?Z, rather than a viral protein as a specificity-enhancing co-factor. The
advantages of employing an RNA are twofold: i) given the non-immunogenic properties of
RNAs, this approach enables EBV-infected cells to slip under the radar of the host immune
defense system; ii) less genetic information needs to be stored in the viral genome, which is
a concern for viruses where space constraints are dictated by the size of the viral capsid.
Encoding a DNA binding protein consumes significantly more genetic information, as a
typical DNA binding domain that recognizes 5-10 bp of DNA comprises ~60 amino acids,
requiring 180 bp of DNA. In contrast, a ncRNA requires only the same number of
complementary nucleotides as the DNA/RNA region it recognizes.

PAXS5 binding sites within the EBV TR regions differs from canonical PAX5 sites found at
cellular promoters, as the TR regions are located within an intron of a viral latent gene
(LMP2) [44]. While promoters are binding hotspots for multiple TFs and auxiliary factors
(e.g. components of the general transcription machinery that synergize for efficient
transcription initiation and elongation), Arvey et al. reported that the EBV TR regions are
bound solely by PAXS5 and devoid of binding sites for any other host transcription
regulatory factor studied by the ENCODE project [45]. Additional binding specificity of
PAX5 for promoter regions may be conferred by chromatin regulatory factors, some of
which have been shown to interact with PAXS5, such as the components of the BAF
chromatin remodeling complex and histone 3 lysine 4 methyltransferase complexes [46]. At
the TR regions, EBER2, via base pairing with nascent transcript, could substitute for a
protein co-factor that boosts PAX5 binding specificity by bringing it to the vicinity of a
PAX5 consensus sequence or stabilizing the interaction with DNA once formed.

the EBV life cycle need a ncRNA?

Depletion of either EBER2 or PAX5 results in transcriptional upregulation of EBV genes
located nearby the TRs, indicating a suppressive role for EBER2-PAXS5. The effect of
EBER2, or PAXS5, depletion on transcription of these EBV genes becomes apparent only
after three days of knockdown, even though EBER2 levels are markedly reduced (<20% its
original level) after several hours. This finding suggests that the EBER2-PAX5 complex
interacts stably with the TR regions and only prolonged depletion disturbs its regulatory
role. We thus speculate that EBER2-PAXS5 is involved in properly organizing the viral
chromatin, especially the direct tandem repeats of the TR regions, which are present at up to
20 copies per episome[47]. As EBV episomes are also present in multiple copies (up to 50)
in an infected cell [48], improper genome organization could result in deleterious genome
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instability; the repeat regions could potentially recombine with those from other episomes
[49].

Support for the idea that the EBER2-PAX5 complex orchestrates the formation of
heterochromatin around the TR regions comes from observations on the murine major
satellite repeats. Here, TFs also of the PAX family, Pax3 and Pax9, bind and recruit a
histone methyltransferase, Suv39h, which deposits repressive histone marks (trimethylation
of histone H3 on lysine 9), resulting in heterochromatinization [50]. Interestingly, ncRNAs
generated from the major satellite repeats of mouse DNA have been proposed to be essential
for this process as well. These nascent transcripts might function similarly to those
corresponding to the EBV-TR intron in recruiting an RNA-TF complex. Thus, the parallels
with our findings for the EBV TR regions are striking: both situations involve repeated
DNA sequences that contain TF binding sites, nascent transcripts from these repeat regions,
and participation of the PAX family of TFs. The transcriptional upregulation we observe
upon loss of EBER2 or PAX5 binding to the TRs suggests that the EBER2-PAX5 complex
might likewise recruit writers of repressive histone marks to induce heterochromatinization,
an idea that is yet to be tested. Even though only repeat regions have been implicated in
ncRNA-mediated recruitment of TFs so far, non-repeat genomic binding sites, as well as
TFs other than those of the PAX family, could also employ an RNA-guide mechanism.

Conclusions and outlook

NCcRNAs utilize base pairing as a fundamental aspect of their mode of action. We
hypothesize that cellular (I)ncRNAs recruit and/or enhance TF binding to target sites by base
pairing with nascent transcripts generated in the vicinity of their binding sites. Many
reported binding motifs of TFs contain degenerate sequences, implying the existence of an
additional layer of regulation to find their proper binding sites in the genome. Protein co-
factors have been shown to modulate TF binding specificity; ncRNAs could act similarly
and substitute for protein co-factors. By base pairing with complementary sequences within
nascent transcripts generated nearby target sites, ncRNAS are ideally suited to increase the
specificity of TF binding and to provide an expanded landing platform for the ncRNA-TF
complex. Given the precedent of the viral EBER2 ncRNA facilitating the binding of its
interacting TF PAXS5, cellular ncRNAs may employ similar recruitment mechanisms.
EBER2 and PAX5 interact indirectly through as-yet unidentified bridging factor(s). The
same set of protein factors might be involved in the mode of action of cellular guide
ncRNAs. Future studies will reveal how prevalent such ncRNA-mediated recruitment of TFs
is in host cells.
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EBER?2 facilitates binding of PAX5 to TRs via RNA-RNA interaction with nascent
transcripts. A: The two accessible regions of EBER2 are marked in green, one of which
engages in RNA-RNA interaction with nascent transcripts from the TR regions. PAX5
binding to EBER? is indicated. B: A single TR unit of EBV and of RLV is shown; the
EBER2-interacting region and PAX5 consensus sites are indicated (top). The predicted
RNA-RNA interaction between EBER2 and the TR RNA is shown for EBV and RLV
(bottom). C: Model for cellular ncRNAs in guiding interacting TFs to target sites by base

pairing with nascent transcripts.
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