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ABSTRACT

Epstein-Barr virus (EBV) expresses an abundant nuclear noncoding RNA called EBER2, which interacts
with and acts as a guide RNA for the host transcription factor PAX5. This ribonucleoprotein complex
localizes to the terminal repeat (TR) regions of the EBV genome via RNA-RNA interactions between
EBER2 and nascent transcripts originating from these target sites. Given the fact that EBER2 base pairs
with a viral RNA, we developed a protocol to identify EBER2-interacting RNAs in a transcriptome-wide
manner. Our approach entails psoralen-mediated crosslinking, selection with antisense oligonucleotides
targeting EBER2, and RNase V1 digestion coupled to next-generation sequencing. The use of RNase V1
circumvents the need of extensive computational analysis post data acquisition to search for predicted
RNA hybrids, as the RNase V1 cleavage site marks the region of RNA duplex formation. As proof of
principle, we show that our approach correctly identifies the known EBER2 interaction with TR RNAs.
Moreover, we identify the host functional noncoding RNAs MRP, H1, and 7SL RNAs as well as three
putative enhancer RNAs as candidate EBER2-interacting RNAs. As all of these gene loci exhibit PAX5
occupancy, we propose that EBER2 is recruited to these sites through its binding partner PAX5 and
forms RNA-RNA interactions with nascent transcripts on chromatin. Thus, our novel approach facilitates
the identification of targeted RNA-RNA-interactions and minimizes the need of downstream computa-
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tional analyses to predict RNA duplexes.

Introduction

Epstein-Barr virus expresses two noncoding RNAs called
EBV-encoded RNA 1 (EBER1) and EBER2. Both RNAs
are transcribed in infected cells to high levels (>2.5 x 10°
copies per cell) and localize exclusively to the nucleus [1-
3]. While the function of EBERI1 remains poorly under-
stood [4], much insight has been gained recently about the
molecular mode of action of EBER2. By studying potential
chromatin and protein interactions, EBER2 was found to
form a ribonucleoprotein (RNP) complex with the host
transcription factor PAX5 (Paired box-containing protein
5) and localize to the so-called terminal repeat (TR) regions
of the EBV genome; EBER2-PAX5 binding to the TR
regions is required for efficient viral lytic replication [5,6].
Intriguingly, this RNP complex is recruited to its binding
sites on the EBV genome not through the DNA-binding
domain of PAX5, but via RNA-RNA interactions between
one of the two accessible regions of EBER2 and nascent
RNA from the TR regions. This RNA duplex formation is
evolutionarily conserved in a related primate gamma-her-
pesvirus expressing an EBER2 homolog [5]. Thus, EBER2
acts as a guide RNA for PAX5 recruitment to its viral target
sites.

The estimated copy number of EBER2 (~2.5 x 10° copies)
by far surpasses the number of EBV episomes, which are
present at 5-800 copies per infected cell during latent infec-
tion [7]. Given the apparent stoichiometric imbalance, the

question arises as to whether EBER2 may be executing other
physiologically relevant functions than base paring with viral
nascent transcripts. One possibility would be to form as-yet
unidentified RNA-RNA interactions with host RNA mole-
cules. Recently, several methods have been described for elu-
cidating RNA-RNA interactions at a transcriptome-wide level.
These conceptually related and targeted approaches include
CLASH (crosslinking ligation and sequencing of hybrids),
hiCLIP (RNA hybrid and individual-nucleotide resolution
UV crosslinking and immunoprecipitation), RAP (RNA
Antisense Pulldown), and RICC (RNA-RNA interaction iden-
tification by crosslinking and capture) [8-11]. All of these
techniques combine covalent crosslinking, either via UV
light irradiation or a crosslinking agent, with deep sequencing
technology, but differ in how the RNA of interest is enriched.
Notably, none of these approaches provide information about
the exact site of RNA duplex formation and subsequent
extensive computational analyses are required to predict
regions of putative RNA-RNA interactions. Three recent pub-
lications have even described a shotgun approach to infer
global RNA interaction maps [12-14], which require massive
computational prowess to analyze the resulting next-genera-
tion sequencing data sets.

In this study, we adapted steps from existing protocols and
extended them by leveraging the enzymatic activity of RNase
V1 to identify EBER2-interacting host RNAs. This ribonu-
clease isolated from the venom of the Caspian cobra (Naja
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oxiana) has preferred specificity towards double-stranded
RNA substrates and has thus been instrumental in the past
in uncovering the secondary structures of many RNAs [15].
Given the compatibility of RNase V1 digestion with subse-
quent ligation using T4 RNA ligase, as cleavage produces a 5'
phosphate and 3’ hydroxyl group at the cut site, it can be
readily used in combination with adapter ligation in the pre-
paration of next-generation sequencing libraries [16]. As this
valued reagent in RNA biology is currently commercially
unavailable, we partially purified this enzyme from lyophilized
cobra venom. After RNA selection and RNase V1 cleavage, a
linker is ligated to the digested RNA duplex site. The
junction between the linker and the cut site marks the region
engaging in RNA-RNA interaction and can be identified
bioinformatically following deep sequencing, thus providing
a biochemical, rather than bioinformatical solution for iden-
tifying RNA-RNA interaction sites. We observed that base
pairing of EBER2 is not limited to viral RNA, and several
cellular RNAs putatively base pair with EBER2. Our approach
can be applied to other target RNAs and identify their inter-
acting RNA partners while minimizing the need of computa-
tional analyses.

Results

Developing a transcriptome-wide method to identify
EBER2-interacting RNAs

Given the RNA-RNA interaction of EBER2 with viral RNA,
we asked whether the available region for hybridization in
EBER?2 also potentially interacts with host RNAs. We devised
a strategy entailing crosslinking of intact cells with the cell-
permeable crosslinking agent aminomethyl trioxsalen (AMT),
a psoralen derivative, to preserve in vivo RNA duplex forma-
tion [17], followed by DNA antisense oligonucleotide (ASO)-
mediated selection of EBER2 from crosslinked total RNA, as
previously performed for EBER2 to identify chromatin bind-
ing sites and interacting proteins [5,6]; this ASO targets the
bottom loop region of EBER2 (nts 101-124). In addition,
the selected EBER2 hybrids were subjected to digestion with
the double-strand specific RNase V1 enzyme, which would
result in cleavage at the RNA-RNA interaction sites between
EBER2 and interacting cellular RNAs (Fig. 1A), to which a
linker was subsequently ligated with T4 RNA ligase. RNase V1
digestion results in the generation of a 5' phosphate group
and 3’ hydroxyl group at the cut site and is therefore compa-
tible with subsequent ligation with T4 RNA ligase without any
further enzymatic treatment. As the starting material was
phosphatase-treated prior to EBER2 selection, the linker will
be ligated only to the newly generated 5’ phosphate group at
the RNase V1 cut site. Following deep sequencing of the
selected RNAs, the junction between the linker and ligated
RNA can be identified computationally and indicates the site
of RNA-RNA interaction between EBER2 and the co-selected
RNA. Thus, this additional enzymatic step circumvents the
need for extensive computational analyses to predict putative
RNA-RNA interaction sites.

An essential reagent in our strategy is RNase V1, which is
currently commercially unavailable. RNase V1 has been

isolated from the venom of the Caspian cobra by a dual
protein fractionation step [15]. We obtained lyophilized
venom and used conventional protein chromatography fol-
lowing the original protocol to partially purify RNase V1
(Fig. 1B+C). We devised an assay depending on cleavage of
a radiolabeled short hairpin RNA (shRNA) substrate to moni-
tor for activity towards double-stranded RNA (Fig. 1B, top
panel). This shRNA substrate contains a pyrimidine-rich loop
region that can be targeted by enzymes with activity towards
single-stranded RNA, such as RNase A. Following digestion of
the loop region, the trimmed RNA duplex would migrate
faster in polyacrylamide gel electrophoresis, while digestion
within the stem region by a double-strand specific RNase
would result in no resolved bands and disappearance of radio-
active signal. We also used a single-stranded substrate con-
sisting of poly(C) oligonucleotides to verify preferential
double-stranded specificity (Fig. 1B, second panel from top).
In addition to size exclusion and ion exchange chromatogra-
phy described in the original publication, we included a sub-
sequent separation over a hydroxyapatite column to further
remove residual single-stranded RNase activity (compare
‘HAP input’ and ‘HAP fraction 15’ lanes in ssSRNA substrate
autoradiograph in Fig. 1B). Finally, we verified that the pur-
ified double-strand specific activity is compatible with subse-
quent ligation with T4 RNA ligase by producing a 5'
phosphate group and 3’ hydroxyl group at the cut site. For
this, we used the purified double-strand specific RNase to
digest a partial RNA duplex, which was 5 end-labeled on
one strand and blocked at both 3’ ends to prevent chain
elongation. A free 3’ hydroxyl group would only be generated
following digestion with RNase V1, to which a linker was
ligated with T4 RNA ligase (Fig. 1B, third panel from top;
Fig. 1D). Based on these results that match the known enzy-
matic properties of RNase V1, we hereafter refer to the dou-
ble-strand specific RNase we purified from cobra venom as
RNase V1.

The known EBER2-TR interaction is correctly detected

As proof-of-principle, we examined whether our method
would correctly identify the known RNA-RNA interaction
between EBER2 and nascent transcripts from the TR regions
(Fig. 2A) [5]. Using EBER2-targeting ASO we selected EBER2
from total RNA purified from DMSO-treated (-AMT) or
AMT-crosslinked (+AMT) EBV-positive cells. RNAs selected
from the latter sample were split into two aliquots of which
one was further subjected to RNase V1 digest followed by
linker ligation (+AMT; +RNase V1). All three samples were
converted into Illumina-compatible libraries and deep
sequenced. As expected, all three selections robustly enriched
for EBER2 (Fig. 2B+C). Notably, no reads were recovered
aligning to the even more abundant EBER1 viral noncoding
RNA, demonstrating that our approach generates a minimal
number of contaminating reads. Based on our experimental
setup, the 5’ end of each sequence read from the RNase V1-
treated sample represents regions of RNA duplex formation.
Accordingly, we observed that the profile of the EBER2 peak
differed for the RNase V1-treated sample as compared to the
other two in that sharp edges were present in the peak profile
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Figure 1. Identifying EBER2-interacting RNAs by combining psoralen crosslinking, ASO-mediated selection, and RNase V1 treatment. (A) The psoralen derivative AMT
is used to crosslink RNA duplexes in intact cells to preserve in vivo RNA-RNA interactions. An EBER2-targeting ASO is then used to select EBER2 together with
crosslinked interacting RNAs. These duplexes are eluted from the ASO beads using TEACI-containing buffer and are subjected to RNase V1 digestion. Following
cleavage of double-stranded regions, a linker is ligated to the newly-generated 5' phosphate group at the cut site using T4 RNA ligase (inset). Only one possible
cleavage event is depicted for simplicity. After deep sequencing, not only can the interacting RNAs be identified, but also the site of RNA-RNA interactions can be
deduced, which are specified by the junction of the linker and interacting RNA. (B) Cobra venom fractions were examined for activity towards doubled-stranded and
single-stranded substrates. The double-stranded substrate consists of a ShRNA with a pyrimidine-rich loop, which can be digested by single-strand specific RNases,
such as RNase A. The trimmed RNA duplex with no loop region migrates faster in a native polyacrylamide gel. Digestion within the stem region by a double-strand
specific RNase results in the disappearance of radioactive signal, as observed after digestion with all input material as well as hydroxyapatite (HAP) fraction 15; note
that the weak activity of the MonoS input sample is due to the great dilution of protein concentration following size exclusion chromatography. Indicated fractions
were also used in a ligation assay (outlined in D) to verify the compatibility of RNase V1 digest with T4 RNA ligase reaction. A silver-stained gel of the purified
fractions is shown in the bottom panel, revealing the partial purification only of RNase V1; many other proteins are present in our sample preparation, which,
importantly, do not interfere with RNase V1 activity. (C) Purification scheme of RNase V1 from Naja oxiana venom. (D) Outline of ligation reaction after RNase V1
digest. An oligonucleotide blocked at the 3' end with puromycin was 5’ end-labeled (arrow in B, third panel from top) and annealed to a partially complementary
oligonucleotide with a 3' amino modifier. A free 3' OH group is created only after RNase V1 digest, to which a 5' phosphorylated linker blocked at the 3' end with
puromycin can be ligated using T4 RNA ligase. This ligation product is the only one that can be visualized by autoradiography as shown in B (arrowhead, third panel
from top).

(Fig. 2C, red arrows in bottom panel), indicating preferential ~predicted RNA-RNA interaction site with TR RNA within
RNase V1 cut sites in EBER2 through a noticeably elevated EBER2 (Fig. 2A, compare highlighted nucleotides and red
number of sequence reads whose 5’ ends start at these posi- arrows). While the deep sequencing coverage throughout the
tions. Interestingly, these sites coincided with the previously EBER2 locus is not uniform and underrepresented at its 3’
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Figure 2. Verification of the previously predicted RNA-RNA interaction between EBER2 and nascent transcript from the TR region. (A) Secondary structure of EBER2
and previously predicted evolutionarily conserved RNA-RNA interaction between EBER2 and TR RNA is shown. (B) Tracks of ASO-selected RNAs from untreated (-AMT),
AMT-crosslinked (+AMT), as well as AMT-crosslinked and RNase V1 digested (+AMT; +RNase V1) samples. X-axis shows the entire EBV genome; y-axis shows the
number of sequence reads normalized to total mapped reads. (C) Zoomed-in view to the EBER locus of the tracks shown in B. Note that no reads for the highly
abundant EBER1 are observed. The EBER2 profile for the AMT-crosslinked and RNase V1-digested sample differs from the other two in that abrupt edges are
observed, which are indicated by red arrows. The positions within EBER2 of these sites are also denoted by red arrows in A. (D) Zoomed-in view to the TR repeat
region of the tracks shown in B. No read aligning to the TR region is recovered from the -AMT sample; coverage is observed only after AMT-crosslinking. Blue arrow
indicates a distinct peak shape for the ‘+AMT; +RNase V1’ sample compared to the +AMT sample. The location of this abrupt peak is also indicated by a blue arrow in
A. (E) RNA-seq tracks of input RNA from control knockdown (KD CTRL) or EBER2 knockdown (KD EBER2) cells. While EBER1 levels are not affected, the knockdown
efficiency of EBER2 to 14% of wildtype levels is evident in the sequencing tracks. (F) RNA-seq tracks of input RNA for the EBV TR region.

end, possibly due to internal secondary structures interfering
with the reverse transcriptase reaction as part of the library
preparation, the reported sharp edges observed following
RNase V1 treatment have not been observed in other RNA-
seq experiments covering the EBER locus conducted thus
far (Fig. 2E).

We next examined the TR locus for deep sequencing
coverage after EBER2 ASO selection. Consistent with the
fact that ASO selection was performed under denaturing

conditions in the presence of urea, no reads were recovered
for the TR region in the absence of AMT crosslinking; inclu-
sion of AMT-treatment was necessary to co-purify nascent
RNAs from this region (Fig. 2D). We noticed that the cover-
age over the TR regions was not uniform, but fragmentary
and limited to several peaks. This observation may possibly be
due to the high GC content of 78% of the TR region, which
may create a bias and processivity issue for reverse transcrip-
tase during library preparation, resulting in the



underrepresentation of GC-rich regions that form strong sec-
ondary structures. Of note, we observed a peak in the RNase
V1-treated sample whose profile differed from the one in the
AMT-crosslinked sample by exhibiting a sharp edge, indicat-
ing a preferred RNase V1 cut site (Fig. 2D, blue arrow). Again,
this sharp edge in the RNA sequencing profile is not observed
in the deep sequencing tracks of other samples, such as input
RNA (Fig. 2F). Notably, the position of this nucleotide (nt)
coincided with nt 177 of the TR RNA (Fig. 2A, blue arrow),
which is the first nucleotide of the predicted EBER2-TR RNA
duplex. A second peak around nucleotide 280 exhibited an
altered peak as well. However, as this region contains an
extended GC-stretch with no apparent complementarity to
EBER2, the RNase V1 digestion here may be caused not by
RNA duplex formation with EBER2 but with other regions
within the TR RNA. In summary, our approach using psor-
alen crosslinking combined with ASO selection and subse-
quent RNase V1 digest correctly identifies at nucleotide
resolution known RNA-RNA interactions between EBER2
and nascent transcript from the TR regions.

Host RNAs that interact with EBER2

We next searched for candidate cellular RNAs that interact with
EBER2. As we utilized an ASO for selection that targets the
bottom loop region of EBER2, the putative base pairing with
cellular RNAs would have to be formed by the other accessible
region for hybridization in EBER2 (nts 41-64, highlighted in
Fig. 2A). The two criteria to qualify as a candidate interacting
partner were i) enrichment after EBER2 selection in the AMT-
crosslinked (+AMT) sample over control (-AMT) and ii)
sequencing coverage over the candidate gene region also in the
RNase V1-treated sample. We used the software Cuftdiff of the
Tuxedo Suite [18] to filter candidates with a more than twofold
enrichment based on the calculated FPKM values of annotated
genes in the hg38 human genome assembly and retrieved eleven
candidates. Subsequently, we manually examined the eleven
candidates for sequencing coverage also in the RNase V1-treated
sample and found only three candidates with coverage over their
exons. The three cellular RNAs that met both criteria were MRP
RNA (RNA subunit of the RNase mitochondrial RNA proces-
sing), H1 RNA (Ribonuclease P RNA Component H1), and 7SL
RNA (Fig. 3A). Interestingly, all three RNAs are functional
noncoding RNAs transcribed by RNA polymerase IIT [19-21].
MRP RNA plays a role in processing precursor ribosomal RNA
in the nucleolus and RNA in mitochondria to generate primers
for DNA replication [22-24]. H1 RNA as part of RNase P is best
known as the endoribonuclease that generates the 5’ ends of
transfer RNAs [25], but other substrates have also been
described [26,27]. 7SL RNA is an integral component of the
signal recognition particle (SRP) that mediates protein translo-
cation into the ER lumen during translation by ER-associated
ribosomes [28]. For these RNAs, we were able to locate prefer-
ential RNase V1 cleavage sites in the deep sequencing tracks
(Fig. 3A, arrows) and searched for potential RNA duplex forma-
tion between these regions and the accessible region in EBER2
using the program RNAhybrid [29]. We were able to retrieve
predicted RNA hybrids where the RNase V1 cut site coincided
with the end of a helix (Fig. 3C-E, arrows), which are the
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preferred cleavage sites of this enzyme. We also observed a
prominent RNase V1 cleavage site within 7SL RNA (Fig. 3A,
arrowhead). However, we were unable to predict an RNA duplex
consisting of the surrounding region and EBER2. As the cut site
is at nucleotide 151 of 7SL, which is located at the end of helix 6
of its predicted secondary structure [30], RNase V1 cleavage at
this site is likely caused by intramolecular duplex formation,
similar to our observation at the TR region. To confirm the
EBER2 interaction with MRP, H1, and 7SL RNA observed by
our deep-sequencing approach, we examined the co-selection of
these cellular RNAs by qRT-PCR following AMT-treatment and
ASO-selection. As a negative control, we used ASO against
EBERI and verified that both EBER1 and EBER2 were precipi-
tated at comparable levels in the absence or following AMT-
treatment (Fig. 3F, left panel). MRP, H1, and 7SL RNA were
indeed enriched after EBER2 selection, when the cells were
treated with AMT, while no such enrichment was observed for
EBERTI selection (Fig. 3F, right panel). This observation supports
the notion that our deep-sequencing based approach can be used
to identify EBER2-interacting RNAs.

We serendipitously noticed that all three gene loci are
bound by the host transcription factor PAX5 (Fig. 3B; the
PAXS5 ChIP-seq data will be published elsewhere), which is an
interaction partner of EBER2 [5,6]. As the recruitment of
PAX5 to the TR regions of the EBV genome is guided by
EBER?2, we asked whether the same EBER2-mediated recruit-
ment is occurring for PAXS5 localization at the candidate gene
loci. To this end, we performed PAX5 ChIP-seq analysis after
EBER2 knockdown and observed that PAX5 localization is
not quantitatively altered under conditions of EBER2 deple-
tion. As shown in Figs. 2E and 3G, EBER2 was efficiently
knocked down to 14% of wildtype levels in our experiment.
Thus, unlike PAX5 recruitment to the TR regions, its binding
to the RMRP, RPPHI1, and RN7SLI1 gene loci is independent
of EBER?2 and likely not mediated by RNA-RNA interactions.
Furthermore, the fact that PAXS5 localizes to these gene loci
suggests that EBER2 is targeted to these chromatin sites as a
component of the PAX5 complex and likely interacts with
nascent transcripts on chromatin rather than the mature
RNAs within their respective RNP complexes. Consistent
with the notion that EBER2 has a negligible role in PAX5
recruitment, knockdown of EBER2 did not have an apparent
effect on the steady-state levels of these functional noncoding
RNAs (Fig. 3G). Taken together, we propose that EBER2
interacts with the nascent transcripts of MRP, H1, and 7SL
RNAs, but interaction with EBER2 does not impact their
overall RNA levels.

EBER2 interacts with putative enhancer RNAs

To identify EBER2-interacting candidate RNAs that lie out-
side of annotated exons, we focused on the raw read counts
rather than FPKM values output by Cuffdiff to find regions
that show enhanced read coverage in the AMT-crosslinked
sample compared to control. We identified three loci in
apparently intronic regions of the genes HFM1, SLCO5AL,
and PDE3A, which show enhanced selection after AMT-
crosslinking as well as read coverage in the RNase V1-treated
sample (Fig. 4A-C; gene coordinates shown in Table 1). As it
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Figure 3. Candidate host EBER2-interacting RNAs. (A) Tracks for the gene loci RMRP, RPPH1 and RN7SL1 are shown after ASO-selection. All three functional
noncoding RNAs exhibit increased coverage after AMT-crosslinking compared to ASO-selection of untreated total RNA. They also exhibit a distinct alignment profile
when comparing the AMT-crosslinked sample to the one including RNase V1-digest. The latter shows abrupt edges in their profiles, indicative of RNA duplex
formation. (B) PAX5 ChIP tracks of control (PAX5 ChIP-KD CTRL) and EBER2 knockdown (PAX5 ChIP-KD EBER2) BJAB-B1 cells. (C-E) Predicted RNA duplexes generated
by the program RNAhybrid between the top stem-loop region of EBER2 and MRP (C), H1 (D), and 7SL RNAs (E). The calculated free energies of these duplexes are
shown. Arrows indicate the abrupt edges shown in the sequencing tracks. (F) Enrichment of candidate host RNAs after AMT-crosslinking and EBER2 selection
determined by quantitative RT-PCR. ASO targeting EBER1 was used as a negative control. While both EBER1 and EBER2 are precipitated at comparable levels, co-
selection for MRP, H1, and 7SL RNA is only observed for ASO EBER2 and enhanced following AMT-crosslinking. Error bars indicate standard deviation of three
independent experiments. (G) EBER2 depletion does not affect steady-state RNA levels of MRP, H1, and 7SL RNAs. FPKM values of the functional noncoding RNAs in
control (KD CTRL) and EBER2 knockdown (KD EBER2) BJAB-B1 cells as determined by Cufflinks. Error bars indicate confidence intervals calculated by Cufflinks.

is unlikely that unstable, random intronic sequences would
interact with EBER2, we tested the possibility that these
regions are not mere intronic sequences by consulting other
available track information on the UCSC genome browser,
such as RNA-seq and ChIP-seq data provided by the
ENCODE project. All of these intronic regions showed robust
transcription compared to adjacent genomic regions as well as
strong H3K27Ac ChIP signals (Fig. 4D-F), one of the hall-
mark histone modifications of active enhancer regions [31],
suggesting that these transcripts are putative enhancer RNAs.

To examine the mechanism by which EBER2 initiates inter-
action with these enhancer RNAs, we probed for PAX5 localiza-
tion at these sites. ChIP-seq data revealed PAX5 peaks at all three
enhancers, which did not change in peak intensity when EBER2
was knocked down (Fig. 4G-I). Given the fact that PAXS5 is
found at these sites and that enhancer RNAs are chromatin-
associated, EBER2 likely interacts with the nascent transcripts
here as well. We next asked whether EBER2 association with the
enhancer RNAs regulates their abundance, but RNA-seq data of
control and EBER2 knockdown cells showed no effect on
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Figure 4. EBER2 interacts with putative host enhancer RNAs. (A-C) Tracks after ASO-selection are shown for intronic regions of HFM1 (A), SLCO5A1 (B), and PDE3A (C)
genes. Please see Table 1 for genome coordinates. (D-F) H3K27Ac and RNA-seq tracks provided by the ENCODE project on the UCSC genome browser. The EBER2-
selection coverages overlap with H3K27Ac marks, a hallmark of active enhancers. RNA-seq tracks indicate robust transcription at these loci compared to surrounding
regions. (G-L) PAX5 ChlIP tracks (G-I) and RNA-seq data (J-L) of control (KD CTRL) and EBER2 knockdown (KD EBER2) BJAB-B1 cells. Detailed analyses of these tracks
will be published elsewhere. These putative enhancer regions are bound by PAXS5; their localization is not altered by EBER2 depletion. These loci are bi-directionally

transcribed (blue and red tracks indicate transcription of Watson and Crick strand, respectively). Levels of these enhancer RNAs do not markedly change upon EBER2
knockdown. Note that EBER2 interacts with the less abundantly transcribed strand.

Table 1. EBER2-interacting host RNAs. Gene ID, genome coordinates, and raw read count at maximum peak height are shown.

Gene Locus Raw read count at max peak height —~AMT Raw read count at max peak height +AMT
RMRP chr9: 35657750-35658018 249 748
RPPH1 chr14: 20343071-20343411 128 271
RN7SL1 chr14: 49586580-49586878 1494 4643
HFM1 (intron) chr1: 91387198-91387598 607 853
SLCO5A1 (intron) chr8: 69690050-69690385 1954 2619
PDE3A (intron) chr12: 20551271-20551741 55 156
enhancer RNA levels under conditions of EBER2 depletion s iission

(Fig. 4J-L). According to the RNA-seq data, these enhancers
are bi-directionally expressed, yet interestingly EBER2 interacts
exclusively with the less abundant strand in all cases. In sum-
mary, EBER2 interacts with three putative host enhancer RNAs
likely on chromatin, but its interaction does not markedly affect
enhancer RNA levels.

We developed an approach for identifying cellular EBER2-
interacting RNAs using ASO selection coupled to deep
sequencing that requires minimal bioinformatic analysis
to predict the regions engaging in RNA-RNA interactions
(Fig. 1A). We provide proof-of-principle for our approach
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by correctly identifying the known RNA-RNA interaction
between EBER2 and nascent RNA from the TR regions of
the EBV genome (Fig. 2). Furthermore, we extend our
analysis to identify host RNAs that base pair with
EBER2. Interestingly, three candidates are functional non-
coding RNAs expressed by RNA polymerase III; the sec-
ond category of EBER2-interacting RNAs comprises
putative enhancer RNAs (Figs. 3 and 4).

Many ribonucleases with distinct enzymatic activities are
widely used in molecular biology [32], of which RNase V1 is
valued due to its specificity preference towards double-
stranded RNA substrates. Even though it is an essential
reagent in RNA biology, RNase V1 is currently not available
commercially, which prompted us to isolate this enzyme de
novo from lyophilized cobra venom. Our purification scheme
was based on a previously reported chromatography strategy
[15], but entails a modified assay to monitor for enzymatic
activity (Fig. 1B). Silver-staining of our purified fractions
indicated that we only partially purified RNase VI.
Nevertheless, the contaminating proteins did not interfere
with its enzymatic activity, and we have thus abstained from
additional chromatography steps for further protein
separation.

In our approach, the use of RNase V1 and its digestion at
RNA duplexes circumvents the need for extensive down-
stream computational analyses. This achievement relies on
linker ligation at the RNase V1 cut site, as the resulting
junction marks the site of RNA duplex formation, and lin-
ker-adjacent sequences are determined by subsequent deep
sequencing (Fig. 1A, inset). The generation of a 5’ phosphate
group after RNase V1 digestion enables direct linker ligation
by T4 RNA ligase without the need of any prior enzymatic
treatment. As the starting RNA material is phosphatase-trea-
ted before ASO selection, the newly generated 5' phosphate
group after RNase V1-mediated digestion is the only available
site to which the linker can be ligated. After deep sequencing,
we therefore filtered for sequence reads that contain the linker
sequence and only mapped those to the reference genome
after trimming the linker sequence at their 5’ ends. Thus,
the first nucleotide following the linker sequence, i.e. the
first nucleotide of each mapped read, in theory marks the
region of an RNA duplex between EBER2 and its interacting
RNA. These preferential RNase V1 cut sites present them-
selves in the deep sequencing tracks as sharp edges in the peak
profile (Figs. 2 and 3, arrows). Subsequent searches for RNA
duplexes with EBER2 and their interacting RNAs using the
RNAhybrid tool indicated these preferred cut sites to coincide
with ends of helices, which are preferential cleavage sites of
RNase V1.

Based on the criteria that candidate EBER2-interacting
RNAs are enriched after ASO selection in the AMT-cross-
linked sample and exhibit deep sequencing coverage also in
the RNase V1-treated sample, we identified three functional
noncoding RNAs and three putative enhancer RNAs as can-
didate interactors. Following reasons argue against the possi-
bility that these RNAs are false-positives. First, as shown by
the lack of sequence coverage over the TR regions of the EBV
genome in the non-crosslinked control sample (Fig. 2D,
-AMT), our experimental outline generates minimal amount

of background. The low-level coverage in the non-crosslinked
sample over the candidate gene loci are likely remnants of
EBER2-interaction that persist under the denaturing condi-
tions of ASO selection. Second, using the RNAhybrid pro-
gram we were able to retrieve RNA duplexes containing
regions surrounding the preferred RNase V1 cut sites, and
those are found at the end of a helix adjacent to bulges within
these duplexes. We did not observe clear preferential RNase
V1 cleavage sites within the enhancer RNAs, which may
partially be due to the low coverage over these regions.
Third, the putative enhancers are expressed bi-directionally
(Fig. 4J-L), yet EBER2 interacts exclusively with the less
abundant strand, indicating a specific interaction rather than
non-specific background. Fourth, a common denominator for
all candidates is the fact that PAX5 binding is observed at
these gene loci, suggesting the mechanism by which EBER2
interacts with these candidate RNAs. As EBER2 forms a
complex with PAX5, we propose that EBER2 is recruited to
these candidate genes by piggybacking on PAX5 and interacts
with nascent, chromatin-associated transcripts. Of note,
unlike the recruitment of PAX5 to the TR regions of the
EBV genome, PAX5 binding at these host loci is independent
of EBER2 and not mediated by its guide RNA function, as
EBER2 knockdown does not affect PAX5 occupancy at these
loci. Further support for interaction with nascent RNA comes
from the fact that some of the RNAs localize to different
subcellular compartments than the nuclear EBER2, such as
7SL, which is part of the SRP that associates with the ER-
associated translocon [28]. Moreover, as the known secondary
structures of MRP, H1, and 7SL RNAs are incompatible with
the predicted RNA duplexes with EBER2 [25,30,33] and the
nucleotides predicted to interact with EBER2 would be una-
vailable due to intramolecular secondary structure formation,
it is likely that interaction occurs with nascent transcripts
before the known conformations in the fully functional
RNPs are adopted.

The steady-state levels of the EBER2-interacting RNAs are
not affected by EBER2 depletion. Future studies will have to
address the physiological relevance of EBER2 interaction with
these cellular RNAs, and it remains to be seen whether these
interactions affect one of the diverse functions of RMRP,
RNase P, or SRP. Furthermore, it is possible that EBER2
interacts with additional RNAs that have escaped our detec-
tion. EBER2 contains two accessible regions for hybridization,
and we only searched for RNA-RNA interactions formed by
the region that also interacts with TR RNA. The second
accessible site (bottom loop region) may interact with a dif-
ferent set of RNAs. Our approach can thus be applied not
only to EBER2 using a second ASO, but also to uncover RNA-
RNA interactions formed by other noncoding RNAs.

Materials and methods
Purification of RNase V1 from cobra venom

Lyophilized Naja oxiana (Caspian cobra) venom was pur-
chased from Miami Serpentarium Laboratories. Venom was
resuspended in TSO buffer (50 mM Tris-succinate pH 5.6,
20% glycerol, 0.2 mM EDTA, 0.5 mM DTT; 0 M KCl) and



fractionated using column chromatography as outlined in
Fig. 1C. Based on a previously described purification
scheme [15], cobra venom was purified by size-exclusion
and ion-exchange chromatography: Total venom was first
separated over a Superose 6 column by eluting with 20 ml
TS buffer containing 200 mM KCl and collecting 0.25 ml
fractions. These were assayed for double-strand RNA-speci-
fic activity (see below), which indicated that RNase V1
eluted between 16.75 ml and 18.0 ml elution volume.
Based on the molecular weight protein standards, this elu-
tion volume corresponds to a molecular weight of 22-46
kDa. Subsequently, active fractions were applied to a MonoS
column, eluting fractions by applying a linear gradient from
0.1 M to 0.8 M KCI. Double-strand specific activity eluted
with 0.21-0.28 M salt. An additional purification step using
hydroxyapatite column was included to further separate
enzymatic activity towards double-stranded RNA from sin-
gle-stranded RNA specificity. For this, MonoS fractions
harboring double-strand RNA-specific activity were pooled
and dialysed in BP10 buffer (5 mM HEPES pH 5.6, 20%
glycerol, 0.04 M KCl, 0.01 mM CaCl,, 0.01% Triton X-100,
1 mM DTT; 10 mM potassium phosphate), applied to a
hydroxyapatite column, and eluted with a linear gradient
from 0.1 to 0.8 M potassium phosphate. Double-strand
specific activity eluted with 0.53-0.60 M phosphate.
Further fractionation using heparin or phenyl column did
not result in improved separation of double-strand from
single-strand RNA-specific activity.

To assay for double-strand RNA-specific activity, a sShRNA (5'-
GGGCUUGUCGGGAGCGCCACCCUCUGCUUCGGCAGAG
GGUGGCGCUCCCGACAAGCCC-3'; the 4 nt-loop is under-
lined and contains pyrimidines that can be cleaved by RNase A)
was in vitro transcribed with T7 polymerase, using as a template
two DNA oligonucleotides that were annealed to each other
(sequences were: 5-GTAGCTAATACGACTCACTATAGGGC
TTGTCGGGAGCGCCACCCTCT GCTTCGGCAGAGGGTG-
GCGCTCCCGACAAGCCC-3'and 5'- GGGCTTGTCGGGAGC
GCCACCCTCTGCCGAAGCAGAGGGTGGCGCTCCCGAC-
AAGCCCTATAGTGAGTCGTATTAGCTAC-3'; T7 promoter
sequence is underlined). The shRNA was CIP-treated, purified
by phenol-chloroform extraction, and then PNK-treated in the
presence of y->°P-ATP. Instead of 5'-end labeling, body-labeled
shRNA substrates were also generated using Ambion’s MAXI
script T7 Transcription Kit in the presence of a-*’P-CTP to
distinguish phosphatase activity from double-strand RNA-specific
activity. Both substrates yielded identical results. Digestions were
set up in a 20 pl-reaction containing 50 ng of radiolabeled shRNA,
5 ul of each fraction dialysed against TS100, and 2 ul of 10x V1
Digestion Buffer (100 mM Tris pH 7.2, 50 mM MgCl,, 1 M NaCl,
50 mM DTT). Reactions were incubated for 15 min at 37°C,
followed by phenol-chloroform extraction of RNA, and subse-
quently resolved on a 12% native polyacrylamide gel at 200 V for
45 min. Gels were dried and exposed to a phosphor imager screen.

To generate a substrate for single-strand RNA-specific
activity, poly(C) (Sigma P4903) was resuspended in 40 mM
Tris-acetate pH 8.3, 100 mM potassium acetate, 30 mM mag-
nesium acetate, and incubated 10 min at 95°C to fragment the
polymer. The reaction was resolved on a denaturing polya-
crylamide gel and poly(C) chains of ~100 nucleotides were
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isolated by gel-purification and radiolabeled by PNK-treat-
ment. The same digestion conditions as described above
were used for single-strand RNA substrate.

To confirm the generation of a phosphate group at the 5’
end and a hydroxyl group at the 3’ end after cleavage
with purified RNase V1, oligonucleotide RL3 (5'-OH-
GUGUCAGUCACUUCCAGCGG-Puromycin-3")was radi-
olabeled by PNK-treatment and annealed to oligonucleotide
V1_Anneal containing a 3’ amino modifier (5-GCUGGA
-/3AmMO-3'; complementary region in RL3 is underlined).
This partially complementary/doubled-stranded substrate
(1 nmol) was digested with indicated RNase V1 fractions
in a 20 pl-reaction as stated above, and RNA was isolated
by phenol-chloroform extraction. RNA was resuspended in
14.5 pl H,O and subjected to T4 RNA Ligase reaction by
adding 1 pl of 20 puM 5'-phosporylated RL3 (5'-P
-GUGUCAGUCACUUCCA
GCGG-Puromycin-3'), 2 pl 10x T4 Ligase Buffer, 2 ul BSA,
0.5 ul T4 RNA Ligase (ThermoFisher), and incubated over-
night at 16°C. Reactions were ethanol precipitated and
resolved on a 12% denaturing polyacrylamide gel.

Selection of EBER2-interacting RNAs using ASO

Intact EBV-positive BJAB-B1 lymphoma cells (5% 10° cells)
were incubated in 1 ml culture medium containing 50 pg/ml
AMT (aminomethyl trioxsalen) or DMSO (control) for 5 min
at 37°C. Cells were transferred on ice and irradiated with
365 nm UV light for 30 min using a hand-held UV illumi-
nator from a distance of 15 cm and protected by a 2 mm-thick
glass plate. Cells were washed once with ice-cold PBS and
resuspended in 100 pl of PBS containing 0.5% SDS, 10 mM
EDTA, 20 pg Proteinase K, and incubated 30 min at 50°C,
followed by RNA isolation using Trizol and calf intestinal
phosphatase-treatment.

Biotinylated DNA ASO against EBER2 (5'-CCTGACTTGCA
AATGCTCTAGGCG/3BioTEG-3', complementary to nucleo-
tides 101-124) were complexed with MyOne Streptavidin C1
Dynabeads (ThermoFisher). 50 pg of total RNA (with or without
AMT-mediated crosslinking) were resuspended in 100 ul TE
buffer, incubated 3 min at 95°C to disrupt secondary structures,
and transferred on ice. 100 pl H,O, 100 pl Denaturant buffer
(100 mM HEPES pH 7.5, 8 M urea, 200 mM NaCl, 2% SDS),
and 300 pl 2x Hybridization buffer (1.12 M urea, 1.5 M NaCl, 10x
Denhardt’s solution, 10 mM EDTA) including 5 pl RNasin Plus
(Promega) were added together with 50 pl of EBER2 ASO-beads
and incubated for 4 h at RT on a rotator. Beads were washed twice
with Wash buffer (10 mM HEPES pH 7.5, 250 mM NaCl, 2 mM
EDTA, 1 mM EGTA, 0.1% N-Lauroylsarcosine, 0.2% SDS), twice
with PNK buffer (50 mM Tris pH 7.4, 10 mM MgCl,, 0.5% NP40),
followed by on-bead CIP-treatment for 20 min at 37°C. Beads
were washed once with Wash buffer, and RNA was eluted by
adding 200 ul TEACI buffer (10 mM Tris pH 7.4, 2.4 M TEAC],
0.05% Tween-20) and incubating the beads for 5 min at 40°C.
Supernatant was collected, RNA was isolated using Trizol, resus-
pended in 150 pl of Reverse Crosslink Buffer (10 mM Tris pH 7.0,
50% formamide, 150 mM NaCl) and irradiated for 10 min with
254 nm UV light on ice, followed by phenol-chloroform extrac-
tion of RNA. Selected EBER2-interacting RNAs from the -AMT
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and +AMT-sample were then converted into an Illumina-compa-
tible deep sequencing library using the SMARTer Stranded RNA-
Seq Kit (Clontech).

To generate a deep sequencing library from the ‘“+AMT;
+RNase V1’ sample, ASO-selected RNAs from AMT-cross-
linked total RNA were resuspended in 15 pl H,O and RNase
V1-digested by incubating for 15 min at 37°C after adding
5 ul 10x V1 Digestion Buffer, 25 pl 4 M urea, and 5 pl of
RNase Vl1-containing hydroxyapatite fraction. RNase VI
activity was active in the presence of 2 M urea, which was
added to disrupt weak RNA duplex formation and foster the
preferential digestion of AMT-crosslinked duplexes. 150 pl of
Reverse Crosslink Buffer was added, and reaction was irra-
diated for 10 min with 254 nm UV light on ice, followed by
phenol-chloroform extraction of RNA. Precipitated RNA was
resuspended in 6.5 pl H,O and incubated overnight at 16°C
after adding 1 ul 10x T4 RNA Ligase Buffer, 1 pl BSA, 1 ul of
20 uM RL5 linker (5'-OH-AGGGAGGACGAUGCGG-OH-
3'), and 0.5 ul T4 RNA Ligase. The junction of RL5 to the 5’
end of the ligated RNA indicates the RNase V1 cleavage site
and thus the region of RNA-RNA interaction. Reaction was
then DNase-treated by adding 79 ul H,O, 11 pl 10x DNase
Buffer, 5 pl RNasin Plus, 5 ul RQl DNase (Promega) and
incubating for 20 min at 37°C. Non-ligated RL5 was removed
by adding 198 ul Agencourt RNAClean XP beads (Beckman
Coulter) to the reaction following manufacturer’s instructions.
The cleaned-up RNA was converted into an Illumina-compa-
tible deep sequencing library using the SMARTer Stranded
RNA-Seq Kit. Deep sequencing was performed on a NextSeq
500 system with a 300 cycle paired-end run. For the “AMT’,
‘+AMT’, and ‘+AMT; RNase V1’ samples 3.0, 6.3, and 8.5 mil-
lion reads, respectively, were obtained, of which 23.1%, 30.9%,
and 1.92%, respectively, mapped to both the EBV and human
genome.

To confirm enrichment of EBER2-interacting candidate RNAs
after AMT-treatment and ASO selection by qRT-PCR, following
primer pairs were used: RMRP 5-AGGACTCTGTTCCTCCC
CTTTCCGCCTA-3" and 5-TGGAGTGGGAAGCGGGGAAT
GTCTA-3'; RPPHI 5'-GCCGGAGCTTGGAACAGA-3' and 5'-
AATGGGCGGAGGAGAGTAGTCT-3; RN7SL 5-ATCGGG
TGTCCGCACTAAGTT-3' and 5-CAGCACGGGAGTTTTG
ACCT-3" [34-36]. Primer pairs for EBER1 and EBER2 have
been described [5]. Selected RNA after reverse crosslinking with
UV irradiation as described above was subjected to cDNA synth-
esis followed by real-time PCR analysis.

Identification of EBER2-interacting host RNAs

Deep sequencing data were deposited in the Sequence Read
Archive under accession no. SRP136709. Sequence reads were
paired using PEAR software [37] and then mapped to the EBV
reference genome (NCBI accession number DQ279927.1) or the
hg38 human reference genome using Novoalign or TopHat2 of
the Tuxedo Suite [38]. The Cufflinks program of the Tuxedo
Suite was then used to calculate FPKM values and identify RNAs
that are enriched in the AMT-crosslinked sample over con-
trol [18]. To locate transcripts enriched in the AMT-crosslinked
sample that lie outside of exons, such as enhancer RNAs, we
sorted by the raw read count over the maximum peak height to

identify genomic regions where sequencing coverage is higher in
one sample over the other.

To map the RNase V1 cut sites of the AMT-crosslinked
sample, the deep sequencing reads were collapsed for PCR
duplicates and scanned for the presence of RL5 sequence.
Only those reads were retained for genome alignment that
contained the linker sequence in their sequence read, which
was trimmed prior to mapping. Thus, the start site of each
read indicates a duplex forming region.

To predict RNA duplexes between EBER2 and putative
interacting RNAs, the RNAhybrid tool [29] was used to search
for RNA-RNA interactions between the top stem-loop region
of EBER2 and the functional noncoding host RNAs MRP, H1,
and 7SL RNAs.

PAX5 ChiP-seq and RNA-seq following EBER2 knockdown

Knockdown of EBER2 and PAX5 ChIP were performed as
described [5]. Immunoprecipitated material from PAX5 ChIP
experiments and isolated RNAs from control and EBER2-
depleted cells were subjected to Illumina next-generation
sequencing; detailed analyses of these data will be published
elsewhere.
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