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approach identifies novel microRNAs encoded by human
gamma-herpesviruses
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ABSTRACT

We have developed an approach to identify microRNAs (miRNAs) that is based on bioinformatics and array-based technologies,
without the use of cDNA cloning. The approach, designed for use on genomes of small size (<2 Mb), was tested on cells infected
by either of two lymphotropic herpesviruses, KSHV and EBV. The viral genomes were scanned computationally for pre-miRNAs
using an algorithm (VMir) we have developed. Candidate hairpins suggested by this analysis were then synthesized as
oligonucleotides on microarrays, and the arrays were hybridized with small RNAs from infected cells. Candidate miRNAs that
scored positive on the arrays were then subjected to confirmatory Northern blot analysis. Using this approach, 10 of the known
KSHYV pre-miRNAs were identified, as well as a novel pre-miRNA that had earlier escaped detection. This method also led to the
identification of seven new EBV-encoded pre-miRNAs; by using additional computational approaches, we identified a total of 18
new EBV pre-miRNAs that produce 22 mature miRNA molecules, thereby more than quadrupling the total number of hitherto

known EBV miRNAs. The advantages and limitations of the approach are discussed.
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INTRODUCTION

MicroRNAs (miRNAs) are small, noncoding, ~22-nt RNAs
that bind directly to mRNA targets and inhibit their ability
to express protein products (for review, see Du and Zamore
2005; Hammond 2005; Kim 2005). In animals, miRNAs are
predominantly thought to silence gene expression by
binding with imperfect base-pairing to the 3'-UTR of
target RNAs, preventing their translation, and reducing
their steady-state levels by a mechanism that is still not
completely understood (Bagga et al. 2005; Lim et al. 2005).
Additionally, miRNAs can bind to a target mRNA with
perfect complementarity, thereby directing cleavage of the
target in an analogous fashion to siRNA-mediated cleavage
(Hutvagner and Zamore 2002; Zeng et al. 2003; Mansfield
et al. 2004; Yekta et al. 2004).
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miRNAs are initially transcribed as a primary precursor
molecule (pri-miRNA) that can be several hundred to
thousands of nucleotides long. All pri-miRNAs contain at
least one characteristic hairpin structure; these hairpins are
recognized by a protein complex containing the nuclear
RNase enzyme Drosha and processed into ~70-nt hairpin
intermediates (pre-miRNAs) (Lee et al. 2002, 2003; Denli
et al. 2004; Gregory et al. 2004; Han et al. 2004; Landthaler
et al. 2004; Zeng et al. 2005). The pre-miRNA is then ex-
ported to the cytoplasm (Yi et al. 2003; Bohnsack et al.
2004; Lund et al. 2004; Zeng and Cullen 2004), where the
hairpin structure is recognized by a complex containing
the RNase Dicer, which processes the pre-miRNA into the
mature effector ~22-nt miRNA molecule (Bernstein et al.
2001; Grishok et al. 2001; Hutvagner et al. 2001; Ketting
et al. 2001; Chendrimada et al. 2005; Forstemann et al. 2005;
Gregory et al. 2005; Jiang et al. 2005; Saito et al. 2005).

For the most part, miRNAs have been identified by
a modified version of the Rapid Amplification of cDNA
Ends (RACE) protocol (Elbashir et al. 2001; Lagos-Quintana
etal. 2001; Lau et al. 2001; Lee and Ambros 2001). Total RNA
is size-fractionated by denaturing polyacrylamide gel elec-
trophoresis, excised from the gel, and eluted, and then
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oligonucleotides are ligated onto the 5’'- and 3’-ends of the
RNA. Ligated products are then reverse-transcribed, ampli-
fied by PCR, digested with a restriction enzyme, concate-
merized, and sequenced. This approach has been enormously
successful; in fact, the majority of known miRNAs were
identified using this technique (miRBase [http://microrna.
sanger.ac.uk/sequences/index.shtml]; see Griffiths-Jones 2004).
However, there are some limitations to this approach.
Cloning is laborious, and the number of amplicons that
must be sequenced to saturate the screen is high (i.e., >1000).
Therefore, miRNAs of low abundance may be missed.
Additionally, it has been suggested there may be biases in
the sequence composition of cloned miRNAs (Elbashir et al.
2001). Finally, cloning requires hundreds of micrograms of
total RNA starting material, which is not practical in cases
where the amount of sample tissue is limiting. For these
reasons, we set out to develop a methodology to identify
miRNAs that does not rely on cloning, with the particular
goal of discovering new virally encoded miRNAs.

Several computational algorithms have been developed
that take advantage of the characteristic hairpin structure
found in pri-miRNA and pre-miRNA precursor structures
to predict the existence of miRNAs from primary sequence
(for review, see Bentwich 2005; Brown and Sanseau 2005).
However, the majority of these approaches use evolution-
ary conservation as a preliminary filter to limit the number
of candidate miRNAs called by the program (Grad et al.
2003; Lai et al. 2003; Lim et al. 2003a,b; Berezikov et al.
2005). For many viruses, only very distant evolutionary
orthologs are known; thus, for our purposes we required
a methodology that does not rely on evolutionary sequence
conservation. Recently, Pfeffer et al. (2005) developed
a program that predicts miRNAs without the need for an
evolutionary conservation filter. This program has been
successful in identifying miRNAs in viral genomes when
candidates are confirmed by cloning.

We have developed a strategy that combines computa-
tional prediction and microarray analysis to identify
candidate miRNAs encoded by viruses, with Northern
blotting used as a confirmatory test. (A similar approach
has recently been used by Bentwich et al. [2005] for
identification of miRNAs encoded by the human genome,
although their confirmatory test involved cDNA cloning.)
The computational algorithm we use (VMir) is an updated
version of our earlier reported miRNA prediction algo-
rithm (virMir; Sullivan et al. 2005). Because we have the
added filter of considering those candidate miRNAs that
score positive on a microarray, our method has the
advantage of being able to look at all possible predicted
hairpins, not just the ones that score highly in the VMir
algorithm. Additionally, because we use Northern blotting
rather than ¢cDNA cloning to confirm candidate miRNAs,
our approach eliminates any chance of cloning biases.

We have used our approach to analyze miRNA pro-
duction by two human gamma-herpesviruses: the Kaposi’s
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sarcoma-associated herpesvirus (KSHV) and Epstein-Barr
virus (EBV). Both viruses have been previously found by
the ¢cDNA cloning method to produce miRNAs. Three
groups have recently reported extensive cloning analyses of
KSHV miRNAs (Cai et al. 2005; Pfeffer et al. 2005; Samols
et al. 2005); using our method, we were able to identify
most of the KSHV miRNAs previously identified by clon-
ing. Additionally, even though this virus was already exten-
sively mined for miRNAs, we identify a new, previously
undetected KSHV pre-miRNA, bringing the total number
of known KSHV pre-miRNAs to 12. Moreover, we describe
22 new miRNAs encoded by 18 novel EBV pre-miRNAs,
thereby increasing the number of known EBV-encoded
miRNAs by a factor of more than five. The success of iden-
tifying new miRNAs in these select gamma-herpesviruses
suggests that our approach could be applicable to other
organisms with small genome sizes (up to ~2 Mb).

RESULTS

Refinement of VMir, a program to predict
viral miRNAs

Recently, we developed a computer algorithm (virMir) to
predict virally encoded miRNAs and successfully applied
the program to identify miRNAs encoded by Simian Virus
40 (Sullivan et al. 2005). In order to allow the screening of
larger viral genomes, we have further refined the program.
The refined version, called VMir, features an updated
scoring algorithm (see Materials and Methods for details)
as well as the incorporation of several quality filters
designed to reduce the complexity of the prediction. The
program slides a window of predefined size over the viral
genome, advancing each window by a given step size (the
default values are 500 nt for window size and 10 nt for step
size). The secondary structures of RNAs corresponding to
each window are predicted using the RNAfold algorithm
(Hofacker et al. 1994), and individual hairpin structures are
detected. Hairpins with a size above a given cutoff value
(default value 45 nt) are scored according to structural
features and resemblance to known miRNA precursors (see
Materials and Methods). The position, structure, and score
of the hairpins as well as the individual sequence windows
in which they can be detected are recorded.

After completion of the prediction, the recorded hairpins
are compared to one another and categorized in order to
reduce the number of potential candidates. Hairpins that
form at the same genomic location and are of identical
structure within a core region of maximally 85 nt (calcu-
lated from the terminal loop) are considered local varia-
tions of one another. The largest hairpin within such
a collection is designated the Main Hairpin (MHP), while
all others are considered partial variations thereof and are
designated Subsidiary Hairpins (SHPs). Likewise, hairpins
of identical sequence and structure but different genomic
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location are considered Repeated Hairpins (RHPs) of a
given MHP. The results are written to a file, and the hair-
pins can subsequently be visualized using a graphical user
interface (GUI) and filtered according to various properties
such as category, size, score, and minimal number of
sliding windows (hereafter referred to as “window count”)
in which a given hairpin is detected.

VMir analysis of the genomes of KSHV and EBV

We first applied the VMir program to the genome of
Kaposi’s sarcoma-associated herpesvirus (KSHV). Without
turther filtering, the program initially detected a total of
3046 MHPs (for simplicity, we refer to these MHPs as
“hairpins” in the following). Filter values for minimal
scores and window counts were set to 115 and 35, re-
spectively. (These values were selected so that 98% of
a reference set of 175 known human miRNA precursors
passed the filters [data not shown].) Of the initially selected
hairpins, 267 passed the window filter, and 146 of these
achieved a score of 115 or above. Figure 1A shows the
locations and VMir scores for these hairpins. While the
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FIGURE 1. (A) VMir analysis of the KSHV genome; shown are all
hairpins that fold in 35 or more windows and achieved a VMir score
of 115 or above. Hairpins are plotted according to genomic location
and VMir score. (B) Array analysis of potential KSHV-encoded pre-
miRNAs. Only hairpins scoring under stringent conditions are shown,
plotted according to position and the score achieved in the array
analysis (see text for details). Positions indicated on the X-axis refer to
the analyzed sequence that represents the complete long unique region
of KSHV and was assembled from GenBank entries KSU86667,
U93872, and KSU85269 (see Materials and Methods for details).
(Squares) Hairpins in direct orientation; (triangles) hairpins in reverse
orientation; (filled symbols) hairpins that scored in the array analysis
(gray) and hairpins representing confirmed pre-miRNAs (black).
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FIGURE 2. (A) VMir analysis of the EBV genome; shown are all
hairpins that fold in 35 or more windows and achieved a VMir score
of 115 or above. Hairpins are plotted according to genomic location
and VMir score. (B) Array analysis of potential EBV-encoded pre-
miRNAs. Only oligonucleotides with normalized ratios of 1 or above
were considered in the array analysis, and only hairpins that scored
under these conditions are shown, plotted according to position and
the score achieved in the array analysis (see text for details). The five
pre-microRNAs previously identified by Pfeffer et al. (2004) are
marked (we did not attempt to confirm these miRNAs by Northern
blotting). Positions given on the X-axis refer to the analyzed sequence
representing the complete wild-type EBV genome (GenBank entry
AJ507799). (Squares) Hairpins in direct orientation; (triangles) hair-
pins in reverse orientation; (filled symbols) hairpins that scored in
the array analysis (gray) and hairpins representing confirmed pre-
miRNAs (black).

candidates are overall widely dispersed across the viral
genome, a cluster of eight high scoring hairpins (with
scores between 211 and 269) in reverse orientation, located
between nucleotides 118,000 and 122,400, was immediately
apparent.

Next, we analyzed the prototypical wild-type genome of
EBV (GenBank entry AJ507799). This sequence represents
the complete genome of the B95-8 strain; however, the
B95-8 strain has a deletion removing part of the BART
(Bam-H1-A rightward transcript) region; this was repaired
using the corresponding sequence from the Raji strain.
Analysis of the EBV genome was carried out using the same
filter settings as for KSHV. Out of a total number of 3479
individual hairpins detected by VMir, 322 passed the filter
for minimal window counts and 205 of these in addition
had a VMir score of <115 (Fig. 2A). Previously, Pfeffer and
colleagues (Pfeffer et al. 2004) had identified five EBV-
encoded miRNAs via cloning of small RNAs from B95-8-
infected cells. Three of these miRNAs (miR-BHRFI-1
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through -3) are located within the 5'- and 3’-untranslated
regions (UTRs) of the BHRF1 (Bam H1 rightward open
reading frame 1) transcript, while the remaining two (miR-
BARTI1 and -2) map to introns of the BART transcripts.
In our VMir analysis, the pre-miRNA hairpins encoding
these miRNAs achieved scores ranging between 162 and
245, corresponding to ranks 8 and 97 in the VMir pre-
diction for the lowest (MD254, corresponding to miR-
BHRF1-1) and highest (MD1449, corresponding to miR-
BART1) scoring hairpins, respectively (see Fig. 2A). As
for KSHV, the majority of the predicted hairpins in EBV
appeared dispersed across the genome (Fig. 2A). (Note that
the region seemingly devoid of hairpins [nucleotide posi-
tions 12,001-35,355] represents the major internal repeat
region 1 [IR1] of the EBV genome. Only the first repre-
sentative hairpin is shown, while additional repeats of this
hairpin were classified as RHPs and filtered out.) However,
closer examination revealed a cluster of 23 hairpins with
VMir Scores of 180 or above located approximately
between nucleotide positions 139,000 and 157,000. While
these hairpins are observed in a similar genomic location as
the high scoring KSHV cluster, they are in opposite, i.e.,
direct, orientation. The cluster comprises 62% of all hair-
pins in direct orientation with a score of 180 or higher,
concentrated in a segment representing 10% of the viral
genome. Interestingly, the cluster maps to the region of the
BART transcripts (indicated in Fig. 2A) and includes pre-
miR-BART1 and BART?2, with 17 of the hairpins located
within the segment deleted in the B95-8 strain of EBV. A
detailed representation of the hairpins within the cluster is
shown in Figure 7, below.

Confirmation of KSHV pre-miRNAs by microarray
analysis and Northern blotting

In order to confirm candidate miRNA precursors pre-
dicted by VMir, we performed a microarray analysis using
custom arrays that contain 12,000 oligonucleotides
directly synthesized on the chips. Since we did not want
to limit our analysis to the top candidates from our VMir
prediction, we also included lower scoring hairpins as well
as hairpins folding in <35 windows in the array design.
Accordingly, oligonucleotides complementary to the full
set of 3046 hairpin structures initially detected by the
folding algorithm were selected. The oligonucleotides had
a maximum size of 50 nt and were designed such that each
hairpin was represented by at least three overlapping
oligonucleotides: two oligonucleotides covering the left
and the right arms of the hairpin (extending from the apex
position of the terminal loop in the 5'- and 3’-directions;
for longer hairpins, additional oligonucleotides with a
minimum overlap of 25 nt were tiled along the arms) and
one oligonucleotide centered across the terminal loop. We
reasoned that this design would allow us to distinguish
between miRNAs originating from the 5'-arm or 3’-arm
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of a given hairpin. For control purposes, we also selected
oligonucleotides in the identical manner for the 175
known human miRNA precursors that were represented
in the microRNA database (miRBase [http://microrna.
sanger.ac.uk/sequences/index.shtml]; see Griffiths-Jones
2004) at the time. As additional controls for random
degradation, the array also contains oligonucleotides tiled
across coding regions of several housekeeping genes
(GAPDH, p-actin, a-tubulin) as well as 18S ribosomal
RNA.

In addition to the array described above (referred to as
the “hairpin array” hereafter), we also designed a second
array independent of our VMir prediction. This array
(termed the “tile array”) contains 50-mers tiled across
the complete coding region of the KSHV genome in both
forward and reverse orientations, with an overlap of 25 nt
between adjacent oligonucleotides. Additionally, the tile
array also carries the same control oligonucleotides as the
hairpin array. In pilot experiments, we hybridized both
arrays with size-selected RNA (average size 20 nt) from the
EBV/KSHV negative Burkitt’s lymphoma cell line, BJAB.
While these experiments showed that the arrays generally
allowed the identification of endogenous miRNAs, we also
observed a direct correlation between the GC content of the
oligonucleotides and the intensity of hybridization signals
(data not shown). Given the small size of the hybridized
material, this relationship was to be expected; in sub-
sequent experiments, we therefore analyzed only ratios
between our sample material and appropriate controls
(see the following paragraph). In addition, oligonucleotides
that showed a GC content of 85% or higher within any
window of 21 nt shifted along the oligonucleotide were
excluded from our analysis.

To detect miRNAs encoded by KSHV, we analyzed small
RNAs isolated from the latently infected PEL cell line
BCBLI1. As reference/negative control material for both
arrays, we used two different samples, for a total of four
different experimental setups. Since B-cells are refractory to
infection with KSHYV in vitro, we were not able to derive
samples from an isogenic control (i.e., from a B-cell line
before and after infection with KSHV). In one set of
experiments, we therefore hybridized the (KSHV-positive)
BCBL1 samples together with RNAs of the same size
isolated from (KSHV-negative) BJAB cells. In another set
of experiments, two different size-selected samples were
derived from the same BCBL1 material and hybridized to
the arrays: one with an average size of 20 nt and the other
with an average size of 30 nt. We reasoned that the main
source of background hybridization in our experiments
derives from random RNA degradation products, which are
abundant in the typical size range of miRNAs. However, in
contrast to the miRNAs enriched in the ~20-nt range, such
cross-hybridizing degradation products should be equally
abundant in fractions of larger size as well and therefore
should result in approximately equal hybridization signals
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for both samples. In the following, we refer to the two
different hybridization schemes described above as BCBL1
versus BJAB and 20-mer versus 30-mer, respectively.

Primary analysis of the hybridized arrays was carried
out using a standard software package (Genepix). To allow
comparison between different array experiments, the ob-
tained ratios were normalized to a mean value of 0 and unit
standard deviation (thus, normalized values of 0 and 1
represent ratios that were exactly the mean of all oligonu-
cleotide ratios across the array or onefold of the standard
deviation above the mean ratio, respectively; see Materials
and Methods for details). Based on the array results, we
then calculated scores for all of the hairpins that had passed
our VMir filter criteria. For this purpose, oligonucleotides
were first matched to the various hairpins. In order to be
considered for a given hairpin, an oligonucleotide had to
show an overlap of at least 15 nt. (For the hairpin arrays,
this condition is necessarily met by all oligonucleotides
specifically designed for that hairpin; however, oligonu-
cleotides designed for a neighboring hairpin could also
potentially be considered since many adjacent hairpins
folding in different windows showed significant overlap.)
Because miRNAs are generally located directly adjacent to
the terminal loops of the precursor structures, oligonucleo-
tides that were >10 nt away from the terminal loop were
not further considered for the analysis of that hairpin. For
the remaining oligonucleotides, the normalized ratios from
the hybridization data were retrieved and oligonucleotides
with normalized ratios above a certain threshold (1.75;
corresponding to a ratio 1.75-fold above the standard
deviation across the array) were selected. To exemplify
the general concept of array design and analysis, Figure 3
shows the text-based output for one of the confirmed
miRNA precursors, based on the analysis of hairpin and tile
arrays hybridized with a 20-mer versus 30-mer sample. As
can be seen, oligonucleotides mapping to the right arm of
the hairpin showed strong hybridization signals (between
12.7-fold and 34.2-fold above the standard deviation) in
both arrays. In addition, signals, albeit much weaker, were
also detected for two oligonucleotides mapping to the left
arm of the hairpin: MR2892_L on the hairpin array and
04928_F on the tile array, with normalized ratios of 1.1
and 2.1, respectively. (Due to the ratio cutoff of 1.75,
however, oligonucleotide MR2892_L was not included in
the analysis.)

To rank our candidates according to their probability of
encoding miRNAs, we assigned each hairpin a score based
on a combination of the array results and VMir scores. For
the calculation of this score, we first normalized the VMir
scores to a median value of 1. For each hairpin, we then
calculated an array score consisting of the sum of ratios
from all oligonucleotides with ratios above the cutoff of
1.75 (70.53 in the case of the example shown in Fig. 3). This
value was then multiplied with the normalized VMir score
to calculate the final score. Since the highest scoring hairpin

of our prediction achieved a normalized VMir score of 2.9,
the array scores could be maximally tripled by an out-
standing VMir score. No multiplication was performed if
the normalized VMir score for a given hairpin was <1; in
other words, the value calculated from the array hybrid-
izations could only be improved for hairpins with a VMir
score above, but not decreased by a VMir score below the
median value.

In Figure 1B, we present the results of our analysis from
the four different array hybridizations performed with RNA
from KSHV-positive BCBL1 cells. The scores were calcu-
lated as described above and plotted on a logarithmic scale
against the genomic location of the hairpins. While a total
of 50 hairpins achieved positive scores, 10 of the top 20
candidates mapped to the region of the cluster recognized
during our initial analysis of the VMir prediction.

To elucidate whether the observed array signals were
indeed due to the hybridization of viral miRNAs, we
performed Northern blotting experiments with RNA from
KSHV-positive BCBL1 and KSHV-negative BJAB cells for
all of the 50 scoring hairpins. Probes were designed starting
at the boundaries of the terminal loop and extending 35 nt
into the left/5p or the right/3p arm of the hairpins. The 5p,
the 3p, or both arms were chosen based on the location of
oligonucleotides scoring in the arrays, as shown in the
textual output presented in Figure 3. Bands within the size
range expected for mature miRNAs were observed for eight
of the 10 clustered hairpins that were in the top 20 of our
array analysis (see Fig. 4, blots labeled MR2894, -2892,
-2887, -2883, -2868, -2847, -2885, and -2844). For two of
these hairpins (MR2892 and -2868), we detected miRNAs
from the 5p as well as the 3p arm. With the exception of
one hairpin, MR2079, all other Northern blots were
negative. Hairpin MR2079, located within an intron of
the ORF29a/b transcript, achieved ranks 14 and 20, re-
spectively, in our VMir and array analysis. While the size of
the detected band is in perfect accord with a miRNA (see
Fig. 4, MR2079), we also observed a faint signal of same or
similar size in KSHV-negative BJAB cells (too weak to be
seen in Fig. 4). We therefore cannot exclude the possibility
that the signal results from cross-hybridization of a cellular
miRNA with MR2079 sequences.

We next considered the possibility that additional pre-
miRNAs were missed due to stringent filtering. We there-
fore reanalyzed our array data using less stringent criteria.
In particular, we allowed hairpins folding in a minimum of
10 instead of 35 windows into the analysis and lowered the
ratio cutoff value for the arrays from 1.75 to 1.5. Scores
were calculated as described above, and the 40 top-ranking
candidates from the resulting list were chosen for further
consideration (data not shown). By performing Northern
blots for the 19 candidates that had not already been
analyzed during the previous experiment, we were able to
identify an additional two pre-miRNAs (Fig. 4, blots
labeled MR2896 and -2889). These two hairpins were
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FIGURE 4. Northern Blot confirmation of KSHV miRNAs. Total
RNA from KSHV-positive BCBLI cells (right lanes in each blot) and
KSHV-negative BJAB cells (left lanes in each blot) was probed with
radioactively labeled oligonucleotides. Probes were selected based on
the arrays analysis and correspond to the bold sequences in Figure 5.
The names of the hairpins as detected by VMir are shown at the top,
while names of the miRNAs are given below. No miRNA name was
assigned to hairpin MR2079 since a weak signal (too faint to be seen
in the figure) was observed in the BJAB lane (see text for details). The
lower right blot served as a positive control and was probed for human
miR-16. As a load control, an ethidium bromide stain of the low-
molecular-weight RNA is shown under each blot. A ladder showing
the approximate migration of oligonucleotides is shown to the left.

located in the same cluster as the eight pre-miRNAs
identified during the first round of Northern blotting.
Re-examination of the data revealed they had been initially
missed because they fold only in 10 (MR2889) and 13
(MR2896) windows, respectively. Thus, our analysis
detected a total of 12 miRNAs produced from 10 different
pre-miRNAs. The data from our analysis are summarized
in Table 1. In columns 2 and 3, the table shows the names
of the hairpins predicted by the VMir program, along with
their scores and ranks. The next six columns to the right
show the ranks achieved by these hairpins during our array
analysis. The first column gives the ranks from the initial
analysis across all four arrays, using stringent filtering
criteria. In the next column, the ranks for the second
analysis using the relaxed filter settings are shown. To
estimate the contribution of each of the four different

arrays to the overall result, we also analyzed each of the
arrays individually using the relaxed filter criteria; these
data are shown in the next four columns.

As noted in the Introduction, three groups have reported
the identification of KSHV-encoded miRNAs via the
cloning of small RNAs (Cai et al. 2005; Pfeffer et al. 2005;
Samols et al. 2005). Together, these groups identified a total
of 11 different pre-miRNAs (each group individually
identified 10). While nine of these pre-miRNAs were also
identified by us, the remaining two represent the two
candidates from the top 20 of our array analysis
(MR2878 and -2893; ranks 17 and 2, respectively), which
we were unable to confirm by Northern blotting. An
additional pre-miRNA identified during our analysis,
MR2844, was identified only in our study. The rightmost
columns of Table 1 show the pre-miRNAs identified by the
three groups together with the names assigned by each
group. In the following, we refer to the pre-miRNAs in
adherence to the naming scheme used by Pfeffer et al. (2005)
as shown in the leftmost column of Table 1. Since MR2894
was not identified by Pfeffer and colleagues, we refer to this
pre-miRNA as KSHV-miR-K12-2. Accordingly, the pre-
miRNA exclusively identified during our study was named
KSHV-miR-K12-12. In Figure 5, we show the predicted
structures for the confirmed KSHV pre-miRNAs as well as
the hairpin (MR2079) showing cross-hybridization (per-
haps with a cellular miRNA) in KSHV-negative cells. The
regions to which Northern probes were designed based on
the array results are shown in bold. In addition, the
positions of the miRNAs cloned by the three other groups
are indicated by solid brackets. Since our method does not
rely on cloning of miRNA sequences, we cannot precisely
map the position of a mature miRNA within its precursor
hairpin. For the novel KSHV-miR-K12-12 that was exclu-
sively identified in our study but not cloned by the other
groups, the position of the miRNA therefore can only be
estimated; we have indicated this estimated position by the
dotted bracket in Figure 5.

Figure 6 shows a map of the KSHV miRNA cluster
within the KSHV genome. All pre-miRNAs map to a seg-
ment of ~4.5 kb that is located directly upstream of the
major KSHYV latency cluster consisting of ORFs 71, 72, and
73. The segment includes one open reading frame (ORF
K12) and three repeat regions (DR3, DR4, and LIR’).
Sequences between LIR1’ and ORF71, furthermore, can
serve as an origin of replication during the lytic lifecycle of
KSHV (Lin et al. 2003; AuCoin et al. 2004; Wang et al.
2004). Recently, a transcript that is likely to represent a
pri-miRNA for the various pre-miRNAs has been identified
(Li et al. 2002; Pearce et al. 2005; see Fig. 6, 2.5-kb LTd-
transcript). The transcript is coterminal with a previously
described mRNA transcript for Kaposin (Sadler et al. 1999);
however, it starts several kilobases further upstream and
encompasses all of the pre-miRNAs (as well as ORFs 71 and
72). While KSHV-miR-K12-1 through -9 as well as -11 are
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FIGURE 5. Predicted hairpin structures of confirmed KSHV pre-miRNAs and hairpin MR2079. Hairpins longer than 100 nt were truncated;
these hairpins are indicated by a double slash preceding the stem. (In the context of 500-nt windows, MR2896/KSHV-miR-K12-1 was detected
only as a short [51-nt] hairpin; sequences shown in lowercase represent an extension of the hairpin obtained after folding of a smaller [80-nt]
window centered on the hairpin.) The positions of the sequences within the KSHV genome are shown in brackets; all positions are given
according to GenBank entry U93872. The regions complementary to which the oligonucleotide Northern probes were designed are shown in bold.
The positions of mature miRNAs that were cloned by other groups (Cai et al. 2005; Pfeffer et al. 2005; Samols et al. 2005) are marked by solid
brackets; dotted brackets indicate suspected miRNA positions (see text for details).

contained within the large intron of the transcript, KSHV-
miR-K12-10 resides within the coding region of ORF K12.
The novel KSHV-miR-K12-12 is located within the 3’-
UTR, 265 nt away from the end of the transcript.

Identification of novel EBV-encoded pre-miRNAs

The experiments described above have allowed us to
discover a novel miRNA that was not identified by several
groups carrying out extensive cloning experiments of small
RNAs from KSHV-infected cells. Only one study so far has
attempted to clone viral miRNAs from EBV-infected cells
(Pfeffer et al. 2004) and therefore, especially considering the
cluster of high scoring hairpins within the BART region
observed during our VMir analysis (see Fig. 7), we reasoned
that EBV might encode additional miRNAs besides the five
previously identified by Pfeffer and colleagues (2004). Accord-
ingly, we designed a DNA microarray for all of the EBV

hairpins predicted by VMir in the identical way as described
above for KSHV. (Because the coding region of EBV is consid-
erably larger than that of KSHV, we were not able to design
a tiled array for EBV as well.) The hairpin array was
hybridized with size-selected RNAs (~20 nt) from the
EBV-positive Burkitt’s lymphoma cell line Jijoye (Kohn
et al. 1967). As for KSHV, we used two different reference
samples: (1) size-selected RNAs of ~20 nt from EBV-
negative BJAB cells (Jijoye vs. BJAB) and (2) RNAs with an
average size of 30 nt from Jijoye cells (20-mer vs. 30-mer).
The array analysis was carried in the same way and
generally using the same filter parameters as described for
our initial analysis of the KSHV arrays; however, since the
dynamic range of the EBV arrays was overall lower (pre-
sumably due to a higher abundance of random degradation
products) (data not shown), we decreased the cutoff value
for normalized oligonucleotide ratios from 1.75 to 1. The
results of the array analysis are shown in Figure 2B.
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ijTi

FIGURE 6. Map of the KSHV genome between ORFs K12 and 73. Open reading frames and
repeat regions are shown as black and as gray boxes, respectively. The positions of the KSHV-pre-
miRNAs are indicated by black arrowheads. Several latently expressed mRNAs are shown below

tified during our study. Since four of
the pre-miRNAs produced mature
miRNAs from both arms, the total
of novel mature miRNAs is 22. In

(Dittmer et al. 1998; Sadler et al. 1999; Li et al. 2002; Matsumura et al. 2005; Pearce et al. 2005).

The question mark indicates a 2.3-kb “Kaposin” mRNA (Sadler et al. (1999); it is unclear to what
extent this transcript contributes to the overall abundance of Kaposin-encompassing transcripts in

latently infected cells.

Compared to the KSHV analysis, the array results for
EBV appeared generally noisier, and a high scoring hairpin
cluster was not as easy to identify. Nonetheless, closer
examination revealed that 10 out of the top 25 candidates
mapped to the BART region. While one of these hairpins
represented miR-BART1 (rank 25), the remaining nine had
not previously been identified as pre-miRNAs (miR-
BART2 and -BHRF1-3 achieved ranks 65 and 61, respec-
tively; we could not detect signals for miR-BHRF1-1 and -2
during our initial analysis). To investigate whether our
array analysis had, indeed, identified novel pre-miRNAs,
we performed Northern blotting experiments for the top 24
candidates with probes designed as described above for
KSHV (we did not perform a Northern blot for miR-
BART1, which ranked 25th). Indeed, we could confirm
expression of miRNAs for seven of the nine candidates
mapping to the BART region (see top panel in Table 2 and
corresponding Northern blots in Fig. 8). The Northern
blots for the remaining two hairpins from the BART region
as well as the other 15 hairpins were negative.

Because the signal:noise ratio in our EBV arrays was
lower than in the KSHV arrays, we suspected that we might
have missed additional pre-miRNAs with weak hybridiza-
tion signatures. In the case of KSHV, an additional two pre-
miRNAs were identified after lowering the stringency of
our analysis filters. However, due to the higher noise levels,
we deemed a similar approach less suitable for the EBV arrays.
Instead, we decided to rely more on our VMir analysis and
performed Northern blots for all hairpins with VMir scores
of at least 150 that map to the region of the BART trans-
cripts. Accordingly, we designed oligonucleotide probes for
the 16 hairpins that had not already been analyzed during
the first round of Northern blots. As before, probes were
selected so that 35 nt from the terminal loop structures
were covered. However, since we did not have information
about the location of potential miRNAs, Northern blots for
both arms of the hairpins were performed. Indeed, this
second round of Northern blots confirmed an additional 11

742  RNA, Vol. 12, No. 5

accordance with the scheme pro-
posed by Pfeffer et al. (2004), we
have named the pre-miRNAs miR-
BARTS3 through -20. Figure 9 shows
the predicted hairpin structures as well as suspected
locations of mature miRNAs.

A summary of our analysis of the EBV genome can be
found in Table 2. The table shows the novel pre-miRNAs
identified during the first and second rounds of Northern
blotting (top and middle panels, respectively) as well as the
five pre-miRNAs previously identified by Pfeffer et al. (2004)
(bottom panel), along with their VMir scores, VMir ranks,
and the ranks achieved during the array analysis. (For
comparison, we have also included additional lists based on
individual analyses of the Jijoye vs. BJAB and 20-mer vs.
30-mer arrays.) Figure 10 shows a map of the BART region
of the EBV genome. Seven of the newly discovered pre-
miRNAs are found within close proximity of the previously
described miR-BART1, while the remaining 11 are located
~6.5 kb further downstream. A total of 14 of the novel
pre-miRNAs reside within the region deleted in the B95-8

300
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FIGURE 7. Detailed depiction of VMir-predicted hairpins within the
BART region of EBV. Only hairpins predicted in the same (i.e.,
forward) orientation as the BART transcripts are shown. (Black boxes)
Pre-miRNA hairpins that were confirmed by Northern blotting in this
study (we did not attempt Northern blots for the previously identified
pre-miRNAs miR-BART1 and -2). (Gray boxes) Hairpins that
achieved positive scores during the array analysis but were not
confirmed as pre-miRNAs by Northern blotting. The prototypical
RPMSI transcript as described by Smith et al. (2000) is shown below.
The region deleted in the B95-8 strain of EBV is indicated.
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TABLE 2. EBV microRNAs

VMir Array hits (ranks) Pfeffer et al.?
miR Name Hairpin Score Rank Both arrays Jijoye vs. BJAB 20 vs. 30 Predicted Cloned
miR-BART3 MD1446 235 13 17 12 18 5 nc
miR-BART4 MD1448 269 2 16 11 17 np nc
miR-BART7 MD1456 173 80 18 26 13 n/a
miR-BART12 MD1518 215 31 24 — 7 n/a
miR-BART13 MD1521 204 41 19 34 9 n/a
miR-BART16 MD1533 199 44 22 36 12 n/a
miR-BART17 MD1535 212 33 21 23 16 n/a
miR-BART5 MD1452 168 85 — — — np nc
miR-BART6 MD1453 217 29 — — — n/a
miR-BART8 MD1457 228 21 — — — n/a
miR-BART9 MD1458 218 27 — — — n/a
miR-BART10 MD1510 198 45 — — — n/a
miR-BART11 MD1515 237 10 — — — n/a
miR-BART14 MD1526 279 1 — — — n/a
miR-BART15 MD1528 228 22 — — — n/a
miR-BART18 MD1537 185 63 — — — n/a
miR-BART19 MD1540 234 15 58 — 40 n/a
miR-BART20 MD1542 212 34 — — — n/a
miR-BART1 MD1449 245 8 25 20 36 np [
miR-BART2 MD1591 193 51 65 — 50 np C
miR-BHRF1-1 MD254 162 97 — — — np* C
miR-BHRF1-2 MD273 232 16 — — — 6 C
miR-BHRF1-3 MD275 190 56 61 — 43 4 [

First two panels, novel pre-miRNAs identified in our study; the first and second panels show the novel pre-miRNAs confirmed during our first
and second rounds of Northern blotting, respectively. The five pre-miRNA:s first identified by Pfeffer et al. (2004) are shown in the bottom panel.
“Shown are ranks of the pre-miRNAs in the computational prediction of Pfeffer et al. (2005) and whether the pre-miRNAs were cloned.
(np) Not predicted, (n/a) not applicable (the pre-miRNAs reside in a region deleted in the B95-8 genome analyzed by Pfeffer and colleagues),
(*) a prediction was made for the complementary strand of miR-BHRF1-1, (nc) not cloned, (c) cloned.

strain of EBV, and an additional pre-miRNA (pre-miR-
BARTS6) is partially affected by the deletion, explaining why
these 15 pre-miRNAs had been missed in the study of
Pfeffer et al. (2004). However, pre-miR-BART3, -BART4,
and -BARTS5 precede the deleted region and thus are likely to
be expressed in B95-8-infected cells. The BART locus can give
rise to a multitude of differentially spliced transcripts origi-
nating from several promoters (Hitt et al. 1989; Gilligan et al.
1990, 1991; Chen et al. 1992, 2005; Brooks et al. 1993; Smith
et al. 1993, 2000; Sadler and Raab-Traub 1995; Sugiura et al.
1996). The coding potential of many of these transcripts is
uncertain; likewise, their potential to serve as pri-miRNAs
remains unknown. In Figure 10, we have indicated the
position and splicing pattern of the prototypical RPMSI
and RPMSIA transcripts according to the study of Smith et
al. (2000). While miR-BART?2 is positioned within the fourth,
all of the remaining pre-miRNAs map to the first intron, and
thus it appears possible that all miRNAs are expressed
simultaneously from these transcripts.

DISCUSSION

Here we report the identification of several novel pre-
miRNAs encoded by KSHV and EBV, using an approach

that combines computational prediction and subsequent
microarray analysis. Our prediction program (VMir) was
refined from a previous version developed to identify pre-
miRNAs in the genomes of SV40 and Polyomavirus
(Sullivan et al. 2005; C. Sullivan, A. Grundhoff, R. Treisman,
C. Sung, T. Benjamin, and D. Ganem, unpubl.); the
refinements were designed to optimize the scoring algo-
rithm itself as well as to make the program more suitable
for the screening of larger viral genomes. Several algorithms
for the identification of miRNAs have been published in the
past (Grad et al. 2003; Lai et al. 2003; Lim et al. 2003a,
2005; Bentwich et al. 2005; Berezikov et al. 2005; Pfeffer
et al. 2005). However, most methods rely on comparison of
local sequence conservation, especially within noncoding
regions, between closely related species. In such an analysis,
pre-miRNAs are identified due to conservation of the
hairpin structures, with a high degree of sequence homol-
ogy typically observed in the region encoding the mature
miRNA. In contrast, noncoding sequences surrounding the
hairpin structures are often less conserved (Berezikov et al.
2005). While these approaches have been highly successful
in the identification of microRNAs in the genomes of, for
example, Caenorhabditis elegans or Drosophila melanogaster,
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FIGURE 8. Northern Blot confirmation of EBV miRNAs. Total RNA
from EBV-positive Jijoye cells (right lanes in each blot) and EBV-
negative BJAB cells (left lanes in each blot) was probed with
radioactively labeled oligonucleotides. Probes were selected based on
the arrays analysis and correspond to the bold sequences in Figure 9.
The names of the hairpins as detected by VMir are shown at the fop,
while names of the miRNAs are given below. As a load control, an
ethidium bromide stain of the low-molecular-weight RNA is shown
under each blot. A ladder showing the approximate migration of
oligonucleotides is shown to the left.

they are less suited for the analysis of viral genomes. Since
viruses are highly adapted to their specific host cell
environment and also frequently capture host genes, even
closely related viruses frequently show large sequence
blocks with little or no homology. For example, among
the human herpesviruses, KSHV represents the closest
known relative of EBV; both viruses infect similar cell
types and can establish a long-term latent infection within
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the memory B-cell reservoir. Nevertheless, none of the
genes expressed during latent infection is conserved be-
tween KSHV and EBV, and each virus has captured its own
set of host genes.

To our knowledge, besides VMir, only two programs not
relying on comparison of cross-species conservation to
identify pre-miRNAs have been described (Bentwich et al.
2005; Pfeffer et al. 2005). In general, all three programs
have the common principle of comparing structural fea-
tures of candidate hairpins (e.g., bulge size and symmetry,
percentages of paired vs. unpaired nucleotides, etc.) against
a reference set of known pre-miRNAs; however, they differ
substantially in the way in which such factors are weighted.
As neither of the two other algorithms is publicly available,
it is difficult to perform a direct comparison with VMir.
However, counting this work, KSHV has been subjected to
four independent studies aiming at the identification of
virally encoded miRNAs. Given this coverage, one can
reasonably assume that the majority of KSHV miRNAs
have been discovered and estimate the efficiency of the
VMir prediction. Since VMir was primarily developed for
the analysis of viruses (rather than organisms with large
genomes) and we furthermore planned to perform a vali-
dation screen using microarray analysis, our algorithm was
deliberately designed to over- rather than underpredict
possible pre-miRNAs. Nevertheless, eight out of the 12
KSHV pre-microRNAs were among the top 20 candidates
of the VMir prediction when using stringent filter criteria
(see Table 1). For all practical purposes, however, the
remaining four would have been missed had we based our
study on the VMir prediction alone. (It is more difficult to
judge VMir’s efficacy in identifying EBV miRNAs since
only one cloning study from EBV-infected cells has been
reported to date; nonetheless, 11 of the currently known
pre-miRNAs ranked within the top 30).

The algorithm developed by Pfeffer and coworkers (2005)
was used to predict pre-miRNAs in the genomes of several
viruses, including those of EBV and KSHV. The traditional
cloning method was used to identify microRNAs expressed
by these viruses and thus validate the prediction method;
however, Pfeffer et al. (2005) did not attempt to confirm
predicted pre-miRNAs for which no mature microRNAs
were cloned. A total of eight potential miRNAs were
predicted for KSHV, and five of these were confirmed via
cloning experiments. Two of the five were also predicted in
the opposite (i.e., direct) orientation (the hairpins anti-
sense to pre-miR-K12-4 and -9; due to the partial inverted
nature of the hairpin arms, high scoring hairpins are often
predicted in both orientations; the respective hairpins were
also detected in our prediction and achieved ranks 1 and 9,
respectively). Interestingly, the remaining predicted (though
unconfirmed) hairpin represents the novel KSHV-miR-
K12-12 identified during our study (see Table 1). For EBV,
a total of seven potential pre-miRNAs were predicted: Two
of these are the previously reported miR-BHRF1-2 and -3,
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FIGURE 9. Predicted hairpin structures of novel EBV pre-miRNAs. Hairpins longer than 100 nt were truncated; these hairpins are indicated by
a double slash preceding the stem. The positions of the depicted sequences within the EBV genome are shown in brackets; all positions are given
according to GenBank entry AJ507799. Regions complementary to which the oligonucleotide Northern probes were designed are shown in bold.
The suspected positions of the mature miRNAs are indicated by dotted brackets.

while a third (not confirmed via cloning) indeed conforms
to the novel pre-miR-BART3 (see Table 2).

Our approach to detect viral miRNAs is very similar to
the one developed independently by Bentwich et al. (2005)
for the identification of cellular miRNAs. Bentwich and
colleagues performed bioinformatics searches to predict
pre-miRNA candidates; these candidates were then ana-
lyzed using hybridization of size-selected RNA with DNA
microarrays carrying suspected miRNA sequences. How-
ever, there are notable differences between the two
approaches. First, due to the much larger scope of the
work of Bentwich and colleagues, their computational
algorithm necessarily had to be much more stringent, as

only a limited number of hairpins can be tested even with
high throughput array analysis. In contrast, the relatively
small size of the viral genomes analyzed here also allowed
us to test hairpins that were not considered good candi-
dates by computational means only; this enabled us to
identify, for example, KSHV-pre-miRNA-1. Regarding the
hybridization protocol, Bentwich et al. (2005) used size-
selected RNA that was ligated to adaptors, amplified, and
transcribed using a T7 promoter to obtain the material
used for the hybridization; as a control, non-size-selected
RNA processed in the same way was used. In contrast, we
directly labeled RNA of ~20 nt derived from infected cells
and hybridized it together with one of two different control
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FIGURE 10. Genomic map of the BART locus of EBV. Leftward open reading frames are shown
as black boxes at the fop. Black boxes below indicate the rightward open reading frame BARFO as
well as sequences coding for the RPMS1 and A73 proteins. The positions of EBV-pre-miRNAs are
indicated by black arrowheads pointing right. (The previously identified pre-miR-BART1 and -2
[Pfeffer et al. 2004] are shown below the 18 novel pre-miRNAs identified in this study.) The
various exons of the differentially spliced BART transcripts are shown as gray boxes and are
labeled according to the study of Smith et al. (2000). Two alternatively spliced RPMS1-encoding

transcripts identified in the same study are also shown.

samples: either RNA of the same size from uninfected BJAB
cells or slightly larger RNA fractions from the infected cells.
For KSHV, we also used a tiled array besides of the array
carrying the hairpins predicted by VMir. While our
selection of pre-miRNA candidates was based on a com-
bined analysis across all arrays, we have also analyzed each
of the arrays individually in order to allow identification of
the best method (see Tables 1, 2). Clearly, the 20-mer
versus 30-mer hybridizations performed better than those
using BJAB RNA as reference material.

Our method of directly labeling the RNA has the
advantage of being rapid. In addition, it does not depend
on potentially biased ligation procedures, which might miss
certain microRNAs (discussed further below); likewise, the
problem of sufficient coverage (which can be difficult to
achieve during cloning experiments) does not apply. However,
as we confirm potential pre-miRNAs by Northern blotting
and do not generate a miRNA-enriched library, we are not
able to obtain information about the precise miRNA sequence.
We consider this the main disadvantage of our method.

In some cases, this can make it difficult to decide
whether a given candidate represents a false positive, as
exemplified by hairpin MR2079 (see Table 1; Fig. 4).
MR2079 achieved high ranks in both VMir and array
analysis (4 and 20, respectively), and a band in the size
range expected for a mature microRNA was readily detect-
able using Northern probes complementary to the scoring
arm. Furthermore, the hairpin is located within an intron
(a common source of pre-miRNAs). However, we also
observed a faint signal of similar or same size in KSHV-
negative BJAB cells. Therefore, although we have not
observed significant similarity between the MR2079 probe
and known cellular miRNAgs, it is possible that the probe
cross-reacted with a cellular miRNA that is expressed at
much higher levels in BCBL1 as compared to BJAB cells. An
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the 3'-arm, or both arms as the source
of miRNAs, our method therefore
identifies pre-miRNAs rather than ma-
ture miRNAs. Within certain limits,
the location of the mature miRNA can
be predicted based on the hairpin
structure. Assuming an average size
of 22 nt and a terminal loop structure
of at least 10 nt (Zeng et al. 2005), we have indicated putative
miRNA positions for the pre-miRNAs that were exclusively
identified in our study (dotted brackets in Figs. 5, 9).
However, given miRNA size heterogeneity as well as imperfect
prediction of hairpin structures, these can be considered only
as rough estimates. (We have therefore also refrained from
performing a target prediction for the novel miRNAs iden-
tified in our study.)

Lastly, although certainly not unique to our approach,
we encountered the problem of false negatives, i.e., candi-
dates that were negative in either Northern blotting or
array analysis. With regard to the first kind of false
negative, this is in large part due to the relatively in-
sensitivity of the Northern blot procedure. Of note, our
array analyses suggested expression of miR-K12-3 and
expression of 5p- as well as 3p-miRNAs from KSHV-pre-
miR-K12-6 and -8. While all of these miRNAs were cloned
and thus independently confirmed in other studies (Cai
et al. 2005; Pfeffer et al. 2005; Samols et al. 2005), by
Northern blotting we were unable to confirm expression of
miR-K12-3 and -8 and could detect only the 3p miRNA of
KSHV-miR-K12-6. The second kind of false negatives were
encountered during our analysis of EBV, where only eight
out of the total of 18 novel pre-miRNAs achieved positive
signals on our arrays. In large part, this is probably due
simply to a lower quality of the samples or higher abun-
dance of RNA degradation products. However, we note
that, as judged by Northern blotting, the miRNAs that were
negative on our array analysis are not necessarily those of
low abundance (see, e.g., miR-BART-6 in Fig. 8). Thus, it is
possible that additional factors influence the performance
of a given oligonucleotide on the array, such as the relative
location of the mature miRNA within the oligonucleotide
or abundance of cytosine residues, as suggested by previous
studies (Barad et al. 2004; Bentwich et al. 2005).
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Despite these limitations, the feasibility of our combined
approach is documented by the fact that, in addition to the
pre-miRNAs previously reported by others, we discovered
one novel KSHV-pre-miRNA and 18 novel EBV-pre-
miRNAs. In both cases, we suspected the location of the
pre-miRNAs because of the observation of clusters of high
scoring hairpins in the VMir prediction. In the case of
KSHYV, this observation was reassuring but not necessarily
required, as the array analysis alone was sufficient enough
to identify all pre-miRNAs; 10 of the 12 miRNAs were
among the top 20 candidates of our initial analysis, while
the identification of the remaining two required a second
analysis using less stringent filter settings. As discussed
above, our EBV arrays performed less well, and we
observed relatively high levels of background noise. Of
the known EBV microRNAs, we could detect signals only
for miR-BART1, miR-BART?2, and miR-BHRF1-3, which
achieved ranks 25, 65, and 61, respectively. (A Northern
blot for miR-BHRF1-2 showed that this miRNA is
expressed in Jijoye cells, albeit at much lower levels than
in B95-8 cells [data not shown].) In order to test the
reliability of our array, we performed Northern blots
initially only for the top 25 array candidates, using a low
cutoff for normalized oligonucleotide ratios. This analysis
showed that indeed seven novel pre-microRNAs were
among the tested candidates, all of which mapped to the
BART region. As mentioned previously, the BART region
contains 62% of all hairpins in direct orientation that
achieved VMir scores of 180 or higher, located within
a segment that comprises 1/10 of the viral genome.
Reasoning that this observation merited special attention,
we therefore focused our efforts on the BART cluster instead
of relying exclusively on the array analyses as we had done for
KSHYV. In our second round of Northern blots, we probed
for each hairpin that mapped to the region defined by the
BART transcripts, as long as it was in the same (i.e., direct)
orientation as the transcripts and had achieved a VMir score
of at least 150. By doing so, we could identify an additional
11 novel pre-microRNAs. Thus, while our KSHV work was
primarily based on the array analysis, for EBV, the initial
array data served as a catalyst for a subsequent analysis based
on the VMir prediction and consideration of EBV biology
(i.e., the location of the BART transcripts).

While our work has identified several novel pre-
microRNAs in EBV and KSHV, both viruses have been
subjected to cloning studies aiming at the discovery of
miRNAs before. Why have these pre-microRNAs been
missed in the previous studies? In the case of KSHV, close
examination of the KSHV-miR-K12-12 precursor hairpin
revealed a recognition site for the restriction enzyme Banl
within the (suspected) region of the mature miRNA. This
enzyme was used in all three studies to concatemerize
c¢DNA-products, thus explaining why KSHV-miR-K12-12
was not cloned. In contrast to KSHV, only one study so far
attempted to clone small RNAs from EBV-infected cells

(Pfeffer et al. 2004). While this study used cells infected
with the B95-8 strain of EBV, most of the novel pre-
miRNAs are located within a region that is deleted in B95-
8; thus, the miRNAs could not have been cloned. (Neither
could the pre-miRNAs have been predicted in the sub-
sequent computational analysis of the B95-8 strain by
Pfeffer et al. [2005]. Since latency is stably maintained in
B95-8, lytic replication can be induced in these cells and the
strain is also fully transforming in vitro, the missing
miRNAs must be nonessential for these processes or have
essential functions that are duplicated by other miRNAs
from this region.) It is less clear, however, why miR-
BARTS3, -4, and -5 were missed, as they map outside of
the deletion and thus are very likely to be expressed in B95-
8 cells. It has been proposed that there might be a bias
toward the cloning of miRNAs with a certain sequence
composition (Elbashir et al. 2001). If so, and especially
if such a bias is responsible for the fact that the three
miRNAs were missed during the previous study, this would
underscore the importance of alternative approaches such
as ours that do not depend on the cloning of miRNAs.

In summary, we have identified novel gamma-herpesvirus-
encoded microRNAs by an approach that does not rely on
cloning. Each of the hitherto available methods for the
identification of miRNAs has its own limitations: While the
cloning of small RNAs might be biased against certain
miRNAs, array-based methods might be unable to identify
select miRNAs as well. Likewise, computational approaches
are always limited by inaccuracies of the underlying
structural prediction algorithms. We therefore emphasize
that we do not consider the method described here as being
superior to cloning but rather as representing a comple-
mentary approach. In fact, for a primary analysis, we would
advise researchers to use the traditional cloning method, as
it directly provides miRNA sequence information and is
technically less complex. However, our method has allowed
us to identify novel pre-miRNA in viruses that had been
subjected to cloning efforts before, and it is here that we
can most readily see the utility of our approach: in the
detailed analysis of genomes of comparatively small size,
where every hairpin counts.

MATERIALS AND METHODS

Cell lines

The KSHV-positive primary effusion cell line BCBL1 (Renne et al.
1996) was cultured in RPMI-1640 (GIBCO/Invitrogen Corp.)
supplemented with 10% FCS, 5 mM 2-mercaptoethanol, I mM
sodium pyruvate, and 2 mM L-glutamine. The EBV-negative
Burkitt’s lymphoma cell line BJAB (Klein et al. 1974) was grown in
RPMI-1640 medium with 10% FCS. EBV-positive Jijoye cells
(Kohn et al. 1967) were maintained in RPMI 1640 medium with
10% FCS and 2 mM L-glutamine adjusted to contain 1.5 g/L
sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, and 1.0 mM
sodium pyruvate.
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Computational prediction of pre-microRNA
candidates

We used VMir, a refined version of a program described previously
(Sullivan et al. 2005) to predict microRNAs encoded by KSHV and
EBV. For EBV, we analyzed the prototypical wild-type sequence
deposited in GenBank (GenBank entry AJ507799). The sequence
representing the long coding region of the KSHV genome (KSHV
LCR; 137,559 bp) was assembled from three overlapping GenBank
entries. The nucleotide positions flanking the three segments in
the assembled and source sequences, respectively, are as follows:
nucleotides 1-97 of KSHV LCR; nucleotides 295-391 of GenBank
entry KSU86667; nucleotides 88-133,748 of KSHV LCR; nucleo-
tides 1-133,661 of GenBank entry U93872; nucleotides 133,481—
137,559 of KSHV LCR; and nucleotides 1-4079 of GenBank entry
KSU85269. Note that, with the exception of Figure 1, all nucleo-
tide positions given in figures and text refer to GenBank entry
U93872, which harbors all of the KSHV miRNAs.

The VMir program (available from the authors upon request)
uses several predefined but adjustable parameters; in the follow-
ing, the default values used in this study are given in brackets. The
program slides a window of adjustable size (500 nt) over the
sequence of interest, advancing each window by a given step size
(10 nt). The secondary structure of RNAs corresponding to each
window is predicted using the RNAFold algorithm (Hofacker et
al. 1994). Hairpins with a size above a certain threshold (45 nt) are
then identified and scored (see following paragraph). The hairpins
detected in each of the windows are recorded and, after comple-
tion of the structural analysis, are classified as Main, Subsidiary, or
Repeated Hairpins (MHPs, SHPs, or RHPs, respectively). First, all
recorded hairpins are compared to one another and grouped into
local and repeat families. For comparison purposes, a core region
of maximally 85 nt (from the terminal loop structure) is
considered. Local groups consist of hairpins that form at the
same location and are structurally identical within the core region,
but can differ in flanking regions due to their folding in different
sequence windows. The longest hairpin within such a group is
designated the MHP, while all others are classified as the SHPs of
the local family. Repeat groups contain hairpins that are of
identical sequence and structure (within the core region) but
form at different genomic locations. The 5’-proximal hairpin
within a repeat group is designated the MHP of the group; all
others are classified as RHPs. Individual hairpins, i.e., hairpins
that do not belong to a group, are always classified as MHPs. The
results of the analysis are written to a file, and the detected
hairpins can later be filtered according to various parameters such
as the size, the score, and the number of windows in which
a hairpin can be detected (window count). For the calculation of
the latter, the hairpin of interest as well as all of its subsidiary
hairpins are considered (e.g., if a MHP folds in 10 windows and
has SHPs folding in five and three windows, the total window
count for that hairpin is 18).

For scoring purposes, hairpins are first trimmed to a predefined
maximum size (120 nt). A basic score is then calculated as follows:
Each paired nucleotide within the hairpin is awarded two points.
From this score, for hairpins with a terminal loop of >17 nt, one
point is subtracted for each additional nucleotide. For each
symmetric bulge, a value corresponding to the size of the bulge
multiplied by factors of 1 or 1.5 is subtracted for bulges with a size
=4 or >4, respectively, while for each asymmetric bulge, a value
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corresponding to bulge size multiplied by a factor of 2 is sub-
tracted. To calculate the final score, the basic score is multiplied
with a factor Ip, which indicates the probability that a given
hairpin represents a pre-miRNA. The algorithm for the calcula-
tion of Ip was developed based on the statistical comparison of
two data sets: a reference set of 175 known human pre-miRNAs
and a training set of 5500 unrelated hairpins from randomly
chosen sequences (a detailed description of the algorithm can be
obtained from the authors). These data sets were analyzed for (1)
the percentage of paired versus unpaired nucleotides within the
stem, (2) the size of the longest helix within the stem, (3) the
relative position of the terminal loop within the hairpin, (4)
the size of the terminal loop, and (5) the occurrence of bulges
within the stem-loop region that is known (reference set of
known pre-miRNAs) or would be expected (training set) to
encode the mature miRNA. The resulting Ip values range between
0 and 2 for the lowest and highest probability, respectively, that
a given hairpin represents a pre-miRNA (a neutral value of 1
means that the hairpin’s features do not discriminate it from
either the reference or the training set).

Northern blot analysis and microarray hybridization

Total RNA was harvested using RNA-Bee (Iso-Tex Diagnostic,
Inc.) according to the manufacturer’s instructions. Northern blots
were conducted as previously described (Sullivan et al. 2005).
Briefly, total RNA was electrophoresed through a 15% acrylamide
urea denaturing gel and electroblot-transferred to Zeta-Probe GT
membrane (BioRad). Blots were hybridized to radiolabeled anti-
sense oligonucleotide probes in ExpressHyb (BD Biosciences
Clontech) hybridization buffer and then exposed to autoradiog-
raphy film to visualize bands.

Oligonucleotide microarrays were custom synthesized using the
CombiMatrix 12k semiconductor-based custom array platform
(CombiMatrix Corp.). RNA was size-fractionated through a 15%
acrylamide urea denaturing gel, eluted overnight, precipitated,
and concentrated. RNA was labeled with the MirVana miRNA
labeling kit (Ambion Inc.) and Cy3 or Cy5 d(UTP) (Cyscribe,
Amersham Biosciences). Arrays were hybridized in 1X miRNA
MirVana hybridization buffer (Ambion) and washed according to
the manufacturer’s directions.

Microarray analysis

Arrays were scanned using a GenePix 4000B Scanner (Molecular
Devices Corp.) and the GenePix Pro 6 software package.

Ratios were calculated based on median Cy3 and Cy5 fluores-
cence intensities, and the resulting ratio data sets were normalized
by subtracting from each individual ratio the mean of all ratios
across the array and subsequent division of the resulting value by
the standard deviation (normalization to 0 mean and unit
standard deviation). Oligonucleotides that had a GC content of
85% or higher in any window of 21 nt, showed stretches of more
than seven consecutive G or C residues, stretches of more than 10
consecutive A or T residues, or segments of 8 or more nt or more
consisting exclusively of G and C residues were flagged and not
further considered in the analysis. Scores were awarded to the
hairpins predicted by VMir as follows: First, the normalized ratios
of all oligonucleotides that (1) showed an overlap of at least 15 nt
with the hairpins of interest and (2) were located no further than
10 nt away from the terminal loop of the hairpin were retrieved.
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A primary array score was then calculated by summation of all
normalized ratios above a given threshold (see text for threshold
values used in the individual analyses). In cases in which the
analysis included more than one array, the sum was calculated
from the ratios of scoring oligonucleotides across all arrays. The
primary score was subsequently multiplied by a factor that was
based on the VMir score of the hairpin of interest. For the
calculation of this factor, the VMir scores of all predicted hairpins
were first normalized to a mean value of 1. For all hairpins with
a normalized score of >1 (i.e., hairpins with a score above the
mean value of the prediction), the multiplication factor consisted
of the normalized score, whereas the factor was set to 1 (and
therefore essentially no multiplication was performed) for hair-
pins with a normalized score <1.
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