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ABSTRACT

Murid herpesvirus 4 (MuHV-4) microRNAs were previously cloned from latently infected tumor cells and predicted to be
processed from a series of RNA polymerase III primary transcripts. We detected maturely processed MuHV-4 miRNAs within
total RNA from lytically infected cells in vitro and infected tissues ex vivo, using a highly sensitive reverse ligation meditated RT-
PCR strategy. We determined that the MuHV-4 microRNAs are biologically active during infection by a luciferase reporter
system. We experimentally demonstrated that transcription of the MuHV-4 microRNAs is by RNA polymerase III by a-amanitin
insensitivity and by specific deletion of the RNA polymerase III type 2-like promoter elements of MuHV-4, resulting in the
complete loss of miRNA detection and function. Finally, we demonstrate that these 10 viral miRNAs, each transcribed from
highly conserved and novel polymerase III promoter elements, vary markedly in their relative abundance and activity.

Keywords: microRNA; herpesvirus; RNA polymerase III; reverse ligation mediated-reverse transcription-polymerase chain
reaction; noncoding RNA

INTRODUCTION

MicroRNAs (miRNAs) are short, noncoding RNAs that
function to regulate protein production levels of target
messenger RNAs (mRNAs) in multicellular organisms
(Bartel 2004). Canonical miRNA biogenesis is typically de-
scribed as beginning with the transcription of a primary-
miRNA (pri-miRNA) transcript via RNA polymerase II
(pol II) (Lee et al. 2004). Post-transcriptional processing
of the pri-miRNA is initiated in the nucleus by Drosha
cleavage of the pri-miRNA stem–loop to yield an intermedi-
ately processed precursor-miRNA (pre-miRNA) (Lee et al.
2003; Kim 2005; Zeng and Cullen 2006). In the cytoplasm,
the pre-miRNA is cleaved by Dicer to yield maturely
processed RNA duplex molecules (Hutvágner et al. 2001),
one strand of which is selectively loaded into the miRNA-
containing RNA-induced silencing complex (miRISC)
(Khvorova et al. 2003; Maniataki and Mourelatos 2005).
In most cases, sequence-specific interactions between the

maturely processed miRNA within the miRISC and the
39 untranslated region (39UTR) of the target mRNA leads
to translational inhibition or degradation of the target
mRNAs, resulting in decreased protein production from
the target mRNAs (Bartel 2004; Carthew and Sontheimer
2009). Control of protein expression by endogenous cellular
miRNAs has been revealed to play a key role in several
important cellular processes, including embryonic develop-
ment, hematopoiesis, stress resistance, fat metabolism, brain
morphogenesis, and tumorigenesis (Metzler et al. 2004;
Alvarez-Garcia and Miska 2005; Gregory and Shiekhattar
2005; Krützfeldt et al. 2006).

Recently it was demonstrated that viruses, including
many herpesvirus examined to date, encode miRNA genes
(Pfeffer et al. 2005, 2004; Gottwein and Cullen 2008; Cullen
2009). Biological functions associated with virally encoded
miRNAs during infection have been linked to latency
within herpesvirus and retrovirus infections and immune
evasion by the polyomavirus, SV40 (Grassmann and Jeang
2008; Cullen 2009). Murid herpesvirus 4 (MuHV-4), com-
monly known as Murine gammaherpesvirus 68 (gHV68),
is a member of the gammaherpesvirus family of viruses.
Gammaherpesviruses consist of lymphotropic herpesvi-
ruses that contain large double-stranded DNA genomes
and are associated with a variety of malignancies and
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lymphoproliferative diseases. Gammaherpesvirus infections
are both host-specific and lifelong in duration. gHV68 is
a natural pathogen of wild rodents and is similar to its ge-
nomic organization and disease associations to the human
pathogens Epstein-Barr virus (EBV) and Kaposi’s sarcoma-
associated herpesvirus (KSHV), making it a relevant small
animal model for gammaherpesvirus (gHV) pathogenesis
(Blaskovic et al. 1980; Simas and Efstathiou 1998; Speck
and Virgin 1999). Confirmed roles for gammaherpesvirus
miRNAs during infection include autoregulation of the viral
DNA polymerase and the LMP1 signaling molecule during
EBV infection, in addition to regulation of the cellular
transcripts BACH1 and THBS1 by KSHV and PUMA and
CXCL11 by EBV (Cullen 2009). Currently there are no
confirmed targets associated with the gHV68 encoded
miRNAs, nor investigations of associated activity.

EBV and KSHV both produce maturely processed
miRNAs that are abundantly expressed during latency and
processed from RNA pol II transcribed pri-miRNA tran-
scripts (Pfeffer et al. 2004; Cai and Cullen 2006; Cai et al.
2006). gHV68 is the only herpesvirus examined to date that
has been predicted to generate its pri-miRNA transcript
through RNA polymerase III (pol III) transcription. In
collaboration with the Tuschl laboratory, we previously
identified gHV68 miRNAs from total RNA isolated from
the latently infected mouse tumor cell line known as S11
(Pfeffer et al. 2005). After their identification, it was noted
that each gHV68 miRNA gene was located immediately
downstream from a previously proposed viral tRNA-like
(vtRNA) element in the left end of the gHV68 genome
(Pfeffer et al. 2005). These proposed vtRNA sequences have
previously been shown to (1) contain RNA pol III, type 2
promoter elements; (2) lack any upstream TATA boxes; (3)
contain up to 75% sequence homology with known tRNA
genes; and (4) be transcribed during all phases of the viral
life-cycle, both latent and lytic (Bowden et al. 1997; Simas
et al. 1999; Ebrahimi et al. 2003). Collectively, this in-
formation led to the hypothesis that the vtRNAs and the
viral miRNAs were transcribed by RNA pol III as one
dicistronic transcript (Pfeffer et al. 2005). Evidence for
transcription of a pri-miRNA by RNA pol III has been
limited to only two recently identified examples: miRNAs
produced by RNA pol III transcription of Alu elements in
mammalian genomes, and the miRNAs produced from the
adenovirus VAI gene (Borchert et al. 2006; Sano et al. 2006).
A synthetic pol III-derived tRNA–shRNA dicistronic tran-
script has been described (Scherer et al. 2007), but the
existence of a naturally occurring tRNA–miRNA dicistronic
transcript with potential to generate biologically active
miRNAs has never been demonstrated. Furthermore, the
predicted pol III-derived dicistronic transcript provides an
atypical substrate for the miRNA processing machinery.

Interestingly, a previous investigation centered on build-
ing a mammalian miRNA expression atlas failed to detect
maturely processed gHV68 miRNAs from lytically infected

mouse fibroblast cells (Supplemental Table S6; Landgraf
et al. 2007). This is surprising because the predicted pri-
miRNAs of gHV68 are transcribed during all stages of
infection (Bowden et al. 1997; Ebrahimi et al. 2003). Here
we demonstrate for the first time that gHV68 pri-miRNAs,
processed intermediates, and mature miRNAs exist within
lytically infected cells in vitro, as well as acutely and latently
infected tissue samples ex vivo. We also determine that the
gHV68 miRNAs are biologically active in their ability to
down-regulate the expression of genes containing target
sequences for the viral miRNAs. Furthermore, we experi-
mentally prove that the gHV68 miRNAs are transcribed
by RNA pol III by detecting maturely processed viral
miRNAs within RNA isolated from infected cells treated
with a-amanitin. Additionally, detailed sequence analysis
of the left end of the gHV68 genome revealed that each of
the gHV68 pri-miRNA transcripts is initiated from pre-
viously uncharacterized RNA pol III type 2-like promoter
elements containing a unique configuration of three over-
lapping A-box promoter elements coupled with one B-box
promoter element. Deletion of this unique RNA pol III
promoter resulted in loss of gHV68 miRNA detection and
biological activity. Finally, we show that despite common
pol III promoter elements, the maturely processed miRNAs
of gHV68 accumulate with distinct abundance patterns and
biological activities during lytic infection. Together, these
data demonstrate the existence of novel RNA pol III
promoter elements giving rise to a series of unique viral
transcripts that are processed into biologically functional
miRNAs.

RESULTS

Northern blot analysis of gHV68 miRNA-associated
transcription during lytic infection

Nearly all well-characterized miRNAs are derived from
pol II transcripts. However, the gHV68 miRNAs have been
suggested to be transcribed by RNA pol III, based on
published observations of vtRNA transcripts in the imme-
diate proximity of the miRNA encoding region of the
gHV68 genome (Bowden et al. 1997; Pfeffer et al. 2005).
These viral transcripts, which we refer to simply as the
gHV68 pol III transcripts, numbered 1 through 8 begin-
ning at the left end of the viral genome, are unique RNA
molecules containing both tRNA-like and miRNA encod-
ing domains. RNA transcripts with this conformation have
not been identified in eukaryotic cells or in other viral
genomes. In collaboration with the Tuschl laboratory, we
previously analyzed RNA from a latently infected tumor
cell line and found mature viral miRNAs and small RNA
transcripts by Northern analysis consistent with pol III-
derived transcripts (Pfeffer et al. 2005). However, we found
no evidence of mature miRNAs from lytically infected cells
despite the fact that abundant transcription of the viral
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pol III transcripts has been previously demonstrated during
lytic infection (Bowden et al. 1997; Ebrahimi et al. 2003;
Landgraf et al. 2007). Due to this apparent discrepancy, we
sought to further examine gHV68 miRNA production
within lytically infected cells.

The transcriptional start and stop sites of the gHV68
pol III transcripts have yet to be experimentally mapped.
However, using the canonical rules of RNA pol III tran-
scription, we were able to predict plausible transcriptional
start and stop sites that would yield the gHV68 pri-miRNA
transcripts. RNA pol III type 2 promoters, typically used in
the transcription of cellular tRNA genes, are found in all
eight of the gHV68 pol III genes and have been predicted to
be used in the transcription of these genes (Bowden et al.
1997; Paule and White 2000; Pfeffer et al. 2005). Transcrip-
tion of genes using the RNA pol III type 2 promoter begins
with the recognition of two internal promoter elements
known as the A box (TRGYNNARNNG) and the B box
(RGTTCRANTCC) by multisubunit transcription factor
complexes, which together recruit the RNA pol III enzyme
to initiate transcription 7 nucleotides (nt) upstream of the A
box promoter element (Paule and White 2000; Hamada
et al. 2001). RNA pol III transcription continues until the
first run of four or more thymidine residues. Applying these
rules, we predicted the start and stop sites of transcription
of all eight of the gHV68 pol III transcripts and the possible
secondary structures associated with the gHV68 pol III
transcripts.

Similar to our previous report from the latently infected
tumor cell line, we determined that the gHV68 pol III
transcripts contain three distinct structural domains con-
sisting of a tRNA-like domain at the 59 end followed by two
stem–loop domains (stem–loops 1 and 2) that contain the
mature miRNA sequences of gHV68 (Pfeffer et al. 2005).
Using the gHV68 pol III-1 transcript as a representative
example, a predicted pol III transcript 196 nt in length can
be broken down into the three aforementioned domains
with the tRNA-like domain occupying the first 73 nt of the
RNA molecule, followed by stem–loop 1, 57 nt in length,
and stem–loop 2, 66 nt in length (Fig. 1A,B). Viral pol III
transcripts of similar lengths and secondary structures were
also predicted for the seven other gHV68 pol III transcripts
(Supplemental Fig. 1).

To determine the existence and size of the gHV68 pol
III-1 transcript, we performed Northern blot analysis for
gHV68 pol III-1 from total RNA collected during lytic
infection of 3T3 cells at 6, 12, 24, and 36 h post-infection.
Using a 59-biotinylated probe designed to anneal perfectly
to miR-M1-1, gHV68 pol III-1 expression was first clearly
detected at 24 h post-infection as three bands ranging in
size from z200 to z50 nt (Fig. 1C). The exact size of the
bands on the blot was calculated by gel migration compar-
ison with size standard markers (Supplemental Fig. 2) and
was determined to be 192, 130, and 51 nt in length. Based
on these band sizes, the top band likely represents the full-

length predicted gHV68 pol III-1 transcript, while the
middle band represents a molecule containing the tRNA-
like and stem–loop 1 portion of the gHV68 pol III-1 tran-
script. The bottom band represents only the stem–loop
1 portion of the gHV68 pol III-1 transcript, previously
predicted to be the pre-miRNA molecule further processed
to generate the mature miR-M1-1 miRNA (Pfeffer et al.
2005). Consistent with previous cloning and sequencing
analysis, a band at 22 nt representing the mature form of
miR-M1-1 was not detected by Northern analysis of lyti-
cally infected cells (Landgraf et al. 2007).

There are two potential reasons why mature miRNAs
were not detected by Northern blot. The first is that
maturely processed miR-M1-1 is simply not made during
lytic infection. The second is that miR-M1-1 is made, but at
levels below our detection limit by Northern blot. We
addressed these issues by determining the limit of detection
of our Northern blot and by using dicer substrate (DS)
mimics to confirm dicer processing and miRNA activity
within 3T3 and 293 cells.

MicroRNAs undetectable by Northern blotting
are biologically active

To determine our ability to detect maturely processed
miRNAs via Northern blotting, independent of viral in-
fection and transcriptional regulation, we transfected both
3T3 and 293 cells with DS mimics of the gHV68 miRNAs
miR-M1-1 and miR-M1-5 (Fig. 2A). Design and imple-
mentation of these DS mimics was performed as previously
described for enhanced RNAi activity (Kim et al. 2005).
Transfecting cells with DS mimics should result in the
processing of the RNA mimic molecules from an initial size
of 27 nt to biologically functional molecules 21 nt in length
(Kim et al. 2005). Surprisingly, Northern blot analysis of
total RNA harvested from DS transfected cells did not show
the expected accumulation of a processed, 21-nt-long RNA
product (Supplemental Fig. 3A,B). Northern blotting of
titrated concentrations of untransfected DS mimics dem-
onstrated that our Northern blot sensitivity is near 10 fmol,
or z6 3 109 total molecules (Supplemental Fig. 3C).

To measure possible biological activity from the DS
miRNA mimics, we transfected DS mimics into 3T3 and
293 cells with the pGL3-Control or pGL3-M1-1 target fire-
fly luciferase reporter plasmid (Fig. 2B). The pGL3-M1-1
target plasmid contains a perfect target site for miR-M1-1
miRNA binding and allows for quantification of miR-M1-1
miRNA activity in the luciferase assay. Cells were also
transfected with the pRL-TK renilla luciferase plasmid as
a transfection control to normalize the firefly transfection
results. Upon cotransfection with the DS and the pGL3
reporter plasmids, expression from the pGL3-M1-1 plas-
mid in 3T3 cells was decreased by 97% (35-fold reduction)
relative to the cotransfection with the pGL3-Control
plasmid (Fig. 2C). Upon cotransfection with the DS and
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the reporter plasmids, expression from the pGL-M1-1
plasmid in 293 cells was down 91% (11-fold reduction)
relative to the pGL3-Control plasmid (Fig. 2D). Cotrans-
fection with the miR-M1-5 DS had no effect on the amount
of luciferase expression from the pGL3-Control or the
pGL3-M1-1 firefly luciferase plasmids in either cell type, as
expected.

These data demonstrate that even though the maturely
processed form of the DS was undetectable by Northern
blot following transfection, biological activity specific to the
DS molecules is present in the transfected cells. One formal,
but unlikely, explanation of these results is that unpro-
cessed DS may down-regulate the expression of the pGL3-
M1-1 reporter. However, the more likely explanation is that
the DS molecules are processed and biologically active,
but at levels too low to be detected by Northern blot. To

directly determine whether the DS molecules are maturely
processed, we used reverse ligation mediated RT-PCR
(RLM-RT-PCR) to detect mature forms of miRNAs.

Identification of mature miRNAs using RLM-RT-PCR

To identify mature miRNAs we used a RLM-RT-PCR assay
that allows for the amplification and sequencing of mature
miRNA products in as little as 200 ng of total RNA. The
RLM-RT-PCR procedure is centered on the fact that the
T4 RNA ligase will ligate any two pieces of single-stranded
nucleic acid as long as one strand contains a 59 mono-
phosphate end and the other a 39 hydroxyl end (Romaniuk
and Uhlenbeck 1983). Mature miRNAs, direct products of
Dicer cleavage, are single-stranded molecules that contain
a 59 monophosphate and a 39 hydroxyl group that make

FIGURE 1. Northern blot analysis of gHV68 pol III-1 during lytic infection. (A) Schematic of the predicted gHV68 pol III-1 transcript. RNA
pol III type 2 internal promoter elements are shown as solid gray boxes. gHV68 miRNA miR-M1-1 is represented as a solid red box. gHV68
genomic coordinates are labeled in italics above the gene diagram. (B) Predicted secondary structure of the gHV68 pol III-1 transcript containing
the lowest DG°37 value using the RNAstructure 4.6 software (Mathews et al. 2004). Nucleotides comprising miR-M1-1 are shown in red. (C)
Northern blot of gHV68 pol III-1 from total RNA isolated from infected 3T3 cells collected at 6, 12, 24, and 36 h post infection. gHV68 pol III-1
transcript products are diagrammed to the right of the Northern blot. Ethidium bromide-stained 5S rRNA shown below serves as a loading
control.
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them suitable substrates for this reaction (Elbashir et al.
2001; Bartel 2004). A synthetic linker oligo of known
sequence was ligated onto small RNAs isolated from cells
to create a platform long enough for RT-PCR. We designed
two different linker oligos: one RNA linker oligo containing
hydroxyl groups at both the 59 and 39 ends of the linker
molecule for RLM-RT-PCR detection of miRNAs arising
from the 39 stem of a precursor miRNA stem–loop (as is the
case for gHV68 miR-M1-1), and one RNA linker oligo
containing a 59 monophosphate used for RLM-RT-PCR of
miRNAs arising from the 59 stem of a precursor miRNA
stem–loop (as is the case for gHV68 miR-M1-5). Using the
miRNA sequence as one primer binding site and the RNA
linker oligo as the other primer binding site, RT-PCR
analysis of the reverse ligated RNA products was conducted.
RT-PCR products were then cloned and sequenced to verify
ligation of mature miRNAs to the linker oligo (Fig. 3A).

Applying the RLM-RT-PCR strategy to stock DS, we
found some RLM-RT-PCR products using both the miR-
M1-1 DS and the miR-M1-5 DS primer sets for amplifi-
cation (Fig. 3B). Cloning and sequencing of the products

from the untransfected miR-M1-1 DS
(Fig. 3B, left lane) revealed a predomi-
nant product of 35 base pairs (bp) (six
of 10 clones sequenced) (products de-
tailed in Supplemental Table 1), smaller
than the 38 bp corresponding to a prop-
erly processed DS molecule. Sequence
analysis of this product revealed that it
was a primer dimer generated during
the RT-PCR reaction. However, with the
untransfected miR-M1-5 (Fig. 3B, left
lane), a wide variety of inserts ranging
from RNA molecules shorter or longer
than a properly processed DS were also
cloned. Of the 10 clones sequenced from
the miR-M1-5 DS RLM-RT-PCR, none
of the inserts revealed an RNA molecule
of the proper size to be a mature miRNA
as expected from this untransfected
sample. No product was detected in
the mock transfected samples or the no
template control (NTC) samples (Fig.
3B). Importantly, mature miRNA prod-
ucts can be recovered from cells trans-
fected with either DS.

RLM-RT-PCR sequence analysis of
both the miR-M1-1 DS and the miR-
M1-5 DS transfected samples in either
the 3T3 or the 293 cell type show
processing of the DS to generate per-
fectly processed miRNA molecules as
predicted. The clones were not homo-
geneous in their representation of the
mature miRNA product, and some

sequences revealed the presence of RNAs longer than the
mature form of the DS. This is not entirely surprising
however, due to the fact that these long RNAs are detected
via Northern blotting (Supplemental Fig. 3A,B). Graphical
representation of all of the RLM-RT-PCR clones sequenced
is shown in Figure 3B and summarized in Supplemental
Table 1. In addition to the longer RNAs in the population
of RNAs amplified, RLM-RT-PCR confirmed mature
miRNAs of the correct size and sequence in the DS
transfected samples. Therefore the biological activity asso-
ciated with the DS transfection corresponds to the presence
of maturely processed miRNA products.

Additionally, with input of 200 ng for RLM-RT-PCR
versus 20 mg of total RNA for the Northern blot, it is clear
that the RLM-RT-PCR strategy is very efficient at detecting
mature miRNAs. Because the gHV68 mature miRNAs were
never detected by Northern blot in spite of our demon-
stration that the gHV68 miRNAs are biologically active
in the cell, we determined that the limit of detection of
our Northern blot using biotinylated probes was 5000–
10,000 mature miRNAs per cell. RLM-RT-PCR allowed us

FIGURE 2. Dicer substrate (DS) processing, detection, and biological activities. (A) Schematic
of miR-M1-1 and miR-M1-5 DSs. The entire molecule consists of ribonucleic acid nucleotides
except for the two underlined bases that are deoxyribonucleic acid nucleotides. Arrows
represent predicted dicer cut sites on the molecule. The bold bases represent the mature
miRNA molecule. (B) Schematic of the pGL3-Luciferase plasmid constructs. pGL3-Control
contains a short 39UTR sequence with no miRNA target sequences, shown below the pGL3
diagram. pGL3-M1-1 contains the perfect complement sequence of gHV68 miRNA miR-M1-1
in its 39UTR, shown in bold below the pGL3-M1-1 diagram, and serves as a target to gauge
miR-M1-1 activity in transfected cells. (C,D) Dual luciferase reporter analysis from cotrans-
fection experiments with the DS molecules and pGL3 reporter plasmids in 3T3 and 293 cells.
pGL3 reporter and M1-1 DS cotransfections are shown as solid black bars, while pGL3 reporter
and M1-5 DS cotransfections are shown as solid white bars. Data are shown as total firefly
luciferase activity normalized to the renilla luciferase transfection control readings.
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to detect mature miRNAs with at least 100-fold higher
sensitivity than Northern blotting.

Using this sensitive RLM-RT-PCR assay, we then ana-
lyzed mature miRNAs produced in lytically infected 3T3
cells (Fig. 3C) as well as in infected tissues (Fig. 3D) from
both acute and latent stages from C57BL/6J mice infected
with gHV68. Maturely processed miR-M1-1 detected by
RLM-RT-PCR was confirmed by cloning and sequencing
the RT-PCR product. During lytic infection of 3T3 cells,
miR-M1-1 was first definitively detected at 24 h post
infection and appears to remain constant to the point of
cell lysis at 36 h post-infection. In contrast to miR-M1-1,
gHV68 miRNA miR-M1-5 is readily detectable as early as
6 h post-infection with an apparent maximum expression
level reached at 12 h post-infection.

Mature gHV68 miR-M1-1 was also detected within ex
vivo tissue samples from mice infected with gHV68. At day
5 post-infection, during acute gHV68 infection, miR-M1-1

was differentially expressed within different organs with the
highest level of expression of miR-M1-1 in the spleen
followed by peritoneal cells and lung. Infected spleen
samples were also found to contain mature miR-M1-1 at
day 16 post infection, during latent gHV68 infection and at
a time when only one cell in 100 is estimated to be infected
(Flaño et al. 2002; Willer and Speck 2003).

RLM-RT-PCR analysis revealed that gHV68 mature
miRNA expression can be readily detected in a variety of
infection conditions where Northern blot analysis does not
reveal mature miRNAs. Additionally, the RLM-RT-PCR
detection of mature miRNAs from cells transfected with DS
mimics is consistent with the demonstration of functional-
ity of these DS mimics by luciferase reporters (Fig. 2C,D).
With a robust and convenient system in place to detect
mature miRNA expression from virally infected cells, we
next sought to determine whether we could detect all 10
of the previously annotated gHV68 miRNAs as well as

FIGURE 3. Detection of mature miRNAs using RLM-RT-PCR. (A) Schematic of the RLM-RT-PCR process for the detection of mature miRNAs.
(B) RLM-RT-PCR of miRNAs miR-M1-1 and miR-M1-5 produced from the dicer substrates in transfected cells. Total RNA from the indicated
cell types was used as template for the RLM-RT-PCR procedure. RT-PCR products were resolved by gel electrophoresis and visualized by
ethidium bromide. Histogram representation of sequence analysis of the RT-PCR products from the dicer substrates is shown below the agarose
gels. Each dicer substrate RLM-RT-PCR product in B was cloned, and 10 clones of each product were sequenced. The histograms show the
position where the dicer substrate molecule ligated to the RNA linker oligo. Nucleotide position 21 is the predicted dicer cleavage site for these
molecules and is boxed. Clones that yielded primer dimer products are not represented in the histogram. The gray lines represent clones
sequenced from the untransfected dicer substrates. The solid black line represents clones sequenced from dicer substrates transfected into 3T3
cells. The dotted black line represents clones sequenced from dicer substrates transfected into 293 cells. (C) RLM-RT-PCR analysis of mature
gHV68 miR-M1-1 and miR-M1-5 from gHV68 infected samples. Lytic in vitro RLM-RT-PCR products were amplified from RNA samples of 3T3
cells infected at an MOI = 5 with total RNA isolated at 6, 12, 24, and 36 h post infection. (D) Acute and latent ex vivo RLM-RT-PCR products
were amplified from RNA of C57BL/6J mouse tissues collected at day 5 post-infection (acute) or day 16 post-infection (latent). All RLM-RT-PCR
products were resolved and visualized using ethidium bromide staining. Bands were confirmed to be mature miR-M1-1 miRNAs by cloning and
sequencing. Splen. indicates splenocytes cells; PC, peritoneal cells.
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demonstrate biological activity of the
viral miRNAs using the pGL3 luciferase
reporter system during in vitro lytic
infection.

Lytically infected 3T3 cells contain
maturely processed gHV68
miRNAs that are biologically active

To determine whether the gHV68
miRNAs are processed into mature
miRNA products during primary infec-
tion in vitro, we infected 3T3 cells at
a multiplicity of infection (MOI) of 5
and isolated the total cellular RNA 42 h
post-infection for RLM-RT-PCR analysis.
We used primer sets specific to each
individual gHV68 miRNA and to one
cellular control miRNA (mmu-miR-21)
shown previously to be expressed in 3T3
cells (Hu et al. 2008). We detected each
gHV68 mature miRNA from lytically
infected 3T3 cells, with the exception of
miR-M1-2 (Fig. 4A). Of the gHV68
miRNAs detected, it was apparent that
not every viral miRNA was expressed or
detected to equal levels. This is some-
what surprising for pol III transcripts,
which are presumably made consis-
tently and equivalently. However, this
differential detection is consistent with
the fact that the viral miRNAs were
initially cloned with varying frequency
(Pfeffer et al. 2005). In the initial
identification of the gHV68 miRNAs,
miR-M1-1, miR-M1-5, miR-M1-7-5p,
and miR-M1-7-3p were the four most abundantly cloned
miRNAs from the gHV68 latently infected cell line S11
(Usherwood et al. 1996; Pfeffer et al. 2005). Our RLM-RT-
PCR results indicated that the most abundant gHV68
miRNAs during primary infection of 3T3 cells were miR-
M1-1, miR-M1-3, miR-M1-6, miR-M1-7-5p, and miR-
M1-9. The relative differences in miRNA abundance in
this study in comparison to previous work could be due to
the different sources of RNA, that is, latently infected
tumor cells versus lytically infected cells. It has been shown
from studies of other gammaherpesviruses, that the state of
viral infection, whether lytic or latent, can impact the
overall levels of viral miRNAs in infected cells (Cai et al.
2005, 2006; Gottwein et al. 2006). As expected, there was no
detection of mature miRNAs from the cells infected with
gHV68D9473, a mutant virus lacking the left end 9.5 kb of
the gHV68 genome, including the viral miRNA coding
region (Clambey et al. 2002). Both sets of virally infected
cells clearly show signs of lytic infection based on the

presence of the lytic viral transcript ORF 50 in both
infected cell populations (Fig. 4B).

To determine the biological activity of the gHV68
miRNAs, 3T3 or 293 cells were lytically infected at an
MOI of 5 following cotransfection with a pGL3 firefly
luciferase reporter plasmid containing a target site specific
to a single gHV68 miRNA and the pRL-TK renilla luciferase
transfection control plasmid. To specifically discern biolog-
ical activity of the viral miRNAs, the cotransfected cells were
either infected with wild-type gHV68 or gHV68D9473.
Interestingly, this analysis demonstrated that not all of the
gHV68 miRNAs confer robust down-regulation of their
respective targets in the luciferase reporter system (Fig. 4C).
Luciferase readout is displayed as a ratio of pGL3 luciferase
reporter expression from the gHV68 infection divided by
pGL3 luciferase reporter expression from the gHV68D9473
infection. Therefore the pGL3 luciferase reporter plasmids
with the lowest expression ratio are the most strongly down-
regulated by gHV68 infection. Only miRNAs miR-M1-1,

FIGURE 4. Detection and confirmation of biological activity of the gHV68 miRNAs during
lytic infection in vitro. (A) RLM-RT-PCR for miRNAs in 3T3 cells infected with either gHV68
or gHV68D9473. mmu-miR-21 serves as an endogenous control for miRNA expression in 3T3
cells. RT-PCR products were resolved by gel electrophoresis and visualized by ethidium
bromide. (B) RT-PCR for ORF 50, a marker of lytic infection for 3T3 cells infected with
gHV68. Actin serves as a RT-PCR control for endogenous transcription in 3T3 cells. (C) Dual
luciferase reporter analysis following infection with either the gHV68 or gHV68D9473 viruses.
pGL3 luciferase reporter target is labeled below the graph. All results are displayed as a ratio of
firefly luciferase expression in gHV68 infected cells divided by firefly luciferase expression in
gHV68D9473 infected cells. Firefly luciferase readings are all normalized to the renilla
luciferase transfection control. Readings obtained from 3T3 infected cells are shown in solid
black bars; 293 cells, in solid white bars. Readings below the dashed line represent repression by
the corresponding viral miRNA in gHV68 infected cells.
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miR-M1-7-5p, and miR-M1-7-3p have
the ability to reduce their luciferase re-
porter target expression by 50% or
more. This could be due to the fact that
the cells are succumbing to lytic infec-
tion prior to our ability to detect strong
viral miRNA activity, in contrast to
latently infected cells where miRNA
accumulation is possible. These data dem-
onstrated mature and functional viral
miRNAs within primary infected cells,
a condition in which both pol II and
pol III transcription has been reported
from the miRNA coding region of the
virus genome. With these methods to
detect and gauge the biological activity
of the gHV68 mature miRNA products,
we next sought to definitively deter-
mine whether production of the gHV68
miRNAs was dependent on RNA pol III
transcription as previously predicted
(Pfeffer et al. 2005).

The gHV68 miRNA primary
transcripts are transcribed by
RNA pol III

To experimentally determine whether
the pri-miRNA transcripts of gHV68
are transcribed by RNA pol III, we
infected a-amanitin-treated 293T cells
with gHV68 for RT-PCR analysis to measure the abun-
dance of the gHV68 pol III-1, pol III-4, and pol III-5
transcripts. a-Amanitin is widely used to distinguish the
transcriptional activities of RNA pol II and III due to the
fact that RNA pol II transcription is inhibited at relatively
low doses of a-amanitin, whereas RNA pol III transcription
is not inhibited. To control for the efficacy of a-amanitin,
we tested transcription of a well-characterized RNA pol II
gene, GAPDH, and RNA pol III gene, tRNATyr, by RT-PCR
using total RNA from a-amanitin-treated 293T cells as
template. The primer sets used for RT-PCR amplification
of GAPDH and tRNATyr were designed to include intronic
regions of these transcripts to identify only newly synthe-
sized RNA made during treatment with a-amanitin. This
experimental approach was directly modeled on the pre-
vious report that established that miRNA transcription is
via pol II transcription (Lee et al. 2004). RNA pol II tran-
scription was confirmed to be inhibited in mock infected
293T cells treated with a-amanitin at a concentration of
100 mg/mL for 24 h as shown by a lack of GAPDH tran-
scription (Fig. 5A). This dose of a-amanitin did not inhibit
RNA pol III activity as shown by the tRNATyr transcript
(Fig. 5A). Therefore, treating 293T cells with a-amanitin at
a concentration of 100 mg/mL for 24 h was sufficient to

distinguish between RNA transcription of RNA pol II genes
and RNA pol III genes.

RT-PCR analysis of total RNA isolated from infected
293T cells treated with a-amanitin revealed no inhibition
of transcription of the gHV68 pol III-5 transcript as
expected for a RNA pol III transcript (Fig. 5A). Using this
same total RNA, RT-PCR analysis of infected 293T cells
treated with a-amanitin did reveal slight inhibition of both
gHV68 pol III-1 and pol III-4. Therefore, to further
validate RNA pol III transcription of the pri-miRNA viral
transcripts in gHV68 infection, the abundance of maturely
processed miR-M1-1 was determined by RLM-RT-PCR
analysis from total RNA of the infected a-amanitin-treated
cells. Shown in Figure 5B, the overall levels of mature
miR-M1-1 were unchanged throughout the course of
the a-amanitin treatment. It is important to note that
a-amanitin treatment began 1 h after the initiation of
infection, meaning that no previously accumulated viral
transcripts play a role in this analysis. Together, these data
demonstrate that biogenesis of both the pri-miRNA pol III
transcripts and the mature processed miRNAs associated
with them are resistant to a-amanitin treatment, proving
that transcription of the gHV68 pri-miRNAs is indeed by
RNA pol III during infection.

FIGURE 5. Demonstration of RNA pol III transcription of gHV68 miRNAs. 293 cells
were infected with gHV68 and treated with a-amanitin at the indicated concentration. (A)
RT-PCR analysis, with relative abundance of each RT-PCR product determined by densitom-
etry analysis reported below the gels. (B) RLM-RT-PCR of miR-M1-1 products were cloned
and sequenced to confirm the identity of the mature form of miR-M1-1. Primers for the
cellular controls of the GAPDH and tRNATyr genes were used as previously described (Lee
et al. 2004).
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The gHV68 miRNAs are predicted to be processed
from RNA pol III transcripts containing novel RNA
pol III type 2-like promoters

Previously published reports have predicted that the
expression of the gHV68 miRNAs would be linked to eight
closely spaced RNA pol III genes that contain putative
tRNA-like elements (Fig. 6A; Pfeffer et al. 2005). These pre-
dictions were based on the prior identification of gHV68
tRNA-like genes immediately upstream of each miRNA
(Bowden et al. 1997). Each gHV68 tRNA-like gene was
shown to contain promoter elements consisting of internal
A and B boxes, characteristic of RNA pol III type 2 pro-
moters known to be associated with the transcription of
tRNA genes (Paule and White 2000). Interestingly, more
detailed examination of the RNA pol III type 2 promoter
elements within the gHV68 miRNA coding locus revealed
that each pol III type 2 promoter is more complex than
previously appreciated. Rather than having a single A box
promoter element present in each promoter, consistent
with canonical pol III type 2 promoters, each promoter con-
tained a set of three overlapping A boxes followed by
a single B box. Spacing between any of the A boxes and the
B box is within acceptable distance to allow for RNA pol III
transcription of the gHV68 RNA pol III genes using any of
the available A box promoter elements present (Fig. 6B;
Paule and White 2000; Schramm and Hernandez 2002). In
addition to previous reports of pol II run through tran-
scripts, poorly characterized pol II transcripts, and vtRNAs,

the presence of multiple A boxes raised the possibility that
transcripts from these genes could vary from previous
predictions (Bowden et al. 1997; Dutia et al. 2004).
Therefore, to determine whether the gHV68 miRNAs are
derived from RNA pol III transcription, we set out to delete
the RNA pol III type 2-like promoters to determine their
requirement for the production of viral miRNAs.

Deletion of the RNA pol III promoter elements
eliminates gHV68 miRNA production

To corroborate our a-amanitin results, we sought to
independently confirm that the transcription of the
gHV68 miRNAs is by RNA pol III transcription. Using
the pHV68-Left End wild-type (pLE-WT) plasmid con-
taining the left z6 kb of the gHV68 genome as a template
for site-directed mutagenesis, we deleted the RNA pol III
promoter regions containing the three A boxes and the B
box from every gHV68 pol III gene (except pol III-7, which
is not documented to be associated with any immediate
downstream miRNAs) to generate the pHV68-Left End
miRNA KO (pLE-KO) plasmid (Fig. 7A). This plasmid was
designed to be incapable of producing gHV68 miRNAs if
RNA pol III transcription is required for their production.
The miRNA sequences themselves were not deleted in this
plasmid to allow for the possible production of the
miRNAs that might be processed from any overlapping
transcript.

FIGURE 6. Features of the gHV68 RNA pol III coding locus. (A) The left end 6 kb of the gHV68 genome containing the gHV68 RNA pol III
transcripts 1–8 is shown. gHV68 RNA pol III transcripts are represented as triangles shaded in gray. Two protein coding transcripts, M1 and M2,
are shaded in black. TR indicates terminal repeat region. (B) The RNA pol III promoter sequences for each gHV68 pol III gene. All gHV68 pol III
transcripts are aligned to the gHV68 consensus sequence of all gHV68 RNA pol III promoter regions, which is indicated above the alignments.
Minimal spacing distance between the A box and B box is shown as 21–33 nt. The red letter within the A box-2 consensus sequence represents
a nucleotide position that is not conserved in the gHV68 pol III promoter regions. The red letters within the gHV68 pol III transcript sequences
are nucleotide positions that deviate from the gHV68 pol III consensus sequence.
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To determine whether the pLE-KO plasmid lacked the
ability to make the gHV68 miRNAs, 293 cells were tran-
sfected with either the pLE-WT or pLE-KO, and total RNA
was harvested 42 h post-transfection for RLM-RT-PCR
analysis of mature miRNA production. As with virus in-
fection, transfection of the pLE-WT plasmid resulted in
varying abundance of mature miRNA products and failed to
produce mature miR-M1-2 miRNA product (Fig. 7B). In the
293 total RNA sample, the human miRNA miR-15a was used
as an endogenous control based on previous work showing
that this miRNA is expressed and processed within 293 cells
(Landgraf et al. 2007). The RNA isolated from cells trans-
fected with the pLE-KO plasmid did not contain mature viral
miRNAs, providing independent confirmation that RNA pol
III transcribes these viral miRNAs (Fig. 7B). However, RLM-
RT-PCR amplification products were present within the
miR-M1-6 and miR-M1-9 lanes from the pLE-KO samples.
We determined that these amplification products were non-
specific and unrelated to viral miRNAs by cloning and
sequencing. Sequencing of the corresponding RLM-RT-
PCR products from the pLE-WT transfection yielded mature
miR-M1-6 or miR-M1-9 in 100% of the clones sequenced.

We noted that miR-M1-8 yielded a RLM-RT-PCR
product slightly larger than the other gHV68 miRNA
products. This was seen with gHV68 infection as well
(Fig. 4A). Upon cloning and sequencing of the miR-M1-8
RLM-RT-PCR product, it was revealed that these products
were on average 3 nt longer than their expected size based
on the published sequence of miR-M1-8. This was due to
two factors. First, in all 11 clones analyzed, the 39 end
processing of the miRNA molecule was 1–3 nt beyond the
previously published report. Second, in addition to the
lengthened 39 end of the miRNA molecule, five of the 11
clones analyzed also contained one to five nontemplated
uracil residues at the 39 end of the miRNA molecule,
suggesting that the miR-M1-8 miRNA is subject to post-
transcriptional and/or post-processing modification in
virally infected and transfected cells.

To determine the biological activity associated with the
gHV68 miRNAs produced from the pLE-WT plasmid, 3T3
or 293 cells were cotransfected with the pLE-WT or pLE-
KO plasmids and the pGL3 luciferase reporter plasmids and
the pRL-TK transfection control plasmid. Again, these
experiments showed that not all of the gHV68 miRNAs

FIGURE 7. Confirmation of the production of the gHV68 miRNAs by RNA pol III using the Left End plasmids. (A) Schematic of the gHV68
RNA pol III promoter deletion strategy. (B) RLM-RT-PCR for miRNAs in 293 cells transfected with either pLE-WT or the pLE-KO plasmids. hsa-
miR-15a serves as an endogenous control for miRNA expression in 293 cells. RT-PCR products were resolved by gel electrophoresis and visualized
by ethidium bromide. (C) Results from the dual luciferase reporter analysis following transfection with either the pLE-WT or pLE-KO plasmid.
pGL3 luciferase reporter target is labeled below the graph. All results are displayed as a ratio of firefly luciferase expression in the pLE-WT
transfected cells divided by firefly luciferase expression in the pLE-KO transfected cells. Firefly luciferase readings are all normalized to the renilla
luciferase transfection control. Readings obtained from 3T3 transfected cells are shown in solid black bars; 293 cells, in solid white bars. Readings
below the dashed line represent repression by the corresponding viral miRNA in pLE-WT transfected cells.
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confer a robust down-regulation of their respective targets
in the luciferase reporter system (Fig. 7C). Luciferase
readout is displayed as a ratio of pGL3 luciferase reporter
expression from the pLE-WT transfections divided by the
pGL3 luciferase reporter expression from the pLE-KO
transfections. The pGL3 luciferase reporter plasmids with
the lowest expression ratio are the most strongly down-
regulated. As in the infected cells, miRNAs miR-M1-1,
miR-M1-7-5p, and miR-M1-7-3p have the greatest ability
to reduce their target reporter expression with a maximum
repression approaching 85%.

DISCUSSION

Early research related to miRNA biogenesis indicated that
RNA pol II was uniquely responsible for transcribing pri-
miRNA transcripts (Lee et al. 2004). However, recent studies
have shown that RNA pol III can also transcribe naturally
occurring pri-miRNAs (Borchert et al. 2006). Currently it is
estimated that over 20% of all human miRNAs could be
transcribed by RNA pol III, primarily from Alu repeat
regions of the human genome (Borchert et al. 2006). Alu
genes, like tRNAs, contain the same general RNA pol III
type 2 promoter as the gHV68 pol III
transcripts (Häsler et al. 2007) but lack
the overlapping A box promoter ele-
ments seen in the gHV68 genome. Here
we have shown that gHV68 RNA pol III
transcription is directly associated with
the production of the gHV68 miRNAs.
Infection of cells treated with the RNA
pol II inhibitor, a-amanitin, still allowed
for the production of the viral pri-
miRNA and mature viral miRNA mol-
ecules. We also demonstrated the re-
quirement for the unique gHV68 RNA
pol III promoters in the generation of
the gHV68 miRNAs through promoter
deletions. The miRNA biogenesis levels
and biological activity of the pLE-WT
plasmid closely mimic what is seen dur-
ing gHV68 infection, indicating that all
regulatory elements for miRNA genera-
tion are contained within this 6-kb ge-
nomic region and that the biological
effects of the viral miRNAs can be un-
coupled from virus infection and asso-
ciated cytopathic effects. In this study,
the pLE-WT plasmid resulted in the
same pattern of miRNA biological activ-
ity as gHV68 infection, but the effect
was stronger, presumably due to sus-
tained miRNA expression in the absence
of cytopathic effect. The direct correla-
tion between the activity of the gHV68

miRNAs produced during infection and the gHV68
miRNAs produced from the pLE-WT plasmid during trans-
fection is represented within Figure 8.

The role of the newly described RNA pol III type 2-like
promoters, containing overlapping and triplicated A boxes,
in relation to miRNA biogenesis is not known and is
currently being investigated. Interestingly, the gHV68 RNA
pol III transcripts were originally identified by their
homology with tRNA pol III promoters and predicted to
give rise to vtRNA transcripts (Bowden et al. 1997). This
raises the possibility that other annotated tRNA genes from
cellular genomes may contain this novel RNA pol III
promoter element and that these features could signify
the presence of a pri-miRNA transcript embedded within
the predicted tRNA transcript. This hypothesis is currently
under investigation.

There are other examples of viral RNA pol III transcripts
with biological function during infection. Of those described
to date, the adenovirus VAI gene has been extensively
studied and shares several features with the gHV68 RNA
pol III transcripts. The adenovirus VAI RNA is a 160-nt-
long transcript of a canonical RNA pol III type 2 promoter.
This transcript is produced at very high levels, accumulating

FIGURE 8. Correlation of viral miRNA expression with viral miRNA biological activity.
Shown is a graphical representation of gHV68 miRNA activity during gHV68 infection and
pLE-WT transfection of 293 cells in relation to the cloning frequency demonstrated for each
viral miRNA within a latently infected tumor cell line (Pfeffer et al. 2005). The y-axis
represents the gHV68 to gHV68D9473 firefly luciferase ratio within infected 293 cells
established in Figure 4C. The x-axis represents the pLE-WT to pLE-KO luciferase ratio within
transfected 293 cells established in Figure 7C. The size of each data point represents the cloning
frequency of each miRNA within the latently infected tumor cell line (Pfeffer et al. 2005). The
color of each data point represents our ability to identify the maturely processed gHV68
miRNA product from gHV68 infected or pLE-WT transfected 293 cells. Gray data points are
positive for our ability to detect these miRNAs; the red data point for miR-M1-2 indicates that
we were unable to detect this miRNA during gHV68 infection or pLE-WT transfection. The
correlation coefficient for the biological activity of all 10 gHV68 miRNAs between viral
infection of 293 cells compared with transfection of the pLE-WT plasmid within 293 cells is
R2 = 0.833. The correlation coefficient for the biological activity of the gHV68 miRNAs (except
miR-M1-8 and miR-M1-9, which did not give appreciable biological activity within lytic
infection of 293 cells) is R2 = 0.9627.
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up to 108 copies per infected cell (Mathews and Shenk
1991). The VAI RNA has been demonstrated to have several
important biological functions. VAI binds to PKR to inhibit
activation by viral double-stranded RNAs, bypassing an
important innate anti-viral response (Mathews and Shenk
1991). VAI can effect global down-regulation of cellular
miRNAs by overwhelming the nuclear-export receptor
exportin-5 (Yi et al. 2003) and by suppressing Dicer activity
as a competitive substrate (Lu and Cullen 2004; Andersson
et al. 2005). This latter effect may be one potential reason for
the scarcity of gHV68 mature miRNA relative to gHV68
pre-miRNA by Northern analysis. However, the ability of
the VAI RNA to act as a DS does result in cleavage and
production of small VA RNAs (svaRNAs). These svaRNAs
are associated with RISC complexes during infection
(Andersson et al. 2005), and although no target genes for
the svaRNA charged RISC complexes have been identified,
it is conceivable that this could also be a function of VAI
during adenovirus infections.

Another interesting set of genes that share biological
characteristics with the gHV68 RNA pol III transcripts are
the EBER genes of EBV. Like VAI, the EBER transcripts
are 167–172 nt in length and are transcribed at rates up to
5 3 106 copies per infected cell from RNA pol III type
2 promoters (Swaminathan 2008). However, the biological
functions of the EBER genes appear to differ from those
reported for VAI. Primarily, the EBER RNA molecules
remain localized in the nucleus and are not processed into
smaller RNAs. However, the exact biological function of the
EBER RNAs has been elusive (Swaminathan 2008), and
because each of the 10 gHV68 RNA pol III transcripts is not
equivalent in their ability to give rise to miRNAs, over-
lapping biological functions with the EBERs may yet be
found. Moreover, based on the physical and functional
similarities to the VAI and EBER RNAs, this work has
implicated a possible new class of multifunctional RNAs
which may function both as regulatory RNAs and as miRNA
precursors.

Interestingly, the gHV68 mature miRNAs were previ-
ously identified from a latently infected tumor cell line but
were not detected in lytically infected cells. This is likely
due to the unique opportunity for miRNA accumulation in
latently infected tumor cells and the limited sensitivity of
Northern blotting. However, we were able to detect mature
viral miRNAs in lytically infected cells, indicating that
miRNA regulation can play a role throughout all stages
of gHV68 infection. The RLM-RT-PCR technique de-
scribed here is extremely sensitive, with a limit of detection
100-fold below that of Northern blotting, and is capable of
robustly detecting cellular miRNAs in the presence of active
lytic infection. Sequence analysis of 109 RLM-RT-PCR
reactions, cloned directly from unpurified amplification
products, from pLE-WT transfected cells and gHV68
infected cells identified that 80% of these represented
predicted mature miRNAs. This method has also proven

capable of identifying viral miRNAs from total infected
tissues ex vivo as far as day 16 post-infection (a time at
which only one cell in 100 carries viral genome) (Flaño
et al. 2002; Willer and Speck 2003). Overall, RLM-RT-PCR
has many potential benefits, including (1) high sensitivity;
(2) precise sequence determination of the amplified
miRNA product; and (3) specificity, in that a 59-mono-
phophate, a natural byproduct of mature miRNA forma-
tion, is required to drive the T4 RNA ligase reaction.

Our analysis of mature gHV68 miRNAs from virally
infected cells or from cells transfected with the pLE-WT
plasmid demonstrated an expression pattern that differed
from that cloned from the latently infected S11 tumor cell
line (Pfeffer et al. 2005). It is not uncommon for the
expression pattern associated with viral miRNA production
to differ within different cellular contexts for viral in-
fection. In EBV infections, global expression levels of
mature EBV miRNAs can vary 25- to 50-fold based on
the cell type infected (Pratt et al. 2009). In both EBV and
KSHV infections, it has been demonstrated that the in-
fection state of the virus, whether lytic, latent, or in specific
stages of latency, can have a profound effect on viral
miRNA production (Cai et al. 2006; Gottwein et al.
2006). Additionally, RNA pol III transcription has also
been reported to vary based on the cellular context of
infection as shown with EBER gene expression (Felton-
Edkins et al. 2006). The combined effects of RNA pol III
transcription and miRNA processing likely account for
the differing levels of miRNA expression we observed in
cells lytically infected with gHV68. These effects could
also account for the fact that we were never able to
detect mature miR-M1-2 in gHV68 infected or pLE-WT
transfected cells. Previously, the sequence of the gHV68
miRNAs cloned with low frequency was based on one or
two sequences and genomic context, and this RLM-RT-
PCR analysis conclusively determined the actual sequence
of these 10 viral miRNAs (Pfeffer et al. 2005). Finally,
it appears that miR-M1-8 is differentially processed from
its primary transcript and post-transcriptionally modified
with the addition of nontemplated uracils in a manner that
has not been previously described for this miRNA or for
any pol III-derived miRNA. In fact, apart from tRNA
maturation, post-transcriptional modification of pol III
transcripts has not been widely described. Post-transcriptional
modification of RNA pol II-derived miRNAs has been
previously described, including the addition of nontem-
plated uracils to the pre-miRNA molecule (Winter et al.
2009). These data suggest that despite distinct transcript
origins, pol II- and pol III-derived miRNAs are similar in
their potential for post-transcriptional modification.

The biological activity associated with viral miRNA pro-
duction is a topic of active investigation. Currently it is
theorized that viral miRNAs can play key roles during
the infection cycle, particularly in the establishment and
maintenance of herpesvirus latency (Cullen 2009). Using
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luciferase reporter analysis, we have shown that several of
the gHV68 miRNAs are biologically active beginning in lytic
infection. This finding has important implications for the
potential of viral miRNAs to shape the course of infection.
Specifically the miR-M1-1, miR-M1-7-5p, and miR-M1-7-
3p viral miRNAs all show strong biological activity during
lytic infection and when generated from the pLE-WT
plasmid during transfection. Prior to this work, the bi-
ological function of the gHV68 miRNAs was strictly
speculative. We have collated gHV68 miRNA expression
during latent (Pfeffer et al. 2005) and lytic infection with
biological function, as demonstrated in Figure 8 and de-
tailed in Supplemental Table 2. Several gHV68 miRNAs
were of low abundance in both states of infection and
demonstrated little biological activity. We found strong
activity for miR-M1-1, the miRNA cloned with highest
frequency from S11 tumor cells and abundant in lytic
infection; however, miR-M1-5 was also frequently cloned
from S11 tumor cells and abundant in lytic infection, yet
showed far more modest biological activity. Therefore,
apparent expression levels are not accurate predictors of
biological activity and suggest that final activity of these pol
III-derived viral miRNAs is subject to complex regulation at
multiple levels. Future studies defining the biological targets
of the gHV68 miRNAs and their function during various
states of infection will yield important insights into the
regulation of host and viral gene expression during virus
infection and associated disease.

MATERIALS AND METHODS

RNA folding prediction and RNA modeling software

All RNA secondary structures depicted were predicted using the
software RNAstructure 4.6 (Mathews et al. 2004). Predicted RNA
structures were modeled into jpeg format using the XRNA
software found at http://rna.ucsc.edu/rnacenter/xrna/xrna.html.

Viruses and tissue culture

The mouse fibroblast cell line 3T3 (ATCC CRL-1658), was
cultured in Dulbecco’s modified eagle media (DMEM) supple-
mented with 10% FBS (Hyclone), 2 mM L-glutamine, 10 U/mL
penicillin, and 10 mg/mL streptomycin sulfate. The mouse
fibroblast cell line 3T12 (ATCC CRL-164) and human 293T and
293 epithelial cell lines were cultured in DMEM supplemented
with 5% FBS, 2 mM L-glutamine, 10 U/mL penicillin, and 10 mg/mL
streptomycin sulfate. gHV68 infected or mock infected 293T cells
were treated with 0.01 mg/mL, 1 mg/mL, or 100 mg/mL of
a-amanitin (Sigma-Aldrich) for 24 h to distinguish between the
activities of RNA pol II and III. 293T cells were infected with
gHV68 for 1 h prior to the start of the a-amanitin treatment.

gHV68 strain WUMS (ATCC VR-1465) or gHV68D9473 were
used for all viral infections (Clambey et al. 2002). Virus stocks
used for infection were passaged, grown, and titer determined as
previously described (Virgin et al. 1997). All in vitro infections
were performed at a MOI of 5 plaque forming units (PFU) per

cell. C57BL/6J mice (Jackson Laboratory) were used for all in vivo
infections. Mice were infected intraperitoneally with 1 3 106 PFU
of gHV68 diluted in 500 mL of DMEM supplemented with 5%
FBS, 2 mM L-glutamine, 10 U/mL penicillin, and 10 mg/mL
streptomycin sulfate. Infected tissues were collected either at day
5 or day 16 post infection. All mouse procedures were performed
in accordance with the Institutional Animal Care and Use Com-
mittee at the University of Colorado Denver. At day 5, 3 3 108

splenocytes, 3 3 107 peritoneal cells, or z50 mg of liver, kidney,
and lung tissue were harvested. At day 16, 3 3 108 splenocytes were
harvested. Total RNA was isolated from each sample for RLM-RT-
PCR analysis of miR-M1-1.

RNA isolation

Total and/or small (<200 nt) RNA was extracted using the
mirVana miRNA Isolation kit (Ambion), using the manufacturer’s
instructions.

Small RNA Northern blot analysis

To begin, a 12% denaturing acrylamide gel containing a final
concentration of 7 M urea was prerun at 60 mA for 45 min. While
prerunning the gel, samples consisting of 20 mg of total cellular
RNA, the miRNA Marker ladder (New England BioLabs), and
the BrightStar Biotinylated RNA Century Plus Markers ladder
(Ambion) were each brought to a final total volume of 40 mL
using gel loading buffer II (Ambion) and boiled for 5 min at 95°C.
After prerunning the gel, the samples were loaded and the gel was
run at 30 mA for 60–70 min. The gel was stained with 1 mg/mL of
ethidium bromide in 13 TBE for 5 min, and destained in 13 TBE
for 2 min. The gel was transferred at 500 mA for 1 h onto Zeta-
Probe GT Genomic Tested Blotting Membrane (Bio-Rad) by semi-
dry transfer in 13 TBE transfer buffer. The membrane was ultra-
violet cross-linked at 1200 3 100 mJ in an ultraviolet Stratalinker
1800 (Stratagene). The membrane was prehybridized in 10mLs of
formamide hybridization buffer (KPL) mixed with 50 mL of 20 mg/mL
sheared and denatured herring sperm DNA for 1 h at 58°C.
During prehybridization, the 59-biotinylated miR-M1-1 RNA
probe (59-/biotin/AAAGGAAGUACGGCCAUUUCUA-39) or the
59-biotinylated miR-M1-5 probe (59-/biotin/GAGACGACCCGAU
CUCAACUCU-39), was denatured for 10 min at 68°C. Following
prehybridization, 100 mL of 50 ng/mL denatured RNA probe was
added to the formamide hybridization buffer mixture and the
membrane was hybridized with the probe overnight at 58°C.

Following hybridization, the membrane was washed two times
with 23 SSPE/0.5% SDS for 15 min at room temperature
followed by two washes with 23 SSPE/0.5% SDS for 30 min each
at 48°C. This was followed with one wash with 13 SSPE at room
temperature for 5 min. The biotin-labeled probe was detected
using the KPL blotting kit (no. 54-30-02) as described in the
manufacturer’s protocol. The AP-SA conjugate was used at a
1:7000 dilution. The membrane was exposed to Blue Lite Autorad
Film (ISC BioExpress) from 5 to 30 min.

Plasmids and dicer substrates

The pLE-WT plasmid was constructed by PCR amplification of
the left end of the gHV68 genome staring at nucleotide position
10 and ending at nucleotide position 5698 using the HV68 Left
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End Forward and HV68 Left End Reverse primer set (Supple-
mental Table 3). Viral genomic DNA was used as the template for
the PCR reaction. The PCR consisted of 40 mL of distilled-
deionized water, 5 mL of 103 Pfu Buffer, 1 mL of a 10 mM dNTP
mix, 1 mL of 100 ng/mL viral genomic DNA template, 1 mL each of
100 ng/mL forward and reverse primer, and 1 mL of 2.5 U/mL Pfu
Turbo enzyme (Stratagene). PCR cycling conditions: initial de-
naturing step of 2 min at 95°C, followed by 30 cycles 30 sec at
95°C, 30 sec at 59°C, and 6 min a 72°C, and a final elongation step
of 10 min at 72°C. The z5.7-kb PCR product was gel purified and
then inserted into the pCR-Blunt II-TOPO plasmid (Invitrogen)
using the manufacturer’s protocol. The insert was sequence verified
to be an exact match of the gHV68 WUMS published sequence.

The pLE-KO plasmid was constructed using site-directed muta-
genesis to sequentially delete the RNA pol III A box and B box
promoter elements associated with every gHV68 RNA pol III
transcript except for gHV68 pol III-7 (not associated with miRNA
production) (Pfeffer et al. 2005). Site-directed mutagenesis was
performed according to the manufacturer’s protocol (Stratagene).
After every deletion, the entire HV68 Left End insert was sequenced
to confirm proper deletion of the RNA pol III promoter elements
without off-target point mutations. Primers used for site-directed
mutagenesis are shown in Supplemental Table 3.

The pRL-TK plasmid encodes renilla luciferase under the
control of the HSV thymidine kinase promoter and was used as
a transfection control in the dual luciferase assays. The pGL3-
Control plasmid (Promega) encodes the firefly luciferase gene with
transcriptional expression under control of the SV40 promoter. All
pGL3 targeting plasmids were constructed by inserting the appro-
priate miRNA target sequence into the XbaI site in the pGL3-
Control plasmid (in the 39UTR between the stop codon of the
firefly luciferase gene and the SV40 polyA tail sequence). Oligos
containing the miRNA target site sequences were purchased from
Integrated DNA Technologies (IDT) and are listed as XbaI M1-(X)
Target Forward or Reverse in Supplemental Table 1. Two micro-
grams of forward and reverse oligos for each target site were
annealed by heating to 95°C for 2 min and then cooled slowly to
room temperature. Annealed oligos were run on a 2% TAE gel and
gel purified using the QIAquick Gel Extraction Kit (Qiagen) before
23 mL were added to 10 mL of 103 T4 DNA ligase buffer with ATP
(New England BioLabs), 1 mL of 10 U/mL T4 polynucleotide kinase
(New England BioLabs), and 66 mL water and incubated for 30
min at 37°C . The oligos were then cloned into the pGL3-Control
plasmid, and correct clones were confirmed by sequencing.

DS molecules were purchased from IDT. Each DS molecule con-
sists of two oligos. The guide strand oligo, which contains the se-
quence of the mature miRNA product, is 27 bases long, consisting
of only ribonucleic acid nucleotides. The passenger strand oligo is 25
bases in length and contains a 59 monophosphate followed by 23 ribo-
nucleic acid nucleotides and two deoxyribonucleic acid nucleotides.
The sequence of the miR-M1-1 DS is as follows:

Passenger strand, 59-/5Phos/GGAAGUACGGCCAUUUCUACC
UAGA-39; and

Guide strand, 59-UCUAGGUAGAAAUGGCCGUACUUCCUU-39.

The sequence of the miR-M1-5 DS is as follows:

Passenger strand, 59-/5Phos/ACGACCCGAUCUCAACUCUCCU
AGA-39; and

Guide strand, 59-UCUAGGAGAGUUGAGAUCGGGUCGUCU-39.

The underlined bases are DNA; the bold bases represent the
predicted, dicer processed mature miRNAs. The DS oligos were
resuspended in RNase-Free Duplex Buffer, supplied by IDT, at
a stock concentration of 100 mM. After resuspending the oligos,
the oligos were annealed together by heating them to 94°C for
2 min and cooling them slowly to room temperature.

Transfections

All transfections for luciferase assays were performed in triplicate
in a 24-well plate. All transfections for total RNA isolation were
performed in duplicate in a six-well plate. One day prior to
transfection, 3T3 or 293 cells were trypsinized and resuspended in
their normal growth media, and 500 mL of 1.6 3 105 cells/mL
were plated in the 24-well plates and 2 mL of 2 3 105cells/mL
were plated in the six-well plates. All transfection experiments
were performed using Lipofectamine 2000 (Invitrogen), using the
manufacturer’s instructions. Transfections in the 24-well plates
included 100 ng pRL-TK and 50 ng of pGL3 (control or target)
alone or combined with 263 ng of pLE-WT or 252 ng of pLE-KO
or 6 pmol of DS per well. Transfections in the six-well plates
included 1315 ng of pLE-WT or 1260 ng of pLE-KO or 30 pmol of
DS per well. Transfected cells were then incubated until harvested
for luciferase assays or total RNA isolation.

Dual luciferase assays

All dual luciferase assays were conducted in triplicate in 24-well
plates using the Dual-Luciferase Reporter Assay System (Promega)
following the manufacturer’s protocol. Forty-two to 48 h post
transfection, cells were washed with 250 mL of 13 PBS prior to the
addition of 100 mL of 13 passive lysis buffer (PLB), rocked at
room temperature for 15 min; lysed cells were pipetted 203, and
20 mL of lysate transferred into a well of a 96-well plate. Luciferase
readings were collected using the Bio-Tek Synergy HT microplate
reader (BioTek). The microplate reader dispensed 100 mL of
Luciferase Assay Reagent II followed by a 10-sec reading of the
sample (Firefly luciferase value) and then dispensed 100 mL of
Stop & Glo reagent followed by a 10-sec reading of the sample
(Renilla luciferase value). All data were exported as an integral
value of the reading taken. The photo multiplier tube sensitivity
was set at 110 during most of the dual-luciferase readings.

Reverse ligation mediated RT-PCR

Twenty micrograms of total isolated RNA were combined with
100 ng of the RNA Linker Oligo or the 59P-RNA Linker Oligo
(Supplemental Table 3). The RNA Linker Oligos were designed
for minimal secondary structure to facilitate ligation by the T4
RNA ligase enzyme and subsequent RT-PCR. The total isolated
RNA and the RNA Linker Oligo mixture was combined with 40 U
of RNasin (Promega), 10 U of T4 RNA Ligase (New England
BioLabs), and 5 mL of 103 T4 RNA Ligase reaction buffer;
brought to 50 mL total volume with DEPC-treated RNase-free
water; and incubated for 30 min at 37°C. After ligation, the
reaction was heat inactivated for 15 min at 65°C. RNA was
precipitated with 5 mL of NaOAc (pH 5.2) and 125 mL of 100%
ethanol, incubated at �80°C for a minimum of 20 min, and
pelleted at 16,170g for 15 min at 4°C. The pellet was washed with
200 mL of 70% ethanol, air dried 2–5 min, and resuspended in
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100 mL of DEPC-treated RNase-free water. Two hundred nanograms
of the ligated RNAs were used as template for RT-PCR amplifi-
cation with the following cycling conditions: 30 min at 50°C,
15 min at 95°C, 40 amplification cycles of 30 sec at 94°C followed
by 30 sec of 48°C, followed by 15 sec at 72°C, and a single final
incubation for 2 min 30 sec at 72°C. Eighteen microliters of the
RT-PCR reaction were then run on a 3% TAE agarose gel, and
products were visualized by ethidium bromide. For sequence
confirmation of mature miRNA products, 4 mL from the
remaining 7 mL RT-PCR reaction were used for cloning using
the TOPO TA Cloning Kit for Sequencing (Invitrogen).

RT-PCR amplification

Amplifications were conducted using the primers listed in
Supplemental Table 3. RT-PCR amplification was performed in
a 25 mL reaction mix using the OneStep RT-PCR Kit (Qiagen)
containing a final concentration of each primer at 0.5 mM. Ten
microliters (200 ng) of RNA template were treated with RQ1
RNase-Free DNase (Promega) prior to addition to the RT-PCR
reaction mix. RT-PCR reactions were performed as follows:
30 min at 50°C (reverse transcription); 15 min at 95°C; 40 ampli-
fication cycles of 30 sec at 94°C followed by 30 sec of 48°C–56°C
(dependent on the Tm of the primer set) and 1 min at 72°C, and
a single final incubation for 10 min at 72°C.

Densitometry analysis of a-amanitin RT-PCR products

All densitometry analysis was conducted with the Kodak Molecular
Imaging Software, version 4.0. Briefly, band intensities were
measured, and relative band intensities were determined via the
following equation: relative PCR product amount = (treated sample
intensity � background intensity)/(untreated sample intensity �
background intensity). All untreated samples were equal to 1, and
all treated samples are expressed as a relative ratio of PCR product
versus the untreated sample.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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