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It is widely believed that functional mammalian microRNA (miRNA)
recognition sequences are located preferentially in the 3' untrans-
lated region (3'UTR) of target mRNAs. Nonetheless, putative miR-
NA target sites within coding regions have been found at lower
frequency in genome-wide studies, and several have been geneti-
cally validated. To account for these findings, it has been proposed
that translation may inhibit miRNA access to target sites. Here
we identify a naturally occurring viral miRNA target that, owing
to the compact nature of the viral transcriptome, is situated natu-
rally in the coding region of one transcript and in the 3′UTR of
an overlapping mRNA. Examination of the expression of these
mRNAs reveals that the cognate miRNA can inhibit expression in
both contexts, but inhibition is more potent when the target
site is in the UTR. Similarly, forced translation of the target site
in the UTR diminished, but did not abolish, its down-regulation
by the miRNA. These data affirm that miRNAs can exert regulatory
effects on targets within coding regions; however, the dampening
of these effects by translation likely accounts for the observed
selection for target sites in the 3′UTRs.

ORF targeting ∣ target prediction ∣ Kaposi's sarcoma-associated herpesvirus ∣
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MicroRNAs (miRNAs) are small [18-22 nucleotides (nt)]
noncoding RNAs that are strongly implicated in the post-

transcriptional regulation of mammalian gene expression (1–4).
This regulation is mediated by basepairing interactions between
the miRNA [following its incorporation into an Argonaute-con-
taining RNA-induced silencing complex (RISC)] and its target
mRNAs. In general, only limited basepairing is observed between
miRNAs and their targets, with the major complementarity invol-
ving a 7–8 nt region at the 5′ end of the miRNA, termed the seed
sequence (5). Other factors are likely also involved in target se-
lection (5–9) though their exact nature is still under investigation.
MiRNA target recognition mediates down-regulation of gene
expression, due to translational repression, enhancement of RNA
degradation, or both (10–17). Experimental studies indicate that
any given miRNA may regulate 100–200 transcripts (10, 18). Be-
cause human cells are thought to encode hundreds of miRNA
genes, the potential global effects of such regulation are substan-
tial, even though the magnitude of the down-regulation of any
given target is often modest.

Genome-wide analyses of miRNA target selection indicate
that most miRNA recognition sites are located in the 3′UTR
of the targeted message. One of the most powerful approaches
has involved microarray profiling of mRNAs whose levels are
specifically down-regulated by miRNA expression, with analysis
of the distribution of seed-homologous regions in the targeted
mRNAs (10). These studies show substantial enrichment for seed
homologies in the 3′UTR of putative mRNA targets. Subsequent
proteomic studies that have directly examined polypeptides
down-regulated by miRNA expression (11, 16) have reached
similar conclusions. Supporting these conclusions are studies that
have mapped many miRNA sites to 3′UTRs (19). Based on these

findings, it has been proposed that translation may inhibit access
of RISC to miRNA target sites. In fact, using reporter constructs,
Gu et al. recently reported that translation of a miRNA target
virtually nullified its ability to be down-regulated by that miRNA
(20).

However, computational and experimental genome-wide ana-
lyses also suggest the existence of a minority class of potential
targets within open reading frames (ORFs) (7, 10, 11, 14, 16,
21–28), and a handful of miRNA recognition sites have been
mapped to the coding regions of transcripts (29–34), leading
to the suggestion that sites within coding regions can be accessed
by miRNAs. However, because the accessibility of a given seed-
matched sequence to the corresponding miRNA may be influ-
enced by the target site context and local secondary structures
near the target sites (5, 7–9), genome-wide studies cannot directly
prove that the bias in 3′UTR targeting is attributable to trans-
lation.

In the course of studies of miRNA regulation of virus replica-
tion, we encountered an interesting example of a natural miRNA
recognition site that resides in the coding region of one viral
RNA and the 3′UTR of another—a consequence of the fact that
in compact viral genomes many genes are expressed from nested
sets of transcripts bearing different 5′ ends but a common 3′
polyA signal. In many such sets, the 3′ UTR of the larger up-
stream transcript contains an ORF which is preferentially trans-
lated from the smaller downstream mRNA. This arrangement
affords a unique opportunity to examine the question of the role
of translation on miRNA function in a natural context. Here
we present a detailed analysis of this case, which sheds light
on the role of translation in affecting the accessibility of natural
miRNA recognition sites to the RISC.

Results
The Experimental System.Kaposi’s sarcoma-associated herpesvirus
(KSHV) is a large DNA virus that is etiologically linked to
Kaposi’s sarcoma, the leading neoplasm of untreated AIDS
patients (35). Like all herpesviruses, KSHV can induce either
a latent or a lytic infection. During latency, viral gene expression
is drastically restricted, with only a handful of viral mRNAs
and proteins being produced; this is the default pathway following
de novo infection of most cells. However, under the appropriate
circumstances, latently infected cells can be induced to undergo
lytic replication, in which all viral genes are expressed in a tem-
porally regulated cascade that leads to production of progeny
virions.

The latency program of KSHVencodes 12 pre-miRNAs, which
can engender ca. 20 mature viral miRNAs (36–41). Because these
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viral miRNAs are expressed in latency, when few other viral tran-
scripts are expressed, interest has largely been focused on their
potential cellular mRNA targets. However, the long half-lives
of miRNAs in RISC indicates that all of these miRNAs continue
to be present during lytic replication; moreover, several of their
pri-miRNAs are further transcriptionally up-regulated during the
lytic cycle, leading to enhanced accumulation of these miRNAs
as replication proceeds. Accordingly, we undertook a series of
experiments to determine if viral miRNAs might have additional
targets in the lytic viral transcriptome. The first of these studies
revealed that the lytic switch protein RTA, the master regulator
of the lytic cycle, is specifically targeted by one viral miRNA,
miR-K9-5p, which down-regulates RTA expression and stabilizes
latency (42). In the present experiments, we asked if the known
KSHV proteins governing lytic viral DNA replication could also
be subject to regulation by viral miRNAs. Table S1 lists the seven
viral genes selected for this analysis, their known roles in viral
replication (43), and the nature of potential seed matches with
the indicated virus-encoded miRNAs, as judged by sequence in-
spection of their 3′ UTRs. As can be seen, numerous seed homo-
logies were predicted in 4 of the 7 UTRs (Table S1).

To determine which of these sequences actually contained
functional miRNA recognition sites (Fig. S1A), each UTR was
cloned downstream of a Renilla luciferase (LUC) reporter in
the vector depicted in Fig. S1B (The vector bears a linked con-
stitutive Firefly LUC reporter to normalize for transfection effi-
ciency). For each chimera, the construct was cotransfected into
HEK293 cells with each of the 20 KSHV miRNAs (presented
as synthetic RNA duplexes); 42 h later, LUC activity was mea-
sured, corrected for transfection efficiency, and normalized rela-
tive to the levels expressed in the presence of a control miRNA.
For six of the UTR chimeras, we observed no down-regulation
by any of the 20 viral miRNAs—this included the viral DNA
polymerase (ORF9) UTR, for which 14 potential seed-matched
sequences had been proposed bioinformatically. However, one
UTR, that of the DNA primase gene (ORF56) did mediate
down-regulation—in this case, by two viral miRNAs, miR-K5 and
miR-K6-3p (Fig. 1). The two miRNAs were predicted to target
different sites within the ORF56 UTR (see below); when both
miRNAs were cotransfected with the ORF56 UTR reporter,
additive repression of luciferase activity was observed (Fig. S2).
As expected, repression by miR-K5 was ablated by mutations
introduced into its seed sequence (Fig. S2).

Mapping theRecognition Sequences formiR-K5 andmiR-K6-3p.Fig. 2A
[line (i)] depicts the genomic organization of the region surround-
ing ORF56. ORF56 (primase) is immediately 5′ to the coding
region for ORF57, which encodes a posttranscriptional regulator
known as MTA (for mRNA transcript accumulation). The gene
for ORF57/MTA includes a small intron, and is followed by a
short 3′UTR bearing a canonical polyadenylation signal. Fig. 2A
[lines (ii) and (iii)] shows the structure of the known transcripts
from this region, which have been mapped to high resolution

(44, 45). As ORF56 has no adjacent polyA signal, its mRNA
includes all of ORF57 in its 3′UTR. For unknown reasons, the
intron in this context is very inefficiently spliced; therefore, in
ORF56 mRNA, intronic sequences persist in the 3′UTR of over
90% of messages (Fig. S3B). Because there is no IRES (internal
ribosome entry site) in this transcript, ORF57 sequences are not
translated in this context. Instead, a separate promoter em-
bedded within ORF56 directs the production of a monocistronic
RNA which is the principal source of ORF57 protein [Fig. 2A,
line (iii)]. Interestingly, in this context the intron is very efficiently
spliced, with >90% of the monocistronic ORF57 mRNA being
spliced (Fig. S3B), while the unspliced RNA disrupts the MTA
open reading frame.

Examination of the sequence of the ORF56/primase 3′UTR
with several miRNA target prediction programs suggested two
likely targets for miR-K5—one in Exon 1 of the ORF57 gene,
and one in Exon 2 of the gene. The sequences of these target
sites, and their predicted basepairing with miR-K5, are shown
in Fig. 2B. Site 1 (in Exon 1) has a perfect 8mer seed match. Site
2 (in Exon 2) has extensive seed homology, but requires a bulged
nt in the mRNA. For each site, we engineered mutations in
the mRNA to disrupt seed pairing (the exact mutations are
depicted in Fig. 2B). These mutations were constructed in the
UTR of the Renilla LUC-ORF56 3′UTR chimera; this plasmid,
or its wild type (WT) version, was then cotransfected into 293
cells with a control miRNA or miR-K5, and luciferase assayed
as before. As shown in the bar graph of Fig. 2B, mutation of
Site 1 (in Exon 1) ablated down-regulation of Renilla LUC by
miR-K5, while mutations in Site 2 (in Exon 2) had no effect.
The phenotype of the mutation in Exon 1 not only indicates that
this site is recognized by miR-K5, but also suggests it is the only
functional recognition site for this miRNA in the ORF56 3′UTR.

We took a similar approach to map the target site(s) for
miR-K6-3p in the ORF56 3′UTR. The locations of the top two
target sites predicted computationally are shown in Fig. 2A. One
site (termed Site 3) resides within the intron of the ORF57 gene,
while the other (Site 4) maps to Exon 2 of ORF57. Fig. 2C shows
that only the mutation in Site 3 abolishes miR-K6-3p action, in-
dicating the target site for this miRNA is in the intron of ORF57.
Because this intron is very inefficiently spliced in ORF56 mRNA,
the site is available for miR-K6-3p regulation in this context.
This site contains a perfect 6mer seed match and five contiguous
Watson-Crick pairs to bases 11–15 of miR-K6-3p (Fig. 2C) [clas-
sified as a 3′-supplementary site (5, 7)], which may explain en-
hanced miRNA targeting efficacy in this case.

MicroRNA Regulation of ORF56 Protein. Because the above results
were obtained with a reporter construct, we sought to validate
that it truly recapitulates the regulation of the genomic KSHV
locus. Accordingly, genomic KSHV DNA spanning the WT
ORF56 and 57 genes was cloned into a plasmid under SV40
promoter control, and ORF56 was FLAG-tagged to allow detec-
tion of its protein product. (A downstream Firefly luciferase

Ctl 1 2 3-5p 3-3p 4-5p 4-3p 5 6-5p 6-3p 7 8 9-5p 9-3p 10a.1 10a.2 10b.1 10b.2 11 12-5p 12-3p
0.0

0.2

0.8

0.4

1.0

1.2

0.6

1.4

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

Fig. 1. KSHV miR-K5 and miR-K6-3p down-regulate the expression of Renilla LUC reporter fused to genomic sequence of ORF56 3′UTR. HEK293 cells were
cotransfected with each reporter construct (ORF56 3′UTR and VEC) along with a negative control miRNA (Ctl) or each of the indicated 20 KSHV miRNAs.
Transfection conditions, dual luciferase assays, and calculation of relative luciferase activities were carried out as described in Methods. Mean values and
error bars (standard deviation, SD) were derived from triplicate independent transfections.
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gene under separate promoter control allowed normalization for
transfection efficiency, Fig. 3A, WT). Into this vector, we
also cloned the aforementioned mutations in the target sites
for miR-K5 and miR-K6-3p (Fig. 4A, mutants tK5 and tK6-3p).
Each plasmid was cotransfected into 293 cells along with miR-K5,
K6-3p or both, and the level of ORF56 expression was deter-
mined by immunoprecipitation followed by immunoblotting with
anti-FLAG antibody. Fig. 3B shows that, just as in the LUC re-
porter, (i) miR-K5 down-regulates ORF56/primase expression

more potently than miR-K6-3p; (ii) the two together display
more down-regulation than either alone; and (iii) mutation of
each target site abolishes down-regulation by the corresponding
miRNA.

MicroRNA Regulation of Monocistronic ORF57 mRNA. The unique
arrangement of ORF57 sequences in two different contexts—
one in which they are translated and one in which they are

A

B

C

Fig. 2. miR-K5 and miR-K6-3p target ORF56 3′UTR. (A) ORF56/57 genomic locus and mRNA transcripts derived from this locus. As depicted in line (i), ORF57
coding sequence resides in ORF56 3′UTR. Transcription of this locus gives rise to an inefficiently spliced ORF56/57 transcript (line ii) and an efficiently spliced
ORF57 transcript (line iii). E1 and E2 (Exon 1 and 2) represent ORF57 coding sequence. AATAAA denotes the polyadenylation signal; AAAn denotes the
polyadenylation tail of mRNAs. S1–S4 indicates the bioinformatically predicted miR-K5 and miR-K6-3p binding sites. (B) (C) Identification of miR-K5 (B) and
miR-K6-3p (C) target sites in ORF56 3′UTR. The predicted miR-K5 and miR-K6-3p binding sites in ORF56 3′UTR (S1, 2, 3, and 4) and target site mutants (56-
MUT1, 2, 3, and 4) are shown on the left. Solid lines in the alignments denote perfect Watson-Crick basepairing; dotted lines in the alignments denote G:U
wobble basepairing. Mutated nucleotides in the target sites are shown in red. On the right, HEK293 cells were cotransfected with VEC, or each of ORF56 3′
UTR reporter constructs (WT and 56-MUT1-4) along with the indicated miRNAs. Mean values and error bars (SD) were derived from quadruplicate inde-
pendent transfections.
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Fig. 3. miR-K5 and miR-K6-3p repress ORF56 protein expression. (A) Geno-
mic DNA expression constructs consist of a 3FLAG tag and the region span-
ning ORF56 coding region and its entire 3′UTR (solid line between ORF56
and polyadenylation sequence, AATAAA). Defective miRNA binding sites
are illustrated as small boxes in the 3′UTR of 3FLAG-56 tK5 and tK6-3p
(tK5 and tK6-3p are described in Fig. 2 B and C). ORF57 coding sequence
(dashed boxes) and the intron are indicated. (B) Immunoblot analyses of
3FLAG-56 (anti-FLAG immunoprecipitates) and transfection control Firefly lu-
ciferase (FLUC) in HEK293 cells either mock transfected (−), or cotransfected
with the indicated plasmids and miRNAs for 48 h. Bands labeled NS represent
proteins that are nonspecifically precipitated by anti-FLAG antibody. Quan-
titation of 3FLAG-56/FLUC is described and plotted in Fig. S4A.
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B

Fig. 4. miR-K5 targets protein coding region of monocistronic ORF57 mRNA.
(A) Genomic DNA expression constructs consist of a MYC tag and the region
spanning ORF57 exons (E1 and E2), intron, and its entire 3′UTR (solid line
between E2 and AATAAA). Defective miRNA binding sites are illustrated
as small boxes within Exon 1 of MYC-57 tK5 (amino acid sequence encoded
by tK5 is unchanged) and the intron of MYC-57 tK6-3p (tK5 and tK6-3p are
described in Figs. 2 B and C). (B) Immunoblot analyses of MYC-57 and trans-
fection control FLUC in HEK293 cells either mock transfected (−), or cotrans-
fected with the indicated plasmids and miRNAs for 48 h. Bands labeled
NS represent proteins that are nonspecifically cross-reactive with anti-MYC
antibody. Quantitation of MYC-57/FLUC derived from three independent
measurements is described and plotted in Fig. S4B.
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not—allowed us an opportunity to learn about the impact of
translation on miRNA accessibility in a natural context, without
construction of engineered miRNA target sites into mutationally
extended coding regions of experimental reporter genes. Accord-
ingly, we constructed an expression vector expressing genomic
ORF57 DNA as a monocistronic transcript. ORF57 was tagged
with a MYC epitope, and the WT plasmid (MYC-57) shown to
express ORF57 protein efficiently after transfection into 293 cells
(Fig. 4). (We also verified that this transcript was efficiently
spliced, just as in KSHV-infected cells; Fig. S3C). When this
construct was cotransfected with miR-K5, clear down-regulation
ORF57 expression was observed (Fig. 4B). Quantitation of this
effect showed that when the target site was within a translated
ORF57 gene, expression of the targeted gene product was
down-regulated 36% by miR-K5 (Fig. S4B); by contrast, when
the target site was in the 3′UTR, expression of the targeted gene
product was diminished by 50% (Fig. S4A). This down-regulation
was nonetheless completely abrogated by mutational ablation
of the miR-K5 binding site in Exon 1 (while it was unaffected
by mutation of the miR-K6-3p site in the same gene; Fig. 4B).
(The mutations in the miR-K5 site were designed to alter miRNA
recognition without changing the coding sequence of ORF 57).
This result strongly indicates that miR-K5 action was clearly
not abolished by translation.

Examination of miR-K5 Regulation by Translation in Experimental
Contexts. To gain further insight into the role of translation in
influencing miRNA action, we generated several additional
constructs in the LUC reporter bearing the 3′UTR of ORF56;
these are diagrammed in Fig. 5A. In mutant C-ORF, the UAA
stop codon of Renilla LUC was mutated to GAA; this allowed
extension of translation to 20 nt 3′ to the miR-K5 binding site.
Plasmid C-ORF-tK5 is an isogenic derivative of C-ORF in which
the miR-K5 target site is disrupted by mutation. Each of these
plasmids was cotransfected into 293 cells with either a control
miRNA, an irrelevant KSHV miRNA (miR-K4-5p), miR-K5,
or a mutant of miR-K5(m34) bearing two substitutions in the
seed sequence. Forty-two hours later, LUC was assayed; for each
construct, the results were normalized to the level produced by
the same plasmid in the presence of the control miRNA. (This
corrects for the differing specific activities of luciferases lacking
or bearing the C-terminal extension). Fig. 5B shows the results
of this experiment. As we observed in the authentic genomic con-
struct (Figs. 3, 4), when the miR-K5 site was translated (C-ORF),
clear Renilla LUC repression was observed, but it was reprodu-
cibly less in extent than when the site is not translated (3′UTR).
In both situations, the repression is abolished by either seed
sequence mutation in miR-K5 or mutation of the recognition
sequence in the mRNA. As expected, a control, irrelevant KSHV

miRNA (miR-K4-5p) did not affect expression from any of the
tested constructs.

Because the translated miRNA target site in the above con-
struct resides at the C terminus of the Renilla LUC protein, while
in authentic ORF57 it is in the N terminus of the corresponding
ORF, we designed an additional set of vectors to explore whether
the position of the translated miRNA target site in the coding
region affected its action. As depicted in Fig. 6A, construct
N-ORF was generated by in-frame fusing Exon 1 and part of
Exon 2 of ORF57 with Renilla LUC at its N terminus and an
isogenic derivative in which the miR-K5 binding site was mutated
(designated tK5) was also constructed. As before, LUC activities
were analyzed from 293 cells cotransfected with either a control
miRNA, an irrelevant KSHV miRNA (miR-K4-5p), miR-K5,
or the miR-K5 seed mutant m34. Fig. 6B shows the results of
this experiment. Again, N-ORF chimeric protein bearing trans-
lated miR-K5 recognition sequences displayed down-regulation
by miR-K5, and this down-regulation was abolished by mutations
in either the miRNA or its binding site. Furthermore, the degree
of down-regulation was less than that observed when the same
sites were present in the 3′UTR of the Renilla LUC gene. [Par-
enthetically, we note that miR-K5-mediated repression (an 8mer
seed match) in a translated region is similar to or slightly greater
than miR-K6-3p-mediated repression (a 6mer seed match with
3′-supplementary site in a nontranslated region; Figs. 1, 3, 4,
5, 6, and Fig. S4)]. We conclude that translation of these miRNA
binding sites modestly reduces but does not abolish their ability to
function in miRNA-mediated repression.

Discussion
In this work we have capitalized on the fact that the parsimonious
genomic organization of some DNA viruses results in many
cases in which the same sequence is represented in multiple RNA
transcripts. In herpesviruses, which typically have more ORFs
than polyA sites, this results in situations where entire coding re-
gions can be found in the 3′UTR of other ORFs. Such coding
regions are generally not translated from this position, and usual-
ly require specification of another 5′ end just upstream of its own
AUG codon to allow for their expression. We identified a unique
case in which one such coding region (here, for ORF57/MTA)
happens to harbor a recognition site for a virus-encoded miRNA.
In contrast to some earlier experiments, we find that this site
can mediate repression by its cognate miRNA irrespective of
whether it is being translated, though translation does appear
to interfere with maximal miRNA repression.

Other data also point to the potential functionality of miRNA
recognition sites within coding regions. As noted in the Introduc-
tion, a few such sites have been identified in cellular mRNAs,
though in none of those cases was the efficiency of miRNA action

A B

Fig. 5. Translation attenuates, but does not block, miR-K5-mediated down-regulation. (A) Experimental constructs of the miR-K5 site embedded within the
extended Renilla LUC (Rluc) in the isogenic dual luciferase reporter. VEC contains no ORF56 3′UTR. 3′UTR and C-ORF have an identical sequence, except at three
nucleotides that disrupt the UAA stop codon of Rluc and two additional stop codons (not shown in the figure) preceding the miR-K5 site, thereby allowing
extension of the ORF to 20 nucleotides 3′ to themiR-K5 site. 3′UTR-tK5 and C-ORF-tK5 are isogenic derivatives in which themiR-K5 site is mutationally inactived.
“Stop” denotes stop codon. The miR-K5 site is in blue and mutated nucleotides are in red. (B) HEK293 cells were cotransfected with the indicated reporter
constructs and miRNAs. Mean values and error bars (SD) were derived from quadruplicate independent transfections. Statistical significance is indicated
(p value, two-tailed t test).

Lin and Ganem PNAS ∣ March 29, 2011 ∣ vol. 108 ∣ no. 13 ∣ 5151

BI
O
CH

EM
IS
TR

Y
IN
A
U
G
U
RA

L
A
RT

IC
LE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102033108/-/DCSupplemental/pnas.1102033108_SI.pdf?targetid=SF4


compared in the presence or absence of translation (29–34).
More recently, extensive genome-wide analyses of potential
miRNA recognition sites were conducted using UV-cross linking
and Argonaute immunoprecipitation coupled to deep cDNA
sequencing of the precipitated products. Although this analysis
does not directly determine functionality of the sites, it was
remarkable that many RISC-associated sites recovered in this
fashion were found to be in coding domains (21, 24, 27). [Simi-
larly, a recent computational approach predicts that ORF target-
ing may be especially prevalent in Drosophila (32)]. Hafner et al.
also found that mRNAs bearing such sites displayed lower levels
of down-regulation than those whose sites were localized to
the 3′ UTR (24). If this is so, it may explain why studies in which
lowering of transcript abundance in the presence of a miRNA
was used as a marker of miRNA regulation might have underre-
cognized mRNAs bearing translated targets. We also note that
our results are very consistent with the genome-wide analyses
of miRNA target distributions, which, although they show strong
enrichment for 3′UTR localization, nonetheless consistently re-
veal a small enrichment for targets within ORFs (10, 11, 16).

Our results differ somewhat from those of another group who
have experimentally examined the effects of translation on
miRNA accessibility. Gu et al. (20) employed model reporter
constructs in which mutations were engineered into the stop co-
dons of reporter ORFs located upstream of two tandem 21 nt
miRNA target sites; this allowed translation to proceed through
the miRNA recognition sequence. This study found that such
translation nearly completely abrogated miRNA regulation, even
though siRNA action at such sequences was either unimpaired or
only modestly affected. By contrast, we observed a more modest
(though reproducible) decrease in the efficiency with which trans-
lated sites can be targeted.

What might account for these differences? We note that the
miRNA target site we chose to study exists naturally within a
coding region, and therefore may have undergone selection for
properties that allow it to function in this locale. This is in con-
trast to the model constructs of Gu et al., in which sites that have
never resided outside a UTR were experimentally repositioned
within a coding region. Because we observe that translation re-
duces miRNA function even for our naturally translated site,
it may well be that normally untranslated sites may be especially
sensitive to this inhibitory influence. If so, once a sufficiently large
lexicon of translated target sites is available, it will be interesting
to see if they have sequence features that differentiate them from
miRNA targets located in untranslated regions.

Another feature that may explain variation in the degree to
which coding sequences may be accessed by the RISC machinery
is translational efficiency. If translation indeed impairs access of
miRNAs to their recognition sites, then factors that pause trans-
lation might enhance such access. Consistent with this, Gu et al.
observed that introduction of nine consecutive rare codons into
a model ORF enhanced miRNA-mediated inhibition (20).
Accordingly, we examined codon usage in ORF57 and C-ORF.

These analyses revealed that (i) neither ORF57 nor C-ORF har-
bors a stretch of consecutive rare codons preceding the miR-K5
target site; and (ii) the distribution of rare codons in that region
does not differ significantly from that of randomly selected cel-
lular and viral coding sequences. Nonetheless, it is not excluded
that other features of ORF57 mRNA (e.g., secondary or tertiary
structures) might influence translatability in a manner that could
affect miRNA target accessibility.

In conclusion, we wish to emphasize that the differences
observed between our study and that of Gu et al. are quantitative
rather than qualitative. Both studies indicate that translation
can adversely impact upon miRNA recognition, and help explain
why target sites in coding regions are underrepresented relative
to those in 3′UTRs. By examining a well controlled situation
involving an unrearranged genomic locus in which the identical
miRNA target is presented in both a translated and untranslated
context, we believe the present study provides a clearer picture
of the magnitude of such effects as they may be encountered
in other natural genomic loci in vivo.

Methods
Plasmid Constructions. The annotated KSHV genome sequence was obtained
from NCBI Refseq: NC_009333 (Human Herpesvirus 8 type P). KSVH DNA
fragments were PCR amplified from the body cavity lymphoma cell line
BCBL-1 first-strand cDNA or genomic DNA and cloned into WTor engineered
psiCHECK2 (Promega), a dual luciferase reporter vector. First-strand cDNA
was synthesized by reverse transcription of total RNA (harvested at 24 h
after induction of KSHV lytic replication in BCBL-1) using oligoðdTÞ20 primer
(Invitrogen) and SuperScript III system (Invitrogen). Genomic DNA was
isolated from uninduced cells using DNAzol (Molecular Research Center).
PCR amplification was performed using Phusion High-Fidelity (HF) DNA poly-
merase (Finnzymes) or PfuUltra HF DNA polymerase AD (Stratagene). Nucleo-
tide substitutions were introduced by QuikChange Lightning Site-Directed
Mutagenesis or Multi Site-Directed Mutagenesis Kit (Stratagene). Isogenic
tK5 DNA sequences bear a defective miR-K5 binding site but the encoded
amino acid sequence is unchanged. All constructs were verified by DNA se-
quencing. For complete details of plasmid constructions, see SI Text: Methods.

Dual Luciferase Reporter Assays. Experiments were carried out in a 24-well
format. In brief, HEK293 cells (1.1 × 105) were seeded in antibiotic-free
medium 24 h before transfection. Transfections were performed using 1 uL
Lipofectamine 2000 (Invitrogen), 150 ng dual luciferase reporter plasmids,
and a final concentration of 10 nM synthetic miRNA mimics (called PremiRs,
double-stranded RNA molecules obtained from Applied Biosystems; PremiRs
are chemically modified to ensure the correct miRNA strand is incorporated
into the RNA-induced silencing complex. Mature miRNA sequences are listed
in SI Text: Methods). At 42–43 h after transfection, cell lysates were prepared
by passive lysis buffer (Promega) and dual luciferase assays (Promega) were
performed using the 20∕20n Luminometer (Turner Biosystems). Relative luci-
ferase activities were calculated as described below. First, Renilla luciferase
(Rluc) activity was normalized to Firefly luciferase (Fluc) transfection control,
referred as Rluc/Fluc. For each reporter construct (3′UTR, C-ORF, or N-ORF),
the Rluc/Fluc value obtained from each miRNA cotransfection was normal-
ized to the value obtained from empty vector (VEC) cotransfected with the
same miRNA. This normalization is to correct nonspecific up-regulation or
down-regulation of Rluc expression in the presence of a miRNA. The normal-

A B

Fig. 6. Translation attenuates miR-K5-mediated down-regulation. (A) Experimental constructs for dual luciferase assays. 3′UTRg (with an intron, used in Figs. 1
and 2) and 3′UTR (without an intron, used in Fig. 5) are described previously. In N-ORF, Exon 1 and part of Exon 2 were in-frame fused to Rluc that allows
translating an ORF57-Rluc chimeric fusion protein. N-ORF-tK5 is an isogenic derivative of N-ORF in which the miR-K5 site is mutationally inactived, as illustrated
by a red symbol at the mutated target site. (B) HEK293 cells were cotransfected with the indicated reporter constructs and miRNAs. Mean values and error bars
(SD) were derived from quadruplicate independent transfections. Statistical significance is indicated (p value, two-tailed t test).
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ized Rluc/Fluc value was then normalized to the value obtained from the
same reporter construct cotransfected with control (Ctl) miRNA, which
was set at 1. Mean values, error bars (standard deviation), and Student’s
t-Test (two-tailed test) were calculated from three or four independent trans-
fections as indicated.

Whole-Cell Extracts, Immunoprecipitation, and Western Blotting. To express
MYC-57, HEK293 cells in a well of 6-well dishes were transfected with
1.0 ug plasmid and 10 nM miRNA (final concentration) using 5 uL Lipofecta-
mine 2000. For immunoprecipitation of 3FLAG-56, cells in a 60-mm dish were
transfected with 1.5 ug plasmid and 10 nMmiRNA using 10 uL Lipofectamine
2000. At 48 h after transfection, cells were lysed in NETT [150 mMNaCl, 1 mM
EDTA, 50 mM Tris-HCl, pH7.5, 0.5% Triton X-100, a protease inhibitor cocktail
(Sigma, P8340), 2 mMPMSF, 10mM β-glycerophosphate, 5 mMNaF, and 2mM
Na3VO4] by three freeze-thaw cycles. Insoluble cell debris was removed by
centrifugation and soluble whole-cell extracts were quantified using Brad-
ford protein assay (BioRad). To immunoprecipitate 3FLAG-56, extracts were
first adjusted to a final concentration of 1 ug∕uL in NETTand precleared with
Protein A/G PLUS-Agarose (Santa Cruz Biotechnology) at 4 °C for 30 min. The

precleared extracts (400 ug) were incubated with anti-FLAG M2 affinity gel
(Sigma) at 4 °C for 2 h. The bound gels were washed five times with NETTand
the immunoprecipitaes were eluted with SDS-PAGE sample buffer. Western
blotting procedure is described in SI Text: Methods. Band intensities of
Western blot films were analyzed using ImageJ program (Version 1.43).

Bioinformatic miRNA Target Predictions and Seed Match Analyses. The miRNA
target prediction algorithms miRanda v1.0b (46), RNAhybrid (47), and RNA22
(48) were used to search candidate 3′UTRs for potential miRNA target sites.
Microsoft Word software was used to search candidate 3′UTRs for 6 mer,
7mer-A1, 7mer-m8, and 8mer seed matches by finding the perfect reverse
complementary sequence of miRNA seed (miRNA bases 2–7 or 2–8) and an
adenosine opposite miRNA base 1.
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