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Abstract

Primate herpesviruses express more noncoding RNAs (ncRNAs) than any other class of
mammalian viruses during either latency or the lytic phase of the viral life cycle. T cells
transformed by the monkey virus Herpesvirus saimirf (HVS) express seven viral U-rich ncRNAs
called HSURs. Conserved sequences in HSURs1 and 2 exhibit complementarity to three host-cell
microRNAs (miRNAS). The predicted interactions of HSURs1 and 2 with these miRNAs were
confirmed by coimmuno-precipitation experiments performed on extracts of marmoset T cells
transformed by a wild-type or a mutant HVS lacking these two HSURs. Mutational analyses
demonstrated that the binding of miR-27 to HSURL1 and that of miR-16 to HSUR2 involves base
pairing. One of these mMiRNAs, miR-27, is dramatically lowered in abundance in HVS-transformed
cells, with consequent effects on the expression of miR-27 target genes. Transient knockdown and
ectopic expression of HSUR1 demonstrated that degradation of mature miR-27 occurs in a
sequence-specific and binding-dependent manner but does not occur by AU-rich element (ARE)-
mediated decay, which controls the intracellular level of HSURL1 itself. This viral strategy
exemplifies the use of an ncRNA to control host-cell gene expression via the miRNA pathway and
has potential applications both experimentally and therapeutically.

Herpesvirus saimiri (HVS) is an oncogenic y-herpesvirus that innocuously infects the T
cells of its natural host, the squirrel monkey. But in New World primates, T-cell
transformation leads to aggressive leukemias, lymphomas, and lymphosarcomas (Ensser and
Fleckenstein 2005). HVS encodes seven Sm-class small nuclear RNAs (snRNAs) called
HSURs, for Herpesvirus saimiri U-rich RNAs, which are the most abundantly expressed
gene products in HVS-transformed T cells (Murthy et al. 1986; Lee et al. 1988). In addition
to 5 trimethyl caps, Sm protein-binding sites and 3’-terminal stem loops common to
SnRNAs assembled into Sm ribonucleoproteins (Sm snRNPs), HSURs1, 2, and 5 contain
ARES near their 5" ends (Myer et al. 1992; Fan et al. 1997; Albrecht 2000; Cook et al.
2004). Among different HVS subgroups, HSURs1 and 2 are the most highly conserved and
the only snRNAs expressed by the closely related Herpesvirus ateles (Albrecht 2000).

Previously, we showed that the expression of HSURs1 and 2 in transformed marmoset T
cells does not alter the abundance of the ~8% of host MRNAs that contain ARESs in their 3'-
untranslated regions (3’UTRs) (Cook et al. 2004). AREs are known to induce rapid decay of
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the messenger RNAs (mRNAS) in which they reside (Gingerich et al. 2004). Because ARE-
mRNAs often encode protooncoproteins or growth factors, manipulation of the levels of
their protein products in latently infected T cells would make sense for the virus. Instead, we
found that the presence of HSURs1 and 2 correlates with posttranscriptional up-regulation
of host genes that are hallmarks of T-cell activation, but the molecular mechanism of this
regulation in HVS-transformed T cells remained elusive (Cook et al. 2005). Here, we review
results that indicate that the HSUR1 snRNP binds a host miRNA, miR-27, and targets it for
destruction (Cazalla et al. 2010) This strategy represents an example of ncRNA warfare,
where the virus produces an ncRNA that manipulates the miRNA pathway of the host cell
apparently to the advantage of the virus.

EVIDENCE THAT HSUR1 DIRECTS THE DEGRADATION OF MIR-27 IN HVS-
TRANSFORMED T CELLS

Bioinformatic searches revealed potential RNA-RNA interactions between conserved
sequences in HSURs1 and 2 and the critical seed regions of three miRNAs expressed in T
cells (Fig. 1). Immunoprecipitation experiments using anti-AGO2 antibodies to select
miRNAs packaged into miRNPs revealed an association with HSURs1 and 2, whereas
HSURSs3-7 were not immunoprecipitated above background levels. Conversely, use of anti-
Sm antibodies confirmed that the three predicted miRNAs (miR-27, miR-16, and
miR-142-3p) can be detected interacting with Sm snRNPs in extracts of wild-type but not
mutant HVS-transformed marmoset T cells.

Mutational analyses then highlighted the importance of predicted Watson—Crick base pairing
in the interactions of HSUR1 with miR-27 and of HSUR2 with miR-16. These experiments
were conducted using human Jurkat T cells stably transformed with a plasmid containing the
HSUR-encoding region of HVS, enabling the introduction of mutations expected to disrupt
HSUR-miRNA interactions. Changing the miR-binding sites in either HSUR1 or 2 to
sequences predicted to base pair with a control non-binding miRNA, miR-20, satisfyingly
revealed that a novel interaction with this miRNA could be successfully engineered,
confirming the base-pairing nature of miR binding to HSURs.

While conducting the above experiments, we noticed marked increases in the overall levels
of miR-27 in T cells transformed by the mutant HVS lacking HSURs1 and 2 versus the
wild-type virus. A fourfold difference was confirmed by quantitative real-time polymerase
chain reaction (PCR) measurements, with both of the genetic loci—for miR-27a and
miR-27b—contributing to the up-regulation. In contrast, neither of the other two miRNAs
bound by HSURs (miR-16 and miR-142-3p) were increased in abundance in the mutant-
transformed cells nor were two other miRNAs that are included in the same pri-miRNA
transcript as miR-27a (miR-23a and miR-24). Moreover, levels of both the pri- and pre-miRs
for the two miR-27 isoforms were not altered between the wild-type and mutant-transformed
cells. These observations suggested that mature miR-27 was being selectively targeted for
degradation.

We tested degradation by a pulse-chase type of assay (Hwang et al. 2007) in which synthetic
miRNAs labeled at their 5" ends were transfected into marmoset T cells transformed by
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either wild-type HVS or the mutant lacking HSURs1 and 2; levels of remaining miRNAs
were then assessed at various times. In the wild-type transformed cells, miR-27a exhibited a
considerably shorter half-life than either miR-16 (bound by HSUR2 but not diminished in
levels) or miR-20 (a control non-HSUR-binding miRNA). To confirm that this decreased
half-life is caused by the presence of HSURL rather than other accumulated mutations in the
wild-type transformed T-cell line, we knocked down HSUR1 by transfecting a chimeric
RNaseH-targeting oligonucleotide and observed increases in miR-27 levels correlating with
decreased HSUR1.

Unfortunately, only a handful of mRNA targets of miR-27 have been validated (Ben-Ami et
al. 2009; Crist et al. 2009; Guittilla and White 2009; Wang et al. 2009; Jennewein et al.
2010). We tested the levels of these proteins in marmoset T cells transformed by the wild-
type versus the mutant HVS lacking HSURs1 and 2. Indeed, reproducible up-regulation of
the level of one of these proteins, FOXO1, a transcription factor implicated in oncogenesis
and cell cycle control, was observed in the wild-type versus the mutant-transformed
marmoset T cells.

Finally, we explored whether the ARE-mediated decay pathway might be involved in
miR-27 decay. This was an attractive idea because HSURL1 itself undergoes ARE-mediated
degradation (Fan et al. 1997) and could conceivably carry a bound miRNA along into the
same destructive milieu. However, experiments in transiently transformed Jurkat T cells
indicated that mutation of HSUR1’s ARE, which produces higher levels of HSUR1,
increased (rather than alleviated) the down-regulation of miR-27a. Thus, the HSUR-bound
miRNA does not appear to undergo degradation via the ARE-mediated decay pathway.

CONCLUSIONS

We demonstrated that HSURs1 and 2 snRNPs directly bind certain host miRNAs in virally
transformed T cells, resulting in the degradation of one of these miRNAs (Cazalla et al.
2010). This constitutes the first example of a functional consequence of the interaction
between an miRNA and another naturally occurring ncRNA, although such associations
have been previously reported. It is also the first example of a virus using this strategy to
regulate host-cell gene expression.

Newly synthesized Sm snRNAs transit to the cytoplasm for initial assembly with the
heteroheptamer of Sm proteins, assisted by the SMN (survival of motor neurons) complex
(Patel and Bellini 2008). They then return to and concentrate in the nucleus for function; a
nuclear location has accordingly been verified for HSURs (Golembe et al. 2005). Moreover,
evidence for the nuclear presence of miRNAs and the core miRNP protein AGO?2 is
accumulating (Castanotto et al. 2009; Weinmann et al. 2009). Thus, the binding of miRNAs
to HSUR snRNPs could occur in either the nucleus or the cytoplasm.

Likewise, neither the location nor the mechanism of HSUR1-induced miR-27 degradation is
yet known. It has been recently reported that extensive pairing between a target RNA and an
miRNA triggers miRNA tailing and 3’-to-5" trimming, affecting the stability of the miRNA.
Ameres et al. (2010) propose that extensive pairing of the 3" half of the miRNA with its
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target RNA leads to release of the 3" end from the Argonaute PAZ domain and subsequent
exposure to hitherto unknown nucleotidy! transferases and 3°-to-5" exonucleases. Thus,
because HSUR1 can form extensive base pairs with the 3" end of miR-27, its destabilization
could result from 3”-end trimming and tailing, as described by Ameres et al. (2010).
Alternatively, subcellular redistribution of miR-27 to the nucleus following binding of
HSUR1 could effect destabilization of the miRNA (Hwang et al. 2007). Further
experimentation will be required to test these hypotheses.

The interactions of HSURs1 and 2 with miR-142-3p and miR-16 do not lower the levels of
these miRNAs in HVS-transformed T cells. The fact that HSURs bind the seed regions of
these miRNAs (as well as those of miR-27) suggests that HSURs could compete with
mRNA targets by acting as miRNA “sponges.” Down-regulating the activity of miR-142-3p
and miR-16 might be advantageous for the virus, particularly in the case of miR-16, which is
reported to target cell cycle and apoptosis regulators such as Bcl-2 and cyclins D1 and E1
(Cimmino et al. 2005; Liu et al. 2008). Indeed, the only known phenotype of marmoset T
cells transformed with HVS lacking HSURs1 and 2 is that they grow more slowly than those
transformed by wild-type virus (Murthy et al. 1989; Cook et al. 2005). However, we did not
observe differences in the abundance of miR-16 target proteins in the presence or absence of
HSURs1 and 2.

It is not yet clear why HVS down-regulates the expression of miR-27 and how down-
regulation of this miRNA is beneficial for the virus. It was recently reported that miR-27
levels are also dramatically reduced following infection of mouse cell lines with murine
cytomegalovirus (MCMYV), a B-herpesvirus (Buck et al. 2010). As we have documented for
HVS, down-regulation of miR-27 by MCMV occurs posttranscriptionally, most likely via
rapid decay of the mature miRNA, suggesting a conserved mechanism between these two
herpesviruses. Only a few targets of mMiRNA-27, including the transcription factors FOXO1,
RUNX1, and PAX3, have been validated (Ben-Ami et al. 2009; Crist et al. 2009; Guttilla
and White 2009). In particular, none of the mRNAs for the eight T-cell activation proteins
that are up-regulated by HSURs1 and 2 in HVS-transformed T cells (Cook et al. 2005)
possess obvious sites for miR-27 in their 3"UTRs. Thus, the important effects of the virus on
the T-cell state may be indirect, and identification of additional targets of miR-27 in T cells
transformed with HV'S is much needed.

Targeting a bound miRNA for decay is a novel function for an Sm snRNP The most
abundant Sm snRNPs in eukaryotic cells have pivotal roles in pre-mRNA splicing and—in
metazoans—also in the 3”-end processing of histone pre-mRNAs (Schumperli and Pillai
2004; Wachtel and Manley 2009). Evolutionarily, HVS clearly acquired Sm snRNAs from
its host cell. Interestingly, there are no other viruses expressing Sm snRNAs described so far.
Perhaps, elucidation of the remaining functions of HSURs will reveal yet other novel roles.
Whether the mammalian hosts of HVS encode low-abundance Sm snRNPs that function
comparably to control miRNA abundance likewise remains an open question.

HSUR1 expression potentially provides a tool for targeted destruction of any particular
miRNA because its miR—-27-binding site can be mutated to select another miRNA that then
undergoes down-regulation. This strategy is effective in T and B cells but has not been
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observed in trials with HeLa or HEK cells (D Cazalla, unpubl.), perhaps implicating
lymphoid-specific factors in the decay. Our findings increase the potential for experimental
manipulation of specific miRNA function. Similarly, stable expression of a mutated HSUR1
could provide enduring knockdown of specific miRNAs in T or B cells as a therapeutic
strategy.
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Figurel.
Sequences of HSURs of subgroup A HVS are shown with their Sm-binding sites boxed.

Bold nucleotides are absolutely conserved in all available genome sequences from various
isolates of HVS A, B, and Cand in H. ateles. Also pictured are human miRNAS
miR-142-3p, miR-16, and miR-27a. Complementarity between miRNAs and HSURS is
represented by dots. Perfectly conserved HSUR residues involved in miRNA binding are
highlighted in gray, and seed regions are circled within the miRNAs.
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