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SUMMARY
Herpesvirus saimiri (HVS) is a γ-herpesvirus that expresses Sm-class U RNAs (HSURs) in
latently-infected marmoset T cells. By deep sequencing, we identified six HVS microRNAs
(miRNAs) that are derived from three hairpin structures located immediately downstream of the
3′-end processing signals of three of the HSURs. The viral miRNAs associate with Ago proteins
and are biologically active. We confirmed that the expression of the two classes of viral non-
coding RNAs is linked by identifying chimeric HSUR-pre-miR transcripts. We show that HVS
miRNA biogenesis relies on cis-acting elements specifically required for synthesis and processing
of Sm-class RNAs. Knockdown of protein components in vivo and processing assays in vitro
demonstrated that HVS does not utilize the Microprocessor complex that generates most host
miRNAs. Instead, the Integrator complex cleaves to generate the 3′ end of the HSUR and the pre-
miRNA hairpin. Exportin-5 and Dicer are then required to generate mature viral miRNAs.

INTRODUCTION
Non-coding RNAs (ncRNAs) are key players in gene expression in all organisms. It is
therefore not surprising that viruses express many kinds of ncRNAs as part of their strategy
to redirect host cell metabolism to their own advantage. Many ncRNAs expressed by viruses
resemble ncRNAs produced by their hosts. MicroRNAs (miRNAs) are examples of ncRNAs
expressed by both host and pathogen.

MiRNAs are short [~22-nucleotide (nt) long] ncRNAs that post-transcriptionally regulate
gene expression in metazoan eukaryotes. Most cellular miRNAs are processed from
polyadenylated, capped RNA pol II primary (pri-miRNA) transcripts (Cai et al., 2004; Lee
et al., 2004). Mature miRNAs are imbedded in ~80-nt hairpin structures that are recognized
and excised from pri-miRNAs by the Microprocessor complex in the nucleus (Denli et al.,
2004; Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004). Essential components
of the Microprocessor are the RNAse III-like enzyme Drosha and the dsRNA binding
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protein DGCR8. The released ~60-nt precursor miRNA (pre-miRNA) is exported to the
cytoplasm by Exportin-5 (Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003), where it
is cleaved by another RNAse III-type enzyme called Dicer (Hutvagner et al., 2001). One
strand of the resulting ~22-nt duplex is loaded into the RNA-induced silencing complex
(RISC) to function in regulatory networks (Yang et al., 2011).

DNA viruses encode almost all viral miRNAs known to date. Most viral miRNAs are
believed to be generated by the canonical host miRNA processing pathway and to form
similar effector complexes (Grundhoff and Sullivan, 2011). One exception is the murine γ-
herpesvirus 68 (MHV68) miRNAs, whose primary transcript also contains tRNAs (Diebel et
al., 2010; Pfeffer et al., 2005). The tRNA processing enzyme RNAse Z cleaves at the 3′ end
of the tRNA, releasing pre-miRNA hairpins that are subsequently processed by Dicer, thus
bypassing the Microprocessor complex (Bogerd et al., 2010).

Another class of ncRNAs shared by host and pathogen is found in Herpesvirus saimiri
(HVS), an oncogenic γ-herpesvirus that infects New World monkeys (Ensser and
Fleckenstein, 2005). HVS expresses seven small nuclear RNAs (snRNAs) of the Sm-class
called HSURs, which are the most abundant viral transcripts in latently-infected marmoset T
cells (Albrecht and Fleckenstein, 1992; Lee et al., 1988; Lee and Steitz, 1990; Murthy et al.,
1986; Wassarman et al., 1989). Like their cellular counterparts, each HSUR is flanked by a
canonical snRNA promoter and a 3′ box, a processing signal that is recognized by the
Integrator complex (Baillat et al., 2005). HSURs contain Sm-binding sites and their
predicted secondary structures resemble those of cellular Sm-class U RNAs (Albrecht and
Fleckenstein, 1992; Lee et al., 1988; Wassarman et al., 1989). During their biogenesis
HSURs associate with the SMN (survival of motor neurons) protein complex (Golembe et
al., 2005a; Golembe et al., 2005b) to associate stably with Sm proteins and acquire a
trimethyl 5′ guanosine cap (Lee et al., 1988; Lee and Steitz, 1990). HSURs 1 and 2, which
are the most conserved among HVS strains, upregulate the expression of a handful of host
genes by a yet-to-be-described mechanism (Cook et al., 2005). We recently showed that
HVS uses HSUR1 to manipulate the host miRNA pathway to regulate host gene expression
(Cazalla et al., 2010).

Here, we used deep-sequencing to identify miRNAs in latently-infected T cells and
discovered that HVS expresses six miRNAs. These miRNAs reside in three pre-miRNA
hairpin structures located directly downstream of the 3′-end processing signals of HSURs 2,
4, and 5. They are co-transcribed with the upstream viral Sm-class RNAs into common
primary transcripts. HVS miRNA expression therefore relies on Sm-class transcription and
processing signals. In vivo knockdown of processing factors and in vitro processing assays
show that the HVS miRNA biogenesis pathway does not require the Microprocessor
complex, but instead uses the Integrator complex to generate viral pre-miRNAs. As in the
canonical miRNA biogenesis pathway, HVS pre-miRNAs require Exportin-5 for transit to
the cytoplasm, where they are cleaved by Dicer into mature functional viral miRNAs.

RESULTS
Identification of H. Saimiri miRNAs

To identify miRNAs encoded by HVS, small RNAs between 18 and 30 nt were isolated
from marmoset T cells transformed with HVS (strain A11) (Cook et al., 2004) and cloned.
Illumina sequencing yielded 12.2 million high quality reads, representing approximately
593,000 unique sequences. To identify those corresponding to HVS miRNAs, we aligned
sequence reads with the viral genome using the following criteria. Reads (i) should map to a
unique locus in the HVS A11 genome with two or fewer mismatches, (ii) should be at least
15 nt long, and (iii) should contain no sequencing errors (non-called bases, i.e. “N” bases).
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Approximately 1.92% of reads perfectly matched the HVS A11 genome, with most
corresponding to one of six unique small RNAs (Table S1). These small RNAs derived from
both arms (5p and 3p) of the stems of three putative pre-miRNA-like structures (Figure 1B),
all located within 7 kbp of the left end of the HVS genome, close to the 3′ ends of the genes
for HSURs 2, 4, and 5 (Figure 1A). Following conventional nomenclature (Ambros et al.,
2003), we named these putative miRNAs according to the species of origin (hvsA, for
Herpesvirus saimiri strain A11), their genomic position downstream of HSUR genes
(HSUR2, HSUR4, and HSUR5), and the stem-loop arm of origin (5p or 3p) (Table S1).

Some miRNAs expressed by herpesviruses show sequence similarity to host miRNAs
(Grundhoff and Sullivan, 2011). We searched the current version (release 16) of miRBase
(Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 2008; Kozomara
and Griffiths-Jones, 2011) to see if HVS miRNAs “mimic” known miRNAs. Extensive
sequence similarity (including the entire seed region) was found only for hvsA-miR-
HSUR-5p and miR-937, a miRNA identified in human cervical cancer cell lines (Lui et al.,
2007) that is highly conserved between human, chimpanzee, orangutan, and mouse (Figure
S1).

The three HVS pre-miRNA hairpin structures are located immediately downstream of the
Sm-class RNA 3′-end formation signals (the 3′ box) for HSURs 2, 4, and 5 (Figure 1B).
This suggested that HVS Sm-class RNAs and pre-miRNAs could arise from common
primary transcripts. We used reverse transcription polymerase chain reaction (RT-PCR) to
detect putative primary transcripts that contain both an Sm-class RNA and miRNAs (Figure
1C). A band corresponding to the region spanning the 5′ end of the Sm-class RNA and the
3′ end of the pre-miRNA hairpin structure was amplified in each case. This suggests that all
three HVS pre-miRNAs are co-transcribed with the respective upstream HSUR into pre-Sm-
class RNA-pre-miRNA chimeras.

For HVS pre-hvsA-miR-HSUR4, we performed primer extension analysis and RNase
protection assays to map the 5′ and the 3′ ends of the predicted ~60-nt pre-miRNA
intermediates (Figure S2). These experiments confirmed the structure shown in Figure 1B
for pre-hvsA-miR-HSUR4, suggesting that all six HVS miRNAs are processed through ~60-
nt hairpin intermediates (boxed in Figure 1B).

Since functional miRNAs associate with Ago proteins (Hammond et al., 2001; Martinez et
al., 2002), we performed co-immunoprecipitation experiments on extracts prepared from
virally-transformed marmoset T cells using antibodies that recognize all four mammalian
Ago proteins (Nelson et al., 2007) (Figure 2A). All six HVS miRNAs were efficiently co-
immunoprecipitated, suggesting they are indeed associated with Ago proteins. Comparable
results were obtained when Ago proteins were immunoprecipitated from extracts prepared
from 293T cells transiently transfected with a plasmid containing the first 7.4 kbp of the
genome of HVS A11 (Figure S3A), arguing that this region contains all the information
necessary for proper transcription and processing of HVS miRNAs.

Finally, to confirm that the identified HVS miRNAs program functional RISC complexes,
we constructed HSUR- and miRNA-expressing vectors containing genomic regions of HVS
A11 that included HSUR2, HSUR4, or HSUR5, each with its own promoter and processing
signals, with or without its corresponding downstream miRNA. These vectors expressed
either a HSUR alone, or a HSUR and its miRNAs (Figure S3B). 293T cells were co-
transfected with these expression vectors along with vectors containing the Firefly luciferase
reporter gene linked to four artificial target sites perfectly complementary to each HVS
miRNA. Significant downregulation of luciferase expression was observed compared to
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vectors expressing only a HSUR (Figure 2B). We conclude that HVS miRNAs assemble a
functional RISC complex and are therefore bona fide miRNAs.

Sm-class RNA Processing Signals Are required to Express H. Saimiri miRNAs
The existence of chimeric transcripts containing both HSUR and miRNA sequences (Figure
1C) strongly suggested that the synthesis and processing of these two classes of ncRNAs are
coupled in this virus. To confirm this hypothesis, we mutated the promoter and processing
signals of the Sm-class RNAs and analyzed the expression of the linked miRNAs. We
focused on HSUR4 and its downstream miRNAs, hsvA-miR-HSUR4-5p and -3p, since
these were the most easily detected in transfected 293T cell extracts by Northern blot.

First, we deleted from a vector containing the first 7.4 kbp of the genome of HVS A11
(Figure 1A) the proximal sequence element (PSE) of HSUR4 (Figure 3). The PSE is
required for expression of Sm-class RNAs (Hernandez, 2001). This construct generated
neither HSUR4 nor hvsA-miR-HSUR4-5p (Figure 3), indicating that HVS miRNAs are
indeed transcribed together with HSURs, and not from unknown separate promoters. We
next mutagenized the Sm-binding site, an element required for recognition by the SMN
complex and binding of Sm proteins in the cytoplasm during snRNP biogenesis (Golembe et
al., 2005a). This mutation abolished the appearance of HSUR4, but did not affect the level
of hvsA-miR-HSUR4-5p compared to the wild-type construct (mtSm, Figure 3), suggesting
that recognition by the SMN and Sm complexes is not required for miRNA expression.
Finally, we mutagenized the 3′ box located downstream of HSUR4 that directs the
processing of Sm-class RNAs (Egloff et al., 2008). These mutations lowered the levels of
both HSUR4 and hvsA-miR-HSUR4-5p (mt3′box, Figure 3). Thus, this signal is required
for production of the downstream HVS miRNAs as well as of HSUR4, implicating the Sm-
class RNA processing machinery in the production of HVS miRNAs.

To determine if the sequence or the structure of the HVS miRNA-containing stem-loop is
important for the expression of HVS miRNAs, we constructed mutants with alterations in
the hairpin predicted downstream of the HSUR4 3′ box (Figure S4). We converted the 3′
arm to the mirror image of the 5′ arm of the stem (construct “3pmt”, Figure S4A), but left
the sequence of both hvsA-miR-HSUR4-5p and the loop intact. A second construct derived
from “3pmt” altered the 5′ arm of the stem to restore base-pairing (construct “3p5pmt”,
Figure S4A). The resulting stem-loop structure is similar to the wild-type but with the 3′ and
5′ arms swapped and their directionality inverted. When these constructs were transiently
transfected into 293T cells (Figure S4B), miRNAs were observed only when the stem-loop
structure was reconstituted, suggesting that its secondary structure but not its sequence is
important for HVS miRNA biogenesis.

Since all three hairpin structures that give rise to HVS miRNAs are located immediately
downstream of the 3′ box of a Sm-class RNA (6 or fewer nucleotides away, Figure 1B), we
asked whether the distance between the stem-loop structure and the 3′ box is important for
generation of miRNAs. We introduced either 6 or 12 extra nucleotides between the 3′ box
and the stem-loop structure for HSUR4-miRNAs (“3′box-6nt-insert” and “3′box-12nt-
insert”, Figure S4A) and found no effect on the expression of miRNAs (Figure S4B).
Together, these data argue that recognition of both the 3′ box (sequence-dependent) and the
stem-loop structure (sequence-independent) is important for expression of HVS miRNAs.
Furthermore, the 5′ end of the pre-miRNA is determined by a mechanism that does not
involve measuring its distance from the 3′ box.
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HVS miRNAs Are Processed by a Microprocessor-independent, Dicer-dependent Pathway
Canonical metazoan pri-miRNA transcripts that are Microprocessor substrates consist of a
stem of ~33 base pairs (bp), a terminal loop, and flanking ssRNA (Kim et al., 2009). Upon
recognition of the ssRNA and the base of the stem by DGCR8, Drosha cleaves the stem
~11bp away from the ssRNA-stem junction (Han et al., 2006), creating both the 5′ end of
the 5p arm miRNA and the 3′ end of the 3p arm miRNA. For HVS miRNAs, the 5′ end of
the mature 5p miRNA and the 3′ end of the mature 3p miRNA reside in or very close to the
flanking ssRNA regions of the putative pri-miRNA (Figure 1B). This hints that they are not
substrates for the Microprocessor (Figure 1B).

To establish whether the Microprocessor complex is required for expression of HVS
miRNAs, we used RNA interference (RNAi)-mediated knockdown of Microprocessor
components in 293T cells. We transfected cells with one siRNA against DGCR8 mRNA,
followed by a second co-transfection with the same siRNA together with three plasmids: one
expressing HSUR4 and its downstream miRNAs; a second expressing the primary transcript
of host miR-142, which is not endogenously expressed in these cells (Chen et al., 2004) and
is known to be processed by Microprocessor (Wu et al., 2009); and a third expressing
EBER1 (Rosa et al., 1981), an RNA pol III transcript, as a transfection control. Efficient
depletion of DGCR8 blocked the expression of miR-142-3p (Figure 4A), but had no
detectable effect on the level of hvsA-miR-HSUR4-5p, indicating that the Microprocessor
complex is not required for in vivo expression of HVS miRNAs. Drosha knockdown in
these cells resulted in high cell mortality and very low transfection efficiency (data not
shown) and was not further pursued. The lack of Microprocessor involvement was instead
confirmed by in vitro Drosha processing assays (Figure 4B). Myc-Drosha together with
FLAG-DGCR8 were overexpressed in 293T cells and isolated on anti-Myc or anti-FLAG
agarose beads. The purified Microprocessor efficiently processed the canonical pri-
miR-16-2 substrate, but no processed pre-miRNA product was observed upon incubation
with several versions of the primary transcript for hvsA-miR-HSUR4 under the same
experimental conditions (Figure 4B). These in vivo and in vitro data strongly argue that
HVS miRNAs are produced through a Microprocessor-independent pathway.

After nuclear processing, canonical pre-miRNAs are exported to the cytoplasm by
Exportin-5 (Yi et al., 2003). To test whether Exportin-5 (XPO5) is required for HVS
miRNA generation, we performed RNAi-mediated knockdown and observed a modest but
reproducible reduction in the levels of both hvsA-miR-HSUR4-5p and host miR-142-3p,
accompanied by accumulation of pre-miR-HSUR4 and pre-miR-142 (Figure 5A). These
results are consistent with reports showing mild perturbation of host miRNA processing by
RNAi-mediated knockdown of Exportin-5 (Lund et al., 2004; Shibata et al., 2006). We
conclude that HVS pre-miRNAs likely require Exportin-5 for their export to the cytoplasm.

Once in the cytoplasm, pre-miRNAs are cleaved by Dicer to form mature miRNAs (Kim et
al., 2009). Efficient Dicer knockdown in 293T cells produced a modest lowering of the
levels of both mature hvsA-miR-HSUR4-5p and miR-142-3p, and a marked accumulation of
viral pre-miR-HSUR4 and host pre-miR-142 (Figure 5B). In vitro processing assays
performed with recombinant human Dicer confirmed that HSUR4 pre-miRNAs can be
processed by Dicer with comparable efficiency to host pre-miR-142 (Figure 5C).

In summary, HVS miRNA biogenesis differs from the canonical host miRNA biogenesis
pathway in that it bypasses nuclear processing by the Microprocessor complex. Later, it
converges with the canonical pathway that requires Exportin-5 for pre-miRNA export and
Dicer for production of mature miRNAs.
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The Integrator Complex Is Required for HVS miRNA Biogenesis
Sm-class RNAs are transcribed by RNA pol II, and processing of their 3′ ends occurs co-
transcriptionally. Integrator, a complex of 12 proteins that stably associates with the
carboxy-terminal domain (CTD) of RNA pol II, is involved in recognition of the 3′ box and
cleavage downstream of the mature snRNA 3′ end (Baillat et al., 2005). The pre-Sm-class
RNAs are then exported to the cytoplasm where they assemble with the SMN complex that
promotes Sm protein binding and undergo 5′-cap trimethylation and 3′-end maturation
(Matera et al., 2007).

Do the Integrator and SMN complexes also have roles in the biogenesis of HVS miRNAs?
RNAi-mediated knockdown of SMN in 293T cells did not affect the expression of either
host (miR-142-3p) or viral (hvsA-miR-HSUR4-5p) miRNAs as compared to cells treated
with a control siRNA (Figure 6A). In contrast, RNAi-mediated knockdown of Int11 [also
called RC-68 (Dominski et al., 2005), a homolog of CPSF-73, the catalytic subunit of the
cleavage and polyadenylation specificity complex (CPSF)], resulted in lower levels of both
HSUR4 and hvsA-miR-HSUR4-5p compared to the control siRNA; the levels of host
miR-142-3p were not affected (Figure 6B). These results indicate that the Integrator
complex is important for the biogenesis of HVS miRNAs.

Coupling between snRNA transcription and 3′-end formation has been suggested based on
promoter-swap experiments showing that the 3′ box is efficiently recognized in vivo only in
transcripts generated from a Sm-class RNA promoter (Neuman de Vegvar et al., 1986;
Hernandez and Weiner, 1986). Since our data indicate that an intact 3′ box (Figure 3) and
activity of the Integrator complex (Figure 6B) are both necessary for HVS miRNA
expression, we asked whether the nature of the promoter driving transcription and the
presence of the snRNA coding sequence are important for the biogenesis of HVS miRNAs.
We prepared a series of constructs in which HSUR4, its 3′ box, and its downstream
miRNAs would be transcribed from either an snRNA promoter (Figure 6C, U1-HSUR4) or
a protein-coding gene promoter (CMV-HSUR4). A second set of constructs contained only a
promoter (U1 promoter or CMV promoter), the HSUR4 3′ box, and its downstream
miRNAs (Figure 6C, U1-H4ΔsnRNA and CMV-H4ΔsnRNA). When transfected into 293T
cells, high expression of hvsA-miR-HSUR4-5p was observed only when transcription was
driven by the U1 promoter (Figure 6C). Surprisingly, removal of the entire HSUR4 coding
region had no effect on the level of hvsA-miR-HSUR4-5p, suggesting that the 3′ box is
necessary and sufficient to direct HVS miRNA processing. Together, these results uncover a
Microprocessor-independent, Integrator-dependent miRNA biogenesis pathway used by
HVS.

DISCUSSION
HVS Expresses miRNAs

We have identified six miRNAs in HVS transformed marmoset T cells, adding to the roster
of miRNAs expressed by herpesviruses (Grundhoff and Sullivan, 2011). A previous report
computationally predicted 20 candidate hairpin structures in the HVS genome that could
give rise to miRNAs (Walz et al., 2010), but we observed miRNAs from only three of these
during latency. The high number of total sequencing reads we obtained (more than 12
million) and the high number of reads for each HVS miRNA (more than 1.8×103 total reads
for the least abundant hvsA-miR-HSUR2-5p, Table S1) suggest that it is highly unlikely that
other miRNAs have gone undetected, although it is possible that HVS expresses additional
miRNAs during lytic infection.

Mutant versions of HVS in which the miRNA-containing regions were deleted are
competent for transformation (Ensser et al., 1999; Murthy et al., 1989), indicating that HVS
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miRNAs are not required for this process. Cells transformed with a mutant version of HVS
that lacks HSURs 1 and 2 and its associated miRNAs grow considerably slower than cells
transformed with the wild-type virus (Cook et al., 2005; Murthy et al., 1989), suggesting that
these two miRNAs could contribute to an enhanced growth rate. Even though herpesviral
miRNAs might mediate evolutionarily conserved functions, their sequences are not well
conserved (Grundhoff and Sullivan, 2011; and references therein). In the case of HVS,
bioinformatics target prediction is further handicapped by the unavailability of the sequence
of the genome of the squirrel monkey (Saimiri sciureus), the natural host.

Other herpesviruses express miRNAs that emulate host miRNAs and thus gain access to
networks of target transcripts of the host. For instance, host miR-155, an oncogenic miRNA
that is upregulated in several different tumors (Croce, 2009), is mimicked by both the
Kaposi sarcoma-associated herpesvirus (KSHV)-encoded miR-K11 (Gottwein et al., 2007;
Skalsky et al., 2007) and the Marek’s disease virus 1 (MDV1)-encoded miR-M4 (Morgan et
al., 2008). One HVS miRNA, hvsA-miR-HSUR5-5p, emulates host miR-937, which is not
expressed in HVS-transformed marmoset T cells. This miRNA was identified in human
cervical cancer cell lines (Lui et al., 2007) but is not well characterized, making it difficult to
discern the advantage for HVS to express a miR-937 mimic. Experimental identification of
targets will be necessary to understand the functions of the six HVS miRNAs.

HSURs and miRNAs Are Co-transcribed and Co-processed
We have shown that HVS miRNAs use the same promoters as their upstream HSURs
(Figure 3) to generate primary transcripts (Figures 1B and 1C) that are processed to both
Sm-class RNAs and miRNAs (Figure 6B). Recognition of the 3′ box and cleavage of pri-
snRNAs by the Integrator complex apparently occur co-transcriptionally as the 3′ box is
utilized in vivo only when transcribed from an Sm-class RNA promoter (Neuman de Vegvar
et al., 1986; Hernandez and Weiner, 1986). The CTD of RNA pol II is both required for Sm-
class RNA 3′-end processing in vivo (Jacobs et al., 2004; Medlin et al., 2003) and directly
associates with the Integrator complex (Baillat et al., 2005). Therefore, co-transcriptional
cleavage of the 3′ end of HSURs by Integrator releases both the pre-snRNA, which will be
exported to the cytoplasm for maturation, and an unstable intermediate that gives rise to a
more stable, detectable pre-miRNA (Figures 5A, 5B, and S2). This viral pre-miRNA then
enters the canonical miRNA biogenesis pathway, undergoing Exportin-5-facilitated export
to the cytoplasm (Figure 5A), where the mature miRNAs produced by Dicer (Figure 5B) are
loaded into functional RISC complexes (Figure 2). These results are summarized in a model
(Figure 7).

Even though the 3′ box and action of the Integrator complex are required for appearance of
the viral pre-miRNAs (Figures 3 and 6), this event is unlikely to generate the 5′ end of the
viral pre-miRNA directly. The site of pri-snRNA cleavage after 3′-end processing was
reported to reside either within or upstream of the 3′ box (Hernandez, 1985; Kleinschmidt
and Pederson, 1987; Neuman de Vegvar and Dahlberg, 1989; Uguen and Murphy, 2003).
Since introducing nucleotides between the 3′ box and the pre-miRNA hairpin did not affect
the production of HVS miRNAs (Figure S4), cleavage of the primary transcript by the
Integrator complex apparently releases an unstable, undetectable pre-miRNA intermediate.
One possibility is that the ssRNA ends of this intermediate are trimmed by 5′ and 3′
exonucleases. RNAi-mediated knockdown of Xrn1 or Xrn2 had no effect on the expression
of HVS miRNAs (Figure S5). Interestingly, Int11 is a homolog of CPSF-73, which has both
endonuclease and 5′ exonuclease activity (Yang et al., 2009). Int11 could therefore
potentially cleave the pri-snRNA/miRNA transcript and trim from the 3′ box to the base of
the stem, generating the 5′ end of the pre-miRNA. The exosome mediates trimming of 3′-
tailed mirtrons (Flynt et al., 2010) in another mode of Microprocessor-independent miRNA
biogenesis. We are currently testing whether the same is true for HVS miRNAs.
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HVS miRNAs Are Generated in a Microprocessor-independent Manner
HVS miRNAs do not require the Microprocessor for their expression (Figure 4). Previously
described examples of Microprocessor-independent miRNA biogenesis include the splicing-
dependent mirtrons (Okamura et al., 2007; Ruby et al., 2007), miRNAs derived from
snoRNAs (Ender et al., 2008; Saraiya and Wang, 2008), and miRNAs generated from endo-
shRNAs (Babiarz et al., 2008). Interestingly, another γ-herpesvirus, MHV68, expresses its
miRNAs in the same primary transcripts as a tRNA (Bogerd et al., 2010; Diebel et al., 2010;
Pfeffer et al., 2005), which are first processed by the cellular tRNA processing enzyme,
RNAse Z (Bogerd et al., 2010), releasing pre-miRNA hairpins that are subsequently matured
by Dicer. Why have these two related viruses coordinated the expression of their miRNAs
with that of another class of ncRNAs, making their biogenesis pathways independent of the
Microprocessor? By linking the expression of two ncRNAs, viruses may economize the use
of their genome, and avoid competition between viral and host pri-miRNAs for
Microprocessor. Bypassing the Microprocessor allows viral miRNA production to become
independent of the many regulatory mechanisms that influence the expression of host
miRNAs (Krol et al., 2010).

Viruses and their hosts often share genetic strategies. Indeed, like MHV68, the mouse
genome encodes and expresses tRNA/miRNA polycistrons (Reese et al., 2010). Similarly,
monkey (and other primate) cells may use the Sm-class RNA processing machinery to
generate miRNAs. Detailed inspection of sequences downstream of known cellular snRNAs
did not reveal stem-loop structures that could be processed into miRNAs (data not shown),
but further investigation is required.

EXPERIMENTAL PROCEDURES
Transient RNAi Knockdown Assays

Specific proteins were depleted in 293T cells by first transfecting 5×104 cells in 6-well
plates with either specific or control siRNAs for 48 hr, followed by a second transfection of
siRNAs and 0.2 μg of EBER1-expressing plasmid, 0.8 μg of pCDNA3-pri-miR-142, and 1
μg of pBS-HSUR4 using Lipofectamine 2000 (Invitrogen). 48 hr later, total RNA was
isolated and analyzed by Northern blot, and total protein was analyzed by Western blot. The
following siRNAs were used: for SMN, siSMN (5′-
GAAGAAUACUGCAGCUUCCUUA-3′); for Int11, siInt11 (5′-
UCGAAGGCCUUGAUGUGCU-3′); for DGCR8, siDGCR8 (5′-
AUCACACUCUUGUCCGAUG-3′); for DICER, siDICER (5′-
UCCAGAGCUGCUUCAAGCA-3′); for Exportin-5, siXPO5 (5′-
UACAAUUCGAGACAGAGCAUC-3′). The unspecific control siRNA (siCtrl) was: 5′-
AAGCGAUACCUCGUGUGUGA-3′.

Library Preparation and Deep Sequencing
Small RNA and cDNA library preparation were performed as described (Riley et al., 2010).
The Yale Keck Sequencing facility (Yale University, New Haven, CT) used standard 75 bp
Illumina/Solexa sequencing with the Genome Analyzer II. Sequencing results were
processed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). A total of
12,225,234 quality-filtered reads were aligned to H. saimiri A11 genome (NC_001350)
using Bowtie (http://bowtie-bio.sourceforge.net/index.shtml). Uniquely aligned sequences
were visualized using Tablet software (http://bioinf.scri.ac.uk/tablet/). Identities of reads
were confirmed by manual alignment with the viral genome and further verified by the basic
local alignment search tool (BLAST).

Cazalla et al. Page 8

Mol Cell. Author manuscript; available in PMC 2012 September 16.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript

http://hannonlab.cshl.edu/fastx_toolkit/
http://bowtie-bio.sourceforge.net/index.shtml
http://bioinf.scri.ac.uk/tablet/


Plasmids
For expression of HSURs and HVS miRNAs in 293T cells, a fragment corresponding to the
HVS A11 genome (encompassing positions +22 to approximately +7253), including the
genes for HSURs 1 to 7 containing their own enhancers, promoters and processing signals,
as well as viral miRNAs, was amplified and inserted between the EcoRI and BamHI sites of
pBluescript II SK+ (Stratagene) to generate the plasmid pBS7.4. For expression of
individual HSURs with or without viral miRNAs, genomic fragments including positions
+2183 to +2750 (containing HSUR2 and hvsA-HSUR2-miRNAs), positions +2344 to +2750
(HSUR2 only), positions +4931 to +5500 (containing both HSUR4 with HSUR4-miRNAs),
positions +5072 to +5500 (HSUR4 only), positions +2856 to +3550 (containing both
HSUR5 with HSUR5-miRNAs), or positions +3015 to +3550 (HSUR5) were amplified and
inserted between the EcoRI and BamHI sites of pBluescript II SK+ to generate plasmids
pBS-HSUR2, pBS-HSUR4, pBS-HSUR5, pBS-HSUR2ΔmiR, pBS-HSUR4ΔmiR, or pBS-
HSUR5ΔmiR, respectively.

For Firefly luciferase assays, fragments containing 4 sites perfectly complementary to each
HVS A11 miRNA were generated by PCR using overlapping oligonucleotides and inserted
between the XhoI and SacI sites of pmirGLO Dual-Luciferase miRNA Target Expression
Vector (Promega). Plasmid pCDN3-pri-miR-142, kindly provided by Jan Pawlicki, was
generated by inserting a 258-bp fragment of mouse genomic DNA that directs transcription
of the miR-142 primary transcript (Yang et al., 2006) between the HindIII and BglII sites of
pcDNA3 (Invitrogen). The plasmid pEBV RIJ expressed EBER 1 (Rosa et al., 1981). A
plasmid expressing FLAG-DGCR8 was from Addgene (plasmid #10921). A plasmid
expressing FLAG-Drosha (Han et al., 2004) was kindly provided by V. Narry Kim.

In vitro Processing of pre-miRNAs
Reactions were based on the Doudna protocol (Ma et al., 2008). In a 10 μl reaction, 250ng
of purified recombinant human Dicer (kindly provided by Jennifer Doudna) were incubated
with 100,000cpm of pre-miRNA substrates in the presence of 20mM Tris-HCl (pH 6.5),
1.5mM MgCl2, 25mM NaCl, 1% glycerol and 1mM DTT. Reactions were carried out at
37°C for 1 hr, and products were analyzed by electrophoresis on 8M Urea-15%
polyacrylamide gels.

Immunoprecipitation and Antibodies
2A8 anti-Ago monoclonal antibody (kindly provided by Zissimos Mourelatos) (Nelson et
al., 2007) or anti-HA antibodies were used for immunoprecipitation (Cazalla et al., 2010) of
extracts prepared from either 1×107 HVS(A11)-transformed marmoset T cells or from
5×106 293T cells transfected 48 hr earlier with 10 μg of pBS7.4 plasmid. Co-
immunoprecipitated RNA was extracted from beads with Trizol (Invitrogen) and analyzed
by Northern blot. Antibodies against GAPDH (Cell Signaling Technology), Dicer (Abcam),
DGCR8 (ProteinTech Group), Int11 (Abcam), XPO5 (Abcam), and SMN (Santa Cruz
Biotechnology) were used for Western blotting.

Luciferase Assays
293T cells were seeded in 24-well plates and co-transfected the next day with 1 pg Luc
reporter specific for each of the viral miRNAs and 800 ng plasmid expressing either
HSUR2, HSUR4, HSUR5, HSUR2 and hsvA-HSUR2-miRNAs, HSUR4 and hsvA-HSUR4-
miRNAs, or HSUR5 and hsvA-HSUR5-miRNAs. Luciferase activity was assayed 48 hr
post-transfection using a TD 20/20n (Turner BioSystems) and the Dual Luciferase Assay
System (Promega) per manufacturers’ instructions.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Primary transcripts for HVS miRNAs have snRNAs upstream of pre-miRNA
hairpins.

• HVS miRNA expression relies on snRNA-specific promoter and processing
signals.

• The Integrator complex is required for generation of HVS pre-miRNAs.

• HVS miRNAs are produced by a Microprocessor-independent, Dicer-dependent
pathway.
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Figure 1. HVS miRNAs are located directly downstream of HSUR genes
(A) Genomic locations of HSURs, protein-coding genes, and miRNAs. The first 7.4 kbp of
the HVS A11 genome are shown (Albrecht et al., 1992). (B) Predicted secondary structures
of primary transcripts for HSURs and miRNAs. The 3′ ends of mature HSURs are marked
by black arrowheads. Mature miRNAs are highlighted in gray. Pre-miRNAs hairpin
structures are boxed with dashed lines. (C) RT-PCR identification of transcripts containing
both HSURs and miRNAs in marmoset T cells latently infected with HVS. Arrows show the
primers used to amplify sequences of mature HSURs (P1+P2) or longer primary transcripts
(P1+P3). The mature HSUR is in black, the pre-miRNA hairpin in dark gray, and the
intervening sequence (containing the 3′ box, not depicted) in light gray. The lower panel
shows fractionation of products obtained in the presence (+) or absence (−) of reverse
transcriptase (RT) with size markers.
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Figure 2. HVS miRNAs are part of active RISC complexes
(A) Northern blot showing co-immunoprecipitation of HVS miRNAs or host-encoded
miR-16 from extracts of virally transformed marmoset T cells with control (C) anti-HA
(lane 3) or anti-Ago (αAgo, lane 5) antibody. I: Input (5%); S: Supernatant (5%); P: Pellet
(100%). Host U6 serves as a loading control. (B) Luciferase assays confirm the biological
activity of HVS miRNAs. 293T cells were co-transfected with Firefly-based reporters
containing artificial 3′ UTRs with four perfect target sites for each of the six HVS miRNA,
together with vectors expressing HSUR2, 4, or 5 either alone (pBS-HSUR2, pBS-HSUR4,
or pBS-HSUR5) or together with their corresponding miRNAs (pBS-H2ΔmiR, pBS-
H4ΔmiR, or pBS-H5ΔmiR). Averages of three independent experiments with SD are
shown.
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Figure 3. Mutational analysis of cis elements required for expression of HSUR4-linked miRNAs
The HSUR4 proximal sequence element (PSE) and the primary transcript containing
HSUR4 and its linked miRNAs (highlighted in gray) are shown. The HSUR4 transcription
initiation site (+1), nucleotides deleted (ΔPSE), and mutations disrupting the Sm-binding
site or the 3′ box are indicated. Lower panels show Northern blots probed for HSURs 2 and
4, and for hvsA-miR-HSUR2-5p and hvsA-miR-HSUR4-5p. Total RNA was isolated from
293T cells transfected with either empty vector (lane 1) or a plasmid containing the first 7.4
kbp of HVS A11 genome carrying wild-type HSUR4 (lane 2), a promoter deletion (ΔPSE,
lane 3), a mutated Sm-binding site (mtSm, lane 4), or a mutated 3′ box (mt3′box, lane 5).
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Figure 4. HVS does not utilize the Microprocessor complex
(A) Northern blot analysis of the expression of hvsA-miR-HSUR4-5p, miR-142-3p, and
EBER1 in 293T cells treated with a control siRNA (siCtrl) or a siRNA specific for DGCR8
(siDGCR8) for 48 hr, followed by co-transfection with siDGCR8 and three plasmids
expressing HSUR4 and downstream miRNAs, miR-142, or EBER1. U6 provides a loading
control. Western blots (lower right two panels) show the knockdown of DGCR8 (a cross-
reacting band is marked by an asterisk) with GAPDH as a loading control. (B) 32P-labeled
T7-transcribed RNA substrates corresponding to pri-miR-16-2 or to variants of the primary
transcript for HSUR4 and its linked miRNAs were incubated with buffer alone (lanes 1-4) or
immunoprecipitates containing FLAG-Drosha and FLAG-DGCR8 (lanes 5-8) expressed in
293T cells. Cleavage products were separated on a denaturing polyacrylamide gel. Pri-
miRNA substrates are diagramed on the right, with the pre-miRNA hairpin in gray and the
box representing the HSUR4-3′ box.
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Figure 5. HVS miRNAs are exported by Exportin-5 and processed by Dicer
(A) Same as Figure 4A, but cells were treated with an Exportin-5 specific siRNA (siXPO5).
Mature miRNAs and pre-miRNAs are shown. (B) Same as in (A), but cells were treated
with a Dicer-specific siRNA (siDicer). (C) In vitro assays using purified Dicer (kind gift of
J. Doudna). In vitro transcribed 32P-labeled RNAs corresponding to pre-miR-15b (lanes 1
and 2), pre-let-7 (lanes 3 and 4), or the viral pre-hvsA-miR-HSUR4 (lanes 5 and 6) were
incubated in the presence of buffer alone (lanes 1, 3, and 5) or recombinant human Dicer
(lanes 2, 4, and 6). Cleavage products were separated on a denaturing polyacrylamide gel,
with size markers (M).
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Figure 6. The Integrator complex is required for generation of HVS miRNAs
(A) Northern blot analysis of the expression of hvsA-miR-HSUR4-5p, miR-142-3p, and
EBER1 in 293T cells pre-treated with a control siRNA (siCtrl) or a siRNA specific for SMN
(siSMN) and then co-transfected with the same siRNAs and three plasmids expressing
HSUR4 and its linked miRNAs, miR-142, or EBER1. The Western blot shows the SMN
knockdown, with GAPDH as a loading control. (B) Same as (A), but with Int11-specific
siRNA (siInt11). (C) Constructs expressed HSUR4 with its 3′ box and linked miRNAs from
a U1 snRNA promoter (U1-HSUR4) or from a cytomegalovirus immediate-early gene
(CMV) promoter (CMV-HSUR4), or only the 3′ box of HSUR4 (no snRNA sequence) with
its linked miRNAs from the U1 (U1-H4ΔsnRNA) or CMV promoter (CMV-H4ΔsnRNA).
The lower panel shows Northern blot analysis of the expression of hvsA-miR-HSUR4-5p
and HSUR4 in 293T cells transfected with the above constructs. pBS-HSUR4 (see Figure
S3) was a positive control for miRNA expression. U6 snRNA is a loading control.
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Figure 7. Model of HVS miRNA biogenesis pathway
The Integrator complex recognizes the 3′ box and Int11 co-transcriptionally cleaves the
HSUR-miRNA primary transcript. The released pre-snRNA molecule exits the nucleus for
further processing, while the viral pre-miRNA undergoes export directed by Exportin-5
(XPO5) to the cytoplasm, where it is recognized and processed by Dicer to yield two mature
Ago-associated HVS miRNAs.
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