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SUMMARY

Like their host cells, many viruses produce noncoding (nc)RNAs. These show diversity with
respect to time of expression during viral infection, length and structure, protein-binding
partners and relative abundance compared with their host-cell counterparts. Viruses,
with their limited genomic capacity, presumably evolve or acquire ncRNAs only if they selec-
tively enhance the viral life cycle or assist the virus in combating the host’s response to
infection. Despite much effort, identifying the functions of viral ncRNAs has been extremely
challenging. Recent technical advances and enhanced understanding of host-cell ncRNAs
promise accelerated insights into the RNAwarfare mounted by this fascinating class of RNPs.
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Viruses are the ultimate parasites, capable of redirecting a
cell’s gene expression apparatus to their own ends. Takeover
can occur during both lytic growth and latency, whereby
the virus retreats into the infected cell in a state that is dor-
mant but can be re-activated to replicate in some distant
cellular descendant. Some—but not all—viruses encode
noncoding (nc) RNAs that become viral ribonucleoprotein
(RNP) complexes, usually by assembling with host rather
than viral RNA-binding proteins. These polypeptides often
are well-characterized components of cellular RNPs but
can appear in unexpected subcellular locations or function
in novel ways when recruited into a viral RNP. Because
RNAs are less immunogenic than proteins, a viral ncRNP
has the potential to slip under the radar of the host’s im-
mune system. Thus, viral ncRNAs provide unique perspec-
tives into cellular function, illustrating the many devious
ways in which host-cell metabolism can be manipulated.

The viruses that harbor the best-characterized ncRNAs
have double-stranded DNA genomes, infect vertebrates
and belong to the adenovirus, herpesvirus, or polyomavi-
rus classes. The herpesviruses exist in two states—latency,
sometimes accompanied by cellular transformation, and
lytic infection, which can be induced from the latent state.
Assigning functions to cellular ncRNAs is not straightfor-
ward (in contrast to mRNAs), and viral ncRNAs present
even more challenging problems. Here, we review current
insights into the roles of viral ncRNPs (Tables 1 and 2)
and how they relate to the viral takeover agenda.

1 VA RNAs: MULTIFUNCTIONAL MANIPULATORS
OF ADENOVIRUS HOST-CELL FUNCTIONS

Adenoviruses infect a wide range of vertebrate hosts, and
more than 50 human serotypes have been identified. Hu-
man adenoviruses cause a variety of infections including
respiratory illness, conjunctivitis (pinkeye), gastrointesti-
nal infections, and urinary tract infections. The study of ad-
enovirus has led to many important discoveries, including
pre-mRNA splicing. Adenovirus was the first human virus
shown to be oncogenic (although it has never been found
in human cancers). Compromised adenoviruses are also
used as delivery agents for gene therapy.

The adenovirus VA (virus-associated) RNAs are not
only the first viral ncRNAs to be identified (Reich et al.
1966) but also the best understood in molecular terms.
VAI (�160 nt) is a structured RNA transcribed by RNA pol-
ymerase III (Pol III), which accumulates up to 108 copies/
cell in late-stage infection of HeLa cells (about the same lev-
el as ribosomes) (Fig. 1A)! VAI RNA is required for high
titer viral growth and efficient viral mRNA translation
(Thimmappaya et al. 1982). It is localized in the cytoplasm
and has long been known to combat the interferon

response by formation of a stable RNP with cellular PKR
(protein kinase R) (Mathews and Shenk 1991). PKR syn-
thesis is induced by interferon, a cell-signaling molecule
produced by the host in response to infection; PKR’s kinase
activity is turned on by subsequent binding of double-
stranded RNA (arising from transcription of the viral ge-
nome). Activated PKR phosphorylates translation initia-
tion factor eIF2, leading to inhibition of protein synthesis.
However, in adenovirus-infected cells, VAI RNA, with its
high abundance and double-stranded upper stem, avidly
binds PKR (Fig. 1A) in a way that prevents PKR activation
and thus enables the virus to elude this aspect of the cellular
antiviral response.

Further research has implicated VAI RNA in manipulat-
ing other facets of host-cell function, such as the microRNA
(miRNA) and RNA interference (RNAi) pathways. VAI has
been shown to competitively inhibit export of miRNA
precursors from the nucleus by exportin-5 (Lu and Cullen
2004). Moreover, VAI RNA, as well as the structurally sim-
ilar VAII RNA (Fig. 1A) encoded by many adenovirus
strains, competitively inhibits Dicer activity (see Sharp
2010) (Lu and Cullen 2004; Andersson et al. 2005). Binding
of Dicer to the VA RNA terminal stem (Fig. 1A) yields cleav-
age products that are the size of miRNAs (�22 nt), albeit
very inefficiently (Andersson et al. 2005; Aparicio et al.
2006; Sano et al. 2006). But because of the high abundance
of the VA transcripts, the majority of RISCs (RNA-induced
silencing complexes) in late-stage infected cells become
loaded with VA RNA-derived sequences (Xu et al. 2007).
No viral or cellular targets have yet been experimentally
shown for the putative adenovirus miRNAs, leaving the
in vivo relevance of these observations as yet unresolved.

2 EBERS: ABUNDANT BUT ENIGMATIC
CONTRIBUTORS TO EBV LATENCY

Epstein-Barr virus (EBV), a g herpesvirus, is detected
in more than 90% of the human population and persists
in most individuals as a lifelong, asymptomatic infection
of B lymphocytes. Unfortunately for some, it is also the
causative agent of infectious mononucleosis and is associ-
ated with malignancies such as Burkitt’s lymphoma and
nasopharyngeal carcinoma.

The two most abundant viral transcripts in EBV-
infected cells are the EBV-encoded RNAs, EBERs1 and 2
(Lerner et al. 1981a) (Fig. 1B). These ncRNAs are so nu-
merous, at approximately 106 copies each per infected B
cell, that their presence is used in the clinic as diagnostic
for EBV’s presence (Gulley and Tang 2008). They are also
among the few viral gene products expressed in all types
of EBV latency (Kieff and Rickinson 2007). EBER1
(167 nts) and EBER2 (172 nts) are highly conserved among
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Table 1. Viral ncRNAs excluding miRNAs

Viral Family
(subgroup) Virus RNA Abundance (copies/cell) Length (nt) RNA Polymerase Bound Proteins References

Adenoviridae Human Adenovirus VAI 108 �160 III La, PKR, Dicer, Ago2 [1–5]
VAII 5�106 �160 III La, Dicer, Ago2 [1, 4, 5]

Herpesviridae
(a herpesvirus)

HSV-1 LAT ? �6300 II ? [6]

sRNA1 ? 65 ? ? [7]
sRNA2 ? 36 ? ? [7]

Herpesviridae
(b herpesvirus)

HCMV b2.7 ? 2700 II GRIM-19 [8–10]

Herpesviridae
(g herpesvirus)

EBV/HHV4 EBER1 5�106 167 III La, L22, (PKR)� [11–15]

EBER2 5�106 172 III La, nucleolin†, (PKR)� [11,12,14]
v-snoRNA1 ? 65 ? Fibrillarin, Nop56, Nop58 [16]
v-snoRNA124pp ? 24 ? ? [16]

HVS HSUR1,2,5 1032104 114–143 II Sm (HuR, hnRNP D)‡ [17–19]
HSUR3,4,6,7 1032104 75–106 II Sm [18]

KSHV/HHV8 PAN 5�105 1060# II hnRNP C1; PABPC1 [20, 21] Borah et al.,
unpub.

MHV68 tRNA1,2,3,4,5,6,7 ? 72–84 III ? [22]
Tombusviridae RCNMV SR1f ? 400 ? ? [23]
Flaviviridae WNV sgRNA ? 300–500 ? ? [24]
�In vivo binding has not been shown.
†Victor Fok unpublished data.
‡Shown in vivo only for HSUR1 (Cook et al. 2004).
#This value excludes the poly(A) tail. HSV (herpes simplex virus), HCMV (human cytomegalavirus), EBV (Epstein-Barr virus), HHV (human herpes virus), HVS (Herpesvirus saimiri), KSHV (Kaposi’s

sarcoma-associated herpesvirus), MHV (murine herpesvirus), RCNMV (Red clover necrotic mosaic virus), WNV (West Nile virus).

1. Lerner et al. 1981b; 2. Mathews and Shenk 1991; 3. Lu and Cullen 2004; 4. Andersson et al. 2005; 5. Aparicio et al. 2006; 6. Stevens et al. 1987; 7. Shen et al. 2009; 8. Greenaway and Wilkinson 1987; 9. Reeves

et al. 2007; 10. Spector 1996; 11. Lerner et al. 1981a; 12. Toczyski et al. 1994; 13. Clarke et al. 1990; 14. Sharp et al. 1993; 15. Fok et al. 2006a; 16. Hutzinger et al. 2009; 17. Cook et al. 2004; 18. Lee et al. 1988; 19.

Myer et al. 1992; 20. Sun et al. 1996; 21. Conrad 2008; 22. Bowden et al. 1997; 23. Iwakawa et al. 2008; 24. Pijlman et al. 2008.

N
o

n
co

d
in

g
R

N
Ps

o
f

V
iralO

rigin

C
ite

th
is

article
as

C
o
ld

Sp
rin

g
H

arb
Persp

ect
B

io
l
2
0
1
1
;3

:a0
0
5
1
6
5

3



the various EBV strains that infect primates (Arrand et al.
1989). They reside in and remain confined to the nucleo-
plasm, without shuttling between the nucleus and the
cytoplasm (Howe and Steitz 1986; Fok et al. 2006b). The
EBERs are transcribed by RNA Pol III and thus possess a
tract of uridylate residues at their 30 ends. Although
EBERs1 and 2 are not similar in sequence, both show a
high degree of secondary structure, with multiple stem-
loop structures that serve as protein-binding sites (see
Fig. 1B). The abundance and conservation of the EBERs
strongly argue that they are important for EBV infection
and latency. Yet, cells infected with mutant EBV lacking
the EBER genes are indistinguishable from those infected
with wild-type EBV in their growth rate, gene expression
or sensitivity to interferon (Swaminathan et al. 1991;
Swaminathan et al. 1992).

The earliest notions about the molecular function of the
EBERs were fueled by the finding that EBERs appear to

substitute for the VA RNAs in rescuing adenovirus-infected
cells from the shutdown of protein synthesis caused by
activated PKR (Bhat and Thimmappaya 1983; Bhat and
Thimmappaya 1985). In vitro, EBERs can bind to PKR
directly and inhibit its activity (Clarke et al. 1990; Sharp
et al. 1993). However, the distinct subcellular locations of
the EBERs and PKR, in the nucleus (Howe and Steitz
1986; Fok et al. 2006b) and cytoplasm (Takizawa et al.
2000), respectively, as well as other data, raise doubts as
to whether the EBERs actually modulate PKR activity in
infected cells.

Besides PKR, several other proteins are known to interact
and form RNP complexes with the EBERs. The La protein,
which assists in the correct folding of RNA Pol III transcripts
(Wolin and Cedervall 2002), stably binds the 30-U tails of
both EBERs (Lerner et al. 1981a). But because the cellular
abundance of La exceeds even that of EBERs, sequestration
of this protein is unlikely to be the sole function of EBERs.

Table 2. Validated viral microRNAs

Viral Family (subgroup) Virus pre-miRNAs References

Herpesviridae (a herpesvirus) GHV1/ILTV 7 [1]
GHV2/MDV type 1 14 [1–7]
GHV3/MDV type 2 18 [1–7]
Meleagrid (turkey) HVT 17 [1, 8]
HSV1/HHV1 5þ2� [9–13]
HSV2/HHV2 3 [14, 15]
B virus/macacine HV1 3 [16]

Herpesviridae (b herpesvirus) HCMV/HHV5 11 [17–21]
MCMV 12 [22–24]

Herpesviridae (g herpesvirus) EBV/HHV4 25 [25–28]
rLCV 35 [26, 42, 43]
MHV-68 9 [18]
KSHV/HHV8 13 [18, 26, 29, 30]
rRV 7 [31]

Polyomaviridae BK virus 1 [32]
JC virus 1 [32]
murine polyomavirus 1 [23]
SV40 1 [33]
merkel cell polyomavirus 1 [34]

Adenoviridae human adenovirus 1� [35–37]
Retroviridae HIV1 3 [38–40]
Ascoviridae HvAV 1� [41]

Numbers of miRNAs reflect validated precursor miRNAs recorded in miRBASE as of October 2009. GHV (Gallid herpesvirus), ILTV (infectious

laryngotracheitis virus), MDV (Marek’s Disease virus), HVT (herpesvirus of turkeys), HSV (herpes simplex virus), HHV (human herpes virus), HCMV (human

cytomegalovirus), MCMV (murine cytomegalovirus), EBV (Epstein-Barr virus), rLCV (rhesus lymphocryptovirus), MHV-68 (murine herpesvirus 68), KSHV

(Kaposi’s sarcoma-associated herpesvirus), rRV (rhesus rhadinovirus), SV40 (simian virus 40), HIV1 (human immunodeficiency type virus 1), HvAV (Heliothis

virescens ascovirus).
�Indicates no miRBASE record.

1. Waidner et al. 2009; 2. Burnside et al. 2006; 3. Yao et al. 2007; 4. Morgan et al. 2008; 5. Xu et al. 2008; 6. Yao et al. 2008; 7. Burnside et al. 2008; 8. Yao et al. 2009;

9. Cui et al. 2006; 10. Peng et al. 2008; 11. Umbach et al. 2008; 12. Wu et al. 2009; 13. Umbach and Cullen 2009; 14. Tang et al. 2008; 15. Tang et al. 2009; 16. Besecker

et al. 2009; 17. Dunn et al. 2005; 18. Pfeffer et al. 2005; 19. Fannin Rider et al. 2008; 20. Grey and Nelson 2008; 21. Dolken et al. 2009; 22. Dolken et al. 2007; 23.

Sullivan et al. 2009; 24. Buck et al. 2007; 25. Pfeffer et al. 2004; 26. Cai et al. 2006b; 27. Grundhoff et al. 2006; 28. Zhu et al. 2009; 29. Cai and Cullen 2006; 30. Samols

et al. 2005; 31. Schafer et al. 2007; 32. Seo et al. 2008; 33. Sullivan et al. 2005; 34. Seo et al. 2009; 35. Andersson et al. 2005; 36. Aparicio et al. 2006; 37. Sano et al.

2006; 38. Lin and Cullen 2007; 39. Ouellet et al. 2008; 40. Omoto and Fujii 2006; 41. Hussain et al. 2008; 42. Walz et al. 2010; 43. Riley et al. 2010.
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Figure 1. (A) VAI and II RNAs. PKR and Dicer interact with nonoverlapping sites on VAI RNA. The apical stem and
central domain of VAI RNA bind to and inhibit PKR, respectively, whereas the terminal stems of VAI and VAII RNA
interact with Dicer. Cleavage of VAI to produce putative miRNAs has been proposed to leave an upper fragment that
remains a potent inhibitor of PKR activity (Wahid et al. 2008). Although there is variation in sequence and length of
VA RNAs from different viral strains (RNAs shown are from the much-studied adenovirus type 2 (Ad2)), their gen-
eral secondary structure is conserved (Ma and Mathews 1996). (B) EBERs1 and 2. EBERs1 and 2 share a high degree
of secondary structure and are highly conserved among viruses related to EBV. L22 has been shown to bind to three of
EBER1’s stem-loops (Fok et al. 2006a), whereas the La protein binds the polyU tract at the 30 end of the EBERs (Lerner
et al. 1981a). The exact sites of binding of PKR to the EBERs or nucleolin to EBER2 have not been determined.
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EBER1 also forms an RNP with ribosomal protein L22;
indeed, three molecules of ribosomal protein L22 can bind
to EBER1 through three of its stem-loops (Fok et al. 2006a)
(Fig. 1B). The binding of L22 to EBER1 causes L22 to ap-
pear in the nucleoplasm, as well as its normal location in
the nucleolus and cytoplasm (Toczyski et al. 1994). Yet, se-
questration of L22 may not have much of an effect on the
host cell because mice null for the L22 gene have normal
B-cell function (Anderson et al. 2007).

A second binding partner for EBER2 is nucleolin (V
Fok, unpubl.), an abundant, multifunctional RNA-binding
protein involved in diverse cellular processes (Mongelard
and Bouvet 2007). This association is observed only after
formaldehyde crosslinking of cells, so it may be weak or
transient, but nucleolin binding is specific for EBER2
and—as it is also observed after in vivo UV crosslink-
ing—is a direct RNA-protein contact in EBV-containing
cells. In contrast to L22, nucleolin does not appear to be-
come relocalized from nucleoli to the nucleoplasm in the
presence of EBERs.

Although a molecular mechanism is lacking, EBERs
have been reported to be involved in the up-regulation of
a variety of cytokines and growth factors and in the modu-
lation of programmed cell death in EBV-transformed cells.
EBERs1 and 2 promote the expression of interleukin-10
(IL-10) in B lymphocytes (Kitagawa et al. 2000), IL-9 in
T cells (Yang et al. 2004), and insulin-like growth factor 1
(IGFI) in epithelial cells (Iwakiri et al. 2003; Iwakiri et al.
2005). In addition, expression of EBER2, but not EBER1,
leads to the up-regulation of IL-6 in lymphoblastoid cell
lines (Wu et al. 2007). Expression of the EBERs in EBV-
negative Akata cells, a Burkitt’s lymphoma cell line, restored
resistance to spontaneous apoptosis (Komano et al. 1999).
Similarly, the EBERs inhibit apoptosis induced by
a-interferon (Nanbo et al. 2002; Ruf et al. 2005).

The EBERs play a role in oncogenesis as well. Akata cells
that spontaneously lose their EBV genome lose their tu-
morigenic potential (Shimizu et al. 1994). Reintroduction
of EBERs alone into these EBV-negative cells restores tu-
mor induction in immunodeficient SCID mice (Ruf et al.
2000). EBERs enhance the immortalization of Akata cells
and contribute to their growth rate (Yajima et al. 2005).
Also, expressing EBERs1 and 2 in EBV-negative Akata cells
increases the size and number of colonies in a soft agar
growth assay (Houmani et al. 2009). EBER1’s association
with L22 is important because EBV-negative Akata
cells expressing wild-type EBER2 and an EBER1 in which
the three stem-loops responsible for L22 binding had
been mutated produced virtually no colonies in the soft
agar assay (Houmani et al. 2009). In contrast, EBV from
which EBER1 had been deleted was as efficient at trans-
forming cord blood lymphocytes as EBV containing both

EBERs; in this situation, EBER2 alone appeared to be
responsible for efficient B-cell growth transformation
(Wu et al. 2007). All these tantalizing phenotypes suggest
a well-calculated alteration of host gene expression
mechanistically linked to the EBERs, but the molecular
details remain unclear.

3 HSURs: MANAGING HOST microRNA
FUNCTIONS DURING HVS LATENCY

Herpesvirus saimiri (HVS) is an oncogenic g herpesvirus
that targets the T cells of New World monkeys. Infection
with HVS results in either lytic infection or malignant
transformation, resulting in aggressive leukemias and
lymphomas.

HVS encodes seven ncRNAs, called Herpesvirus saimiri
U RNAs (HSURs), that range in size from 75 to 143 nts and
are the most abundantly expressed transcripts in latently
infected cells (Murthy et al. 1986; Lee et al. 1988; Wassar-
man et al. 1989; Lee and Steitz 1990; Albrecht and
Fleckenstein 1992). Soon after their discovery, HSURs
were classified as Sm-class RNAs (Lee et al. 1988) (for
more about Sm-class RNAs, see Luhrmann 2010). Besides
binding to Sm proteins, HSURs share other structural simi-
larities with cellular Sm snRNPs, including a hypermethy-
lated 50 cap and a terminal 30 stem-loop, but they show no
significant sequence similarity to any known cellular snRNA.
HSURs are well conserved among different HVS subgroups,
with HSURs1 and 2 (Fig. 2A) being the most highly
conserved and the only snRNAs expressed in the closely re-
lated Herpesvirus ateles (Albrecht 2000). This conservation
of HSURs1 and 2 suggests that they are important to the vi-
rus and do not require the presence of the other HSURs to
function.

HSURs1 and 2 contain highly conserved sequences at
their 50 ends that mimic AU-rich elements (AREs) (Lee
et al. 1988; Fan et al. 1997). AREs are typically found in
the 30-untranslated region (30UTR) of cellular mRNAs,
where they usually confer instability by inducing rapid
and tightly regulated mRNA decay (Garneau et al. 2007).
Like their cellular counterparts, the AREs present in HSURs
bind ARE-binding proteins (Myer et al. 1992; Cook et al.
2004) and, in the case of HSUR1, regulate its sta-
bility (Fan et al. 1997). Nonetheless, the association of
HSURs1 and 2 with host ARE-binding proteins does not
alter the abundance of host mRNAs containing AREs in
HVS-transformed cells (Cook et al. 2004). Instead, up-
regulation of a handful of proteins that are hallmarks of
T-cell activation was observed in cells transformed by the
wild-type virus compared with those lacking HSURs1
and 2 (Cook et al. 2005), establishing a phenotype for these
viral ncRNAs.
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In addition to their AREs, HSURs1 and 2 possess
other perfectly conserved sequences that resemble
elements found in the 30UTRs of cellular mRNAs,
namely binding sites for host miRNAs. (See Sharp 2010
for more on miRNAs.) HSURs1 and 2 both contain two
such sites: their 50-end sequences are complementary to
miR-142-3p; downstream of the ARE sequence, HSUR1
contains a binding site for a second miRNA, miR-27,
whereas HSUR2 contains a binding site for the miR-16
family of miRNAs (see Fig. 2A). Strikingly, for all three
families of miRNAs, complementarity to HSURs involves
the critical seed region of the miRNA (Lewis et al. 2005).
Although the binding of miR-142-3p and miR-16 to
HSURs1 and 2 does not appear to affect the expression
of these miRNAs in latently infected cells, the interaction
between HSUR1 and miR-27 results in the degradation of
mature miR-27 (D Cazalla, unpubl.). Thus, by expressing
HSUR1, HVS selectively lowers the abundance of
miR-27, consequently altering the expression of genes
that are natural targets of miR-27 in transformed T cells.
Interestingly, miR-27 targets RUNX1 and FOXO1
(Ben-Ami et al. 2009; Feng et al. 2009; Guttilla and White
2009), transcription factors with roles in tumorigenesis
(Blyth et al. 2005; Maiese et al. 2008); their expression is up-
regulated in virally transformed cells. This is the first exam-
ple of a virus using the strategy of miRNA down-regulation
to control host gene expression and establishes a function
for HSUR1.

The observation that HSURs1 and 2 bind miRNAs in
latently infected cells opens new avenues in the search for
HSUR functions. Why do HSURs mimic cellular mRNA
30UTRs in binding miRNAs and ARE-binding proteins?
Even though HSURs1 and 2 do not perturb the cellular
population of ARE-containing mRNAs (Cook et al.
2004), they may effectively compete with the natural targets
of the miR-142-3p and miR-16 families of miRNAs by
binding to their seed regions. An alternative possibility is
that the 50 ends of HSURs1 and 2 provide a platform for
deposition of miRNAs and ARE-binding proteins onto
specific mRNAs through sequence-specific interactions in-
volving other regions of these HSURs, thereby affecting
mRNA translation. Further novel functions seem likely to
be identified in studies of this unusual class of viral
ncRNAs.

4 PAN RNA: A NUCLEAR SINK DURING THE KSHV
LYTIC CYCLE?

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a g

herpesvirus that is the causative agent of several human
cancers and lymphoproliferative disorders, including
Kaposi’s sarcoma (KS), Multicentric Castleman’s Disease
(MCD) and Primary Effusion Lymphoma (PEL) (Ganem
2006). The virus infects primarily endothelial cells, in the
case of KS, and B cells, in the cases of MCD and PEL
(Chang et al. 1994; Cesarman et al. 1995; Soulier et al.
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1995; Dupin et al. 1999; Bechtel et al. 2003). Infection with
KSHV is particularly serious in patients with compromised
or suppressed immune systems, such as AIDS or transplant
patients.

KSHV establishes latent infection in the majority
of infected cells, and it is unknown which cues stimulate
entry of the virus into lytic phase in vivo (Jenner and Bosh-
off 2002). However, cell cultures harboring the virus can be
induced by treatment with sodium butyrate, trichostatin A
or valproic acid, which are thought to lead to nonspecific
activation of transcription via modification of histones
(Countryman et al. 2008). Expression of the viral Orf50
protein is necessary and sufficient to stimulate lytic
reactivation, leading it to be referred to as the “master
transactivator” switch (Sun et al. 1998).

KSHV expresses an unusual ncRNA called polyadeny-
lated nuclear (PAN) RNA (Sun et al. 1996; Zhong et al.
1996; Zhong and Ganem 1997) on entry into the lytic
phase. PAN RNA resembles an mRNA in that it is tran-
scribed by Pol II, is capped at its 50 end, and ends with a
30 polyadenylate tail (Fig. 2B). However, unlike mRNAs,
PAN RNA is neither spliced nor exported to the cytoplasm.
Instead, it remains in the nucleus and accumulates to re-
markably high levels, upward of 500,000 copies per lyti-
cally infected cell. Ultimately, PAN RNA can account for
80% of the total polyadenylated RNA in the cell and thus
greatly outnumbers all other human or viral mRNAs
(Sun et al. 1996).

Why does the virus express so many copies of this one
transcript? Moreover, why does PAN RNA look like an
mRNA, but not behave like one? Unfortunately, answers
to these questions remain elusive, in part because of
technical hurdles. A direct approach would be to create a
mutant version of the virus incapable of expressing PAN
RNA: a PAN “knockout virus.” Such a virus could then
be compared with wild-type KSHV to discern what contri-
bution PAN RNA makes to the lytic phase. This approach,
for instance, was useful for studying the HVS HSURs
(see earlier discussion) (Cook et al. 2005). Making a
PAN knockout KSHV is problematic because the region
of the viral genome from which PAN is transcribed
overlaps another viral gene called K7 (Feng et al. 2002;
Wang et al. 2002), which functions as an anti-apoptotic
factor. Any deletion of the PAN region therefore also
disrupts the K7 gene, complicating the interpretation of a
potential PAN RNA knockout phenotype. An alternative
is to use antisense approaches to lower the abundance of
PAN RNA during the KSHV lytic phase. Although these ex-
periments are not straightforward because of the nuclear
localization of PAN RNA, as well as its extremely high
levels, new methodologies (Ideue et al. 2009) to overcome
such difficulties are extremely promising and may lead to

important insights into the functioning of this unusual
ncRNA.

Although we still do not know the function of PAN
RNA, we have gained some understanding of why it accu-
mulates to such high levels during the KSHV lytic phase.
PAN RNA’s nuclear abundance can be traced to a highly
structured RNA element located just upstream of its 30

poly(A) tail, called the ENE (Conrad and Steitz 2005)
(Fig. 2B). Deletion of the ENE dramatically lowers PAN
levels by increasing the decay rate of the RNA (Conrad
et al. 2006). Stabilization appears to depend on the ENE’s
ability to engage PAN’s poly(A) tail by base-pairing to an
internal loop structure, thereby inhibiting exonucleolytic
trimming of the RNA, the first step in decay. One protein
that has been shown to physically interact with the ENE
sequence is hnRNP C1, although the significance of this
interaction is not known (Conrad 2008).

Recently, Glaunsinger and colleagues have reported nu-
clear accumulation of the cytoplasmic poly(A)-binding
protein C1 (PABPC1) during the lytic phase of KSHV in-
fection (Lee and Glaunsinger 2009). Relocalization appears
to be related to the host shutoff effect of the virus, whereby
the majority of host mRNAs are selectively degraded while
viral mRNAs persist to be translated (Glaunsinger and
Ganem 2004). Because PABPC1 has extremely high affinity
for poly(A) sequences (Gorlach et al. 1994) and because
PAN RNA is an abundant, nuclear polyadenylated tran-
script, it is likely that PAN RNA serves as a sink for the
relocalized PABPC1. How this interaction impacts the
host shutoff effect of the virus and the contribution of
PAN RNA to the later stages of KSHV lytic growth awaits
further investigation. Several other viruses target PABPC1
for nuclear relocalization (rotavirus and herpes simplex
virus) or degradation (picornaviruses and caliciviruses),
as a component of the shutoff effect for each of these viruses
(Dobrikova et al. 2010; Harb et al. 2008; Kuyumcu-
Martinez et al. 2002; Kuyumcu-Martinez et al. 2004a;
Kuyumcu-Martinez et al. 2004b).

5 VIRAL microRNAs: ALTERING HOST-CELL OR
FINE-TUNING VIRAL GENE EXPRESSION?

A novel class of viral ncRNAs was uncovered in 2004 with
the discovery of five miRNAs in human B cells latently
infected with EBV (Pfeffer et al. 2004). As miRNAs are
implicated in regulating expression of the majority of
transcripts in mammalian cells (see Sharp 2010), this in-
sight prompted a flurry of investigations that identified
miRNAs encoded by a variety of viruses (Table 2). Virtually
all herpesviruses express relatively large numbers (7–35) of
viral miRNAs; indeed, only one herpesvirus tested, varicella
zoster virus, lacks detectable miRNA expression during
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latency (Umbach and Cullen 2009). Other viruses with
DNA genomes express fewer or no miRNAs. Retroviruses,
flaviviruses and other viruses with RNA genomes do not
generally encode miRNAs (Pfeffer et al. 2005; Cai et al.
2006a; Lin and Cullen 2007). However, the existence of
miRNAs processed by Dicer from the RNA genomes of
the human immunodeficiency viruses types 1 (Bennasser
et al. 2004; Couturier and Root-Bernstein 2005; Omoto
and Fujii 2006; Weinberg and Morris 2006; Klase et al.
2007; Ouellet et al. 2008; Kaul et al. 2009) and 2 (Purzycka
and Adamiak 2008) remains controversial (Lin and Cullen
2007). With the advent of high-throughput sequencing
technology and its application to different types of cells
in various stages of viral infection, our current list of viral
miRNAs will likely continue to expand in the near future.

As is the case for cellular miRNAs, understanding the
function of viral miRNAs requires identification and vali-
dation of their target mRNAs. This has proven to be no
small task, as miRNA-mRNA interactions are characterized
by imperfect base-pairing in a very loose pattern (Lewis
et al. 2005; Grimson et al. 2007; Bartel 2009), varying for
different miRNA-mRNA combinations (Didiano and Ho-
bert 2008; Nahvi et al. 2009). Although the list of new viral
miRNAs continues to expand, only a few target mRNAs
have been validated for an even smaller number of viral
miRNAs. These targets can be either host or viral mRNA
transcripts. Validation typically includes three steps (see
also Sharp 2010): (1) a putative target sequence is cloned
into the 30UTR of a reporter construct (e.g., luciferase)
and cotransfected into mammalian cells with the miRNA;
(2) if repression of reporter activity is observed, then the
target must be mutated to abrogate the miRNA-mRNA
interaction with predicted loss of repression and ideally,
subsequent introduction of compensatory mutations into
the miRNA to rescue repression; and (3) miRNA inhibitors
(such as antisense) must be shown to increase levels of the
putative target protein by relieving miRNA repression. A
modest decrease in the abundance of a miRNA-targeted
mRNA is often observed in addition to translational down-
regulation (see Sharp 2010), providing another approach to
validation (Grundhoff et al. 2006).

Alteration of as little as a single nucleotide can signifi-
cantly affect the specificity of a miRNA (Bartel 2004).
Whereas a few viral miRNAs are conserved in genomic lo-
cation, most are not completely conserved in sequence even
between very closely related viruses. In notable exception
here are the miRNAs of the g herpesviruses EBV and the
related monkey virus rLCV (Cai et al. 2006b; Gottwein
et al. 2007; Walz et al. 2010; Riley et al. 2010). The majority
of EBV and rLCV miRNAs are identical in both sequence
and genomic clustering, but each virus intriguingly enco-
des several sequence-unique miRNAs located within these

clusters (Cai et al. 2006b; Walz et al. 2010; Riley et al. 2010).
Whether the EBV and rLCV miRNAs are functionally
conserved remains to be explored.

In an instance of functional conservation, three differ-
ent herpesviruses—human cytomegalovirus (HCMV),
KSHV, and EBV—each target a stress-induced human im-
mune ligand (MICB), which is responsible for activating
natural killer cell function, with a totally different miRNA
(Nachmani et al. 2009). In this way, the three viruses cir-
cumvent a key regulator of human immune function. Inter-
estingly, one of these viral miRNAs, KSHV-miR-K12-11, is
the only fully validated orthologue of a human miRNA
(hsa-miR-155) (Gottwein et al. 2007; Skalsky et al. 2007).
Both viral and human miR-155 miRNAs regulate BACH-
1, a transcriptional repressor involved in B-cell develop-
ment (Gottwein et al. 2007). Thus, KSHV uses a miRNA
to stall infected B cells at a stage advantageous to the virus.

Although the sequences of their viral miRNAs are not
conserved among polyomaviruses, it appears that those
expressed by simian virus 40 (SV40) and by the human
BK and JC polyomaviruses target homologous viral tran-
scripts (Sullivan et al. 2005; Seo et al. 2008). This functional
conservation is interesting for two additional reasons. First,
the miRNAs of these polyomaviruses act as small interfer-
ing (si) RNAs, as they are perfectly complementary to and
direct mRNA cleavage of their target mRNAs, which are
early lytic viral transcripts (Sullivan et al. 2005; Seo et al.
2008). They therefore serve as autoregulators to reduce
the levels of the transcripts from which they arise at a later
time in infection. Second, these miRNAs are an example of
a pair of mature miRNAs processed from the opposite
strands of the same precursor miRNA (see Sharp 2010),
an efficient use of viral genomic material.

Many targets of viral miRNAs are viral mRNAs, as
suggested by bioinformatic studies (Murphy et al. 2008).
On cloning the first five viral miRNAs, Tuschl and col-
leagues hypothesized that the EBV miRNA BART2, whose
precursor corresponds to the antisense strand of the EBV
DNA polymerase, BALF5, acts as an siRNA to reduce levels
of BALF5 (Pfeffer et al. 2004). BART2 down-regulation of
BALF5 was later documented in EBV-infected cells, where
the BALF5 transcript was shown to undergo cleavage at a
specific site directed by BART2 (Barth et al. 2008). Interest-
ingly, the insect virus Heliothis virescens ascovirus (HvAV)
also encodes a miRNA that down-regulates its own DNA
polymerase, even though the HvAV miRNA does not per-
fectly base-pair with the polymerase mRNA (Hussain
et al. 2008). In some cases, the target viral mRNA is regu-
lated by multiple miRNAs. For example, several of the
EBV BART miRNAs from a single genomic cluster
(BART1-5p, BART3-5p, BART16, and BART17-5p) work
together to down-regulate production of the EBV latency
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membrane protein 1 (LMP1). Of the ten predicted miRNA
target sites in the LMP1 30UTR for four different EBV
miRNAs, two tested as nonfunctional, four weakly regu-
lated LMP1, and four appeared to significantly destabilize
the luciferase reporter transcript. Thus, it seems that each
miRNA contributes differentially to the down-regulation
of LMP1 (Lo et al. 2007).

Oncogenic viruses mount multiple strategies to alter
the expression of human tumor suppressor and oncogenes,
and miRNAs can now be added to the list of mechanisms
they use. For instance, gene expression profiling of human
transcripts showed repression of the tumor suppressor
THBS1, a regulator of cell adhesion, migration, and angio-
genesis, in the presence of KSHV miRNAs (Samols et al.
2007). The EBV miRNA BART5 targets PUMA, an apop-
totic host protein that is also controlled at the transcrip-
tional level by p53 (Choy et al. 2008), apparently to
ensure survival of latently infected cells.

The expression of viral miRNAs can further be highly
regulated during the course of infection, which suits the
complex life cycle of viruses. Cloning and quantitative
PCR have assessed the range of viral miRNA expression
levels under various conditions for EBV, the best studied
of the viral miRNA-encoding genomes (Cai et al. 2006b;
Xing and Kieff 2007; Cosmopoulos et al. 2009). For exam-
ple, Daudi cells (EBV-infected Burkitt’s lymphoma) ex-
press basal levels of BARTs1, 3, 7, 10, BHRF1-1, and
BHRF1-2 during latency, but on induction of lytic replica-
tion, the levels of all these miRNAs dramatically increase,
except for BHRF1-1, which decreases in abundance (Cai
et al. 2006b). Two of the EBV miRNAs, BARTs21 and 22,
were only recently discovered because they are expressed al-
most exclusively in some nasopharyngeal carcinomas (Zhu
et al. 2009). Because some of the miRNA-containing
viruses persist latently in host cells, such as EBV in resting
memory B cells, it is conceivable that the viral miRNAs
expressed under these conditions up-regulate rather than
repress translation of their target mRNAs, as has been
observed during the G0 stage of the cell cycle (Vasudevan
et al. 2007). Because viral miRNA levels can be regulated
by a number of mechanisms, including transcription,
processing, and stability, the functional effects of their tight
regulation have yet to be fully investigated.

Our increased understanding of the key roles viral
miRNAs play in host-virus interactions suggests that viral
miRNAs will be suitable targets for antiviral therapy
(Kurzynska-Kokorniak et al. 2009). Efficacious therapies
may be closer than we might believe. For instance, the poly-
omaviral miRNAs help maintain evasion of the immune
system in infected patients because they down-regulate
the expression of viral antigens that trigger an immune re-
sponse leading to clearance of infected cells (Seo et al.

2008). Thus, agents that down-regulate the polyomaviral
miRNAs have significant therapeutic potential.

6 NONCODING RNAs OF OTHER FLAVORS

Herpes simplex virus-1 (HSV-1) is a member of the a sub-
group of herpesviruses that infects epithelial and neuronal
cells. HSV-1 generally establishes latent infection, but it en-
ters the lytic stage under stress conditions. It encodes an
abundant 6.3kb latent transcript called latency-associated
transcript (LAT) (Bloom 2004; Stevens et al. 1987).
Although LAT is highly unstable, its �2 kb intron accumu-
lates to extremely high levels (Farrell et al. 1991; Kang et al.
2006). The function of LAT remained enigmatic for years,
but it has recently been shown to be a miRNA precursor
transcript (Umbach et al. 2008; Umbach and Cullen
2009). Recent data suggest that the first 1.5kb of LAT also
give rise to two other small ncRNAs: sRNA1 (65 nt) and
sRNA2 (36 nt). These sRNAs co-operate in inhibiting the
apoptosis of infected neuronal cells. Furthermore, transfec-
tion of rabbit skin cells with the sRNAs prevented viral pro-
duction. Specifically, sRNA2 inhibits the translation of
infected cell protein 4 (ICP4), which is important for the
activation and repression of viral transcription during in-
fection (Smith et al. 1993), as ICP4 mRNA levels are not al-
tered. The exact mechanism is unknown (Shen et al. 2009).
These two functions imply that the sRNAs are required to
prevent reactivation of latent HSV-1 (Shen et al. 2009).

HCMV, ab herpesvirus, is the most frequent congenital
viral infection in humans. Approximately 5%–10% of in-
fected infants have symptomatic disease associated with
serious physical and mental birth defects and mortality
(Dollard et al. 2007); in immunocompromised HIV pa-
tients or immunosuppressed transplant patients, HCMV
can lead to mental retardation, intellectual impairment
and deafness (Revello and Gerna 2002). During the early
stages of infection, two major unspliced transcripts, which
are 1.2 kb and 2.7 kb long, are expressed at very high levels
(Spector 1996; Greenaway and Wilkinson 1987). Recently,
the 2.7 kb ncRNA has been found to interact with the
GRIM-19 (genes associated with retinoid/interferon-
induced mortality-19) protein, targeting it to complex I
of the electron transport chain in the inner mitochondrial
membrane. This interaction is important for maintaining
the electrochemical gradient across mitochondrial mem-
branes and thus aids in the production of sufficient ATP
to keep the cell alive during infection (Reeves et al. 2007).

EBV, as discussed earlier, encodes both the EBERs and
multiple miRNAs in latently infected B cells. By using a
method called subtractive hybridization of RNA transcripts
(SHORT), Huttenhofer’s group identified a number of
ncRNAs that are not miRNAs (Mrazek et al. 2007). One
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of these is 65 nt long and contains sequence motifs that
assign it to the family of C/D box small nucleolar RNAs;
v-snoRNA1 accordingly binds three canonical snoRNA
proteins: fibrillarin, Nop56, and Nop58. It does not appear
to have any known rRNA or snRNA target and is thus cate-
gorized as one of many “orphan snoRNAs.” V-snoRNA1
potentially also acts as a miRNA precursor as it is further
processed to a 24-nt RNA called v-snoRNA124pp. This miR-
NA appears to target cleavage of the 30UTR of the viral
BALF5 mRNA, which encodes the viral DNA polymerase
(Hutzinger et al. 2009), not far from the site where cleavage
by EBV-encoded mir-BART2 occurs (see previous). Several
cases in which snoRNAs efficiently generate miRNAs have
recently been reported (Ender et al. 2008; Scott et al. 2009;
Taft et al. 2009).

Murine herpesvirus 68 (MHV-68) belongs to the g sub-
group of herpesviruses and has been shown to encode 8
novel tRNA-like genes interspersed with ORFs 1–3. Like
tRNAs, these possess Pol III promoter elements and are
predicted to assume a tRNA-like cloverleaf secondary
structure. Only MHV-68 tRNA7 contains a short tRNA-
type intron. These transcripts are expressed at very high
levels during both latent and lytic infection. They are proc-
essed into mature tRNAs with posttranscriptional addition
of 30 CCA termini, but they are not aminoacylated. Their
function is unknown (Bowden et al. 1997).

The Red clover necrotic mosaic virus (RCNMV), which
is a positive strand RNAvirus that infects plants, encodes a
0.4 kb ncRNA that is packaged into virions, called SR1f.
Two RNAs make up the RCNMV genome, RNA1 and
RNA2. SR1f is generated from the 30UTR of RNA1 and
was found to contain a 58-nt sequence (Seq1f58) that pro-
tects SR1f from 50! 30 decay. SR1f appears to inhibit the
production of negative-strand RCNMV genomic RNAs
via the repression of viral replicase protein production
(Iwakawa et al. 2008).

Another ncRNA is found in some members of the
Flavivirus family, in particular West Nile virus. Flaviviruses
are positive strand RNA viruses that produce a highly struc-
tured subgenomic RNA (sgRNA) that is 0.3–0.5 kb long
and is derived from incomplete degradation of the 30UTR.
The production of sgRNA plays a role in viral replica-
tion as well as determining viral pathogenicity as mice
infected with the wild-type virus experience severe symp-
toms, whereas those infected with a mutant virus that does
not express the ncRNA show no signs of infection (Pijlman
et al. 2008).

7 PROSPECTS

The roster of viral-encoded ncRNAs has multiplied in re-
cent years, reflecting the variety of distinct classes of

ncRNAs produced by cellular genomes. Counterparts of
snRNAs, snoRNAs, miRNAs, tRNAs, other RNA pol III-
transcribed regulatory RNAs, and large ncRNAs synthe-
sized by RNA pol II are now included in the viral armamen-
tarium. This dazzling diversity is even apparent in the
relatively few mechanisms already elucidated whereby viral
ncRNAs manipulate gene expression in their host cells.
These include sequestering host RNA-binding proteins
away from their normal cellular roles and evolving a
ncRNA to regulate the activity of a cellular ncRNA.

But many challenges remain, as the functional mecha-
nisms of some viral ncRNAs have remained enigmatic for
decades (see Table 1). Clearly, every step of gene expression
is a potential target for regulation by a viral ncRNA. Further
surprises will undoubtedly emerge as we continue to inves-
tigate the molecular basis of the RNA warfare mounted by
viruses against their cellular hosts.
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