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Abstract

Degradation of cellular mRNAs during Kaposi’'s sarcoma-asso-
ciated herpesvirus infection is associated with hyperadenylation
of transcripts and a relocalization of cytoplasmic poly(A)-binding
proteins to the nucleus.

The cellular machinery for RNA decay plays a major role in
regulating gene expression and as a mechanism for RNA
quality control [1]. Increasing evidence suggests that
viruses have evolved ways of interfacing with the cellular
RNA decay machinery that aid their survival and replica-
tion. First, viral transcripts must avoid degradation if they
are to be effectively translated. Second, viruses often
induce the degradation of cellular mRNAs, which gives
their own transcripts a competitive edge for access to the
cellular translation machinery. The mechanisms under-
lying these strategies are currently being elucidated. In
addition to providing a clearer understanding of virus-host
interactions, the mechanisms used by viruses to usurp the
cellular RNA decay machinery may also provide insight
into innate cellular mechanisms. This point is well
illustrated in a recent paper in PLoS Biology by Yeon Lee
and Britt Glaunsinger [2] on a novel RNA decay mecha-
nism induced by Kaposi’s sarcoma-associated herpesvirus
(KSHV). Kaposi’s sarcoma is the most common tumor in
people with AIDS and results from chronic infection with
the virus. However, like other herpesviruses, KSHV causes
a lytic infection when reactivated and during this phase
shuts off host-cell functions by inducing a global
destruction of mRNA.

KSHV-encoded SOX protein induces mRNA
decay

KSHV initiates global decay of cellular mRNAs via
expression of the virus-encoded ShutOff and Exonuclease
(SOX) protein [3]. Unlike the virion shutoff protein (VHS)
of the related herpes simplex virus [4], SOX itself does not
possess any demonstrable nuclease activity [5], and so how
it induces mRNA decay is of considerable interest. In
addition, bioinformatic analyses fail to identify any
protein-protein interaction domain that would provide a
clue to possible co-effectors of SOX-induced mRNA
degradation. Thus, Lee and Glaunsinger [2] had relatively
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little to guide them as they set out to define the mechanism
of SOX-induced RNA decay.

Through a careful analysis of mRNA modifications, locali-
zation, and RNA-binding proteins during SOX-induced
mRNA degradation, Lee and Glaunsinger made four key
observations using a series of transfections and viral
infections in human 293T and TIME (telomerase-immor-
talized microvascular endothelial) cells. First, they
documented a clear increase in the size of the poly(A) tail
of target RNAs in the presence of SOX that correlated with
a decrease in the relative stability of the transcripts.
Presumably this is due to the addition of adenosines,
although other nucleotides cannot formally be ruled out
[6]. Second, PAPII, the major poly(A) polymerase in the
cell that is responsible for the initial mRNA polyadeny-
lation event, was required for this hyperadenylation. This
suggests that the PAPII is involved in the hyperadenylation,
although it is not entirely clear whether its role is simply to
provide the poly(A) tail to be extended or if it is directly
responsible for adding the extra 3’ nucleotides. Another
protein that influences the primary polyadenylation event,
the nuclear poly(A)-binding protein PABPN1 [7], is also
required for SOX-mediated mRNA hyperadenylation and
decay. Third, there was a dramatic increase in poly(A)*
RNAs in the nucleus, suggesting that the hyperadenylation
occurred on many different mRNAs and that an mRNA-
trafficking pathway was probably being affected. Fourth, in
the presence of SOX, the cytoplasmic poly(A)-binding
protein PABPC1 was dramatically relocalized to the
nucleus. A similar relocalization of PABPC1 to the nucleus
has also been observed in patient-derived KSHV-infected
cell lines [8]. Movement of PABPC1 to the nucleus was
directly correlated with the ability of SOX protein to induce
decay of cytoplasmic RNAs. Furthermore, knockdowns of
PABPC1 by RNA interference (RNAi) reduced the ability of
SOX to induce RNA turnover. Finally, reporter mRNAs
(made using ribozyme technology) that lacked a 3’ poly(A)
were immune to SOX-mediated RNA degradation, directly
correlating hyperadenylation with SOX-mediated decay.
Interestingly, histone mRNAs that naturally lack a poly(A)
tail can still be degraded in a SOX-dependent fashion even
though they are not hyperadenylated. Thus, whereas the
bulk of mRNA decay mediated by SOX involves
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hyperadenylation and PABPC1 relocalization, alternative
degradation pathways appear to exist.

Because hyperadenylation of RNAs has been associated
with nuclear surveillance for RNA quality in yeast [9,10],
and to a lesser extent in mammals [11,12], an attractive
hypothesis is that SOX is causing the cell’s quality control/
RNA surveillance machinery to degrade normal mRNAs in
some fashion, perhaps by reorganizing the structure of
messenger RNA ribonucleoprotein (mRNP) particles.
Although this idea is consistent with the PABPC1 relocali-
zation to the nucleus, it should be emphasized that it is
currently unclear whether this relocalization is a cause, or
a consequence, of SOX-induced RNA degradation. The
SOX protein does not possess known interaction domains
for poly(A)-binding proteins (for example, PAM2 [13]), nor
do SOX and PABPC1 co-immunoprecipitate. Thus, SOX is
likely to modulate PABPC1 localization via an indirect
mechanism.

Curtailing the actions of poly(A)-binding
proteins is a common viral strategy
Poly(A)-binding proteins have a multitude of functions in
the cell, including the stimulation of polyadenylation, the
nuclear export of mature mRNAs, regulation of translation
efficiency and an influence on mRNA decay [14]. They
therefore make an attractive target for viruses, as
interfering with poly(A)-binding function would have a
ripple effect on gene expression throughout the cell. In
fact, as outlined in Figure 1, numerous RNA viruses, inclu-
ding picornaviruses, caliciviruses, HIV, rotavirus, rubella
virus and now KSHV, have evolved strategies to interfere
with this function. These include the cleavage, subcellular
relocalization and binding/sequestration of poly(A)-
binding proteins, as well as the inclusion of binding sites
for poly(A)-binding proteins in the viral genome that are
not adenosine tracts - all of which could interfere with the
normal function of poly(A)-binding proteins. In the absence
of functional PABPC1, viruses would naturally have to develop
a mechanism for maintaining the stability and translatability
of their mRNAs; this is achieved in some viruses by the
presence of internal ribosome entry sites (IRES) [15].
Curiously, KSHV appears to lack IRES elements.

Unanswered questions and future directions

KSHYV induces the decay of approximately 95% of the
cellular mRNA during infection, and it is unknown how
sufficient levels of its own viral mRNAs escape SOX-
induced mRNA decay to support a productive infection.
Bioinformatic analysis of herpesvirus mRNAs fails to
reveal any of the cis-elements that commonly mediate SOX
resistance. There are at least three ways that KSHV mRNAs
could selectively escape SOX-mediated RNA decay. First,
they might encode a cis-acting element or bind to a trans-
acting factor that stabilizes the poly(A) tail and thus
prevents hyperadenylation and/or degradation. The nuclear
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PABPC1 is a common target for viral perturbation of cellular
processes. RNA viruses have developed a variety of strategies to
interfere with or usurp the cytoplasmic poly(A)-binding protein
PABPCA1. This interference generally shuts down the translation of
host-cell MRNAs as well as potentially exposing them to rapid
degradation by the RNA decay machinery. (a) A variety of
picornaviruses [22], caliciviruses [23] and HIV [24] encode
proteases (for example, poliovirus 2A) that specifically cleave
PABPC1. (b) The rotavirus nsp3 protein [25], as well as the KSHV
SOX protein [2], relocalizes PABPC1 to the nucleus. Interestingly,
unlike SOX, nsp3-induced relocalization does not appear to result in
increased mMRNA decay. (c) Rubella virus capsid protein specifically
binds to PABPC1, sequestering the protein and presumably
preventing its binding to cellular mRNAs [26]. (d) Despite the
absence of a poly(A) tract, sequences in the 3’ untranslated region
of dengue virus can specifically bind PABPC1 [27] and recruit it for
use by viral mMRNAs. ORF, open reading frame.

expression and retention element (ENE) in the KSHV PAN
RNA [16] is a known example of a cis-acting element that is
essential for the nuclear accumulation of this RNA. A
second possibility is that whereas polyadenylation appears
to deposit the protein nucleophosmin near the 3’ end of
cellular mRNAs [17], perhaps different proteins (with
different downstream effects on mRNA fate) are deposited
as a result of polyadenylation on virally encoded signals.
Third, because of differences in RNA elements or mRNP
structures, viral and cellular mRNAs may interact differ-
ently with components of the nuclear export machinery,
thereby altering mRNA fate. Interestingly, KSHV encodes
orf57, a protein required for lytic infection that stabilizes
and exports the intron-less viral mRNAs from the nucleus
[18]. If a failure to export mRNAs from the nucleus is
related to SOX-mediated shutoff of cellular RNAs, could
this factor be responsible for the SOX resistance of viral
RNAs? Undoubtedly, further research will be focused on
determining the resistance of viral transcripts to the
mislocalization of PABPC1 and the induced mRNA decay.
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The SOX-mediated hyperadenylation of mRNA raises
several interesting questions. First, what proteins are
directly responsible for the 3’-end mRNA tailing during
KSHYV infection? Although PAPII is a strong candidate, the
potential roles of numerous cellular non-canonical
poly(A/U) polymerases [6] has not been tested. Further-
more, tailing mRNAs with uridines rather than adenosines
has been shown to activate the decay of mammalian
histone mRNAs [19] and certain transcripts in Schizo-
saccharomyces pombe [20]. Second, although it is
assumed that hyperadenylation probably sets up a plat-
form for exonucleases (as in the TRAMP pathway for RNA
decay [21]), this needs to be formally demonstrated in
SOX-mediated decay. The identity of the mRNA decay/
surveillance pathway that is being usurped by SOX is,
therefore, of great interest. Third, it is unclear whether the
poly(A)* mRNAs that are sequestered in the nucleus as a
consequence of SOX expression are cytoplasmic transcripts
relocalized via PABPC1i or whether they are nascent
mRNAs that accumulate as a result of a SOX-induced block
in nuclear mRNA export. Answers to these and other
questions will assuredly provide greater insight into our
understanding of herpesvirus biology and cellular mRNA
decay/surveillance mechanisms.
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