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Abstract
Many viruses have evolved strategies to either evade or hijack host cell immune programs, as a means
of promoting their own reproduction. For example, the human cytomegalovirus (HCMV) immediate-
early protein vMIA/UL37ex1 inhibits host cell apoptosis, and its expression during infection aids
virus replication. Here it is shown that stable expression of vMIA/UL37ex1 reduces cleavage of the
innate immune response-proteins MAVS and RIG-I by caspases during apoptosis. Unexpectedly, it
is demonstrated that RIG-I, but not MAVS, is degraded during HCMV infection. This process occurs
in a non-apoptotic manner, and provides new evidence that HCMV may have evolved a unique
strategy to evade RIG-I-mediated immune responses.
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1. Introduction
In order to aid their replication, viruses employ a number of methods to evade the immune
systems of their hosts [1]. The human cytomegalovirus (HCMV; a β-herpesvirus) targets
numerous pathways in the innate and adaptive immune systems, leading to the establishment
of persistent infection [2,3]. These include: (1) production of glycoproteins that inhibit
expression of major histocompatibility complex (MHC) proteins on the surface of infected
cells, thereby reducing their recognition and destruction by CD8+ T lymphocytes; (2)
expression of a cytomegalovirus homologue of human IL-10, an anti-inflammatory cytokine,
which blocks immune NF-κB signaling; and (3) blocking host-cell apoptosis to reduce the
clearance of infected cells [1–4]. To block apoptosis, HCMV encodes two proteins that
ultimately inhibit the ability of an infected cell to activate cell-degrading caspases. vICA/UL36
prevents the activation of caspase-8, which is normally associated with the external apoptotic
pathway and tumor necrosis factor (TNF) signaling; while vMIA/UL37ex1 prevents the
activation of caspase-9, by inhibiting the release of pro-apoptotic factors from mitochondria
[5,6].
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The RIG-I-like helicase (RLH) pathway of the mammalian innate immune system senses
intracellular viral pathogens and initiates a signaling cascade that ends in the production of
type-1 interferon (reviewed in [7]). The pathway consists of the apical RNA helicases RIG-I
and MDA-5, which sense cytoplasmic viral nucleotides and signal to the mitochondrial
antiviral protein MAVS, through a CARD:CARD domain interaction [8,9]. This interaction
leads to the activation of signaling kinases such as IRF3/7 and NF-κB, and ultimately in the
production of antiviral cytokines [7]. Recent research has shown that MAVS is targeted by
both viral proteases and host-cell caspases during infection and apoptosis [10–13], indicating
that this protein is an important focal point in several immune pathways.

Here the role of HCMV in the regulation of RLH proteins was investigated. Expression of the
anti-apoptotic protein vMIA prevents the degradation of MAVS and RIG-I during apoptosis,
by blocking the activation of caspases and subsequent proteolysis. HCMV infection does not
appear to modify levels of MAVS; however, RIG-I is first upregulated, then degraded in a non-
apoptotic manner, indicating that this protein is targeted by HCMV.

2. Materials and Methods
2.1 Cell culture and reagents

Wild-type and vMIA HeLa cells, HepG2 cells and human foreskin fibroblasts (HFFs) were
grown in DMEM supplemented with 10% FBS and penicillin-streptomycin. Cells were treated
with staurosporine (Sigma) or zVAD-fmk (Calbiochem) dissolved in DMSO (Sigma), or Poly
(I:C) (Sigma), which was reconstituted in ddH20, for the indicated times. Poly(I:C)
transfections were carried out with Lipofectamine 2000 (Invitrogen), while plasmids were
transfected with Fugene 6 (Roche). YFP-MAVS and FLAG-RIG-I have been described
previously [8,14], while mito-dsRed was obtained from Clontech. Antibodies against MAVS
(Bethyl Laboratories), FLAG (Stratagene), RIG-I (Abcam), PARP (Biomol), Tim23 (BD
Biosciences) and β-actin (Sigma) were obtained commercially, while the HCMV IE 1/2
antibody was a kind gift of Anamaris Colberg-Poley. Secondary antibodies for western analysis
(Amersham) and immunofluroesence (Invitrogen) were used according to manufacturers’
instructions. HFF cells were infected with HCMV (AD169) at a MOI of 1.0 for the indicated
times.

2.2 Western blotting and subcellular fractionation
For general western blot analysis, cells were harvested by scraping in 1× PBS and pelleted by
centrifugation at 200 g. Cells were lysed on ice in buffer containing 2 % CHAPS, 300 mM
NaCl and 25 mM HEPES-KOH and whole-cell lysates were recovered by centrifugation at
10000 g for 10 min at 4 °C. Protein extracts were boiled for 10 min in reducing NuPage sample
buffer then separated by SDS-PAGE (NuPage, Invitrogen). For subcellular fractionation, cells
were harvested as above and resuspended in detergent-free sucrose lysis buffer on ice for 1 h.
Cells were homogenized by passaging through 25-gauge needles, followed by a spin at 500
g to remove nuclei and unbroken cells. The remaining supernatant was centrifuged at 6000 g
to separate heavy membranes and cytosol. 30 µg of each fraction was then separated by SDS-
PAGE.

Following electrophoresis, proteins were transferred to nitrocellulose membrane for western
analysis. Membranes were then blocked in non-fat milk before being probed with the indicated
antibody. Following washes in 1× PBS-T, HRP-conjugated secondary antibodies (Amersham)
were added to permit chemiluminescent identification (ECL Plus, Amersham).
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2.3 Confocal microscopy and imaging
Cells were imaged using a Zeiss 510 confocal microscope with filters/lasers for YFP (FITC;
514 nm) and Alexa 568/mito-dsRed (Rhodamine; 546 nm). Figures were prepared with
minimal processing in Photoshop (Adobe), and all panels within and between figures were
subject to the same editing procedures.

3. Results
3.1 vMIA protects MAVS and RIG-I from cleavage during apoptosis

The RLH-pathway proteins MAVS and MDA-5 are targeted for cleavage during apoptosis
[12,13,15,16]. As MAVS is localized to mitochondria [9], the question of whether the HCMV
anti-apoptotic protein vMIA (which is also mitochondrial) could prevent the degradation of
MAVS during cell death, was examined. In wild-type HeLa cells, treatment with the pro-
apoptotic kinase inhibitor staurosporine (STS) led to cleavage of MAVS, as indicated by the
presence of a faster-migrating portion during western analysis (Fig. 1A, left). This cleavage
was mirrored by that shown by the caspase-3 target PARP, a classic indicator of apoptosis (Fig.
1A, left). The degradation of both proteins was abrogated by the addition of the caspase
inhibitor zVAD-fmk (Fig. 1A, left), indicating that the cleavage is caspase-dependent, in line
with previous reports [12,13]. In contrast, HeLa cells stably-expressing vMIA displayed no
cleavage of either MAVS or PARP after STS treatment (Fig. 1A, right), indicating that vMIA
blocks MAVS degradation by inhibiting the activation of caspases.

The synthetic dsRNA analogue Poly(I:C) is commonly used to mimic infection by a number
of viruses [9,16]. Previous work has shown that Poly(I:C) can activate the 2'-5' oligoadenylate
synthetase (OAS) and ribonuclease RNase L pathways, leading to apoptosis [17,18], and that
transfection of Poly(I:C) leads to apoptotic MAVS cleavage [12]. Addition of Poly(I:C) to the
cell culture medium of WT HeLa cells had no effect on the status of MAVS and PARP after
6 h (Fig. 1B, left). In contrast, transfection of the same concentration of the chemical into the
cells induced apoptosis (as evidenced by degradation of PARP) and cleavage of MAVS, which
again could be ablated by the addition of zVAD (Fig. 1B, left). As with STS treatment, the
cleavage of MAVS and PARP caused by Poly(I:C) transfection was vastly reduced in cells
expressing vMIA (Fig. 1B, right), confirming that this protein can negate the effects of multiple
apoptotic stimuli to prevent MAVS cleavage.

While previous reports have shown that MDA-5 is cleaved by caspases during apoptosis, there
have been no similar studies of the behavior of RIG-I during cell death. To investigate whether
RIG-I is also a caspase target, WT and vMIA HeLa cells were transfected overnight with a
plasmid encoding FLAG-RIG-I, then treated cells with STS for 2 h. Western analysis of protein
extracts showed that in WT cells STS treatment led to a vast reduction in levels of FLAG-RIG-
I, in a manner that correlated with PARP cleavage, and that this change could be blocked by
incubation with zVAD (Fig. 1C, left). The reduction in FLAG-RIG-I levels was greatly reduced
in vMIA-expressing HeLa cells treated with STS relative to WT, consistent with the absence
of caspase-mediated PARP cleavage (Fig. 1C, right). These data indicate that RIG-I, in
common with the other innate immune system CARD proteins MDA-5 and MAVS, is cleaved
during apoptosis.

3.2 vMIA prevents the cellular redistribution of MAVS during apoptosis
Recently, it was demonstrated that cleavage of MAVS during apoptosis led to a redistribution
of the protein. While MAVS is located on the mitochondrial outer membrane in healthy cells,
cleavage during apoptosis leads to the majority of the protein being found in the cytosol [12].
Addition of a proteasome inhibitor (MG132) to STS-treated cells blocked this change,
indicating that a protein degradation mechanism was behind the alteration [12]. To investigate
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whether expression of vMIA could prevent the redistribution of MAVS, YFP-MAVS and the
mitochondrial marker mito-dsRed were co-expressed in WT and vMIA HeLa cells, then treated
with or without STS for 2 h. In WT cells, YFP-MAVS showed a tight co-localization with
mito-dsRed when analyzed by confocal microscopy, indicating that the protein is located at
the mitochondria (Fig. 2A). In contrast, MAVS in STS-treated WT HeLa cells displayed a
diffuse cytoplasmic localization, suggesting that the protein had been cleaved from its C-
terminal mitochondrial anchor (Fig. 2A). In both untreated and STS-treated vMIA HeLa cells,
YFP-MAVS remained at the mitochondria and displayed co-localization mito-dsRed (Fig. 2A),
consistent with the hypothesis that redistribution of MAVS is apoptosis-dependent.

To ensure that the change in MAVS localization was caused by cleavage of the protein itself,
and not the N-terminal YFP tag, the localization of endogenous MAVS was examined in WT
and vMIA cells treated with or without STS for 2 h. After treatment, cells were harvested and
the protein extracts were separated into heavy membrane (containing mainly mitochondria)
and cytosolic (containing soluble and light membrane protein) fractions by differential
centrifugation. In untreated WT HeLa cells, MAVS is confined to the heavy membrane fraction
(Fig. 2B). However, in STS-treated WT cells, MAVS is greatly reduced in the membrane
fraction, while an immunoreactive band corresponding to the cleaved version of MAVS is
visible in the cytosol (Fig. 2B). In contrast, MAVS remains exclusively in the membrane
fraction in both untreated and STS-treated vMIA HeLa cells, indicating that the endogenous
protein remains at the mitochondria, consistent with the data from confocal analysis. In
summary, it would appear that vMIA prevents the redistribution of MAVS by inhibiting the
activation of caspases, which would normally cleave this protein from the mitochondria during
apoptosis.

3.3 HCMV infection leads to degradation of RIG-I without affecting MAVS
Several viruses, such as Hepatitis A virus (HAV), Hepatitis C virus (HCV) and GB virus B
(GBV-B), target MAVS for degradation with self-encoded proteases during infection. The
proteolysis removes MAVS from the mitochondrial outer membrane, in a manner that is
phenotypically-similar to the cleavage seen during apoptosis. This effectively negates the
interferon signaling function of MAVS, aiding viral replication [10,14,19]. As such, the
question of whether HCMV infection had the capacity to initiate MAVS cleavage, in a manner
similar to these other viruses, was examined.

HFF cells grown in chamber slides were transfected with YFP-MAVS overnight, followed by
infection with HCMV for 48 h. Cells were then fixed and stained with an antibody against
HCMV immediate-early 1 and 2 (HCMV IE 1/2) to identify infected cells. Confocal
microscopy analysis demonstrated that in HCMV-positive cells, MAVS maintained an
organellar morphology (Fig. 3A). This indicated that the protein had not been cleaved by the
virus and that it maintained its wild-type, mitochondrial localization.

To assess whether this was the case for endogenous MAVS, HFF cells were either mock- or
HCMV-infected for 12 – 72 h, after which protein extracts were examined by western blot.
Consistent with the confocal data, there was no apparent cleavage of MAVS over the course
of the experiment in either the mock or HCMV-infected cells (Fig. 3B). From these data, it is
concluded that MAVS does not undergo HCMV-induced cleavage during acute infection.

In HCMV-infected cells, consistent with the immune response elicited by other viruses, there
was a rapid up-regulation of RIG-I protein levels that continued for the first 24 h (Fig. 3B).
Surprisingly, after 48 h there was a decrease in the expression of full-length RIG-I, coupled
with the appearance of two smaller immunoreactive bands that grew in intensity from 48 – 72
h (Fig. 3B). It would appear that these bands are not the result of the same apoptotic cleavage
demonstrated above (Fig. 1C), as there is clear expression of immediate-early proteins, which
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include the anti-apoptotic vMIA (Fig. 3B). Additionally, there is no cleavage of PARP,
indicating that there has been no activation of caspases over the course of the experiment (Fig.
3B). From these data, it is concluded that RIG-I is subject to proteolytic degradation following
HCMV infection.

4. Discussion
The ability of a virus to evade the immune system of its intended host, to a large extent, controls
its success as a pathogen. As such, viruses that attack higher organisms have to produce new
tools to disrupt the constantly-evolving immune programs of their targets. The RLH signaling
pathway in humans is a prime example of this “tit-for-tat” (equivalent retaliation) process in
action, where several members of the pathway are targeted by different viral agents in order
to abrogate an immune response. For example, two unrelated viruses - HAV
(Picornaviridae) and HCV (Flaviviridae) - both target MAVS for proteolytic cleavage from
the mitochondrial membrane, using viral-encoded proteases. This cleavage ablates its signaling
function and prevents the production of type-1 interferon [10,19]. MAVS, and the upstream
RNA helicase MDA-5, are both degraded by caspases during poliovirus (Picornaviridae)
infection, possibly aiding viral survival [13,16].

While these results demonstrate that several viruses have evolved strategies to counter RLH
immune signaling, there have been no reports thus far of similar methods to disrupt the
prototypic member of the pathway, RIG-I. Data presented here indicates that, in a manner
similar to MDA-5 and MAVS, RIG-I is targeted for degradation during the induction of
apoptosis (Fig. 1C). As this cleavage is blocked by the caspase-inhibitor zVAD, and expression
of vMIA (which blocks caspase activation by preventing the release of pro-apoptotic factors
from the mitochondrion; [20]), it would appear that RIG-I is a bone fide target of caspases. As
with MDA-5 and MAVS, it remains to be determined whether of not this cleavage provides a
benefit to invading viruses in terms of aiding replication [13,16].

As stated above, expression of the anti-apoptotic HCMV protein vMIA affords protection to
MAVS and RIG-I from cleavage during apoptosis (Fig. 1). While preventing apoptosis may
be beneficial to HCMV, allowing replication without clearance of infected cells, this may in
turn maintain the integrity of the host innate immune system. Specifically, protecting MAVS
and RIG-I from cleavage may permit continued interferon signaling through the RLH pathway,
possibly negating the benefits accrued through apoptosis prevention. As such, the degradation
of RIG-I observed after HCMV infection (Fig. 3B) may provide an answer to this potential
conflict. As depicted in the working model of RLH proteins during HCMV infection (Fig. 4),
the early expression of vMIA may prevent the initial induction of caspases, protecting the cell
from apoptosis and allowing HCMV replication. As the infection progresses, expression of an
unidentified protein may target and degrade RIG-I, preventing further immune signaling
through this pathway.

As a double-stranded DNA (dsDNA) virus, HCMV is perhaps not immediately obvious as a
candidate to induce RIG-I degradation, as the RLH pathway is primarily associated with RNA
viruses [8]. However, previous studies have shown that dsDNA viruses can be sensed by the
RLH pathway, and that RIG-I and MAVS are required for interferon signaling in response to
dsDNA in human liver cells [21]. Additionally, expression of HCMV pp65 (UL83) has been
shown to block IRF3 signaling, which sits downstream of RIG-I/MAVS in the RLH pathway,
showing that the virus attacks interferon induction at multiple related steps [22,23]. Therefore,
it may be concluded that the RLH pathway is a legitimate target for HCMV, and that
degradation of RIG-I may be part of this process. Future studies will now concentrate on
identifying the factor(s) that lead to RIG-I degradation during HCMV infection.
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Figure 1. vMIA protects MAVS and RIG-I from capsase-mediated cleavage during apoptosis
A WT and vMIA HeLa cells were treated with 0.5 µM staurosporine (STS) in the presence or
absence of 50 µM zVAD-fmk (zVAD). Untreated and vehicle-only (DMSO) cells were used
as controls. After 2 h, cells were harvested and 50 µg of protein extracts were analyzed for
MAVS and PARP by western blotting, with β-actin being used as a loading control. B WT and
vMIA HeLa cells were treated with 5 µg ml−1 Poly (I:C) for 6 h, either added to the growth
medium (P(I:C)), or transfected into cells (P(I:C) + Lipo) using Lipofectamine 2000, in the
presence or absence of 50 µM zVAD. 50 µg of protein extracts were analyzed for MAVS,
PARP and β-actin as above. C WT and vMIA HeLa cells were transfected for 16 h with FLAG-
RIG-I, then treated for 2 h with 0.5 µM STS in the presence or absence of 50 µM zVAD. 50
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µg of protein extracts were analyzed for RIG-I (α-FLAG), PARP and β-actin as above.
Symbols: FL – full-length protein; SF – short-form of protein, < – cleavage product.
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Figure 2. vMIA prevents redistribution of MAVS during apoptosis
A WT and vMIA HeLa cells were co-transfected for 16 h with YFP-MAVS (green) and the
mitochondrial marker mito-dsRed (red), then incubated with or without 0.5 µM STS for 2 h.
Cells were then analyzed by confocal microscopy for the localization of YFP-MAVS. B WT
and vMIA HeLa cells were treated with or without 0.5 µM STS for 2 h, then cells were harvested
and lysed in detergent-free sucrose lysis buffer. Lysates were separated into membrane (M)
and cytosolic (C) fractions by differential centrifugation, after which 30 µg of each extract was
analyzed for endogenous MAVS by western blot. The mitochondrial inner membrane protein
Tim23 was used as a loading control. Symbols: FL – full-length protein; SF – short-form of
protein, < – cleavage product.
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Figure 3. HCMV infection leads to degradation of RIG-I without affecting MAVS
A Human foreskin fibroblast (HFF) cells grown in chamber slides were transfected with YFP-
MAVS (green) for 16 h, and then infected with HCMV (AD169) for 48 h. Cells were fixed
with paraformaldehyde and probed with an antibody to HCMV immediate-early 1/2 (IE 1/2),
followed by staining with Alexa 568 (red). Cells were analyzed by confocal microscopy for
MAVS localization in HCMV infected cells. B HFF cells were either mock treated or infected
with HCMV (AD169) for 12, 24, 48 or 72 h. Cells were harvested and 50 µg of protein extracts
were analyzed by western blotting with antibodies against HCMV IE 1/2, MAVS, RIG-I and
PARP. β-actin was used as a loading control. Symbols: FL – full-length protein; SF – short-
form of protein, < – cleavage product.
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Figure 4. Model of the roles of RLH proteins during HCMV infection
vMIA is expressed early during HCMV infection, protecting host cells from the intrinsic
apoptosis pathway, presumably as a mechanism to aid viral replication. However, this
protection also prevents the caspase-mediated cleavage of RIG-I and MAVS, leaving this
interferon pathway intact. As such, expression of an unknown protein may degrade RIG-I to
help abrogate this immune response and aid HCMV persistence.
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