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Viruses have evolved an assortment of mechanisms for regulating the Akt signaling pathway to establish a
cellular environment more favorable for viral replication. Myxoma virus (MYXV) is a rabbit-specific poxvirus
that encodes many immunomodulatory factors, including an ankyrin repeat-containing host range protein
termed M-T5 that functions to regulate tropism of MYXV for rabbit lymphocytes and certain human cancer
cells. MYXV permissiveness in these human cancer cells is dependent upon the direct interaction between
M-T5 and Akt, which has been shown to induce the kinase activity of Akt. In this study, an array of compounds
that selectively manipulate Akt signaling was screened and we show that only a subset of Akt inhibitors
significantly decreased the ability of MYXV to replicate in previously permissive human cancer cells. Further-
more, reduced viral replication efficiency was correlated with lower levels of phosphorylated Akt. In contrast,
the PP2A-specific phosphatase inhibitor okadaic acid promoted increased Akt kinase activation and rescued
MYXV replication in human cancer cells that did not previously support viral replication. Finally, phosphory-
lation of Akt at residue Thr308 was shown to dictate the physical interaction between Akt and M-T5, which then
leads to phosphorylation of Ser473 and permits productive MYXV replication in these human cancer cells. The
results of this study further characterize the mechanism by which M-T5 exploits the Akt signaling cascade and
affirms this interaction as a major tropism determinant that regulates the replication efficiency of MYXV in
human cancer cells.

Following viral infection, substantial alterations in cellular
physiology often lead to modification of various cellular path-
ways critical to the success of viral replication. The demands
for energy, nutrients, and macromolecular synthesis that ac-
company viral replication can be substantial; thus, many vi-
ruses have evolved elaborate strategies for hijacking key cel-
lular signaling networks necessary to support their demands
(9). By the same token, antiviral pathways activated by the
virus infection may also need to be blocked or subverted to
ensure successful virus replication. Poxviruses possess large
double-stranded DNA (dsDNA) genomes that encode multi-
ple gene products that specifically modify or debilitate the
various host signaling responses of the infected cell (28). Many
of the immunoregulatory factors expressed by poxviruses have
been well characterized, and these factors include virokines,
viroreceptors, signaling modulators, and inhibitors of various
antiviral responses, such as initiation of apoptosis pathways
and signaling by protective cytokines, like interferon and tu-
mor necrosis factor (TNF) (42).

Myxoma virus (MYXV) is a member of the Leporipoxvirus
genus and exhibits a restricted pathogenesis that is limited to
rabbits, primarily due to its specific immunomodulation of the
immune system of leporids (48). In rabbits (Sylvilagus spp.) of
the Americas, MYXV infection results in a benign infection,
characterized by a cutaneous fibroma restricted to the site of

inoculation (14); however, the same virus causes a rapid sys-
temic and highly lethal infection called myxomatosis in Euro-
pean rabbits (Oryctolagus cuniculus) (15). Although MYXV
has a narrow host range in nature and is pathogenic only to
European rabbits, the tropism of MYXV has recently been
extended to include human tumor cells in vitro (6, 47, 54, 57,
60) and in xenografted mice in vivo (24, 25, 61). The mecha-
nisms that mediate MYXV tropism in human cancer cells are
still being investigated, but one signaling requirement has been
linked to the state of cellular Akt kinase activity (57). Human
cancer cells (called type I) that exhibit high levels of endoge-
nous phosphorylated Akt (Ser473 and Thr308) supported per-
missive MYXV replication, while cells with no detectable en-
dogenous phosphorylated Akt, which were unaffected by the
virus infection, were nonpermissive (type III). A unique subset
of cancer cells (type II) were found to be permissive to wild-
type MYXV but did not support MYXV replication following
the deletion of the viral host range factor M-T5 (vMyxT5KO).
These type II cells constitutively expressed only low levels of
endogenous phosphorylated Akt (mostly at Thr308), but fol-
lowing infection with permissive MYXV, a significant increase
in Akt phosphorylation (particularly at Ser473) was observed.
In stark contrast, the endogenous levels of phosphorylated Akt
remained essentially unchanged when type II cells were in-
fected with the nonpermissive M-T5 knockout virus MYXV
(vMyxT5KO) (57).

The host range factor M-T5 is essential for MYXV replica-
tion in rabbit primary lymphocytes (RL-5 cells) and for virus
pathogenesis in European rabbits (31). Structurally, M-T5 pos-
sesses seven ankyrin (ANK) repeats and a carboxyl-terminal
PRANC (pox protein repeats of ankyrin C-terminal) motif,
which closely resembles a cellular protein motif called the
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F-box domain (29). Interaction between M-T5 and compo-
nents of the cellular SCF (Skp–cullin–F-box) ubiquitin ligase
complex was shown to protect MYXV-infected cells from cell
cycle arrest (19). In MYXV-infected type II human cancer
cells, physical interaction between M-T5 and cellular Akt was
shown to upregulate the kinase activity of Akt (57). In another
study, M-T5 was shown to be functionally interchangeable with
the host ANK repeat-containing protein PIKE-A, and activa-
tion of Akt by either PIKE-A or the viral M-T5 protein was
sufficient to mediate MYXV permissiveness in type II human
cancer cells (59). Similarly, addition of the immunosuppressant
drug rapamycin was successful at rescuing vMyxT5KO replica-
tion in type II cells by upregulating Akt activation through the
mTOR pathway (47). The critical role of Akt in the regulation
of multiple biological processes makes Akt a central regulator
of cellular signaling, and therefore, it is not surprising that
many viruses have developed sophisticated strategies for ma-
nipulating the activation of Akt (9, 11).

The serine/threonine kinase Akt (also called protein kinase
B [PKB]) was initially discovered as the cellular homolog of the
viral oncogene (v-Akt) carried by the AKT8 retrovirus isolated
from a murine T-cell lymphoma (7, 20, 46). There are three
isoforms found in mammals (Akt1, -2, and -3), encoded by
separate genes but sharing over 80% amino acid sequence
identity. Activation of Akt is predominantly dependent upon
phosphoinositide 3-kinase (PI3K), which phosphorylates phos-
phoinositides (PIs) at the D3 position of the inositol ring to
generate PI(3,4,5)P3 (PIP3). Akt possesses an N-terminal PH
(pleckstrin homology) domain that binds PIP3 to promote its
translocation of the plasma membrane. Once localized at the
membrane, Akt becomes phosphorylated at residue Thr308 in
the activation loop by phosphoinositide-dependent kinase 1
(PDK1) and also within the carboxy terminus at residue Ser473
by mTORC2 (mammalian target of rapamycin complex 2) (2,
49, 50). Phosphorylation of both sites is necessary for full
induction of Akt kinase activity. Akt is a key regulator of many
important cellular functions, including cell survival, prolif-
eration, glucose metabolism, and protein synthesis. In the
majority of human cancer cells, the Akt pathway is either
mutated or constitutively activated, contributing to cancer
progression through both stimulation of cellular prolifera-
tion and inhibition of apoptosis (34, 55).

In this study, we screened an array of Akt inhibitor com-
pounds that selectively manipulate the Akt signaling net-
work at some level and report that certain Akt inhibitors
significantly blocked MYXV replication in previously per-
missive type I and II human cancer cells. An additional set of
inhibitors selectively inhibited only the replication of MYXV
deleted for M-T5 and did not modify the replicative ability of
the parental wild-type virus. Furthermore, the decrease in viral
replication efficiency was correlated with lower levels of phos-
phorylated Akt at residues Thr308 and Ser473. In contrast,
certain PP2A-specific phosphatase inhibitors, such as okadaic
acid, promoted increased Akt kinase activation and rescued
MYXV replication in type III human cancer cells that did not
previously support viral replication. Finally, we demonstrate
that the hemi-phosphorylation of Akt at residue Thr308 dic-
tates physical interaction between Akt and M-T5, which ulti-
mately leads to productive MYXV replication in type II cancer
cells. These studies show that activation of the Akt signaling

cascade is essential for efficient MYXV replication in human
cancer cells and further demonstrate the dynamic role by
which M-T5 manipulates Akt signaling to establish a cellular
environment more favorable for viral replication.

MATERIALS AND METHODS

Cells and viruses. The cell lines used in this study included human embryonic
kidney 293 (HEK293) cells and the following human tumor cell lines: human
osteosarcoma (HOS) (type I) cells, human renal cancer 786-0 (type II) and Caki
(type I) cells, melanoma (SK-MEL-5) (type III) cells, and the MCF-7 (type III)
breast cancer cell line. All cells were propagated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (heat
inactivated), 100 U penicillin/ml, and 100 �g/ml streptomycin at 37°C in 5% CO2.
The recombinant MYXVs (vMyx, strain Lausanne) used in this study included
vMyx-lac (35) and vMyx-gfp (19), both of which are control viruses expressing
wild-type M-T5. Additionally, vMyxT5KO (31), which is deleted for M-T5 and
contains a LacZ marker between M11L and M12L, and vMyxT5KO-gfp (59), in
which the enhanced green fluorescent protein (eGFP) cassette is inserted be-
tween M135R and M136R in the vMyxT5KO background (and thus contains
both LacZ and eGFP), both of which fail to express M-T5, due to targeted
disruption of both copies of the M-T5 open reading frame (ORF) (M005R/L),
were used. All viruses were propagated and titrated by focus formation on baby
green monkey kidney (BGMK) cells as described previously (35). For infection
studies, cells were incubated with the indicated multiplicity of infection (MOI) of
either virus for 1 h at 37°C, and infected cells were then washed three times with
phosphate-buffered saline (PBS) to remove excess virus and cultured in normal
medium until used in subsequent experiments.

Drug inhibition studies. For each inhibitor, confluent cultures of cells in
six-well plates were preincubated for 4 h at 37°C with the working concentration
of the drug. The inhibitor solution was removed, and the cells were washed and
infected with MYXV at an MOI of 3. After 1 h, excess virus was removed, and
cells were cultured for 48 h in medium containing the specific inhibitor. Cultures
infected in the absence of inhibitor served as controls. The number of green
fluorescent protein (GFP)-expressing cells or foci present in wells infected with
vMyx-gfp or vMyxT5KO-gfp was assayed by fluorescence microscopy, and effi-
ciency of infection was determined by comparing the GFP levels present in
untreated, infected controls to those in treated, infected cells. All inhibitors were
purchased from Calbiochem and initially reconstituted according to the manu-
facturer’s directions in either dimethyl sulfoxide (DMSO) or water. The working
concentrations of the drugs were prepared by dilution in DMEM and used as
follows unless stated otherwise: Akt inhibitor I at 5 �M; Akt inhibitor V, tricir-
ibine (API-2) at 10 �M; Akt inhibitor VIII, isozyme selective, Akti-1/2 at 2 �M;
Akt inhibitor X at 3 �M; rapamycin at 20 nM; endothall at 90 nM; fenvalerate
at 4 nM; DARPP-32, phospho, rat, recombinant, Escherichia coli at 1 �M;
�-naphthyl acid phosphate, monosodium salt at 1 mM; and okadaic acid, Pro-
rocentrum sp. at 0.1 nM. FTY720 was purchased from Clayman Chemicals, and
the cytotoxic effects of the drug on the HOS, 786-0, and SK-MEL-5 cell lines
were determined by using the CellTiter 96 nonradioactive cell proliferation assay
(MTT) from Promega. Three independent experiments were performed to de-
termine a 10% inhibitory concentration (IC10) dose of 6 �M, which was used as
the working concentration.

Viral growth curves. Viral replication was analyzed by single-step growth curve
analysis as outlined previously (54). Briefly, HOS, Caki, 786-0, or SK-MEL-5
cells (5 � 105) were either mock treated or preincubated with drug for 4 h prior
to infection with vMyx-gfp or vMyxT5KO-gfp at an MOI of 3 for 1 h. Unab-
sorbed virus was removed by washing the cells with serum-free medium three
times, and cells were grown in complete growth medium supplemented with 10%
FBS. Cells were harvested following infection at the indicated time points, and
virus titers were determined by serial dilution and infection of BGMK cells. All
growth analyses were performed in triplicate, and data were expressed as num-
bers of FFU per 106 cells.

Plasmids. The plasmid 1036 pcDNA3 Myr HA Akt1 (HA-Akt), which has
a N-terminal myristoylation sequence followed by the hemagglutinin (HA)
epitope, was acquired from Addgene and previously documented (39). Another
plasmid, 1014 pcDNA3 T7 Akt1 K179M T308A S473A (39), was also purchased
from Addgene and was subsequently subcloned into the vector pcDNA3/myr-HA
(HA-Akt�3). Alternatively, HA-AktT308A, HA-AktK179M, and HA-Akt�2
were generated by amplifying the right and left flanks at the point of mutation,
using the primer sets listed in Table 1. Afterwards, a second round of PCR was
performed using the forward primer Akt.for (5�-GGATCCATGAGCGACGTG
GCTATTGTGAAGGA-3�) (BamHI underlined) and the reverse primer
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Akt.rev (5�-CTCGAGGGCCGTGCTGCTGGCCGAGTA-3�) or Akt.S473A.rev
(5�-CTCGAGGGCCGTGCTGCTGGCCGAGTAGGCGAACTGGGGGAAG
T-3�) (EcoRI underlined), whereas HA-AktS473A was cloned using the primer
set comprising Akt.for and Akt.S473A.rev. PCR products were digested with
BamHI and EcoRI, gel purified (Qiagen), and cloned directly into the vector
pcDNA3/myr-HA. The identities of all clones were confirmed by sequence anal-
ysis, and expression of fusion proteins was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting. The
other plasmids used in this study were MT5/myc-His and MT5-GST.

Immunoblot analysis. Samples were fractionated by SDS-PAGE. Separated
proteins were transferred to nitrocellulose and blocked with 5% skim milk in
PBST (PBS and 0.1% Tween 20). Primary antibodies were diluted in 5% skim
milk-PBST and incubated with membranes overnight at 4°C. Membranes were
washed and incubated for 1 h at room temperature with horseradish peroxidase-
conjugated secondary antibodies diluted 1:5,000 in 5% milk-PBST. Immunore-
active proteins were detected by chemiluminescence (PerkinElmer). The poly-
clonal antibodies used were those for detecting human Akt, phospho-Akt
(Thr308), and phospho-Akt (Ser473) (Cell Signaling) and glutathione S-trans-
ferase (GST) (NeoMarkers). The monoclonal antibody specific for the HA
epitope (12CA5; Roche) was also used. Horseradish peroxidase-conjugated goat
anti-mouse and goat anti-rabbit secondary antibodies were obtained from Jack-
son ImmunoResearch Laboratories.

GST pulldown assay. For GST fusion proteins, plasmids were expressed by in
vitro transcription-translation (TNT) according to the manufacturer’s protocol
(Promega) and were incubated with glutathione agarose beads for 2 h. Beads
were pelleted by centrifugation and washed 5 times, and the immunocomplexes
were resolved by SDS-PAGE. Immunoblot analyses were performed as de-
scribed above, using the appropriate antibodies.

AlphaScreen protein interaction protocol. Cells were seeded in six-well plates
at a density of 5 � 105 cells per well in complete growth medium with 10% FBS.
Transfections were performed with Effectene (Qiagen) in accordance with the
manufacturer’s instructions. Cultured cells were collected and cell lysis was
prepared as previously described. All AlphaScreen assays described were per-
formed in triplicate with 384-well white opaque plates (PerkinElmer) by using
PBS containing 0.1% BSA as a buffer. For detection of HA fusion proteins, an
HA detection kit containing anti-HA-coated acceptor beads (PerkinElmer) was
used. Equal concentrations of acceptor beads and streptavidin donor beads were
used at a final concentration of 20 �g/ml in a final volume of 25 �l per well. First,
5 �l of cell lysate, followed by biotinylated-anti-HIS (10 nM) or biotinylated-
anti-Flag antibody (25 nM) and acceptor beads in buffer, was added to each well
and incubated for 2 h at room temperature. A total of 5 �l of a 1:50 dilution of
the donor beads was then added to give a final volume of 25 �l, and the mixture
was incubated at room temperature for 2 h. All additions and incubations were
made in subdued lighting conditions due to the photosensitivity of the beads, and
finally, the assay plates were read with an EnVision plate reader (PerkinElmer).
Likewise, AlphaScreen SureFire phospho-Akt (Thr308) and phospho-Akt
(Ser473) assay kits were used according to the manufacturer’s recommendations
to detect Akt phosphorylation.

RESULTS

Certain Akt inhibitors block MYXV replication in permis-
sive type I and II human cancer cells. An ever-increasing
number of compounds and drugs have been characterized for
their ability to target various components of the PI3K-Akt

signaling pathway and provide novel mechanisms for selec-
tively manipulating the Akt network (13). To further examine
the mechanism by which the phosphorylation status of Akt
affects MYXV replication in human cancer cells, a collection
of small molecular compounds that specifically target the Akt
signaling pathway at diverse stages was examined for the ability
to regulate MYXV replication in permissive and nonpermis-
sive human cell lines. Akt inhibitor I is a D3-modified PI
ester analog, a competitive inhibitor of PI3K with respect to
PI (18), whereas Akt inhibitor V is a synthetic triacyclic
nucleoside which selectively blocks phosphorylation and acti-
vation of Akt but does not inhibit kinase activity or upstream
Akt activators such as PI3K and PDK1 (62). Interaction of Akt
inhibitor VIII with the PH domain of Akt prevents the con-
formational change required for phosphorylation by upstream
kinases, thus blocking the phosphorylation of Akt (5, 23). In
contrast, Akt inhibitor X is an N-substituted phenoxazine that
inhibits the activity of Akt even in the absence of its PH
domain, and it has been suggested that it may bind in the ATP
binding site (56). Type I, II, and III human cancer cells were
treated with various inhibitors (Akt Inhibitors I, V, VIII, and
X) prior to infection with either vMyx-gfp or vMyxT5KO-gfp at
an MOI of 3, and viral replication was determined by the forma-
tion of green fluorescent protein-expressing foci as viewed by
fluorescence microscopy at 48 hours postinfection (hpi). In
HOS (type I) cells, Akt inhibitors VIII and X were able to
successfully reduce viral replication of both vMyx-gfp and
vMyxT5KO-gfp, while Akt inhibitors I and V were able to
reduce replication of vMyxT5KO-gfp only (Fig. 1A, upper two
panels). As demonstrated previously, 786-0 (type II) cells do
not support replication of vMyxT5KO, whereas the wild-type
virus grows permissively (57). In the presence of Akt inhibitors
VIII and X, these cells became less permissive to vMyx-gfp
replication as well; however, Akt inhibitors I and V did not
effect MYXV replication in these type II cells (Fig. 1A, middle
two panels). SK-MEL-5 (type III) cells do not support MYXV
replication, and none of the Akt inhibitors rescued MYXV
replication in these cells (Fig. 1A, lower two panels).

To quantitatively assess the generation of infectious progeny
MYXV, HOS cells were individually treated with these Akt
inhibitors and infected with either vMyx-gfp or vMyxT5KO-
gfp. Samples were harvested for infectious virus at 48 hpi and
titrated on BGMK cells by serial dilution. Viral titers of vMyx-
gfp were considerably reduced when cells were treated with
Akt inhibitors VIII and X (Fig. 1B, lanes 7 and 9 versus lane 1),
whereas cells treated with Akt inhibitors I and V produced
viral progeny levels comparable to those observed for control
treated cells (Fig. 1B, lanes 3 and 5 versus lane 1). In cells
infected with vMyxT5KO-gfp, reduced viral titers were ob-
served in samples treated with all four Akt inhibitors (Fig. 1B,
lanes 4, 6, 8, and 10 versus lane 2).

Successful MYXV replication in human cancer cells is de-
pendent upon activation of endogenous Akt (57), suggesting
that in the presence of these Akt inhibitors, a reduction in
MYXV replication efficiency can be attributed to a decrease in
the level of phosphorylated Akt. Thus, cell lysates of virus-
infected HOS (type I) cells treated with each of these Akt
inhibitors were collected, and phosphorylation of Akt at resi-
dues Thr308 and Ser473 was monitored by Western blotting
using Akt phospho-specific antibodies (Fig. 1C to F, upper

TABLE 1. Primers used to PCR amplify Akt constructs

Primer Sequence

Akt.for..........................GGATCCATGAGCGACGTGGCTATTGTG
AAGGA

Akt.rev..........................CTCGAGGGCCGTGCTGCTGGCCGAGTA
Akt.T308A.for .............GGATCCAAGATCGCAGACTTCGGGCT
Akt.T308A.rev.............TCGAGCGAAGTCTGCGATCTTAAT

GTGC
Akt.S473A.rev .............TCGAGGGCCGTGCTGCTGGCCGAGTAG

GCGAACTGGGGGAAGT
Akt.K179 M.for...........GGATCCCTACGCCATGATGATCCTCAA
Akt.K179 M.rev ..........CTCGAGTTGAGGATCATCATGGCGTAG
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panels). As predicted, the levels of Akt phosphorylation at
both phospho residues were dramatically reduced in the
presence of Akt inhibitor VIII or X in cells infected with
vMyxT5KO (Fig. 1E and F, lanes 5 versus lanes 6). Further-
more, drops in Akt phosphorylation at residue Ser473 and, to
a lesser extent, at Thr308 were observed in cells treated with
either Akt inhibitor VIII or Akt inhibitor X and infected with
vMyx (Fig. 1E and F, lanes 3 versus lanes 4). No significant
decrease in Akt phosphorylation, at either Thr308 or Ser473,
was observed in cells treated with Akt inhibitor I or V and
infected with vMyx (Fig. 1C and D, lanes 3 versus lanes 4). In
contrast, cells treated with Akt inhibitor I or V and infected
with the M-T5 knockout virus (vMyxT5KO) exhibited levels of
Akt phosphorylation that were considerably reduced at residue
Ser473 but not Thr308 (Fig. 1C and D, lanes 5 versus lanes 6).
Elevated levels of endogenous Akt phosphorylation at both the
Thr308 and the Ser473 residues were observed in uninfected
cells in the absence of any Akt inhibitor (Fig. 1C to F, lane 1).
Conversely, all Akt inhibitors were successful at reducing the
level of phosphorylated Akt at residue Ser473 in uninfected
cells, but only Akt inhibitors VIII and X also blocked phos-
phorylation of Thr308 (Fig. 1C to F, lanes 1 versus lanes 2).

To complement the Western blot results, the levels of phos-
phorylated Akt were also assayed by the SureFire modification
of AlphaScreen (Fig. 1C to F, lower panels). SureFire is a
homogenous-bead-based platform that uses AlphaScreen tech-
nology to provide an extremely sensitive and rapid assay for
quantitating the site and extent of Akt phosphorylation. Like
all proximity-based assays, AlphaScreen depends on the bring-
ing together of two distinct types of beads whose proximity
causes the production of an emission fluorescence signal. The
SureFire assay employs phospho and nonphospho antibodies,
specific to Akt, which coat the surfaces of the beads. Only
phosphorylated Akt interacts with both antibodies and brings
the two sets of beads together, thus producing an emission
signal that is detected. As demonstrated, the relative levels of
endogenous phosphorylated Akt at residues Thr308 (Fig. 1C to
F, white bars) and Ser473 (gray bars) were decreased in cells
treated with Akt inhibitor VIII or X and then infected with
either virus (Fig. 1E and F). Alternatively, Akt phosphoryla-
tion levels in cells treated with Akt inhibitor I or V and in-
fected with vMyx remain high (Fig. 1C and D). Furthermore,
decreased levels of phosphorylated Akt at residue Ser473,
but not Thr308, were observed in vMyxT5KO-infected cells
treated with Akt inhibitor I or V (Fig. 1C and D). Since we
cannot create a standard curve for the AlphaScreen assay with
respect to increasingly phosphorylated Akt, we are unable to

propose a correlation between the intensity of the Alpha-
Screen signal and the molar level of Akt phosphorylation. It is
our contention that the AlphaScreen technology can detect
lower levels of phosphorylated Akt than the Western blots
because even transient linking of the donor and acceptor beads
will generate an emission signal. On the basis of the data that
we present, we conclude that when cells express elevated levels
of phosphorylated Akt as measured on Western blots, they will
also be found to produce an increased emission signal when
assayed by AlphaScreen, but not necessarily vice versa. Lastly,
drug treatment or virus infection did not affect the total
amount of Akt protein present in the cell (Fig. 1C to F, upper
panels). Taken together, these data demonstrate that manip-
ulation of the Akt signaling network by small molecular inhib-
itors can have profound effects on MYXV tropism in human
cancer cells. Specifically, two of these inhibitors (I and V) can
distinguish between infections with wild-type MYXV and
vMyxT5KO in type I and II cells, and their inhibitory effects
are suppressed in the presence of M-T5.

Dephosphorylation of Akt by FTY720 blocks MYXV repli-
cation. The immunosuppressant FTY720 is a derivative of ISP-1
(myriocin) and was originally demonstrated to prolong allograft
transplant survival in numerous models by inhibiting lymphocyte
emigration from lymphoid organs (32, 53). FTY720 induces
G0/G1 arrest in Jurkat and HL-60RG cells via dephosphoryla-
tion of retinoblastoma protein (33) and promotes apoptosis in
the human prostate cell line DU145 (43, 58). Furthermore,
FTY720 was shown to dephosphorylate Akt, resulting in the
enhancement of apoptosis via the mitochondrial pathway (22,
26). To examine if FTY720 could inhibit MYXV replication
via Akt dephosphorylation and whether M-T5 could circum-
vent this block, type I and II cells were treated with or without
FTY720 prior to infection with either vMyx-gfp or vMyxT5KO-
gfp. Viral replication was determined by the formation of flu-
orescent green foci as viewed by fluorescence microscopy.
Replication of the wild-type virus in the presence of FTY720
was not affected in permissive cell lines (type I [HOS] and type
II [786-0]); however, treatment of HOS cells with FTY720
considerably reduced replication of vMyxT5KO-gfp (Fig. 2A).
This phenotype was not observed in the type II cells, because
they already do not support replication of vMyxT5KO.

To further examine viral replication in the presence of
FTY720, viral one-step growth curves were performed in type
I and II human cancer cell lines. In HOS cells, both viruses
replicated efficiently and to similar levels in the absence of
FTY720; however, virus titers of vMyxT5KO were significantly
and uniquely lower in the presence of drug (Fig. 2B, left

FIG. 1. Effects of Akt inhibitors on MYXV replication in human cancer cells. (A) HOS, 786-0, and SK-MEL-5 cells were infected with either
vMyx-gfp or vMyxT5KO-gfp in the absence (mock) or presence of various Akt inhibitors, and viral foci were detected by florescence microscopy
at 48 hpi. Inhibitor concentrations are as stated in Materials and Methods. (B) Permissive HOS cells were infected with either vMyx-gfp (white
bars) or vMyxT5KO-gfp (gray bars) at an MOI of 1 in the in the absence (mock) or presence of various Akt inhibitors, virus was collected at 48
hpi, and virus titer was determined using BGMK cells. Titers are expressed as numbers of FFU/106 cells and represent the means � standard
deviations of results from triplicate wells. (C to F) Representative Western blots (upper panels) and results of AlphaScreen SureFire assays (lower
panels) illustrate Akt phosphorylation in cell lysates collected from HOS cells mock infected (lanes 1 and 2) or infected with either vMyx (MV;
lanes 3 and 4) or vMyxT5KO (lanes 5 and 6) at MOI 3 in the presence (�) or absence (�) of various Akt inhibitors. Kinase activation of Akt is
demonstrated by detection of specific phosphorylated forms pAkt-Thr308 (white bars) and pAkt-Ser473 (gray bars). Equal sample loading was
confirmed by detection of total Akt and the housekeeping protein actin. For AlphaScreen SureFire, each sample was assayed in triplicate, and
standard deviations are represented by the error bars.
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panel). In contrast, FTY720 had little or no inhibitory effect on
viral titers of HOS cells infected with vMyx (Fig. 2B, left
panel). Likewise, replication kinetics of wild-type virus in the
786-0 cells were relatively similar in the presence and absence
of drug (Fig. 2B, right panel). As previously demonstrated,
786-0 cells do not support replication of vMyxT5KO (Fig. 2B,
right panel).

On the basis of the reported ability of FTY720 to dephos-
phorylate Akt, cell lysates of MYXV-infected type I and II
cells were collected, and Akt phosphorylation was analyzed by
both Western blot and AlphaScreen SureFire assays. The ad-
dition of FTY720 had little or no effect on the phosphorylation
status of Akt at residue Thr308 in the two cell lines in the
presence or absence of either vMyx or vMyxT5KO (Fig. 2C
and D, left panel). Conversely, phosphorylation of Akt at res-
idue Ser473 was significantly reduced in HOS cells following

treatment with FTY720 (Fig. 2C, lane 1 versus lane 2). How-
ever, in HOS cells treated with FTY720 and infected with
wild-type MYXV but not vMyxT5KO, phosphorylation of Akt
at residue Ser473 remained relatively unchanged (Fig. 2C, lane
3 versus lane 4, and D, lane 1 versus lane 2). Elevated levels of
Akt phosphorylation (Ser473) were observed in 786-0 cells in
the presence or absence of FTY720 only when cells were in-
fected with vMyx (Fig. 2C, lanes 9 and 10, and D, right panel,
lanes 5 and 6). The data indicate that FTY720 dephosphory-
lates Akt at residue Ser473, which coincidently blocks
vMyxT5KO replication in previously permissive HOS (type I)
cells but not vMyx, which can exploit M-T5 to keep this site
phosphorylated.

Phosphatase inhibitors promote MYXV replication in pre-
viously nonpermissive human cancer cells. Activation of Akt is
highly regulated by the intricate role of kinases and phospha-

FIG. 2. Inhibition of vMyxT5KO replication by FTY720. (A) HOS, 786-0, and SK-MEL-5 human cancer cells were infected with either
vMyx-gfp or vMyxT5KO-gfp in the absence (�) or presence (�) of FTY720, and at 48 hpi, viral focus formation was determined by florescence
microscopy. (B) HOS (left) and 786-0 (right) cells were infected with either vMyx-gfp or vMyxT5KO-gfp at an MOI of 1 in the in the absence or
presence of FTY720, and the titer of virus collected at various hpi was determined using BGMK cells. Titers are expressed as numbers of FFU/106

cells and represent the means � standard deviations of results from triplicate wells. (C) Representative Western blots showing detection of Akt
in cell lysates from HOS (left) and 786-0 (right) cells at 24 hpi following mock infection (lanes 1 and 2), or infection with either vMyx (lanes 3 and
4) or vMyxT5KO (lanes 5 and 6) at an MOI 3 in the in the presence (�) or absence (�) of FTY720. Kinase activation of Akt is demonstrated
by detection of specific phosphorylated forms pAkt-Thr308 and pAkt-Ser473. Equal sample loading was confirmed by detection of actin. (D) Cell
lysates of HOS cells prepared from those shown in panel C were assayed for Akt phospho-Thr308 (left) and Akt phospho-Ser473 (right) by using
the standard AlphaScreen SureFire protocol. Each sample was assayed in triplicate, and standard deviations are represented by the error bars.
Mock-treated cells are represented by white bars, whereas cells treated with FTY720 are represented by gray bars. WT, wild type.

FIG. 3. PP2A-specific protein phosphatases rescue MYXV replication in nonpermissive type III cancer cells. MYXV focus formation was
detected at 48 hpi by florescence microscopy in HOS, 786-0, and SK-MEL-5 cells infected with either vMyx-gfp or vMyxT5KO-gfp in the absence
(mock) or presence of various protein phosphatase inhibitors. a-NAP, �-naphthyl acid phosphate, monosodium salt.
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tases that function to control the addition or removal of phos-
phates at the residues Thr308 and Ser473. Two phosphatases,
protein phosphatase 2A (PP2A) and the recently identified PH
domain leucine-rich repeat protein phosphatase (PHLPP), in-
activate Akt via the dephosphorylation of residues Thr308 and
Ser473, respectively. In nonpermissive type III human cancer
cells, the level of endogenous phosphorylated Akt remains
extremely low even in the presence of virus that expresses
M-T5, suggesting the possibility that these phosphatases may
be overexpressed or excessively active. To test this hypothesis,
a collection of protein phosphatase inhibitors were selected
and tested for their ability to rescue MYXV replication in non-
permissive human cancer cells. HOS, 786-0, and SK-MEL-5 cells
were treated with one of the phosphatase inhibitors (DARPP-32
[PP1], endothall [PP2A], fenvalerate [PP2B], �-napthyl acid
phosphate [broad spectrum], and okadaic acid [PP2A]) prior
to infection with either vMyx-gfp or vMyxT5KO-gfp, and viral
replication was determined by the formation of fluorescent
green foci as viewed by fluorescence microscopy (Fig. 3). In the
HOS cells, none of the phosphatase inhibitors appeared to
significantly alter replication of either virus, as based on the
production of fluorescent green foci. The phosphatase inhibi-
tors were unsuccessful at restoring replication of vMyxT5KO
in the 786-0 cells and did not change the replicative ability of
vMyx. In stark contrast, the PP2A inhibitor okadaic acid was
capable of releasing the replicative block in SK-MEL-5 cells to
restore vMyx permissivity. Endothall, another PP2A inhibitor,
had an effect similar to that observed for okadaic acid, but to
a lesser extent. However, neither okadaic acid nor endothall
was able to rescue replication of vMyxT5KO in the SK-MEL-5
cells. These findings suggest that inhibition of the PP2A phos-
phatase can restore vMyx permissivity in type III human cancer
cells that previously did not support viral replication.

The combination of okadaic acid and rapamycin induces
full Akt phosphorylation to rescue vMyxT5KO replication. To
confirm the ability of okadaic acid to rescue MYXV replication
in type III cells, viral titers of infected cells were determined.
The viral titers of both vMyx-gfp and vMyxT5KO-gfp in HOS
and 786-0 cells treated with and without okadaic acid were
indistinguishable (Fig. 4A, lanes 1 to 8). In contrast, SK-
MEL-5 cells treated with okadaic acid prior to infection with
vMyx resulted in a significantly higher viral titer than cells not
treated with okadaic acid (Fig. 4A, lane 9 versus lane 10),
whereas no increase in viral titer was observed in type III cells
treated with okadaic acid and infected with vMyxT5KO-gfp
(Fig. 4A, lane 11 versus lane 12).

Previous work in our laboratory demonstrated that the drug
rapamycin was able to dramatically increase vMyxT5KO rep-
lication and spread in type II but not type III human cancer

cells. Furthermore, rapamycin treatment was shown to induce
Akt phosphorylation via the mTOR signaling network (47).
The combination of okadaic acid and rapamycin was used to
treat SK-MEL-5 cells prior to infection with either vMyx-gfp or
vMyxT5KO-gfp, and viral titers were determined at 48 hpi. In
the presence of okadaic acid and rapamycin, the titer of
vMyxT5KO was dramatically higher than that observed in the
presence of either drug alone or no drug (Fig. 4B, lane 8 versus
lanes 4 and 6). Interestingly, the combination of okadaic acid
and rapamycin also significantly increased wild-type vMyx rep-
lication in comparison to that observed in the presence of
okadaic acid only (Fig. 4B, lane 3 versus lane 7).

The endogenous level of phosphorylated Akt in the SK-
MEL-5 cells was measured, and treatment with okadaic acid
and rapamycin considerably increased the phosphorylation lev-
els at both the Thr308 and the Ser473 residues (Fig. 4C, lane
4). This pattern of Akt phosphorylation was also observed in
vMyxT5KO-infected cells (Fig. 4C, lane 12). Cells infected
with wild-type vMyx and treated with either okadaic acid or
rapamycin expressed higher levels of Akt phosphorylation;
however, the level of Akt phosphorylation was appreciably
increased following treatment with the combination of drugs
(Fig. 4C, lanes 6 and 7 versus lane 8). We currently do not
understand why increased Akt phosphorylation was observed
only in SK-MEL-5 cells treated with okadaic acid or rapamycin
alone and infected with wild-type vMyx (Fig. 4C, lanes 6 and
7), not in the absence of virus (Fig. 4C, lanes 2 and 3) or in
vMyxT5KO-infected cells (Fig. 4C, lanes 10 and 11). Our pre-
ferred explanation is that rapamycin-induced phosphorylation
of Akt is necessary, but alone is not sufficient, to relieve the
block to MYXV in type III cells. An additional, still-undefined
block, downstream of Akt phosphorylation, likely exists in SK-
MEL-5 cells to prevent the activation of target signaling path-
ways necessary to restore viral replication. However, the re-
sults clearly demonstrate that M-T5 influences the ability of
both of these drugs to upregulate Akt activation in type III
cancer cells. Pharmacological manipulation of the Akt signal-
ing network may provide a mechanism by which cellular tro-
pism can be altered, thus offering clues into the cellular blocks
that inhibit MYXV replication in nonpermissive human cancer
cells. The results indicate that okadaic acid and rapamycin
facilitate MYXV replication in type III cancer cells by increas-
ing Akt phosphorylation at both Thr308 and Ser473.

M-T5 binding is dependent upon prior Akt phosphorylation.
Although MYXV is a rabbit-specific poxvirus pathogen, a
broad collection of human cancer cells can support productive
viral replication (54). Permissive type I cancer cells were found
to possess high levels of endogenously activated Akt, whereas
in nonpermissive type III human cancer cells, the level of

FIG. 4. Combination of okadaic acid plus rapamycin enhances vMyxT5KO replication in type III cancer cells. The effect of okadaic acid on
MYXV replication in HOS (lanes 1 to 4), 786-0 (lanes 5 to 8), and SK-MEL-5 (lanes 9 to 12) cells. All cells were either mock-treated (white bars)
or preincubated with okadaic acid (gray bars) for 4 h prior to infection with vMyx-gfp (WT) or vMyxT5KO-gfp (T5KO), and at 48 hpi, focus
formation was determined by florescence microscopy. (B) Single-step growth analysis of vMyx-gfp (open bars) and vMyxT5KO-gfp (gray bars) at
48 hpi in type III SK-MEL-5 cells. Prior to viral infection, cells were mock treated (lanes 1 and 2) or treated with either okadaic acid (lanes 3 and
4), rapamycin (lanes 5 and 6), or both okadaic acid and rapamycin (lanes 7 and 8). Titers are expressed as numbers of FFU/106 cells and represent
the means � standard deviations of results from triplicate wells. (C) Cell lysates were prepared from type III SK-MEL-5 cells mock infected (lanes
1 to 4) or infected with either vMyx (lanes 4 to 8) or vMyxT5KO (lanes 9 to 12) at an MOI of 3 in the absence (�) or presence (�) of okadaic
acid and/or rapamycin.
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endogenous phosphorylated Akt remained essentially non-
detectable, even following wild-type MYXV infection (57).
To investigate whether full or partial phosphorylation of
Akt might be critical for binding M-T5, HEK293 cells were
cotransfected with MT5/myc-His and either HA-Akt or dom-
inant-negative Akt (HA-Akt�2), in which the two major sites
of ligand-induced phosphorylation (Thr308 and Ser473) are
both replaced by alanine. Cells transfected with M-T5 and
wild-type Akt were found to produce a strong binding signal
when lysates were tested for M-T5/Akt binding by Alpha-
Screen the following day (Fig. 5A, lane 1). Alternatively, trans-
fection of HA-Akt�2 dramatically reduced binding affinity be-
tween the two proteins (Fig. 5B, lane 2), suggesting that at least
some phosphorylation of Akt is critical for M-T5 binding.

Subsequently, the importance of Akt phosphorylation for
binding M-T5 was examined using human cancer cells. Type I
(Caki), II (786-0), and III (MCF-7) human cancer cells were
cotransfected with MT5/myc-His and either HA-Akt, a consti-
tutively active mutant of Akt (HA-Myr-Akt), or HA-Akt�2.
The kinase activity of Myr-Akt, which consists of Akt1 fused to
a myristoylation sequence, is much greater than that of the
wild-type Akt enzyme. A distinct M-T5/Akt binding signal was
observed in both type I and type II cells cotransfected with
HA-Akt and MT5/myc-His (Fig. 5B, lanes 1 and 2); however,
in type III cells, only a relatively low-level binding signal was
detected (Fig. 5B, lane 3), suggesting that M-T5 was essentially
unable to bind Akt in these MYXV-nonpermissive cells. Strik-
ingly, transfection of HA-Myr-Akt promoted binding to MT5/
myc-His in type III human cancer cells, as demonstrated by the
increase in binding signal (Fig. 5B, lane 6). In contrast, binding
between Akt and M-T5 was completely lost in type I, II, and III
human cancer cells when MT5/myc-His was cotransfected with
HA-Akt�2 (Fig. 5B, lanes 7 to 9). Our findings suggest that at
least some phosphorylation of Akt is critical for binding M-T5
in both HEK293 and human cancer cells and that manipula-
tion of the Akt phosphorylation status can perturb the inter-
action between these two binding partners.

Since some phosphorylation of Akt is critical for physical
binding to M-T5, we next investigated the ability of Akt inhib-
itors VIII and X to block the interaction of these binding
partners. Type I, II, and III human cancer cells were cotrans-
fected with MT5/myc-His and HA-Akt and were treated with
either Akt inhibitor VIII or Akt inhibitor X the following day.
Cell lysates were collected 2 days after transfection and were
assayed for M-T5/Akt binding by AlphaScreen. In the presence
of either inhibitor, the binding affinity between M-T5 and Akt,
as demonstrated by the signal strength, was significantly re-
duced in type I (Fig. 5C, compare lane 1 to lane 4 or 7) and
type II (Fig. 5C, compare lane 2 to lane 5 or 8) human cancer
cells. No interaction between M-T5 and Akt in the type III
cells was observed in the presence or absence of inhibitors
(Fig. 5C, lanes 3, 6, and 9), in agreement with the results shown

in Fig. 5B. Taken together, these data provide evidence for the
molecular interaction between M-T5 and Akt and the impor-
tance of at least some Akt phosphorylation prior to M-T5
binding.

Phosphorylation of Akt residue Thr308 promotes M-T5
binding. To further examine how Akt phosphorylation dictates
M-T5 binding, a collection of Akt mutants was constructed
(Fig. 6A) and assayed for interactions by a GST pulldown assay
and AlphaScreen. Each plasmid was sequence verified, and
Akt protein expression and phosphorylation were confirmed by
Western blot analysis using phospho- and non-phospho-spe-
cific Akt antibodies (Fig. 6B, upper three panels). A coupled in
vitro transcription-translation (TNT) protocol was used to co-
express MT5-GST, tagged at the C terminus with GST, plus
one of the Akt proteins fused to a common N-terminal HA tag
(HA-Akt, HA-Akt�T308A, HA-Akt�S473A, HA-Akt�2, HA-
Akt�3, and HA-Akt�K179M). Samples were then incubated
with GST-coated beads to pull down MT5-GST fusions, and
complexes were resolved by SDS-PAGE and immunoblotted
with anti-HA antibody to analyze binding of HA-tagged Akt
proteins. Coprecipitation of MT5-GST and HA-Akt was ob-
served only when threonine was present at Akt residue 308,
whereas binding was abolished following substitution of ala-
nine at this position (Fig. 6B, lower panels, 2nd, 4th, and 5th
lanes). In contrast, mutations at either residue 473 (S3 A) or
residue 179 (K 3 M) did not significantly affect the ability of
M-T5 to bind Akt (Fig. 6B, lower panels, 3rd and 6th lanes).
Similar results were observed when binding between M-T5 and
the various Akt mutants was assayed by AlphaScreen (Fig. 6C).
These findings demonstrate that Akt phosphorylation of
Thr308, but not residue Ser473, is critical for binding M-T5.

DISCUSSION

An emerging body of evidence clearly demonstrates the re-
markable ability of poxviruses to specifically manipulate a wide
spectrum of cellular signaling networks to establish a cellular
environment more favorable to viral replication (28). The
PI3K-Akt-mTOR pathway has been reported to influence a
diverse range of biological functions (9) and therefore provides
an ideal target for poxviruses to reconfigure intracellular sig-
naling according to their replicative requirements. The or-
thopoxviruses, vaccinia virus, and cowpox virus have been
shown to rapidly activate the PI3K-Akt pathway following in-
fection, and blockage of PI3K signaling with the inhibitor
LY294002 significantly decreased viral titer and induced an
apoptotic response (45). Similarly, MYXV tropism is depen-
dent upon activation of Akt; however, in contrast to what was
found for the orthopoxviruses, like vaccinia and cowpox virus,
inhibition of PI3K by LY294002 did not block MYXV repli-
cation (57), suggesting that MYXV possesses a unique ability
to modulate Akt activation directly at the level of Akt itself. On

FIG. 5. The cellular environment regulates the interaction between Akt and M-T5. Cells were transiently transfected with the specified (�)
combination of plasmids (MT5/myc-His, HA-Akt, HA-Akt�2, and HA-Myr-Akt) in HEK293 (A) or Caki, 786-0, and MCF-7 (B and C) cell lines.
Cell lysates were harvested after 48 h and preincubated with biotin conjugated anti-Myc antibody and donor/acceptor beads before an AlphaScreen
assay was performed to determine binding. Each sample was assayed in triplicate, and the error bars represent standard deviations. (C) Cells were
either mock treated or treated with Akt inhibitor VIII or X prior to collection of cell lysis and AlphaScreen analysis of M-T5 binding to Akt.
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the other hand, direct inhibition of Akt phosphorylation by the
transfection of a dominant-negative form of Akt significantly
reduced the replicative potential of MYXV in permissive hu-
man cancer cell lines (57). In the current study, four inhibitors
that function to block Akt signaling, each with a unique mode
of action, were exploited to investigate the details of M-T5
interaction with Akt.

Many commercially available Akt inhibitors act by either
preventing the generation of PIP3 by PI3K or blocking the
binding of PIP3 to Akt. This inhibitor mode is utilized by PI
analogs, such as Akt inhibitor I, which bind to the PH domain
of Akt to occupy the binding site used by PIP3 (18). Another
mode of inhibition involves preventing the activation of Akt via
inhibition of upstream effectors. For example, the triacyclic
nucleoside Akt inhibitor V targets an Akt effector molecule
other than PI3K or PDK1 to selectively inhibit phosphoryla-
tion and activation of Akt (21, 62). Furthermore, this inhibitor
exhibits little effect toward cellular signaling pathways medi-
ated by PKC, PKA, SGK, Stat3, p38, extracellular signal-reg-
ulated kinase 1/2 (ERK1/2), or Jun N-terminal protein kinase
(JNK) and has been shown to preferentially induce apoptosis
and growth arrest in cancer cells with aberrant Akt activity
both in vitro and in vivo (21, 62). Alternatively, other drugs, like
Akt inhibitor VIII, specifically bind the PH domain of Akt to
promote formation of an inactive conformation, which does
not allow phosphorylation by upstream kinases (5, 12, 23, 64).
Interestingly, Akt inhibitor VIII does not exhibit any inhibitory
effects against PH domain-lacking Akt variants or other closely
related AGC family kinases (PKA, PKC, or SGK), even at
concentrations as high as 50 �M (5), whereas Akt inhibitor X
binds in the ATP binding site of Akt and the mode of inhibi-
tion is not PH domain dependent. Subsequently, the drug
inhibits insulin-like growth factor I (IGF-I)-stimulated nuclear
translocation of Akt and blocks phosphorylation of the down-
stream Akt targets, mTOR and p70S6 kinase (56).

We report here that only Akt inhibitors VIII and X were able
to reduce viral replication when cells were infected with MYXV
(with or without M-T5); however, in the absence of M-T5, the
level of replication of the knockout virus (vMyxT5KO) was se-
lectively lower in type I cancer cells treated with the Akt
inhibitors I and V (Fig. 1). Interestingly, neither Akt inhibitor
I nor Akt inhibitor V directly targets Akt; rather, these inhib-
itors function by targeting elements immediately upstream of
Akt itself, which may explain the inability of these inhibitors to
efficiently reduce replication when M-T5 is expressed by
MYXV. In other words, M-T5 can specifically circumvent the
effects of these two Akt inhibitors by binding Akt directly. In
contrast, Akt inhibitors VIII and X appear to block activation
of Akt in a manner that M-T5 is unable to overcome, and this
suggests that these two drugs block required signaling elements
that are exploited when M-T5 activates Akt.

The immunomodulator FTY720 is a synthetic sphingosine
analogue of myriocine and has been extensively studied in
experimental allotransplantation models and autoimmune dis-
ease models (8, 10, 27, 51–53). An increasing number of stud-
ies have examined the antitumoral properties of FTY720, and
in bladder cancer, breast cancer, and leukemia, FTY720 was
found to be effective at inducing apoptosis (3, 4, 26). At the
molecular level, FTY720 was shown to dephosphorylate Akt,
resulting in enhancement of apoptosis through mitochondria

FIG. 6. Phospho status of Akt residue Thr308 mediates M-T5 bind-
ing. (A) Schematic representation of the Akt constructs used during
this study. Amino acid substitutions are indicated. All Akt constructs
contain an amino-terminal HA tag. (B) The plasmid MT5-GST and
the various HA-Akt constructs were coexpressed by in vitro-coupled
transcription-translation and subjected to a GST pulldown assay. Pre-
cipitates and total lysates were resolved by SDS-PAGE and probed
with anti-HA (�-HA) antibody to detect coprecipitated viral proteins
(lower panels). Expression and phosphorylation of Akt proteins were
confirmed by immunoblotting with phospho- and non-phospho-specific
Akt antibodies and antibody against HA epitope (upper three panels).
Furthermore, M-T5 expression was detected by an anti-GST-specific
antibody. Bands of interest are represented by arrows. (C) Cell lysates
were collected from transiently transfected HEK293 cells and assayed
for protein-protein binding by AlphaScreen as described in the legend
to Fig. 5.
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by inhibition of Bcl-2 (26). Dephosphorylation of Akt at resi-
due Ser473 was more pronounced than phosphorylation of
Thr308 in both in vitro and in vivo models (22), and this spec-
ificity prompted us to examine the effects of this drug on
MYXV replication. As we report here, FTY720 had little if any
effect on wild-type MYXV replication; however, in the absence
of M-T5, viral titers were specifically and dramatically reduced
in type I human cancer cells compared to the titers observed in
mock-treated cells (Fig. 2A and B). A correlation between
lower viral titers of vMyxT5KO and decreased phosphorylation
of Akt at residue Ser473 was observed in cells treated with
FTY720. In stark contrast, no decrease in phosphorylated Akt
was observed in wild-type MYXV-infected cells treated with
FTY720, suggesting that M-T5 is able to counteract the mech-
anism by which FTY720 induces dephosphorylation of Akt in
these cells (Fig. 2C and D). Similarly, reduced vMyxT5KO
replication was observed in cells treated with either Akt inhib-
itor I or Akt inhibitor V (Fig. 1); however, the mechanisms by
which these compounds block vMyxT5KO may or may not be
identical. In either case, FT720 provides an alternative reagent
for studying how Akt phosphorylation at specific sites influ-
ences MYXV infection in human cancer cells.

Reversible phosphorylation is an important intracellular reg-
ulatory mechanism for many diverse cellular processes. The
two phosphatases PP2A and PHLPP tightly regulate the cel-
lular activity of Akt via dephosphorylation of residues Thr308
and Ser473, respectively. Interestingly, when a collection of
phosphatase inhibitors was screened for the ability to rescue
MYXV replication in nonpermissive type III human cancer
cells, only okadaic acid and endothall were found to be effec-
tive at rescuing virus replication. Both okadaic acid and endo-
thall are specific inhibitors of PP2A, suggesting that inhibition
of the protein phosphatase PP2A can relieve the MYXV rep-
licative block in these cells. Furthermore, increased MYXV
replication was correlated with elevated levels of Akt phosphor-
ylation at both Thr308 and Ser473. However, in the absence of
M-T5, neither okadaic acid nor endothall could successfully
restore MYXV permissivity, even though increased levels of
Akt phosphorylation of Akt at residue Thr308 but not Ser473
were observed. This would imply that M-T5 functions to pro-
actively promote phosphorylation of Akt at residue Ser473,
and this is necessary for productive MYXV replication to oc-
cur. Thus, the failure of MYXV to replicate in these nonper-
missive type III cancer cells may be attributed to overexpres-
sion of PP2A; however, this has not been examined in further
detail. In this study, the concentration of inhibitors used was
low to reduce toxicity, so some of the phosphatase inhibitors
that did not significantly alter MYXV replication may have
been insufficiently active in these cells at the chosen concen-
trations.

The mTOR signaling pathway plays a critical role in cell
growth, proliferation, and survival, in part by regulation of
translation initiation (16). mTOR, the central component, ex-
ists in two structurally and functionally distinct protein com-
plexes, mTORC1 and mTORC2. Upon activation, the raptor-
mTOR protein complex (mTORC1) functions to increase
mRNA translation via activation of p70S6 kinase and inhibi-
tion of the eIF4E-binding protein (17). Rapamycin forms a
complex with FKBP12 that binds mTORC1 to specifically in-
hibit mTORC1 signaling (37). The rictor-mTOR protein com-

plex (mTORC2) is largely rapamycin insensitive, was identified
as the previously elusive kinase (PDK2) responsible for the
phosphorylation of Akt at residue Ser473, and is required for
the full activation of Akt (41). Originally characterized for its
ability to block activation of mTOR, rapamycin and its analogs
(rapalogs) have proven effective as anticancer agents in a
broad range of preclinical models (30, 38). Recent reports have
shown that prolonged inhibition of mTOR by rapamycin
blocked mTORC2 assembly and subsequent activation of Akt
(40, 63). Alternatively, inhibition of mTOR in some cells was
demonstrated to induce Akt activation via elevated expression
of the receptor tyrosine kinase insulin receptor substrate-1
(36, 44). Furthermore, our laboratory previously reported
that rapamycin increased the levels of constitutively acti-
vated Akt in human giloma cells and enhanced the oncolytic
potential of MYXV in an orthotopic human medulloblas-
toma xenograft mouse model (25). On the basis of the ability
of rapamycin to promote Akt phosphorylation and rescue
replication of vMyxT5KO in type II human cancer cells (47),
we were prompted to investigate whether the combination of
rapamycin plus okadaic acid could successfully restore
vMyxT5KO replication in type III SK-MEL-5 cells (Fig. 4).
Even in the absence of MYXV infection, increased Akt phos-
phorylation of Akt at both the Thr308 and the Ser473 residues
was observed following the dual drug treatment of these cells
but not following treatment with either drug alone. The results
suggest that following hemi-phosphorylation of Akt at residue
Thr308, M-T5 is able to promote the subsequent phosphorylation
of residue Ser473 and thus fully activate Akt. Moreover, these
results show that MYXV replication in type III human cancer
cells can be achieved through manipulation of the PI3K-Akt-
mTOR signaling cascade, which ultimately leads to the full acti-
vation of Akt.

In the majority of human cancer cells, the Akt pathway is
either mutated or constitutively activated, often providing the
appropriate intracellular signaling environment for a produc-
tive MYXV replication to occur. However, in type III cells that
have little or no endogenous phosphorylated Akt and do not
support MYXV replication, drugs that promote activation of
Akt, such as okadaic acid, can be used to expand the tropism
of MYXV. Obviously, this needs to be balanced by the fact that
constitutive enhancement of Akt kinase activity also blocks
apoptosis and promotes cellular proliferation, both of which
might accelerate cancer progression in the absence of an on-
colytic virus. Over 100 unique Akt kinase substrates have been
identified to date, covering a broad range of cellular functions,
and currently, it is not known which downstream pathway(s)
contributes to the promotion of MYXV replication in human
cancer cells. Thus, identification of drugs that specifically en-
hance MYXV replication but do not significantly influence
other cellular pathways would be ideal. We have previously
shown that overexpression of the cellular ANK repeat-contain-
ing protein PIKE-A is able to upregulate Akt kinase activity
and promote MYXV replication in previously nonpermissive
cells (59). PIKE-A, a physiological regulator of Akt, binds
directly to activated Akt in a guanine nucleotide-dependent
manner and stimulates the kinase activity of Akt (1). In fact,
overexpression of PIKE-A in human cancer cells inhibits apop-
tosis by enhancing the kinase activity of Akt (1). Future studies
will examine small molecular libraries for novel compounds
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that have the capacity to expand MYXV tropism and enhance
viral replication in type III cancer cells. Furthermore, we plan
to test small interfering RNA (siRNA) knockdown of specific
components of the Akt signaling cascade to deconstruct the
downstream pathway requirements for MYXV tropism in can-
cer cells. This knowledge may have significant implications for
the rational design of the next generation of oncolytic viruses
as the development of new and improved synergistic cancer
therapies continues.

Although many virus-encoded proteins have been reported
to target the PI3K-Akt-mTOR signaling cascade, M-T5 is the
only viral protein shown to date that directly binds and acti-
vates Akt. Interestingly, no physical interaction between M-T5
and Akt was observed in type III cells that exhibit very low
levels of constitutively phosphorylated Akt, which suggests that
the phospho status of Akt may dictate the initial binding of
M-T5. In support of this, when a constitutively active variant of
Akt was tested, binding of M-T5 and Akt could be readily
detected in each of the three classes of cancer cells. However,
a nonphosphorylatable Akt variant (with alanine at the two
phosphorylation sites) was unable to bind M-T5 in all three cell
lines examined (Fig. 5). These results are congruent with pre-
vious studies in which expression of constitutively active Akt
was able to rescue MYXV infectivity in type III human cancer
cells; however, even transfection of M-T5 could not rescue
MYXV replication in these cells (57), which we now believe is
because M-T5 cannot bind completely unphosphorylated Akt.
The rate-limiting step to Akt activation is the binding of PIP3

to the PH domain of Akt, which promotes Akt localization to
the plasma membrane. Once correctly positioned at the plasma
membrane, Akt can then be phosphorylated by its activating
kinases, leading to full activation. Furthermore, phosphoryla-
tion of both residues is required for full Akt activity, and
phosphorylation of Thr308 is not dependent on phosphoryla-
tion of Ser473 or vice versa, as measured by in vitro kinase
assays (2). Analysis of Akt mutants in which the Thr308 or
Ser473 sites were individually converted to alanine showed that
phosphorylation of Thr308, but not residue Ser473, was critical
for binding M-T5 (Fig. 6). These results suggest that MYXV
tropism in human cancer is largely dependent upon the endog-
enous phospho status of Akt residue Thr308. As one model,
phosphorylation of Akt at residue Thr308 may induce a con-
formational change allowing M-T5 access to a previously

blocked binding site. Once M-T5 is bound to hemi-phosphory-
lated Akt, it is not yet known whether M-T5 alters the avail-
ability of Akt to kinases or phosphatases that regulate the
Ser473 site; however, the subsequent phosphorylation of
Ser473 is particularly dramatic (Fig. 7). Future studies will
examine the possible mechanism(s) by which M-T5 regulates
Ser473 phosphorylation, for example, by increasing access to
the kinase mTORC2 or decreasing access to the protein phos-
phatase PHLPP.

In summary, poxviruses encode a myriad of proteins that
coordinate remarkable intracellular signaling modifications to
establish an environment which will support productive virus
replication. Although M-T5 has been shown to enhance MYXV
replication through interaction with Akt, many of the funda-
mental questions regarding the mechanism of this interaction
remain poorly understood. The results in this study suggest
that binding of M-T5 is dependent upon the endogenous phos-
pho status of Akt residue Thr308 and that pharmacological
manipulation of the Akt signaling pathway can significantly
influence the outcome of MYXV replication in human cancer
cells. Thus, this knowledge may have significant implications
for the identification of novel compounds for use in conjunc-
tion with MYXV virotherapy to increase the oncolytic poten-
tial of this virus. Furthermore, understanding the interaction
between viral host range factors like M-T5 and cellular targets
such as Akt will provide invaluable insights into how vital
cellular networks can be reprogrammed by viral factors to
increase virus survival at the cellular level.
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