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The myxoma virus (MV) ankyrin repeat, host range factor M-T5 has the ability to bind and activate cellular
Akt, leading to permissive MV replication in a variety of diverse human cancer cell lines (G. Wang, J. W.
Barrett, M. Stanford, S. J. Werden, J. B. Johnston, X. Gao, M. Sun, J. Q. Cheng, and G. McFadden, Proc. Natl.
Acad. Sci. USA 103:4640–4645, 2006). The susceptibility of permissive human cancer cells to MV infection is
directly correlated with the basal or induced levels of phosphorylated Akt. When M-T5 is deleted from MV, the
knockout virus, vMyxT5KO, can no longer productively infect a subset of human cancer cells (designated type
II) that exhibit little or no endogenous phosphorylated Akt. In searching for a host counterpart of M-T5, we
noted sequence similarity of M-T5 to a recently identified ankyrin repeat cellular binding protein of Akt called
PIKE-A. PIKE-A binds and activates the kinase activity of Akt in a GTP-dependent manner and promotes the
invasiveness of human cancer cell lines. Here, we demonstrate that transfected PIKE-A is able to rescue the
ability of vMyxT5KO to productively infect type II human cancer cells that were previously resistant to
infection. Also, cancer cells that were completely nonpermissive for both wild-type and vMyxT5KO
infection (called type III) were rendered fully permissive following ectopic expression of PIKE-A. We
conclude that the MV M-T5 host range protein is functionally interchangeable with the host PIKE-A
protein and that the activation of host Akt by either M-T5 or PIKE-A is critical for the permissiveness of
human cancer cells for MV.

Myxoma virus (MV) is a rabbit-specific poxvirus pathogen
that is being developed as an oncolytic therapeutic because it
is nonpathogenic in humans but nevertheless can infect and kill
a wide spectrum of human cancer cells (10, 18). MV permis-
siveness in a subset of human cancer cells is critically depen-
dent upon the expression of a viral host range protein called
M-T5. M-T5 has no significant sequence homology to nonviral
proteins in the sequence database but is categorized as a mem-
ber of a larger poxvirus superfamily designated the ankyrin
repeat (ANK) host range proteins (11). M-T5 was first identi-
fied as a virulence factor that is critical for productive myxo-
matosis in infected rabbits, based on its ability to inhibit
apoptosis in rabbit T lymphocytes (13). More recently, M-T5 was
shown to regulate cell cycle progression at the G0/G1 check-
point through interactions with cellular cullin 1, which directly
enhances ubiquitination of p27 (Kip-1) and subsequent degra-
dation through the 26S proteasome pathway (7). MV exhibits
strict species specificity for rabbits, causing a lethal disease
called myxomatosis in European rabbits (Oryctolagus cunicu-
lus) and localized fibromas that resolve in rabbits (Sylvilagus
sp.) of the Americas (5). MV is nonpathogenic for all other
tested vertebrates; however, MV can productively infect a va-
riety of human cancer cells that either possess activated Akt or
can permit Akt activation following MV infection (21).

In virus-infected human tumor cells, M-T5 forms a complex
with cellular Akt and upregulates its kinase activity (21). Given
this ability to regulate Akt activation, we initiated a search for
a host analogue of M-T5 that could bind and upregulate Akt
activation. A recently identified cellular protein, PIKE-A (PI3-
kinase enhancer activating AKT), has also been shown to bind
directly to activated Akt in a guanine nucleotide-dependent
manner, stimulating the kinase activity of Akt and promoting
the invasiveness of cancer cell lines (2). PIKE-A exhibits broad
tissue specificity and contains an N-terminal GTPase domain
and a C-terminal ankyrin repeat motif, both of which associate
with the regulatory and partial catalytic domains of Akt (3).
Overexpression of PIKE-A in human cancer cells inhibits apop-
tosis by enhancing the kinase activity of Akt, whereas rapid
apoptosis and a loss of Akt activity is observed when PIKE-A
is knocked down by small interfering RNA (2).

Our analysis of the permissiveness of human cancer cells for
MV indicated that the cells fell into three categories: (i) type I
cells possessed endogenous activated Akt and were permissive
for MV and vMyxT5KO, (ii) type II cells had low levels of Akt
activation and were permissive for MV but not for vMyxT5KO,
and (iii) type III cells had no activated Akt and were nonper-
missive for both MV and vMyxT5KO. Thus, if Akt was preac-
tivated or could be activated by MV infection via M-T5, the
cancer cells were permissive, but if Akt remained unactivated,
the cells were nonpermissive for MV infection.

We were therefore prompted to look for cellular proteins
capable of binding and activating Akt in a fashion similar to
that of M-T5 (21). In type II human cancer cells, for which MV
deficient in M-T5 expression (vMyxT5KO) is nonpermissive,
we demonstrate here that ectopic overexpression of PIKE-A
rescues vMyxT5KO replication. In addition, type III cancer
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cells, which did not support the replication of either vMyxlac or
vMyxT5KO, were rendered permissive for MV replication
when these cells were transiently transfected to express PIKE-A
before infection. Elevated levels of phosphorylated Akt were
observed when PIKE-A-transfected cancer cells were infected
with either vMyxlac or vMyxT5KO virus. Finally, virus-induced
apoptosis in infected type II and type III cancer cells was
blocked by transfected PIKE-A prior to MV infection. The
implications of these results for the development of MV as an
oncolytic agent to treat human cancer will be discussed further
below.

MATERIALS AND METHODS

Cell culture. Established cell lines used in this study included baby green
monkey kidney (BGMK) cells, human embryo kidney (HEK) 293 cells, and
the human tumor cell lines HOS, 786-0, and MDA-MB435, which were
obtained from the NCI (Canada) reference collection. All cells were propa-
gated in 5% CO2 at 37°C in Dulbecco’s modified Eagle medium completed
with 10% fetal bovine serum (FBS) (Sigma), 100 units penicillin/ml, and 100
�g streptomycin/ml (Invitrogen).

Viruses and infection. The recombinant viruses used in this study have been
described previously and include vMyxlac, a control MV (strain Lausanne) that
expresses �-galactosidase and wild-type M-T5 (16), and vMyxT5KO, which also
expresses �-galactosidase but fails to express M-T5 due to targeted disruption of
both copies of the M-T5 open reading frame (M005R/L) (13). All viruses were
propagated and titrated by focus formation on BGMK cells as described previ-
ously (16). For infection studies, cells were incubated at the indicated multiplicity
of infection (MOI) with either virus for 1 h at 37°C; infected cells were then
washed three times with phosphate-buffered saline to remove excess virus and
cultured in normal medium until they were used in subsequent experiments.
�-Galactosidase staining has been described previously (16).

Transfection of PIKE-A. 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 Lipofectamine 2000 (Invitrogen) in accordance with the manu-
facturer’s instructions. HOS, 786-0, or MDA-MB435 and HEK 293 cells were
transfected with the plasmid myc-PIKE-A, which has been described previously
and was the kind gift of K. Ye (1, 2), or the control vector pcDNA3.1 (5 �g). The
cells were collected at various time points, and lysate was used for detection with
appropriate antibodies.

Viral growth curves. For single-step growth analysis, HOS, 786-0, and MDA-
MB435 cells (5 � 105) were either mock transfected or transfected with the
myc-PIKE-A plasmid. The following day, the cells were infected with vMyxlac
or vMyxT5KO at an MOI of 5 for 1 h. Unadsorbed virus was removed by
washing the cells with serum-free medium three times, and the cells were
grown in complete growth medium supplemented with 10% FBS. Cells were
harvested following infection at the indicated time points: 0, 4, 8, 12, 24, and
48 h. Virus titers were determined by serial dilution and infection of BGMK
cells, followed by X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside)
staining of fixed monolayers, as outlined previously (16). All growth analyses
were performed in triplicate, and data were expressed as log10 focus-forming
units per 106 cells.

Immunoblot analysis. Cultured cells were collected, and cell lysis was pre-
pared as previously described (7). Samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and immunoreactive proteins were
detected by chemiluminescence (Perkin-Elmer, Boston, MA). The antibodies
used included mouse monoclonal anti-Serp1 and rabbit polyclonal anti-T7, which
have been described previously (7, 8, 14); rabbit polyclonal phospho-Akt (Thr-
308) antibody; mouse monoclonal phospho-Akt (Ser-473; 587F11) antibody; and
polyclonal Akt antibody that detects total levels of endogenous Akt1, Akt2, and
Akt3 proteins (Cell Signaling Technology). An anti-Myc monoclonal antibody
from Invitrogen was also used to detect the expression of PIKE-A. Horseradish
peroxidase-conjugated goat anti-mouse and goat anti-rabbit secondary antibod-
ies were obtained from Jackson ImmunoResearch Laboratories. Densitometry
levels of Akt phosphorylation were detected with Molecular Imaging software
(Kodak) and compared to the protein level of Akt. Variability between films was
normalized.

RESULTS

The M-T5 sequence exhibits similarity to cellular PIKE-A.
Recent work in our laboratory has demonstrated that the basal
level of endogenous phosphorylated Akt in human cancer cells
is related to their susceptibility to infection and killing by MV.
In MV-infected cells, M-T5 forms a complex with cellular Akt
and, as a result, upregulates its kinase activity (21). A database
search for protein binding partners of Akt identified a partic-
ular cellular protein with functions similar to those of M-T5.
PIKE-A, a physiological mediator of Akt, functions to stimu-
late Akt activation through two domains that contribute to Akt
binding (2). The 128 residues of the PIKE-A amino terminus
and the two ANK repeats of the carboxyl terminus both inde-
pendently interact with Akt to upregulate kinase activity (Fig.
1A). Sequence alignment between MV M-T5 and PIKE-A
identified some similarity between the N terminus of M-T5 and
the N-terminal 128 residues of PIKE-A (18% identity; 33%
similarity) (Fig. 1B). In addition, sequence similarity was ob-
served between the C terminus of PIKE-A and the N terminus
of M-T5 (18% identity; 36% similarity) (Fig. 1C). That
PIKE-A contains ANK repeats, binds to Akt, and blocks ap-
optosis in cancer cells are all functional features we had pre-
viously observed for MV M-T5 (21). Based on the present
literature, PIKE-A is the only cellular protein that has been
shown to bind to Akt and upregulate its kinase activity. There-
fore, we speculate that the sequence homology and functional

FIG. 1. M-T5 exhibits sequence similarity to PIKE-A. (A) M-T5
features, including the predicted ankyrin repeats (I to VII) and the F
box located at the C terminus, compared to PIKE-A structure. The
underlined sections indicate the regions of PIKE-A sufficient to inde-
pendently bind Akt; the left line matches the amino acid sequence
alignment in panel B, and the right line matches panel C. (B and C)
The N-terminal sequence (amino acids 1 to 128) (B) and the C termi-
nal sequence (amino acids 734 to 836) (C) of PIKE-A were aligned
with the N terminus of MV M-T5. Conserved residues are boxed. Dark
shading indicates identical residues, and light shading indicates similar
residues. The bars above the M-T5 sequence define the predicted
ankyrin repeats I and II.
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similarities shared by these two proteins could be of particular
importance. To further investigate whether M-T5 represented
a viral molecule that had adopted functions similar to those of
cellular PIKE-A, we performed a series of experiments to
examine this functional similarity.

Transient expression of PIKE-A rescues MV replication in
restrictive human tumor cells. Virus permissivity was observed
to be dependent on the basal level of endogenous phosphory-
lated Akt in a wide spectrum of human tumor cell lines when
they were screened for the ability to support MV replication
(18, 21). Since PIKE-A has been demonstrated to bind and
upregulate the kinase activity of Akt, we wanted to determine
if PIKE-A was able to influence the permissiveness of MV in
various cancer cell types. For this study, the following human
cancer cells lines were used as representatives of the three cell
types: HOS, human osteosarcarcoma (type I); 786-0, renal
cancer (type II); and MDA-MB435, breast cancer (type III).

The cell lines 786-0 and MDA-MB435 were mock treated or
transfected with a plasmid containing PIKE-A for 8 h and then
mock infected or infected with either vMyxlac or vMyxT5KO
at an MOI of 5. Cell lysates were collected 48 h postinfection
(p.i.), and expression levels of the Serp-1 MV late gene were
assessed by Western blotting. Because poxvirus late genes re-
quire active virus replication to undergo expression, our labo-
ratory uses the Serp-1 MV late gene as a marker to represent
successful virus replication. Based on the presence of the
Serp-1 gene, 786-0 cells supported replication of vMyxlac (Fig.

2A, lane 3); however, they were nonpermissive for vMyxT5KO,
because expression of Serp-1 was not detected by Western
blotting (Fig. 2A, lane 5). Similarly, MDA-MB435 cells did not
support replication of either virus (Fig. 2A, lanes 8 and 10), as
confirmed by the absence of Serp-1 expression. When both cell
lines, 786-0 (Fig. 2A, lanes 2 and 4) and MDA-MB435 (Fig.
2A, lanes 7 and 9), were transfected with PIKE-A 8 h prior to
being infected with either vMyxlac or vMyxT5KO, expression
of Serp-1 was detected in all cases (Fig. 2A, lanes 2, 4, 7, and
9). No Serp-1 expression was detected in either mock-infected
786-0 or MDA-MB435 cells (Fig. 2A, lanes 1 and 6, respec-
tively). Samples were probed with an antibody against Myc to
demonstrate expression of the transfected Myc-tagged PIKE-A
protein. Expression of the Myc epitope was detected only in
cells transfected with the PIKE-A plasmid (Fig. 2A, lanes 2, 4,
7 and 9). Increased expression of Serp-1 does not correlate
with the level of PIKE-A expression in transfected cells but is
dependent upon infection by vMyxlac, suggesting that in the
absence of M-T5, the knockout virus requires increased ex-
pression of PIKE-A to promote virus replication. Virus repli-
cation, as confirmed by the expression of MV Serp-1 protein,
was observed in human cancer cells that were previously non-
permissive for MV when they were transfected with PIKE-A
prior to infection. This suggested that overexpression of PIKE-A
preceding MV infection was able to rescue previously nonpro-
ductive infection and allow virus replication.

To quantitatively assess the ability of the virus to replicate,

FIG. 2. Expression of cellular PIKE-A rescues MV infection in restrictive tumor cells. (A) MV-restrictive type II human renal cancer cells
(786-0) and MV-nonpermissive type III abortive breast cancer cells (MDA-MB435) were transfected with a Myc-tagged PIKE-A-expressing
plasmid (lanes 2, 4, 7, and 9) or mock transfected (lanes 1, 3, 5, 6, 8, and 10) for 8 h and then mock infected (lane 1) or infected with either vMyxlac
(lanes 2,3, 7, and 8) or vMyxT5KO (lanes 4, 5, 9, and 10) at an MOI of 5. Cell samples were collected at 48 h p.i., and the cell lysates were examined
by immunoblotting them with anti-Serp-1 (late viral gene) and anti-Myc (PIKE-A). In single-step growth analysis, HOS (B), 786-0 (C), and
MDA-MB435 (D) cells were transfected with PIKE-A (�) for 12 h or mock transfected (■ ) and then infected with either vMyxlac (solid line) or
vMyxT5KO (dashed line) at an MOI of 5. Cells were harvested at the indicated times postinfection, and infectious-virus titers were determined
on BGMK cells. Each viral growth analysis was performed in triplicate.
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single-step growth curves on representative type I, II, and III
cells were performed. Each cell type was mock treated or
transfected with PIKE-A and was infected 8 h later with either
vMyxlac or vMyxT5KO at an MOI of 5. Samples were har-
vested for infectious virus particles at 0, 4, 8, 12, 24, and 48 h
p.i., and all time point samples were titrated on BGMK cells by
serial dilution and stained with X-Gal at 48 h p.i. to visualize
foci. Infection of HOS cells (type I) with vMyxlac and
vMyxT5KO produced growth curves characteristic of classical
poxvirus replication kinetics. A minimum virus titer was
reached at approximately 4 h p.i., followed by a continuous
increase up to 48 h p.i., at which point the virus yield reached
maximal levels. Identical replication curves were generated for
vMyxlac infection of HOS cells, regardless of the expression of
PIKE-A. However, HOS cells infected with the knockout virus
(vMyxT5KO) produced a slightly lower yield. Nevertheless,
transfection of PIKE-A before infection restored the virus titer
to a level similar to that of cells infected with vMyxlac (Fig.
2B). Type II cells (786-0) completely supported vMyxlac in-
fection but were nonpermissive for vMyxT5KO. When 786-0
cells were transfected with PIKE-A and then infected with
vMyxT5KO, the viral titers indicated that transfection of
PIKE-A before infection was able to rescue vMyxT5KO rep-
lication to levels similar to those of cells infected with vMyxlac
(Fig. 2C). Replication of either vMyxlac or vMyxT5KO virus
was not supported in the type III cells (MDA-MB435), and as
a result, little or no viral amplification was observed over time.
The viral titers increased considerably when the cells were
transfected with PIKE-A prior to infection, indicating rescue
of virus replication (Fig. 2D). The ability of PIKE-A to rescue
viral replication in previously nonpermissive human cancer cell
lines was further demonstrated when cells were transfected
with PIKE-A and infected with viruses that express green fluo-
rescent protein (vMyxgfp or vMyxT5KOgfp). No foci were
observed when type II cells were infected with vMyxT5KOgfp;
however, endogenous PIKE-A expression prior to infection
with vMyxT5KOgfp rescued focus formation. Virus replication
of either vMyxgfp or vMyxT5KOgfp in type III cells was sup-
ported only when the cells were transfected with PIKE-A 8 h
before infection with either virus (data not shown). These data
demonstrate that overexpression of exogenous PIKE-A has the
ability to render previously restricted human cancer cells fully
permissive for MV infection.

Among viruses, poxviruses are unique in that they have the
ability to effectively and efficiently enter almost any cell type.
However, virus replication is often restricted because the virus is
unable to complete its replicative cycle within the infected cell
(12). Earlier studies have shown that in nonpermissive cancer
cells, MV can successfully bind, uncoat, and begin early-gene
expression. The block to a productive infection, however, lies in
the inability of M-T5 to bind and activate Akt (21). In cell lines
previously nonpermissive for MV replication, overexpression of
PIKE-A is predicted to specifically upregulate the normally low
kinase activity of Akt. PIKE-A, therefore, directly modulates
the PI-K3/Akt signal pathway, promoting virus permissivity by
releasing the block prior to virus replication and virus late-
gene expression, but does not alter virus entry into the cell.

Transient expression of PIKE-A upregulates the kinase ac-
tivity of Akt in type II and type III human cancer cells. Am-
plification of PIKE-A has been observed in a variety of human

glioblastoma cells and coincidently results in the upregulation
of Akt kinase activity (1). A plasmid containing PIKE-A was
transfected into HEK 293 cells, and lysates were collected at
various time points and resolved by Western blotting. The blot
was then probed with an antibody against the Myc epitope,
which was fused to PIKE-A protein. Expression of PIKE-A
was detected 8 h after transfection, and expression continued
to increase over time (Fig. 3A). To determine if overexpression
of PIKE-A would have the ability to increase the kinase activity
of Akt, type II cells (786-0) and type III cells (MDA-MB435)
were transfected with PIKE-A. Cell lysates were collected at
various time points following transfection of PIKE-A, and Akt
phosphorylation was assessed by Western blotting. Low levels
of endogenous Akt phosphorylation were detected at both
Ser-473 and Thr-308 sites in the 786-0 cells at 0 h (Fig. 3B, lane
1). Following transfection of PIKE-A, phosphorylation of Akt
at Ser-473 was dramatically increased as early as 12 h (Fig. 3B,
lane 4) and phosphorylation of site Thr-308 was detected at
24 h (Fig. 3B, lane 5). In the MBA-MB435 cells, very low levels
of Akt phosphorylation were detected at 0 h (Fig. 3C, lane 7);
however, at 8 h, overexpression of PIKE-A considerably in-
duced Akt phosphorylation at Ser-473, and increased phospho-
rylation levels of Thr-308 were detected at 24 h (Fig. 3C, lane
11). The levels of total Akt protein remained relatively con-
stant (Fig. 3B and C). As predicted, the overexpression of
exogenous PIKE-A induces the phosphorylation of Akt at Ser-
473 and Thr-308 sites in type II and III cell lines. In both cell
lines, the phosphorylation of Ser-473 occurred earlier and the
band intensity was more intense, in contrast to phosphoryla-
tion of Thr-308 (Fig. 3D and E). However, trivial differences in
the pattern of Akt phosphorylation were observed, suggesting
that the response to the overexpression of PIKE-A may be
unique for each cell line. Therefore, in human cancer cells,
which express little or no detectable endogenous phosphory-
lated Akt, Akt kinase activity can be induced through the
overexpression of its physiological regulator, PIKE-A.

Induction of Akt kinase activity following transfection of
PIKE-A in vMyxT5KO virus-infected type II human cancer
cells. The susceptibility of human cancer cells to MV infection
is dependent upon the basal level of endogenous phosphory-
lated Akt (21). In the 786-0 cells (type II), the level of endog-
enous phosphorylated Akt was shown to be very low; however,
infection with vMyxlac dramatically induced Akt phosphoryla-
tion. The viral protein M-T5 was a critical determinant of MV
tropism in human cancer cells, and in its absence, endogenous
levels of phosphorylated Akt remained relatively unchanged in
vMyxT5KO-infected 786-0 cells (21). As overexpression of
PIKE-A increases Akt kinase activity, we wanted to examine
the levels of phosphorylated Akt following vMyxlac or
vMyxT5KO infection in the presence or absence of exogenous
PIKE-A. Cells were mock treated or transfected with the
PIKE-A plasmid for 8 h and then infected with either vMyxlac
or vMyxT5KO. Cell lysates were collected at various time
points, and phosphorylation of Akt was assessed by Western
blotting. Increased levels of endogenous phosphorylated Akt
at both Ser-473 and Thr-308 sites were detected at 8 h p.i. in
786-0 cells infected with vMyxlac either in the presence or
absence of endogenous expression of PIKE-A (Fig. 4A and B,
lanes 1 to 6). In contrast, 786-0 cells infected with vMyxT5KO
exhibited very little Akt phosphorylation (Fig. 4A, lanes 7
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to 12), yet transfection of PIKE-A prior to infection by
vMyxT5KO considerably induced phosphorylation of Akt at
both Ser-473 and Thr-308 sites compared to the levels ob-
served in the absence of exogenous PIKE-A (Fig. 4B, lanes 7 to
12). The levels of total Akt protein remained relatively con-
stant following vMxylac and vMyxT5KO infection (Fig. 4A and
B). Densitometry levels of Akt phosphorylation at both Ser-
473 (Fig. 4C) and Thr-308 (Fig. 4D) sites were detected with
Molecular Imaging software (Kodak) and compared to total
Akt to quantitate phosphorylation induction following trans-
fection of PIKE-A. Taken together, the data in Fig. 2 to 4
confirm that overexpression of PIKE-A, in type II cells (786-0),
was able to upregulate the kinase activity of Akt, which is
critical for the replication of MV even in the absence of M-T5.

Transfection of PIKE-A stimulates Akt phosphorylation in
type III cells infected with either vMyxlac or vMyxT5KO. The
basal level of endogenous phosphorylated Akt was undetect-
able in type III cells (MDA-MB435) (Fig. 5A, lanes 1 and 7),
which do not support replication of either vMyxlac or
vMyxT5KO. Levels of Akt phosphorylation remained unde-

tectable following vMyxlac and vMyxT5KO infection (Fig. 5A,
lanes 1 to 12), suggesting that M-T5 is unable to activate Akt
kinase activity in type III cells. Transfection of PIKE-A in
MDA-MB435 cells prior to infection with either vMyxlac (Fig.
5B, lanes 1 to 6) or vMyxT5KO (Fig. 5B, lanes 7 to 12) dra-
matically induced phosphorylation of endogenous Akt at Ser-
473 and Thr-308 sites at 8 h p.i. The total Akt protein levels
remained relatively unchanged (Fig. 5A and B), as observed in
the 786-0 cells (Fig. 4A and B). Induction of Akt phosphory-
lation was determined by measuring the levels of Akt phos-
phorylation at both Ser-473 (Fig. 5C) and Thr-308 (Fig. 5D)
sites with Molecular Imaging software (Kodak) and was com-
pared to the expression levels of the Akt protein. Together,
these data indicate that type III cells, which do not support
replication of MV, are unable to activate Akt kinase activity
when infected with MV in the presence or absence of M-T5.
However, ectopic expression of PIKE-A induces Akt phosphor-
ylation at Ser-473 and Thr-308 sites and rescues the replication
of both vMyxlac and vMyxT5KO. These results help to explain
the mechanism by which overexpression of PIKE-A contrib-

FIG. 3. Induction of endogenous Akt phosphorylation following transfection of PIKE-A in human cancer cells. (A) HEK 293 cells were
transfected with the PIKE-A plasmid, and expression was detected at various time points by Western blotting with an anti-Myc antibody. PIKE-A
plasmid was transfected into (B) 786-0 and (C) MDA-MB435 cells, and Akt phosphorylation at both p-Akt Ser-473 and p-Akt Thr-308 sites was
detected in cell lysates (50 �g per lane) by Western blotting at various times following transfection. The levels of Akt phosphorylation at Ser-473
and Thr-308 were determined with Molecular Imaging software (Kodak) and compared to the protein level of Akt to quantify the stimulation
induced by overexpression of PIKE-A in (D) 786-0 and (E) MDA-MB435 cells. Immunoblot signal variability between films was normalized.
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utes to rescuing virus replication in the type III cells, as ob-
served previously (Fig. 2B and D).

PIKE-A inhibition of apoptosis in MV-infected human can-
cer cells. Following MV infection of human cancer cells, a
cascade of events that induce apoptosis is initiated. When
M-T5 is present and expressed, it plays a critical role in pre-
venting apoptosis through manipulation of the cell cycle (7).
PIKE-A, a physiological regulator of Akt activation (6), is
often amplified in human cancer cells and, coincidently, has
been shown to promote cellular proliferation by inhibiting
apoptosis through stimulation of Akt (1). Since transient ex-
pression of PIKE-A in type II and type III human cancer cells
stimulates phosphorylation of Akt (Fig. 4 and 5), we wanted to
determine if overexpression of PIKE-A also functioned to in-
hibit apoptosis induction following vMyxT5KO infection of
type II cells and MV infection of type III cells. To investigate
this possibility, type II (786-0) and type III (MDA-MB435)
cells were infected with either vMyxlac or vMyxT5KO, and
cleavage of procaspase 3 to its active form was assessed by
Western blotting. As expected from our previous studies, in-
fection of 786-0 cells with MV did not induce apoptosis (7),
and no cleavage of procaspase 3 was observed (Fig. 6A, lanes

1 to 6). Type II cells (786-0) infected with vMyxT5KO induced
activation of caspase 3, observed as early as 8 h p.i. (Fig. 6A,
lanes 7 to 12). However, when type II cells were transfected
with PIKE-A 8 h prior to infection with vMyxT5KO, cleavage
of caspase 3 was not detected, indicating that inhibition of
caspase-mediated apoptosis was observed even in the absence
of M-T5 (Fig. 6B, lanes 7 to 12).

Induction of apoptosis, as indicated by caspase 3 cleavage in
type III cells (MDA-MB435), was observed when the cells
were infected with either vMyxlac (Fig. 6C, lanes 1 to 6) or
vMyxT5KO (Fig. 6C, lanes 7 to 12). Exogenous expression of
PIKE-A was successful at inhibiting apoptosis following infec-
tion with either vMyxlac (Fig. 6D, lanes 1 to 6) or vMyxT5KO
(Fig. 6D, lanes 7 to 12) by preventing the cleavage of pro-
caspase 3 into its active form. Therefore, transfection of
PIKE-A in type II cells was able to inhibit vMyxT5KO-induced
apoptosis in type II cells. Virus-induced apoptosis was also
inhibited in type III cells infected with either vMyxlac or
vMyxT5KO when the cells had previously been transfected
with PIKE-A. Stimulation of Akt kinase activity, in response to
overexpression of PIKE-A, promoted the inhibition of the
apoptotic signaling cascade, which would otherwise be acti-

FIG. 4. PIKE-A upregulates Akt phosphorylation in type II (786-0) cells infected with vMyxT5KO. Human 786-0 (type II) cancer cells were
either mock treated (A) or transfected with PIKE-A plasmid (B) and 8 h later were infected with either vMyxlac (lanes 1 to 6) or vMyxT5KO (lanes
7 to 12) at an MOI of 5. Cells were harvested at the indicated times postinfection, and Akt phosphorylation, at both p-Akt Ser-473 and p-Akt
Thr-308 sites, was detected in cell lysates (50 �g per lane). Total Akt protein levels are shown in the bottom rows. Densitometry was used to
measure induction of Akt phosphorylation at both Ser-473 (C) and Thr-308 (D), as described in the legend to Fig. 3.
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vated in MV-infected cells (type III), especially in the absence
of M-T5 (type II and type III cells).

DISCUSSION

A number of cellular pathways, frequently mutated in can-
cer, were examined in MV-permissive human cancer cells, and
the Akt pathway was identified as a key restriction determinant
for virus replication (21). The oncogene Akt is a critical reg-
ulator of diverse cellular processes and has been demonstrated
to contribute to cancer progression through stimulation of
proliferation and inhibition of apoptosis (15, 19). The critical
role of Akt in the regulation of multiple cellular functions
makes it a central manipulator of cellular signaling, and there-
fore, it is not surprising that a number of viruses have devel-
oped sophisticated strategies to manipulate the activation of
Akt (9). For example, respiratory syncytial virus induces acti-
vation of the PI-3K/Akt signaling pathway during early viral
infection (20), thereby increasing cell survival and ensuring
that the virus has sufficient time to complete its replicative
cycle (4). MV also manipulates the Akt pathway through the
actions of the protein M-T5, which has been shown to bind and
upregulate the kinase activity of Akt during MV infection (21).

Akt kinase activity is upregulated through direct binding to a
recently identified cellular protein, PIKE-A. Overexpression of
PIKE-A stimulates Akt activity, promoting cellular transfor-
mation leading to the development of cancer, while knock-
down of PIKE-A diminishes Akt activity and increases apop-
tosis. Amplified PIKE-A has been identified in a number of
human glioma cancer cells that express increased levels of Akt
phosphorylation and reduced activation of apoptosis (1).

Here, we demonstrated that restrictive type II human cancer
cells switch from resistant to susceptible to vMyxT5KO infec-
tion following transient expression of PIKE-A. In the absence
of M-T5, MV is unable to stimulate the kinase activity of Akt;
however, overexpression of exogenous PIKE-A in type II cells
considerably increased the levels of Akt phosphorylation at
both Ser-473 and Thr-308 sites (Fig. 4). Type III human cancer
cells are nonpermissive for both vMyxlac and vMyxT5KO in-
fection, and type III cells do not express basal levels of detect-
able, endogenous phosphorylated Akt (Fig. 5). Similar to the
observation in type II cells, expression of PIKE-A renders
nonpermissive type III cells susceptible to both vMyxlac and
vMyxT5KO infection and upregulates Akt kinase activity (Fig.
2, 4, and 5). The fact that exogenous PIKE-A rescues MV
replication in previously nonpermissive human cancer cells

FIG. 5. Overexpression of PIKE-A stimulates Akt phosphorylation in type III (MDA-MB435) cells infected with either vMyxlac or vMyxT5KO.
Human MDA-MB435 (type III) breast cancer cells were either mock treated (A) or transfected with PIKE-A plasmid (B). Eight hours after
transfection, the cells were infected with either vMyxlac (A and B, lanes 1 to 6) or vMyxT5KO (A and B, lanes 7 to 12) at an MOI of 5. Cells were
harvested at the indicated times postinfection, and Akt phosphorylation, at both p-Akt Ser-473 and p-Akt Thr-308 sites, was detected in the cell
lysates (50 �g per lane). Total Akt protein levels are shown in the bottom rows. Densitometry was used to measure induction of Akt
phosphorylation at both Ser-473 (C) and Thr-308 (D), as described in the legend to Fig. 3.
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only strengthens the argument that the Akt pathway is a key
restriction determinant for permissiveness of human cancer
cells for MV. In addition to stimulating Akt kinase activity,
transfection of PIKE-A was responsible for inhibiting the ac-
tivation of virus-induced apoptosis following MV infection in
type II and III human cancer cells. M-T5 also inhibits MV-
induced apoptosis by protecting MV-infected cells from cell
cycle arrest, which otherwise would promote the activation of
the apoptotic cascade (7). Sequence similarity between MV
M-T5 and cellular PIKE-A is limited to the previously identi-
fied region of PIKE-A that is necessary to bind Akt. However,
both M-T5 and PIKE-A contain ANK repeats and share the
ability to upregulate the Akt pathway, block apoptosis, and
interact with Akt. Functionally, M-T5 and PIKE-A are viral
and cellular molecules evolved to control Akt activation.

A number of virus-encoded proteins, several of which are
encoded by host-related immunomodulatory genes, share se-
quence and functional similarity with cellular proteins and are
categorized as viral homologs. Many of these viral homologs
are gene products that have been hijacked from the host,
increasing the replicative ability of the virus (17). Although
M-T5 and PIKE-A share similar functions, based on this pre-
liminary study, we predict that M-T5 represents a viral strategy
evolved to mimic the cellular activity of PIKE-A. We demon-
strated that exogenous PIKE-A is able to upregulate Akt ki-
nase activity and rescue MV replication in type III human
cancer cells. Interaction of type III cells with MV does not
produce a productive infection, even though M-T5 is ex-
pressed. We suspect that M-T5 expression and localization are
altered during infection of type III cells (21). Therefore, the
mechanism by which PIKE-A activates Akt may exhibit some
differences from the method employed by M-T5.

PIKE-A provides an alternative model for studying the im-
portance of Akt phosphorylation during a productive MV in-
fection in human cancer cells. Understanding the mechanism

by which PIKE-A rescues MV replication in previously non-
permissive human cancer cells may provide additional clues to
how M-T5 functions during MV infection. We predict that
cells with a high level of PIKE-A expression will be naturally
more susceptible to MV infection. Additionally, the M-T5
protein possesses seven ankyrin repeat domains, which are
thought to mediate specific protein-protein interactions. There-
fore, we speculate that M-T5 acts as a molecular scaffold,
bringing together proteins that might otherwise be spatially
and temporally isolated, thus stimulating signaling pathways
critical for successful MV replication. Studying the functional
role of PIKE-A may give us further insight into additional
proteins that may interact with M-T5 and counteract MV rep-
lication in human cancer cells. The results in this study suggest
that manipulation of the Akt pathway through the actions of
PIKE-A may allow the oncolytic capacity of this virus to extend
to an even broader spectrum of human cancer cells. In con-
clusion, this knowledge may have significant implications for
the rational design of the next generation of oncolytic viruses,
as the development of new and improved cancer therapies
continues.
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