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Introduction
Recombinant adenoviruses are commonly used as delivery
vectors in gene-therapy clinical trials and in basic bioscience
studies for the delivery of transgenes. In both of these areas, it
is important to understand how the adenoviral vector (Adv)
alters cells during infection. Adv-induced cellular changes
might synergize or antagonize the effects of certain transgenes,
confounding interpretation of their normal role in cells.
Deconstructing the contributions of Adv and the transgene is
also relevant in vivo, because gene products intrinsic to Adv
may cause host cells to react differently to proinflammatory
cytokines that circulate during infection (Janeway, Jr and
Medzhitov, 2002). The virology of wild-type adenovirus has
been studied extensively (Prem, 1999), but there is not the same
molecular-level understanding of the engineered Advs used in
gene-therapy applications.

Adv delivery systems comprise 25% of all past and current
gene-therapy clinical trials†. Most of these vectors are deleted
for the adenoviral early regions E1 and E3. Despite these
modification, E1/E3-deleted Advs are not biologically inert.

Cells infected with E1/E3-deleted Adv still express low levels
of other wild-type gene products, which are known to cause
potent immunogenic responses (Thomas et al., 2003). These
Adv gene products – especially early region E4 – along with
the Adv capsid, may also modulate cellular responses (Tauber
and Dobner, 2001). Although the development of helper-
dependent Advs (devoid of all viral genes) continues to
progress (Palmer and Ng, 2005), to date this type of vector has
been used only once in a clinical trial†. It is therefore important
to study cytokine-induced cell signaling networks in the
context of Adv infection, including background transcription
of the Adv genetic backbone.

The inflammatory cytokine, tumor necrosis factor (TNF),
plays a key role in the early innate immune response and
subsequent elimination of E1/E3-deleted Adv from the host
(Elkon et al., 1997; Lieber et al., 1997; Zhang et al., 1998).
Resident macrophages efficiently take up Advs and then
release TNF within the tissue to eliminate infected cells (Lieber
et al., 1998; Lieber et al., 1997). Wild-type E1 and E3
adenoviral early proteins are known to manipulate cell
responses to TNF-family cytokines (Benedict et al., 2001;
Duerksen-Hughes et al., 1989; Rao et al., 1992; Schaack et al.,
2004). Adenoviruses normally use these E1/E3-mediated
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mechanisms to promote cell survival long enough to complete
the viral replication cycle. By contrast, how gene-therapy
vectors deleted of the E1 and E3 genes alter the host-cell
response to TNF-family cytokines has been largely unexplored.

Host responses to TNF are controlled by a complex
intracellular signaling network of kinases, proteases and
transcription factors (Wajant et al., 2003). Key pathways in the
network include nuclear factor-�B (NF-�B) (Aggarwal, 2003),
p38 mitogen-activated protein kinase (p38), c-Jun N-terminal
kinase (JNK) (Shaulian and Karin, 2002), extracellular-
regulated kinase (ERK), and Akt (Lawlor and Alessi, 2001).
Many of these pathways are exploited by Adv during infection.
In vitro analyses of Adv infections in several epithelial cell
lines have shown that ERK (Bruder and Kovesdi, 1997;
Tamanini et al., 2003; Tibbles et al., 2002), NF-�B (Borgland
et al., 2000; Bowen et al., 2002; Tibbles et al., 2002), p38
(Tamanini et al., 2003; Tibbles et al., 2002), and JNK
(Tamanini et al., 2003) play roles in the Adv-induced early
inflammatory response. In addition, the Adv protein E4
selectively activates the Akt pathway (O’Shea et al., 2005;
Zhang et al., 2004). Based on the overlap in the signaling
networks activated by TNF and Adv infection, we
hypothesized that Adv would alter signaling and cell-fate
responses to TNF. If true, this finding would have important
implications for interpreting both gene-therapy and basic-
bioscience studies in which Adv and TNF are involved.

Although Adv-TNF research is limited, there is extensive
knowledge on crosstalk between TNF and other cytokines. For
example, the immunostimulatory cytokine interferon-� (IFN�)
synergizes with TNF to promote apoptosis in tumor cell lines
normally resistant to TNF-induced cell death (Fransen et al.,
1986; Fulda and Debatin, 2002). By contrast, mitogenic
cytokines such as insulin and epidermal growth factor (EGF)
antagonize TNF-induced cell death in many cell types (Garcia-
Lloret et al., 1996; Janes et al., 2006; Qian et al., 2001). It is
also important to understand how Adv might alter signaling
between TNF and these antagonizing growth factors.

Here we show that Adv infection dramatically sensitizes
multiple epithelial cell lines to TNF-induced apoptosis. Both
pro-apoptotic MK2 and anti-apoptotic Akt are upregulated in
Adv-infected cells following TNF treatment. Further increases
in Akt activity via the growth factor insulin do not rescue cells
from TNF-induced apoptosis or lower MK2 activity. We find
that loss of insulin-mediated anti-apoptotic signaling is directly
linked to the high background levels of Akt activity induced
by Adv, which saturates downstream Akt-effector signaling.
Saturation of Akt function becomes evident when TNF-
induced signaling is calculated as fold activation over the
baseline measurement taken before TNF stimulation but after
Adv infection. This normalization compresses both Adv-
infected and IFN�-sensitized cells onto a single Akt-survival
dose-response curve. We conclude that E1/E3-deleted Adv can
generate significant alterations in key signaling pathways that
fundamentally change subsequent cell responses to TNF and
insulin.

Results
Adv-mediated sensitization of human epithelial cells
to TNF-induced apoptosis
We developed a simple protocol to quantify the extent to
which Adv infection alters the cell-death response to

TNF stimulation. We infected HT-29 human colon
adenocarcinoma cells with either an E1/E3-deleted
adenovirus carrying the CMV promoter and a �-gal reporter
gene (Adv.�-gal) or an identical vector without a reporter
gene (Adv.empty). The final Adv concentration in the
infection media was 1.4�1010 viral particles (v.p.)/ml,
resulting in >95% of the cell population positive for Adv
infection (data not shown). For control cells, buffer without
Adv was added. TNF (100 ng/ml) was added 24 hours after
the start of infection. Cells were collected 48 hours after TNF
treatment and apoptosis was quantified by flow cytometry
with an anti-cleaved caspase 3 antibody and the M30
antibody (Leers et al., 1999) against caspase-cleaved
cytokeratin or with annexin V and propidium iodide (PI)
staining (Fig. 1A,B). Adv infection alone caused only low
levels of apoptosis compared with control cells; however,
both assays showed that the apoptotic population significantly
increased two- to threefold upon TNF-treatment in Adv-
infected cells compared with that in uninfected cells (P<0.01;
Fig. 1A). Adv constructs with and without a �-gal reporter
enzyme resulted in similar rates of cell death, indicating that
the presence of the �-gal transgene did not influence Adv
sensitization. Furthermore, TNF-induced apoptosis required
Adv preinfection in these cells, because TNF treatment by
itself caused minimal cell death (Fig. 1B). Two-way ANOVA
revealed a significant interaction effect between Adv
infection and TNF treatment (P<10–4), indicating that Adv
infection synergistically enhances TNF-induced apoptosis in
HT-29 cells.

It was possible that the high Adv titers used in the
sensitization experiments had exceeded a threshold above
which apoptosis occurred non-physiologically. Therefore, we
explored how Adv sensitization varied with Adv dosage. Many
variables affect net Adv dosage, including differences in cell-
plating density, infection time, and concentration-dependent
rates of diffusion (Mittereder et al., 1996; Nyberg-Hoffman et
al., 1997). Here, we altered total viral uptake by changing
infection time and concentration (see Materials and Methods
for details). Quantitative PCR of the Adv genome revealed that
TNF-mediated apoptosis correlated linearly with dosage from
0-1400 total Adv copies per cell (Fig. 1C; r=0.95). Viral uptake
was the main contributor to sensitization, because the same
linear dose dependence was observed for two different Adv
concentrations, and the extent of apoptosis was unaffected
when the timing between Adv removal and TNF stimulation
was varied from 12-21 hours (supplementary material Fig. S1).
Importantly, synergistic apoptosis was evident with as few as
400 Adv copies per cell. Since high infectivity levels are
necessary to achieve efficient infection in vivo (Mizuguchi and
Hayakawa, 2004), this argues that Adv sensitization to TNF-
induced apoptosis can occur at clinically relevant infectivities.

To determine whether Adv-TNF synergy existed in diverse
tissue types, we compared the sensitization of HT-29 cells to
that of HeLa cells over a range of infectivities (MOI: 50-1000).
Sensitization in both cell types increased with Adv dosage
(Fig. 1D), and Adv-infected HeLa cells were actually more
sensitive to TNF-induced apoptosis than HT-29 cells were.
HeLa cell death after 24 hours of TNF exposure was
consistently twofold greater than HT-29 cell death after 48
hours of TNF exposure. Similar dose-dependent sensitization
was also observed in C3A human hepatocarcinoma cells and
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A549 human lung carcinoma cells (supplementary material
Fig. S2). These results demonstrate that Adv synergizes with
TNF to induce apoptosis in many human cell types.

Adv modification of the TNF-induced signaling network
Because Adv infection sensitizes cells to TNF-induced
apoptosis, we reasoned that Adv might modulate one or more
kinase signaling pathways centrally involved in the TNF-
activated network (Fig. 2A). Cell-death responses to TNF are
highly regulated by a number of stress and survival kinases
(Cowan and Storey, 2003; Hersey and Zhang, 2003; Stupack
and Cheresh, 2002). In addition, Adv E4 is known to mimic
growth-factor signaling, leading to activation of PI3K and Akt
(O’Shea et al., 2005; Zhang et al., 2004). Therefore, we
measured three kinases – MK2 (a p38 substrate), IKK and
JNK1 – that are distributed within the TNF signaling network

Journal of Cell Science 119 (18)

(Fig. 2A, blue shading) as well as two growth-factor activated
signals (Akt and ERK; Fig. 2A, green shading). To measure
Adv-induced activity changes leading to sensitization, we
treated Adv-infected and uninfected HT-29 cells with TNF
(100 ng/ml) and collected cell lysates at 13 time points over 24
hours. From these cell extracts, we measured MK2, IKK,
JNK1, Akt and ERK activities by using a high-throughput
quantitative multiplex kinase assay (Janes et al., 2003)
(supplementary material Table S1 and S2). To account for the
contribution of Adv infection alone, kinase activities were also
measured in Adv-infected cells after mock stimulation
(supplementary material Table S3). Finally, to determine the
phenotypic consequences of each kinase activity, we measured
the change in TNF-stimulated apoptosis in the presence of
pathway-specific, small-molecule inhibitors.

We observed potent activation of the TNF signaling network
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Fig. 1. Adv infection sensitizes human epithelial cells to TNF-mediated apoptosis. (A) HT-29 cells were infected with either Adv.�-gal or
Adv.empty (1.4�1010 v.p./ml) or treated with buffer only and then stimulated with either 100 ng/ml TNF or carrier only. Cells were collected
48 hours after TNF addition, stained for either caspase-cleaved cytokeratin and cleaved (active) caspase 3 (white bars) or annexin V/PI (gray
bars), and analyzed by flow cytometry. Adv.�-gal was used for all subsequent experiments. (B) Sample flow cytometry plots for anti-caspase-
cleaved cytokeratin and anti-cleaved (active) caspase 3 in Adv-sensitized and control cells treated with TNF. (C) HT-29 cells were infected with
two concentrations of Adv (0.7�1010 and 1.4�1010 v.p./ml) for 0, 1, 3, 6 and 12 hours. The total number of Adv copies per cell was quantified
by PCR. Values represent mean total �-gal DNA normalized to mean total �-actin DNA for duplicate samples. Variance in the Adv copy values
ranged from 10 to 30% of the mean value. In parallel, HT-29 cells subject to the same infection conditions were treated with 100 ng/ml TNF
and collected after 48 hours. Cleaved caspase 3-cytokeratin measurements are plotted as the mean apoptosis (above control level) of three
biological replicates. (D) HeLa cells and HT-29 cells were infected with increasing doses of Adv (expressed as multiplicities of infection,
p.f.u./cell) and stimulated with TNF or carrier, similar to panel A. Cells were collected 24 hours (HeLa) or 48 hours (HT-29) post-TNF
treatment. Cleaved caspase 3-cytokeratin measurements are plotted as the mean of three biological replicates ± s.e.m.
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when either uninfected or Adv-infected cells were treated with
TNF (Fig. 2B,C and supplementary material Fig. S3A). Among
TNF pathways, Adv infection significantly increased TNF-
induced MK2 and IKK signaling (P<0.01, two-way ANOVA;
Fig. 2B,C) but not JNK1 (P=0.71; supplementary material Fig.
S3A). These altered intracellular patterns were a product of
Adv-TNF synergy, because Adv infection alone contributed
minimally to JNK1, IKK and MK2 activation (supplementary
material Fig. S4A). Small-molecule inhibition of the measured
pathways confirmed the importance of MK2 and IKK for Adv
sensitization. Inhibition of the upstream activator of MK2 with
the highly specific inhibitor SB202190 (Davies et al., 2000)
significantly decreased apoptosis (P<0.01), suggesting a pro-
apoptotic role. Conversely, IKK inhibition with SC-514 resulted

in a small but significant increase in apoptosis (P<0.05),
consistent with the recognized anti-apoptotic functions of IKK
(Karin and Ben-Neriah, 2000). We confirmed this result with
the mechanistically distinct inhibitor peptide, SN50
(supplementary material Fig. S5A). JNK1 was transiently
activated by TNF but was unchanged by Adv infection; thus, as
expected, JNK1 inhibition with SP600125 did not significantly
affect Adv-sensitized cell death (supplementary material Fig.
S3A). We conclude that, of the TNF-dependent kinases
measured, the p38-MK2 pathway is the most important pro-
apoptotic signal contributing to Adv-TNF synergy.

Both growth-factor pathways were also strongly activated by
Adv and TNF (Fig. 2D and supplementary material Fig. S3B).
Similarly to TNF-induced JNK1, ERK was transiently activated

Fig. 2. Adv infection upregulates
TNF-induced pro- and anti-apoptotic
signaling. (A) The signaling
pathways induced by TNF (blue) and
insulin (green). The kinases
measured (MK2, IKK, JNK1, Akt
and ERK) are highlighted in yellow.
Figure is modified and published
with permission from the American
Society for Biochemistry and
Molecular Biology (Gaudet et al.,
2005). (B-D) Dynamic activation
status and inhibitor response data for
the MK2 pathway (B), IKK pathway
(C) and Akt pathway (D) in
uninfected cells treated with 100
ng/ml TNF (TNF; blue) and Adv-
infected cells treated with 100 ng/ml
TNF (Adv + TNF; red). Lysates were
collected at 0, 5, 15, 30, 60 and 90
minutes and 2, 4, 8, 12, 16, 20 and 24
hours, and kinase activity was
measured by a high throughput
kinase activity assay and normalized
to total protein content. Results are
plotted as the mean relative activation
of two biological replicates
normalized to activity of the
untreated control at 0 minutes (i.e.
uninfected cells). The significance of
the difference between each pair of
curves was calculated by two-way
ANOVA (MK2: P<0.01; IKK:
P<0.001; Akt: P<10–4). Apoptosis in
the presence of kinase inhibition was
measured by flow cytometry for
cleaved caspase-cytokeratin. The
following inhibitor concentrations
were used: 10 �M SB202190 (SB);
20 �M SC-514 (SC); 20 �M
LY294002 (LY). Cells were collected
at 24 hours, rather than 48 hours, to
minimize baseline apoptosis resulting
from inhibition. Measurements are plotted as the mean percentage change in apoptosis resulting from inhibition (i.e. mean percentage apoptosis
in the presence of inhibitor – mean percentage apoptosis without inhibitor) of three (SC) or six (SB, LY) biological replicates ± s.e.m. Note that
LY plot ranges from –40 to +40 (compared with –20 to +20 for other inhibitor plots). Changes are labeled as significant (*) if P<0.05. (E) Adv-
TNF synergy via pro-apoptotic p38-MK2 signaling and anti-apoptotic PI3K-Akt signaling. Synergy is illustrated schematically as an
operational amplifier, with the strength of the Adv or TNF input into either the MK2 or Akt signaling time-course indicated by line weight.
Amplification of the inputs results in activation (MK2) or inhibition (Akt) of apoptosis.
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by TNF but was not differentially affected by prior Adv
infection. Thus, inhibition of the upstream ERK kinase with
U0126 did not significantly affect Adv-TNF synergy
(supplementary material Fig. S3B). By contrast, Adv infection
alone induced a three- to fivefold increase in Akt activity for up
to 24 hours (P<0.01; supplementary material Fig. S4B),
consistent with the PI3K-activating role of E4 (O’Shea et al.,
2005; Zhang et al., 2004). Akt activation was further increased
by TNF treatment, resulting in eight- to tenfold greater activity
than in uninfected TNF-treated cells (P<10–10; Fig. 2D). Akt
transmits many key pro-survival signals (Lawlor and Alessi,
2001), and we found that upstream PI3K inhibition with
LY294002 dramatically increased synergistic apoptosis
mediated by Adv and TNF (P<10–4). We found a similar result
with the mechanistically distinct inhibitor, wortmannin
(supplementary material Fig. S5B). Together, these experiments
indicate that Adv infection synergizes with TNF by augmenting
an existing p38-MK2 pro-death signal and adding a new PI3K-
Akt pro-survival signal that is then further activated by TNF
(Fig. 2E).

Upregulation of endogenous Akt activity in Adv-infected
cells by insulin
Despite potent Akt signaling in Adv-infected cells (Fig. 2D),
synergistic apoptosis still occurred after TNF stimulation (Fig.
1). The LY294002 inhibitor experiment confirmed a pro-
survival role of Akt by downregulation (Fig. 2D). However, the
contribution of some pro-survival molecules has been shown
to vary depending upon whether protein function is increased
or decreased (Hua et al., 2005). To activate endogenous Akt,
we therefore used the growth factor insulin, which is
reasonably specific in its activation of Akt in HT-29 cells
(Gaudet et al., 2005). Additionally, insulin is known to inhibit
TNF-induced cell death (Remacle-Bonnet et al., 2000) through
upregulation of Akt activity in HT-29 cells sensitized with
IFN� (Janes et al., 2003). To test whether insulin similarly
provides protection from TNF-induced apoptosis in HT-29

Journal of Cell Science 119 (18)

cells sensitized by Adv, we added 100 nM insulin together with
TNF. In contrast to IFN�-sensitized cells, insulin did not
decrease TNF-induced apoptosis in Adv-infected cells
(P=0.15; Fig. 3A). Surprisingly, this was not due to a lack of
Akt signaling, since insulin increased Akt activity to a similar
extent in both Adv-sensitized cells and IFN�-treated cells
(P<0.05; Fig. 3B). There was not a significant decrease in
TNF-induced MK2 activity in Adv-infected cells as a result
of insulin stimulation (P=0.49; Fig. 3C), confirming the
selectivity of insulin as an Akt-selective agonist. To verify that
IFN�- and Adv-sensitized cells behaved similarly when Akt
was inhibited, we measured TNF-induced apoptosis and Akt
activity in the presence of LY294002. For both sensitizing
agents, LY294002 inhibition significantly increased TNF-
induced apoptosis (P<10–9; Fig. 3D) and reduced Akt activity
(P<0.001; Fig. 3E), as expected. Again, there was no change
in MK2 activity in Adv-sensitized cells as a result of Akt
inhibition (P=0.45; Fig. 3F), indicating that MK2 pro-
apoptotic signaling is separable from Akt activity changes in
Adv-infected cells. The lack of apoptotic rescue shows that the
insulin-induced Akt activation in Adv-infected cells does not
result in functional anti-apoptotic signaling.

Saturation of downstream Akt effectors by Adv
The lack of pro-survival signaling by insulin-mediated Akt
activation could be explained by an inability to phosphorylate
downstream Akt effectors in Adv-infected cells. To test this,
we measured phosphorylation levels of multiple Akt substrates
in Adv- and IFN�-sensitized HT-29 cells after TNF stimulation
alone and in the presence of LY294002 or insulin. We used an
Akt-phosphosubstrate (Akt-pSub) antibody that binds
specifically to phosphorylated substrates of Ser/Thr kinases
that recognize the RxRxxS/T motif (Manning et al., 2002). In
addition, we measured levels of phosphorylated glycogen
synthase kinase-3� and � (pGSK-3�/�), an established
substrate of Akt (Cross et al., 1995). Western blotting of HT-
29 lysates showed that pGSK-3�/� and multiple Akt-pSubs
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were significantly upregulated in Adv-sensitized cells
compared with IFN�-sensitized and untreated cells, even
before the addition of TNF (Fig. 4A and supplementary
material Fig. S6). This is consistent with the high baseline Akt
activity induced by Adv (Fig. 2D). Two Akt-inducible proteins,
pGSK-3� and Akt-pSub42kDa (Fig. 4A), were quantified by
densitometry and normalized to the Adv- or IFN�- sensitized
zero-minute band. For both IFN� and Adv pretreatments, TNF-
inducible phosphorylation of GSK-3� and Akt-pSub42kDa was
reduced with LY294002 treatment (Fig. 4B,C), confirming that
both proteins are reliable indicators of functional Akt activity.
In IFN�-TNF-treated cells, insulin significantly increased
pGSK-3� and Akt-pSub42kDa, but there was no significant
insulin-induced phosphorylation of these proteins in Adv-
TNF-treated cells, despite clear insulin-induced activation of
Akt in Adv-infected cells (Fig. 3B). Thus, Akt activation in
Adv-infected cells sustains phosphorylation of downstream
effectors, but further Akt activation induced by insulin fails to
increase Akt-effector phosphorylation. We conclude that Adv

infection in combination with TNF saturates the ability of Akt
to phosphorylate its substrates, contributing to the observed
loss of insulin-mediated anti-apoptotic signaling.

Construction of a global Akt-survival dose-response
curve combining Adv- and IFN�-mediated sensitization
Insulin caused a similar absolute increase in Akt signaling in
both IFN�-sensitized and Adv-infected cells, adding roughly
three Akt-activity units at 12 hours after stimulation (Fig. 3B).
However, relative to the baseline Akt signal induced by each
pretreatment before TNF stimulation (0-min time point), the
‘fold activation’ of Akt induced by insulin was larger for IFN�-
sensitized cells (3.7-fold) than for cells infected with Adv (2-
fold; supplementary material Fig. S7). Recently, it has been
suggested that cells become quickly desensitized to absolute
levels of signaling and are often more responsive to gradients
of signals (Sasagawa et al., 2005). To examine the importance
of fold changes, we measured Akt activity and TNF-induced
apoptosis under a set of Adv, IFN�, LY, and insulin conditions
that gave a range of TNF-induced apoptotic responses (see Fig.
5 legend and Materials and Methods). Then, we preprocessed
the data by normalizing IFN�- and Adv-sensitized cells to their
respective zero-minute values to calculate ‘fold activation’ (see
Materials and Methods; supplementary material Table S4).
When cell viability was plotted against this fold activation of
Akt, we found that both IFN�-TNF and Adv-TNF treatments
collapsed onto a common sigmoidal dose-response curve (Fig.
5A). Preprocessing measurements of Akt-effector substrates in
the same manner resulted in a dose-response identical to that
of Akt, with the exception of a twofold faster transition
steepness between minimum- and maximum-observed
viability (Fig. 5B). The faster viability transition for Akt-
effector substrates is consistent with the known ultrasensitivity
that arises from sequential signaling cascades (Goldbeter and
Koshland, Jr, 1984). The existence of a single function –
relating fold activation of the PI3K-Akt pathway to viability
for a wide range of treatment conditions – suggests that the
relative change in Akt signaling is more important than its
absolute level for determining TNF-induced cell fate.

The calculated Akt-survival dose-response provides a
quantitative explanation for how insulin is unable to attenuate
synergistic TNF-induced apoptosis in Adv-infected cells (Fig.
3A). First, by dramatically increasing the baseline Akt signal
(supplementary material Fig. S7), Adv infection reduces
insulin’s ability to induce a strong fold activation of the PI3K-
Akt pathway (Fig. 3B). This prevents Adv-infected cells from
moving far rightward on the dose-response curve in Fig. 5A.
Second, our panel of experimental treatments indicates that the
role of Akt signaling in these cells is most apparent when
pathway activity is reduced to levels that are below baseline
signaling. Adv-infected cells are thus positioned very near the
upper viability-plateau of the dose-response (Fig. 5A,
condition 6), suggesting a limited capacity to reduce TNF-
induced apoptosis further. Together, this indicates that Adv
infection traps cells in a network state that prevents insulin
from transmitting additional anti-apoptotic information via the
Akt pathway.

Discussion
Our aim in this study was to explore how Adv alters human
epithelial-cell signaling and apoptotic responses to the

Fig. 4. Adv infection saturates phosphorylation of downstream Akt
effectors. (A) Cells were treated as described in Fig. 3, lysed at 12
hours and analyzed by western blot by probing with anti-pGSK-3�/�
and anti-Akt-pSub. Experimental conditions are the same as those
described in Fig. 3. 10% fetal bovine serum (FBS) stimulation for 15
minutes was used as the positive-control stimulus. 50 �g protein was
loaded into each lane. (B,C) Adv-sensitized and IFN�-sensitized (B)
pGSK-3� and (C) Akt-pSub42kDa bands were quantified by
densitometry and normalized to the sensitized (Adv or IFN�) 0-min
band. Measurements are plotted as the mean of three biological
replicates ± s.e.m. Changes are labeled as significant (*) if P<0.05.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



3794

inflammatory cytokine TNF. Compared with wild-type
adenovirus, there are relatively few studies on Adv infection
and its interaction with host-cell signaling pathways.
Understanding how Adv-infected cells respond in the context
of a cytokine-rich environment, such as an inflamed tissue, is
critical to improving gene-therapy applications. MOIs at the
injection site can be very high in vivo (Mizuguchi and
Hayakawa, 2004), similar to the ratios used in this study. High
concentrations of Adv in vivo activate innate immune
responses independent of viral gene transcription (Muruve et
al., 1999; Schnell et al., 2001; Zhang et al., 2001). Neutrophils,
natural killer cells, and macrophages are recruited to the site
of infection where they secrete cytokines such as TNF. TNF
and TNF-family cytokines are directly responsible for
apoptosis in the target cells (Muruve et al., 1999; Zhang et al.,
2002). Adv infection, immune-cell activation, cytokine release,
and host-cell death are complex, overlapping events in vivo.
By studying Adv infection and apoptosis in the context of one
defined cytokine in vitro, we were able to discover that Adv
and TNF cooperate to promote cell death in infected cells.
Adv-TNF synergy could be an important contributor to gene-
therapy side-effects, which have been reported in non-human
primates studies and in Adv clinical trials (Lozier et al., 2002;
Morral et al., 2002; Raper et al., 2002).

E1/E3-deleted Advs are commonly used in laboratory
experiments as delivery vectors to overexpress or inhibit
pathways and elucidate function. Such studies assume that
changes caused by Adv infection and changes caused by the
transgene are linearly cumulative. If true, then infection with
an Adv that lacks the transgene is an adequate control.
However, the results here show that Adv itself can significantly
alter signaling pathways in the cell, both at the basal level (e.g.
Akt) and in response to TNF (e.g. MK2). For Adv and TNF,
cell response to Adv and TNF is highly non-linear, with the
underlying impact of infection becoming apparent only after
cytokine stimulation. This reveals an important caveat for
interpreting laboratory studies involving Adv. Controls with

Journal of Cell Science 119 (18)

‘empty’ Adv might well be complemented by delivering the
transgene (and associated control) with a different vector, such
as liposomes for transient expression and lentiviruses or adeno-
associated viruses for stable expression.

Adv-TNF synergy could also be exploited to design Advs
for cancer gene therapy, for instance by delivering a TNF-
family cytokine as a transgene (Armeanu et al., 2003; Griffith
et al., 2000; Rasmussen et al., 2002; Voelkel-Johnson et al.,
2002). Many tumors are resistant to TNF-induced apoptosis
(Fransen et al., 1986), but presentation in the context of Adv
infection can induce apoptosis in multiple carcinomas
(Armeanu et al., 2003; Voelkel-Johnson et al., 2002). The
results presented here argue that the efficacy of these cancer
gene therapy approaches is a direct product of Adv-TNF
synergy. An important consideration for cancer therapies is the
role of Akt in Adv-infected cells. Many tumors, especially
brain, breast and prostate cancer, have constitutive Akt activity
due to a loss of function mutation in the PTEN phosphatase
gene (Li et al., 1997). Our model suggests that Adv-mediated
gene transfer may serve as an even more potent pro-death
stimulus in these tumors, because the anti-apoptotic function
of the Akt pathway would already be saturated before
infection. Subsequent cytokine stimulation would therefore
activate only pro-apoptotic signals, leading to rapid apoptosis
of the tumor cells. To our knowledge, there are as yet no
examples of therapies that test this prediction.

It was previously reported in the literature that Adv infection
protects lung epithelial cells from TNF-induced apoptosis as
a result of Adv-mediated pro-survival signaling via Akt
(Flaherty et al., 2004). Notably, however, this study added
actinomycin D (ActD) concurrent with TNF, thus blocking
TNF transcriptional signaling. Different protein-synthesis and
genetic perturbations can cause distinct mechanisms of TNF-
induced apoptosis (Ventura et al., 2004). Previous work from
our laboratory also suggests that information processing
in cytokine-stimulated cells involves changes in gene
transcription between 2 and 8 hours (Gaudet et al., 2005). MK2
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Fig. 5. Adv-infected are trapped near the plateau of a global Akt-survival dose-response curve. (A,B) Following Adv or IFN� sensitization,
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activation in Adv-TNF-treated cells, which we have shown to
be pro-apoptotic, has a clear second peak beginning at 4 hours
(Fig. 2B). MK2 activity is important in stabilization of many
proinflammatory-cytokine transcripts (Kotlyarov et al., 1999),
which would be absent in transcriptionally inhibited cells.
Thus, TNF+ActD and TNF alone may activate significantly
different signaling network programs, explaining the
discrepancy in findings. In the absence of transcriptional
inhibition, we demonstrate that Adv synergizes with TNF to
induce apoptosis.

A surprising result of our work is that regimes exist where
increased Akt activity produces limited pro-survival benefit.
We showed that this is partly due to saturation of Akt-effector
phosphorylation, but it remains unclear why saturation occurs.
Saturation of the PI3K-Akt pathway has also been reported in
other contexts – for instance, in response to high concentrations
of certain growth factors (Park et al., 2003) – suggesting that
saturation is not Adv-specific. The simplest molecular
explanation for saturation in Adv-infected cells is that Akt and
its substrates are negatively regulated by different protein
phosphatases. Akt forms complexes with protein phosphatase
2A (PP2A) (Beaulieu et al., 2005) and a protein phosphatase
2C (PP2C) family member (Gao et al., 2005), which
dephosphorylate the T308 and S473 sites on Akt. By contrast,
the Akt substrate GSK-3� coassociates with protein
phosphatase 1 (PP1) (Tanji et al., 2002), as well as a PP1
regulatory subunit (Sakashita et al., 2003), which is a
recognized substrate of GSK-3� (Hemmings et al., 1982).
Thus, PP2A and PP2C could allow Adv- and insulin-mediated
activation of Akt, but PP1 may block additional
phosphorylation of GSK-3�. Such Akt-independent control of
GSK-3� and the closely related isoform GSK-3� could be
particularly important for Adv-TNF synergy and apoptosis,
because GSK-3� signaling is important for resistance to TNF-
induced cell death (Hoeflich et al., 2000).

Our results suggest several mechanisms by which Adv and
TNF may synergize to induce apoptosis. One pathway we
identified to be directly involved was via the stress kinase
MK2. Among its substrates, MK2 directly phosphorylates
small heat shock protein 27 (Hsp27), which reduces its ability
to protect against oxidative stress (Rogalla et al., 1999).
Reactive oxygen has recently been implicated in TNF signaling
(Karin and Ben-Neriah, 2000; Ventura et al., 2004), which
together is consistent with the pro-apoptotic role we observed
for MK2. At the post-transcriptional level, MK2 contributes to
the regulation of several cytokines, including TNF (Kotlyarov
et al., 1999). Adv-TNF activation of MK2 in vivo may start a
positive feedback loop in cells of the innate immune system
that augments cytokine production. Adv infection may also
induce secretion of interferon-� (IFN�) in host epithelial cells.
Upregulation of IFN� could partially inhibit protein synthesis
within the cell (Goldsby et al., 2000), limiting NF-�B-
mediated transcription of molecules, such as c-FLIP (Kreuz et
al., 2001), which are activated in response to TNF and prevent
apoptosis. Any attenuation of NF-�B signaling would need to
occur downstream of IKK, because TNF-induced IKK
activation was not decreased but increased after Adv infection.

One possible systems-level explanation for Adv
sensitization is that IKK–NF-�B and PI3K-Akt collaborate via
a common dose-response for survival. In this case, saturation
of survival signaling by Adv-mediated upregulation of Akt

may proportionally reduce the pro-survival contribution of
IKK. NF-�B is a recognized determinant for survival in the
presence of TNF (Beg and Baltimore, 1996; Van Antwerp et
al., 1996; Wang et al., 1996), but we found that small molecule
inhibition of IKK did not cause a pronounced increase in TNF-
induced apoptosis in Adv-sensitized cells (Fig. 2B). These data
support the hypothesis that Akt activation by E4 of Adv
(O’Shea et al., 2005) could saturate total pro-survival signaling
from both Akt and IKK–NF-�B. Akt and IKK have been
implicated in a common signaling pathway under certain
circumstances (Ozes et al., 1999; Romashkova and Makarov,
1999) and apoptosis has been shown to be determined by
combinations of multiple intracellular signaling pathways
(Janes et al., 2005; Janes et al., 2004). Cooperation between
Akt and IKK may therefore uncouple the contribution of IKK
to TNF anti-apoptotic signaling.

Despite deletion of several immunogenic regions, gene-
therapy Advs still retain some of the host cell modulators found
in the original adenoviral pathogen. In epithelial cells, Adv
infection is revealed at the phenotypic level by treatment with
TNF. Intracellular Adv-TNF synergy was uncovered by
dynamically measuring the TNF-growth factor signaling
network via five key protein kinases. Further systems analyses
of the synergy between Adv and proinflammatory cytokines
such as TNF could aid the design of next-generation viral
vectors for treating human disease (Verma and Weitzman,
2005).

Materials and Methods
Adenovirus vectors
The recombinant adenovirus type 5 vectors with E1 and E3 regions deleted
expressing either Escherichia coli �-galactosidase (�-gal) under control of the
cytomegalovirus (CMV) enhancer/promoter (Adv.�-gal) or containing the CMV
enhancer/promoter without a transgene (Adv.empty) were provided by the
University of Michigan Vector Core. Virus was provided at a concentration of
4�1012 viral particles (v.p.) per ml and reported to have an infectious plaque-
forming unit (p.f.u.) concentration of 1.7�1011 p.f.u./ml as determined by plaque
assay. Working viral stocks were diluted in storage buffer (10 mM Tris-HCl pH 7.4,
137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10% glycerol). Storage buffer was also
used for controls.

Cell culture and infection
HT-29 and HeLa cells (ATCC, Manassas, VA) were grown according to the
manufacturer’s recommendations. Unless otherwise specified, HT-29 cells were
seeded at 50,000 cells/cm2, grown for 24 hours, and then infected for 6 hours in
culture media (50% of normal media volume) containing 1.4�1010 v.p./ml Adv or
an equivalent volume of media containing storage buffer. At the end of the infection
period, cells were washed once with PBS and a full volume of fresh culture media
was replaced. Using these infection conditions, 1.4�1010 v.p./ml was the lowest
concentration tested that resulted in more than 95% of the cell population positive
for Adv infection (data not shown). A similar infection efficiency in HT-29 cells
has been reported elsewhere (Saito et al., 2003). Therefore, we used this Adv
concentration for all experiments except dose-response curves (for which
concentrations are indicated in text). HeLa cells were seeded at 20,000 cells/cm2

and infected as described for HT-29 cells at v.p. concentrations indicated in the text.

Apoptosis assays
HT-29 or HeLa cells were seeded and infected as described above. 24 hours after
the start of infection, TNF (Peprotech; 100 ng/ml final concentration) or an
equivalent volume of carrier (50:50 DMSO:water) was added to the culture media.
For inhibitor studies, inhibitor or DMSO carrier was added to the medium 1 hour
before TNF stimulation and collected 24 hours later. Inhibitors (Calbiochem) used
were 20 �M LY294002, 10 �M U106, 10 �M SB202190, 10 �M SP600125 and
20 �M SC-514. For growth factor studies, cells were treated with 100 nM insulin
(Sigma), in parallel with TNF treatment, and collected 24 hours after stimulation.
At the indicated time, cells were rinsed with PBS and trypsinized. The supernatant
and rinse were saved and combined with the trypsinized cells to ensure capture of
both floating and adherent cells. The cells were washed with PBS, and either all or
a portion of the cells were fixed in 100% methanol and stored at –20°C. The fixed
cells were stained with a fluorescein-labeled monoclonal antibody against caspase-
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cleaved cytokeratin (M30; Roche) and active cleaved caspase-3 (BD Pharmingen)
with Alexa 647-conjugated anti-rabbit secondary (Molecular Probes) according to
the manufacturer’s instructions. Cells were washed once after staining and analyzed
by flow cytometry (FACS-Calibur; Becton-Dickinson). To perform parallel
apoptosis assays, a portion of the original (unfixed) sample was stained with an
Alexa Fluor 488 annexin V conjugate (Molecular Probes), counterstained with
propidium iodide (PI; Molecular Probes) according to the manufacturer’s
instructions, and analyzed by flow cytometry. In some cases, a portion of the original
infected sample was used for �-gal activity analysis to confirm a productive
infection (data not shown).

Quantitative polymerase chain reaction (PCR)
HT-29 cells were grown in 6-well plates and infected for the indicated times in either
full media volume at a concentration of 0.7 � 1010 v.p./ml or half volume at a
concentration of 1.4 � 1010 v.p./ml (all samples subject to the same overall MOI
of 1000 p.f.u./cell). At the end of the infection time, cells were washed with PBS
and trypsinized. DNA was extracted using the DNeasy Tissue Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Genome quantification was
performed using the AbiPrism 7700 (PE Biosystems) according to the method
previously reported (Varga et al., 2001) with modifications. Taqman primers and
probes were used to amplify the �-galactosidase reporter gene, and were designed
using the Primer3 software package (http://frodo.wi.mit.edu/cgibin/primer3/
primer3_www.cgi) acquired from Applied Biosystems (PE Biosystems) The probe
utilized a 3� TAMRA quencher molecule attached via a linker arm and a 5�
covalently linked FAM fluorescent dye. The same Taqman primers and probe were
used on known quantities of gWiz �-Gal plasmid standards (Aldevron) to calculate
a quantitative viral copy number for each sample. Data were analyzed with an ABI
Sequence Detector v1.6.3 and total �-galactosidase DNA was normalized to total
�-actin DNA for each sample using primers, probes and standards from the human
�-actin Gene kit (PE Biosystems). Results are presented as the average of total �-
gal DNA normalized to total �-actin DNA.

For apoptosis measurements performed in parallel with quantitative PCR
analysis, infection media was aspirated at the indicated times, cells were washed
once with PBS, and fresh media was replaced. Cells were then treated with TNF,
collected, and analyzed by flow cytometry as described above.

Kinase activity assays
For kinase activity assays, HT-29 cells were grown and infected as described above.
24 hours after the start of infection, TNF was added to the culture media (100 ng/ml
final concentration) for the indicated times. For Akt activity studies, 20 �M
LY294002 was added to the medium 1 hour before TNF stimulation, and 100 nM
insulin was added in parallel with TNF stimulation, as indicated. Cells pretreated
with IFN� were treated as previously described (Janes et al., 2003). Cell lysates
were prepared and analyzed for ERK, Akt, IKK, JNK1 and MK2 activity as
previously described (Janes et al., 2003). Briefly, lysates were incubated with protein
A or G microtiter wells precoated with anti-kinase antibodies. After washing, an
appropriate substrate and [�-32P]ATP was added to the plate to initiate an in vitro
phosphorylation reaction. Following termination of the reaction, a fraction of the
reaction mix was transferred to a phosphocellulose filter plate and washed to remove
free 32P. Protein concentrations of clarified extracts were determined with a
bicinchonic acid assay (Pierce). All activity measurements were adjusted for the
specific activation of [�-32P]ATP and normalized to the total protein content of the
sample according to the following calculation:

where x=sample value at treatment i and time point t; Rf =radioactivity decay factor;
Sf =protein scale factor; CPU=radioactivity of the sample, Bl=blank (in CPU); and
P=protein concentration (mg/ml). Relative and fold activation are normalized to
different baseline (0 minute) activities:

where x(0Adv/0min) = the zero-minute time point in uninfected cells.

Western blots
For determination of Akt substrate activity, 50 �g of protein lysate from 12 hour
Akt activity experiment was resuspended in 40 �l sample buffer [62.5 mM Tris-
HCl (pH 6.8), 2% SDS, 10% glycerol, 100 mM DTT, 0.01% bromophenol blue].
Samples were boiled for 5 minutes, resolved on a 10% polyacrylamide gel, and
transferred to polyvinylidene difluoride (Biorad). Membranes were blocked with 5%
nonfat milk in 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 0.1% Tween-20, and
probed with anti-phospho-GSK-3�/� (1:1000; Cell Signaling) or anti-phospho-
(Ser/Thr) Akt substrate (1:1000; Cell Signaling). The membranes were then probed
with horseradish-peroxidase-conjugated anti-mouse or anti-rabbit secondary
antibody (Amersham Pharmacia Biotech) at 1:5000 dilution and visualized by
enhanced chemiluminescence (Amersham Pharmacia Biotech) on a Kodak Image
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Station (Perkin Elmer). Primary antibodies were removed with stripping buffer [2%
SDS, 62.5 mM Tris-HCl (pH 6.8), 100 mM 2-mercaptoethanol].

Statistical analysis
For comparing two individual means, a Student’s t-test was used. For comparing
differences in means on a western blot across multiple blots, a paired Student’s t-
test was used. A Pearson’s correlation coefficient was calculated to assess linear
correlation. For comparing two time courses, a two-way analysis of variance
(ANOVA) was used. The sigmoid function was defined as:

where y=percent viability, x=normalized Akt activity or level of phosphorylation,
base=baseline percent viability, max=maximum increase in percent viability, xhalf=x
value at which y is at (base + max)/2 and Ts=transition steepness. (Note that smaller
Ts causes a faster rise.) The sigmoid function was fit to data using Igor Pro Graphing
software (WaveMetrics). Base and max values were held constant at 20% and 65%,
respectively. The Levenberg-Marquardt non-linear least-squares fitting algorithm
was used to search for values of xhalf and rate that minimize chi-square. 90%
confidence interval for sigmoid curve fit was calculated using support plane analysis
(Lakowicz, 1999).
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