
Akt1 is the principal Akt isoform regulating apoptosis
in limiting cytokine concentrations
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The activation of the Akt signalling in response to cytokine receptor signalling promotes protein synthesis, cellular growth and
proliferation. To determine the role of Akt in interleukin-3 (IL-3) signalling, we generated IL-3-dependent myeloid cell lines from
mice lacking Akt1, Akt2 or Akt3. Akt1 deletion resulted in accelerated apoptosis at low concentrations of IL-3. Expression of
constitutively active Akt1 was sufficient to delay apoptosis in response to IL-3 withdrawal, but not sufficient to induce
proliferation in the absence of IL-3. Akt1 prolonged survival of Bim- or Bad-deficient cells, but not cells lacking Puma, indicating
that Akt1-dependent repression of apoptosis was in part dependent on Puma and independent of Bim or Bad. Our data show that
a key role of Akt1 during IL-3 signalling is to repress p53-dependent apoptosis pathways, including transcriptional upregulation
of Puma. Moreover, our data indicate that regulation of BH3-only proteins by Akt is dispensable for Akt-dependent cell survival.
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In myeloid progenitor cells, interleukin-3 (IL-3) maintains cell
viability and promotes proliferation.1 When IL-3 signalling is
lost, cells activate intrinsic cell death pathways that
are regulated by the Bcl-2 family of proteins.2,3 An inappropri-
ate repression of cell death and activation of proliferation
cooperate to cause haematological malignancies, and the
signalling pathways that maintain cell viability therefore stand
out as important therapeutic targets in these diseases.

Apoptosis induced by IL-3 withdrawal is blocked by the
overexpression of anti-apoptotic Bcl-2 family members and
the combined loss of the pro-apoptotic multi-BH domain
Bcl-2 family members Bax and Bak2–5 or the combined loss of
the pro-apoptotic BH3-only Bcl-2 family members Puma and
Bim.6 In response to a loss of IL-3/IL-3 receptor (IL-3R)
signalling, the pro-apoptotic BH3-only proteins directly and
indirectly activate Bax and Bak. In the presence of IL-3/IL-3R
signalling the activity of BH3-only proteins is repressed.3,4,7

Akt activation has been thought to have a key role in the
regulation of BH3-only proteins8,9 and maintain the levels of
anti-apoptotic proteins, such as Mcl-1.10 However, the
requirement for direct regulation of BH3-only proteins by Akt
remains unclear.

Akt (Protein Kinase B) is an AGC kinase sub-family
member, related to PKA and PKC. Three mammalian
isoforms of Akt exist (Akt1, Akt2 and Akt3), each containing

a kinase domain and a Pleckstrin Homology (PH) domain. Akt
is activated by the lipid kinase phosphoinositide-3 kinase
(PI3K).11,12 In IL-3/IL-3R signalling, Akt activation is thought to
be a key signalling pathway that represses apoptosis
pathways, in part by regulation of members of the Bcl-2
family of proteins. Understanding how Akt regulates cell
survival will provide important insights into the mechanisms
underpinning the oncogenic functions of Akt.

To investigate the role of Akt in IL-3/IL-3R signalling, we
generated IL-3-dependent myeloid progenitor cell lines from
mice lacking one of each of the three Akt isoforms, Akt1, Akt2
or Akt3. Moreover, we generated IL-3-dependent myeloid
progenitor cell lines from mice lacking BH3-only proteins, in
which we overexpressed constitutively active Akt. We found
that, compared with control cells, more Akt1-deficient cells
underwent apoptosis when IL-3 was at limiting concentra-
tions. Akt1 overexpression delayed apoptosis after IL-3
deprivation but was not sufficient to maintain clonogenic
proliferation. Our data indicate that the important mechanism
by which Akt1 maintains cell viability during IL-3 signalling is
by suppressing p53-dependent apoptosis pathways, including
p53-dependent upregulation of the BH3-only protein Puma,
and not by directly controlling Bcl-2 family members. This
mechanism may contribute to the oncogenic functions of
activated Akt.
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Results

Akt1 is required to maintain viability of myeloid
progenitor cells in low IL-3 concentrations. Akt is
activated by IL-3/IL-3R signalling and contributes to
maintenance of the viability of myeloid progenitor cells. To
investigate the specific role of each Akt isoform in IL-3/IL-
3R-mediated cell survival, we generated multiple IL-3-
dependent myeloid progenitor-derived cell lines (hereafter
called factor-dependent myeloid (FDM) cells) from wild-type
(WT), Akt1� /� , Akt2� /� or Akt3� /� mice,13–15 by immor-
talising haematopoietic progenitor cells from E14.5 embryos
with Hoxb8.16 Deletion of Akt1, Akt2 or Akt3 did not prevent
the generation of FDM cells, indicating that no individual Akt
isoform is absolutely required for IL-3-dependent survival
and proliferation.

The impact of IL-3 deprivation on the viability of WT,
Akt1� /� , Akt2� /� or Akt3� /� FDM cell lines was assayed
over 5 days using flow cytometry to determine propidium
iodide (PI) exclusion. Bax� /� ;Bak� /� FDM cells lines were
used as controls, as these cells are resistant to IL-3

withdrawal-induced apoptosis.3 In the absence of IL-3,
WT, Akt1� /� , Akt2� /� and Akt3� /� FDM cells underwent
apoptosis at comparable rates (Figure 1a). The loss of any
individual Akt isoform did not accelerate apoptosis in
response to complete IL-3 deprivation. We next tested
whether loss of Akt1, Akt2 or Akt3 enhanced apoptosis
in limiting IL-3 concentrations. The same WT, Akt1� /� ,
Akt2� /� and Akt3� /� FDM cell lines were maintained in IL-3
concentrations ranging from 0 to 0.5 ng/ml for 48 h before
viability was determined. At IL-3 concentrations between 1
and 100 pg/ml, significantly more Akt1� /� FDM cells under-
went apoptosis compared with WT, Akt2� /� or Akt3� /� FDM
cells (Figure 1b). We next tested the impact of Akt1 or Akt2
deletion on the total levels of Akt and phosphorylated Akt in
response to IL-3 stimulation. Lysates from WT, Akt1� /� and
Akt2� /� FDM cells cultured in the indicated concentrations of
IL-3 were probed with antibodies against Akt phosphorylated
on Serine 473 and total Akt (Figure 1c). Total and phosphory-
lated Akt levels were not reduced in either knockout cell line.
Indeed, phosphorylated Akt was generally more abundant in
FDM cells lacking Akt1 compared with WT cells, which may
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Figure 1 Deletion of Akt1 reduces viability in limiting concentrations of IL-3. (a) Multiple independently generated clones of FDM cells of the indicated genotypes
(n¼ number of clones; Akt1� /� n¼ 3, Akt2� /� n¼ 4, Akt3� /� n¼ 4, WT n¼ 4 and Bax� /� ;Bak� /� n¼ 2) were starved of IL-3 over 5 days. At the indicated time
points, cell viability was determined by propidium iodide (PI) exclusion using flow cytometry. Data represent mean and standard error from three independent experiments
using multiple clones. (b) Multiple independent clones of FDM cells of the indicated genotypes (Akt1� /� n¼ 5, Akt2� /� n¼ 4, Akt3� /� n¼ 4 and WT n¼ 4) were cultured
at the indicated concentrations of IL-3 for 48 h. Viability was then determined by PI uptake using flow cytometry. Data represent mean and standard error, from three
independent experiments over which all clones were tested. (c) Lysates from WT, Akt1� /�or Akt2� /� FDM cells cultured for 24 h in the indicated concentrations of IL-3 were
probed with antibodies to phosphorylated Akt (serine 473) and total Akt. (d) WT, Akt1 or Akt2 null cells were treated with 3 mM 2-DG for 48 h. Cell viability was determined by PI
uptake and Annexin V staining using flow cytometry. Data represent mean and standard error, from two independent experiments over which three clones of each genotype
were tested. (e) Two independent WT clones were cultured in the presence of IL-3 and the AKT1/2 inhibitor (AKT1/2). Cell lysates were resolved by SDS-PAGE and western
blots probed with antibodies to detect phosphorylated Akt (serine 473), total AKT and b-actin as a loading control. (f) Three independent WT clones were cultured at
the indicated IL-3 concentrations in the presence of AKT1/2. After 24 h, cell viability was determined by PI uptake using flow cytometry. Data represent mean and standard
error, from two independent experiments using two clones in each experiment
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indicate a compensatory mechanism in expression that does
not reduce the amount of Akt. Thus, deletion of Akt1
specifically reduces viability in limiting IL-3 concentrations,
independently of the total levels of activated Akt.

To establish the sensitivity of Akt1� /� FDM cells to related
apoptotic stimuli, we cultured WT, Akt1� /� and Akt2� /� cells
with 2 deoxyglucose (2DG) to simulate glucose deprivation,
as Akt can maintain glucose import and reduce apoptosis
after IL-3 deprivation.17 WT, Akt1� /� and Akt2� /� FDM cells
were equally susceptible to 2DG-induced apoptosis
(Figure 1d), indicating that deletion of Akt1 or Akt2 does not
accelerate apoptosis caused by glucose deprivation. Akt1 is
phosphorylated downstream of PI3K activation in response
to IL-3R signalling.18 To determine how Akt1 deletion
effects apoptosis induced by PI3K inhibitors, we treated
WT and Akt1� /� FDM cells with one of three PI3K inhibitors
and measured viability in reducing concentrations of IL-3
(Supplementary Figure S1). In the absence of IL-3 or in low
IL-3 (0.02 ng/ml), the PI3K inhibitors induced apoptosis. In the
presence of IL-3 at 0.5 ng/ml (normal culture conditions),
apoptosis was inhibited. These data show that Akt1 deletion
does not enhance or inhibit apoptosis induced by PI3K
inhibitors, and that Akt1 is not required for IL-3R signalling to
block apoptosis induced by PI3K inhibitors. This further
defines the specific conditions under which Akt1 functions
as a regulator of IL-3R-dependent survival signalling.

We reasoned that because Akt1 was required for cell
viability at low IL-3 concentrations, Akt inhibition would induce
more apoptosis in low IL-3 concentrations. To test this,
we measured the viability of cells cultured in high (0.5 ng/ml),
low (0.02 ng/ml) or no IL-3 in the absence or presence
of 1 or 5 nM of the Akt inhibitor, Akt1/2 (Calbiochem,

Billerica, MA, USA)19 (Figures 1e and f). Akt inhibition
significantly reduced WT FDM viability in low IL-3, consistent
with Akt functioning to maintain viability at limiting IL-3
concentrations. In the absence of IL-3, Akt1/2 increased
the population of cells undergoing apoptosis, whereas high
IL-3 concentrations blocked Akt1/2-dependent apoptosis
(Figure 1f). These data emphasise that Akt contributes to
IL-3/IL-3R-mediated cell survival when IL-3 concentrations
are low but not absent.

Akt1 overexpression partially blocks apoptosis in
low IL-3 concentrations. We next examined whether over-
expression of constitutively active Akt1 increased survival of
FDM cells in low IL-3 concentrations. We used a 4-Hydro-
xytamoxifen (4-OHT) inducible lentiviral system to overexpress
HA-myristoylated-(DPH)Akt1 (iAkt1) or enhanced green fluor-
escent protein (ieGFP). In this system, the induced protein is
not oestrogen-receptor tagged.20 For each independent clone,
induced Akt1 or GFP expression in the presence or absence of
IL-3 was confirmed (Figures 2a and b). Four independent
clones expressing iAkt1 or ieGFP were induced with 4-OHT for
24 h before being replated in IL-3 at concentrations ranging
from 0 to 0.5 ng/ml, in the presence of 4-OHT. After 72 h, cell
viability was determined by PI exclusion. Overexpression of
iAkt1 increased survival at low IL-3 concentrations compared
with ieGFP (Figures 2c and d). Approximately 25% of cells
expressing iAkt1 remained viable in the complete absence of
IL-3. Uninduced cells expressing iAkt1 had detectable back-
ground expression (Figure 2a), which was sufficient to promote
an intermediate increase in cell viability. Thus, expression of
constitutively active Akt1 delayed apoptosis induced by IL-3
deprivation.
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Figure 2 Enforced expression of constitutively active Akt increases survival of FDM cells in low IL-3 concentrations. (a) Expression of inducible Akt1 as detected by
intracellular FACS analysis using FITC-conjugated anti-HA antibody. Representative histograms of Akt expression compared with uninduced and ieGFP expressing cells are
shown. (b) Lysates of iAkt1 expressing cells cultured in the presence or absence of 4-OHT and IL-3 were probed with antibodies to detect phosphorylated Akt (serine 473),
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We also tested whether iAkt1 expression was sufficient to
induce proliferation of FDM cells in the absence of IL-3. Cells
starved of IL-3 were treated with either IL-3 or 4-OHT to
induce Akt expression, and the proportions of cells in S phase
and the number of viable cells were measured over 5 days
(Figure 2e). IL-3 induced rapid reentry into S phase and
proliferation. In contrast, constitutively active Akt1 was not
sufficient to drive cell division, indicating that overexpressed
Akt1 is not sufficient for proliferation independent of IL-3R
signalling.

Overexpressed Akt1 does not increase survival of
Puma� /� FDM cells. Evidence suggests that Akt
represses activation of certain pro-apoptotic BH3-only Bcl-2
family proteins to promote survival in response to cytokine
signalling. The mechanisms include direct phosphorylation of
Bad,8,21 or indirect regulation of the expression of Bim and
Puma.22 We reasoned that if Akt1 directly or indirectly
regulated a specific BH3-only protein to maintain cell viability
during IL-3/IL-3R signalling, then any survival advantage
derived from overexpression of Akt would be observed only
when that BH3-only protein was expressed. We generated
Bad� /� , Bim� /� or Puma� /� FDM cells that expressed
iAkt1 or ieGFP (negative control). At least four independent
clones of each genotype were generated and tested for
inducible expression of each protein. FDM cell lines were
then cultured in the presence or absence of 4-OHT for 24 h
before being deprived of IL-3 over the next 5 days. Cell
viability was determined by PI exclusion (Figure 3a;
Supplementary Figure S2). Cells from these same depriva-
tion experiments were replated in soft agar with IL-3 and the
numbers of colonies formed were counted after 14 days
(Figure 3b). iAkt1 expression delayed apoptosis of WT,
Bim� /� and Bad� /� FDM cells, but not Puma� /� FDM
cells. In clonogenic assays, iAkt1 cells formed more colonies
than ieGFP expressing cells, but these differences were not

significant. These data show that the capacity of constitu-
tively active Akt1 to promote survival of FDM cells in the
absence of IL-3 in part depends on Puma, but not Bim or Bad
expression. Importantly, iAkt1 was not sufficient to enhance
clonogenic survival of FDM cells, indicating that Akt1
activation alone was not sufficient to permit cytokine-
independent proliferation in FDM cells.

Akt1 delays Puma upregulation in response to IL-3
deprivation. The ability of iAkt1 to delay apoptosis of WT
but not Puma� /� FDM cells after IL-3 withdrawal suggested
overexpressed Akt1 may delay or prevent upregulated Puma
expression in response to IL-3 deprivation. WT FDM cells
expressing iAkt1 or ieGFP were starved of IL-3 over 24 h and
protein lysates were analysed for Puma expression by
western blotting (Figure 4). iAkt1 delayed but did not prevent
increased Puma expression over the time course (Figures 4a
and b). In ieGFP expressing cells, elevated Puma expression
was evident 4 h after IL-3 withdrawal and peaked between 4
and 8 h. By 24 h of IL-3 deprivation, Puma levels had
significantly declined because many cells had undergone
apoptosis. In cells expressing iAkt1, Puma expression
peaked considerably later at 24 h (Figures 4a and b).
The level of background iAkt1 expression in the absence of
4-OHT appeared sufficient to delay the increase in Puma
expression. To determine whether Akt overexpression
delayed Puma transcription, we used qRT-PCR to measure
Puma mRNA levels in the presence and absence of IL-3
(Figure 4c). iAkt1 induction delayed the increase in Puma
transcription that followed IL-3 deprivation. Thus, constitu-
tively active Akt1 inhibits Puma transcription in response to
IL-3 deprivation.

The maintenance of Mcl-1 levels is regulated by cytokine
receptor signalling and is critical for haematopoietic cell
survival.10,23 Mcl-1 protein expression was maintained in the
presence of iAkt1 but declined in cells expressing ieGFP over
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24 h of IL-3 deprivation (Figure 4a). Interestingly, Mcl-1 mRNA
expression was stable over this time (Figure 4b), indicating
that decreased Mcl-1 levels were a result of protein degrada-
tion. Mcl-1 protein levels in cells expressing Akt1 could reflect
more viable cells or be a result of a direct function of Akt1 to
maintain Mcl-1. To address this, we expressed iAkt1 or ieGFP
in FDM cells lacking both Bax and Bak, which are completely
resistant to apoptosis induced by IL-3 deprivation, so
excluding apoptosis as a cause for changes in Mcl-1 levels.
Western blots of induced Akt1 or ieGFP expression in
Bax� /� ;Bak� /� FDM cells showed that Mcl-1 protein levels
declined over 24 h in the absence of IL-3, even when iAkt1
was overexpressed (Figure 4c), thus demonstrating that
activated Akt1 was not sufficient to maintain Mcl-1 protein
levels following IL-3 deprivation.

Constitutively active Akt1 does not enhance survival of
p53� /� cells. Transcriptional upregulation of Puma in FDM
cells after IL-3 deprivation is p53 dependent4 but may also be
regulated by the forkhead transcription factor FoxO3a.6,22 To
determine whether p53 or FoxO3a was required for enforced
iAkt expression to repress apoptosis, we generated p53� /�

and FoxO3a� /� FDM cells expressing iAkt1 or ieGFP
and subjected these to IL-3 deprivation in the presence
or absence of 4-OHT. Cell viability was determined by PI
exclusion (Figure 5a; Supplementary Figure S3a). iAkt1
expression prolonged WT FDM survival after IL-3 withdrawal,
but did not prevent their ultimate death. iAkt1 enhanced
the survival of FoxO3a� /� but not p53� /� FDM cells.
The clonogenic potential of p53� /� or FoxO3a� /� FDM
cells was measured in these same experiments using soft
agar cultures (Figure 5c; Supplementary Figure S3b).
Neither p53� /� nor Foxo3a� /� FDM cells expressing iAkt1
formed more colonies compared with control cells. We used

a p53-GFP reporter assay we developed4 to show that iAkt
expression repressed p53-dependent transcriptional activity,
in the presence of IL-3 (Supplementary Figure S4). These
data indicate that iAkt1 repressed p53-dependent apoptotic
responses to IL-3 deprivation, which include upregulated
Puma expression. However, expression of constitutively
active Akt1 did not enhance clonogenic survival above the
baseline level that results from p53 deletion, further
emphasising that Akt1 activation alone is insufficient to
promote proliferation.

Akt inhibition induces apoptosis in WT but not in
p53� /� FDM cells. We previously showed that p53� /�

FDM cells resist death induced by Akt inhibition.24 We
therefore compared how much apoptosis occurred after Akt
inhibition in FDM cells lacking Puma, Bad and FoxO3a with
cells lacking p53. Multiple independent WT, Bad� /� ,
Puma� /� , FoxO3a� /� , p53� /� and Bax� /� ;Bak� /�

FDM cell lines were cultured for 24 h in the presence or
absence of IL-3 and the increasing doses of the Akt1/2
inhibitor with cell viability were determined by PI exclusion
(Figure 6a). In the absence of IL-3, similar numbers of WT,
Bad� /� , FoxO3a� /� and Puma� /� cells died in response
to Akt inhibition. Cell death was substantially blocked by IL-3.
p53� /�FDM cells were resistant to apoptosis induced by the
Akt inhibitor, in the presence or absence of IL-3. To
determine if surviving p53� /� cells proliferated when IL-3
was restored, WT and p53� /� FDM cells from these
experiments were replated in soft agar containing 0.5 ng/ml
IL-3 (Figure 6b). Akt inhibitor-treated WT cells had decreased
clonogenic potential. Fewer p53� /� FDM cells formed
colonies after Akt inhibitor exposure, although the baseline
clonogenicity was much greater than WT. To assess
this further, we used a shRNA construct to diminish p53
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expression in WT FDM cells, and then treated cells with the
Akt inhibitor (Figure 6c). When compared with a scrambled
shRNA, fewer cells expressing the p53 shRNA underwent
apoptosis in response to Akt inhibition, in the presence
or absence of IL-3. The contrast between the susceptibility of
Puma� /� and p53� /� FDM cells to the Akt inhibitor
indicated that p53-dependent, Puma-independent processes
contributed to apoptosis and loss of clonogenicity observed
in response to Akt inhibition. p53 protein levels are below
detectable limits using western blotting, in the presence or
absence of IL-3 (Figure 6d). However, the Akt inhibitor
decreased MDM2 levels in cells cultured in IL-3 (Figure 6d).
When IL-3 is removed, MDM2 levels also decline, whether
treated or not with the Akt inhibitor. These data support
the hypothesis that in the context of IL-3/IL-3R signalling, Akt
functions to repress p53 activation.

Discussion

IL-3/IL-3R signalling maintains myeloid progenitor cell viability
by repressing intrinsic apoptosis pathways. PI3K/Akt activa-
tion is thought to have a critical role in this cell survival
signalling process. We have shown that Akt1 has a non-
redundant role in maintaining FDM cell viability, primarily
when concentrations of IL-3 are limiting. Akt represses
apoptosis activation by regulating the p53-dependent
response to IL-3 deprivation, including upregulation of the
expression of the pro-apoptotic Bcl-2 family protein, Puma.

IL-3-dependent cell lines derived from Akt1-, Akt2- or Akt3-
deficient mice are a unique model and show that Akt1 is the
predominant isoform involved in IL-3-dependent survival
signalling through the IL-3R. This is consistent with the
increased susceptibility to apoptosis observed in thymocytes
and MEFs from Akt1-deficient animals.25 However, it remains

an open question as to whether Akt isoforms have non-
redundant roles in controlling cell survival. The different
phenotypes of Akt1 and Akt2 gene-deleted mice clearly show
non-redundant functions of Akt1 and Akt2.26 Akt1� /� mice
are prone to growth retardation including pulmonary hypopla-
sia.25 In contrast, Akt2-deficient mice have abnormalities in
insulin receptor signalling and glucose homeostasis.13 With
respect to the regulation of apoptosis, it has been suggested
that the total level of activated Akt determines whether cells
survive or commit to apoptosis. Any apparent non-redundant
role of Akt isoforms reflects cell type-specific expression
patterns.26 Our data indicate that Akt1 has a specific role in IL-
3-dependent FDM cells because deletion of Akt1 (but not Akt2
or Akt3) is sufficient to reduce viability in low concentrations of
IL-3 without diminishing total Akt levels. We cannot, however,
conclude that only Akt1 can regulate p53-dependent Puma
expression, but that in myeloid cell lines, Akt1 is the dominant
Akt isoform that regulates cytokine-dependent survival.

Our experiments suggest a specific functional link between
Akt1 and Puma because expression of constitutively active
Akt1 was unable to further increase survival of Puma� /�

FDM cells. Puma was shown to be required for the efficient
induction of apoptosis in IL-3 starved myeloid cells3,17 and
Akt1 expression delayed Puma upregulation after cytokine
deprivation. This contrasted with the ability of Akt1 to protect
the viability of IL-3-dependent FDM cells lacking Bad and Bim,
showing that Akt must promote survival independently of
these BH3-only proteins. Bim or Bad phosphorylation and
inactivation by Akt8,21,27 are not required for Akt to repress
apoptosis in response to cytokine deprivation. Activated
Akt blocks proteasomal degradation of Mcl-1 by inhibiting
glycogen synthase kinase-3 (GSK-3), a kinase responsible
for Mcl-1 phosphorylation with consequent targeting for
ubiquitination.10 Mcl-1 degradation occurs in response to
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IL-3 (or other cytokine) deprivation. In WT cells and in
Bax� /� ; Bak� /� FDM cells (which are completely resistant
to IL-3 deprivation-induced apoptosis), Mcl-1 expression
levels still decline. It is therefore unlikely that in these cells
Akt1 has any direct biochemical function to prevent Mcl-1
degradation.

A notable feature of our results was the relatively restricted
circumstances under which deletion of Akt1 reduced cell
viability, and the relatively weak effect enforced expression of
constitutively active Akt1 had in maintaining cell survival.
In contrasts to Bcl-2 overexpression or combined loss of Bax
and Bak,2,3 supraphysiological Akt activation was sufficient
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only to delay apoptosis and not sufficient to maintain prolifera-
tion and to promote clonogenic survival. This is consistent with
recent observations that the oncogenic effects of Akt activation
are most apparent when the tumour suppressor function of p53
is lost.28 Interestingly, in our hands, the deletion of p53 also
renders cells resistant to apoptosis triggered by Akt inhibitory
drugs. Although Akt activation is a frequent feature of many
malignancies, including acute myeloid leukaemia,29 our data
indicate that Akt activation is not sufficient to promote
leukaemiagenesis. Furthermore, Akt inhibition in the context
of mutations in tumour suppressor genes may not prove an
effective treatment strategy.

Enforced Akt1 activation regulated apoptosis by delaying
p53-mediated induction of Puma after IL-3 withdrawal. This
emphasises the central role p53 has in the response to
cytokine deprivation in myeloid cells,4,17,30 but not in lymphoid
cells.31 Several mechanisms may link cytokine-mediated Akt
activation to p53. First, the p53-regulator MDM2 is a substrate
of Akt,4,28,32 and Akt can control the abundance of p53 by
regulating this E3 ligase responsible for p53 turnover. Second, at
least in the context of enforced Akt activation, Akt may maintain
glucose uptake in the face of IL-3 derivation, perhaps by
maintaining the activity of specific glucose transporters.17,33

Consistent with this are data showing that enforced expression
of Glut1 or Hexakinase maintains glucose import and represses
Puma expression in FL5.12 cells deprived of IL-3,17 and data
that the capacity of constitutively active Akt to block Puma
upregulation after IL-3 deprivation requires glucose.33 Third, a
recent model showed that p53-dependent Puma expression in
response to DNA damage requires GSK-3.34 Since GSK-3 is a
substrate of Akt, it is possible that this pathway also operates in
the presence of IL-3 or activated Akt1 expression. Finally, loss of
p53 is associated with an altered kinase signalling environment
in IL-3-dependent FDM cells that permits survival and prolifera-
tion in an Akt-independent manner.24

In conclusion, we have shown that Akt1 regulates the
viability of FDM cells in limiting concentrations of cytokine.
Akt1 represses Puma expression, to promote viability,
although there are clearly Puma-independent mechanisms
that are also controlled by Akt. Our data strongly support the
hypothesis that Akt represses the activation of apoptosis
pathways after cytokine deprivation principally through
repressing p53-dependent responses that accompany cyto-
kine deprivation rather than by the direct regulation of Bcl-2
family members. It may be that Akt-dependent repression of
apoptosis in conditions of limiting cytokine concentrations
permits survival of cells that then acquire mutations that drive
unrestricted proliferation.

Materials and Methods
Cell lines and culture. FDM cells of the indicated genotypes were
generated from Puma� /� , Bim� /� , Bad� /� , Bax� /� ;Bak� /� , Akt1� /� ,
Akt2� /� and Akt3� /� mice that are described as referenced.13–15,35–38 All
animals had been crossed for at least 10 generations onto a C57Bl/6 background
having been generated 129svJ embryonic stem cells. Haematopoietic stem/
progenitor cells from E14.5 embryos were infected with a Hoxb8 retrovirus, as
previously described.16 FDM cells were cultured in low-glucose (LG) DMEM
(Invitrogen, Mulgrave, VIC, Australia) supplemented with 10% (v/v) Heat-
Inactivated Fetal Calf Serum (JRH Laboratories) and 0.25 ng/ml murine rIL-3
(0.5 ng/ml IL-3 in Akt1� /� , Akt2� /� , Akt3� /� and corresponding WT cell lines)
(R&D Systems, Minneapolis, MN, USA) at 10% CO2 at 37oC. c2 fibroblasts

(producing Hoxb8 retrovirus) and 293T cells were maintained in high-glucose
DMEM (Invitrogen) supplemented with 10% (v/v) FCS.

Cloning. The mouse Akt1 cDNA, encoding myristoylated Akt, lacking the PH
domain with an N-terminal HA tag (myr-HA-AKT1(DPH) (gift from D James,
Garvan Institute of Medical Research, Sydney), Flag-tagged p53 or eGFP
was cloned into the pF5xUAS-SV40-puromycin lentiviral vector.20 Cells were
co-infected with GEV16 and pF5xUAS-SV40. Infected cells were selected using
hygromycin (400mg/ml) and puromycin (4 mg/ml). Clones were selected and
tested for expression of the retrovirally encoded proteins by intracellular staining.
Expression of HA-myr-Akt1 or eGFP was induced by treatment with 1 mM 4-OHT
for 24 h before the start of all experiments.

Lentiviral and retroviral production and infection. 293T cells were
grown to 70% confluence before being transfected with either a 5 : 3 : 2 mixture of
pCMVdR.8, GEV16 or pF5xUAS-SV40 and VSVG plasmids for lentiviral
production or 3 : 5 : 2 mixture of GAGpol, LMP shRNA and Env for retroviral
production using Effectene as per manufacturer’s instructions (Qiagen, Chadstone,
VIC, Australia). Viral supernatants were harvested at 24 and 48 h and either used
fresh or stored at � 80oC. Lentiviral infection of FDM cells was performed by
plating FDM cells at 50% confluence in viral supernatant, supplemented with 10%
(v/v) FCS, 0.25 ng/ml rIL-3, with 5mg/ml polybrene (Sigma-Aldrich, St Louis, MO,
USA). Cells were then centrifuged for 90 min at 2500 r.p.m. at 30oC. Cultures were
left overnight before fresh medium was added. After 1 week, cells were selected
with either 400mg/ml Hygromycin (Roche, Melbourne, VIC, Australia) for 7 days or
4mg/ml Puromycin (Sigma-Aldrich) for 4 days. Clones were selected by growing
aliquots of cells in DMEM containing 0.5 ng/ml and 20% FCS in semi-solid media
of DMEM, 10% FCS, 0.5 ng/ml IL-3 and 0.03% soft agar. Retroviral infection was
performed after non-tissue culture 12-well plates were coated with 30 mg/ml
retronectin in PBS for 1 h at room temperature. Wells were washed gently with
PBS before a 2% BSA/PBS solution was added to wells for 30 min. After
incubation, wells were again washed in PBS before viral supernatant was added to
wells in DMEM, 10% FCS, 0.25 ng/ml IL-3 and plates spun at 4000 r.p.m. for 1 h
at 22oC. Cells were then added to wells in the presence of 5mg/ml polybrene
overnight at 37 oC 10% CO2. Cells were then cultured as normal and viral
transduction confirmed by GFP expression.

Intracellular staining. To detect Akt expression, cells were induced for 24 h
with 100mM 4-OHT before being washed in PBS and fixed with 80% methanol on
ice for 20 min. Cells were washed in PBS again and 1 : 200 anti-HA (Covance)
was added to cells in antibody buffer (0.03% Saponin, 10% FCS in PBS). Cells
were incubated for 1 h on ice before being washed and 1 : 100 anti-mouse-PE was
added in antibody buffer. Cells were incubated for 1 h at room temp before being
washed, resuspended in PBS and analysed by LSRII. Comparative histograms
were generated using FCSExpress (DeNovo Software, Los Angeles, CA, USA).

Immunoblotting. Cell lysates were generated using RIPA buffer (150 mM
NaCl, 50 mM TrisHCl pH 7.4, 0.5% NaDOC, 0.1% SDS, 1% NP-40) or Onyx Buffer
(20 mM TrisHCl pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 10% Glycerol,
1% Triton X-100) with a Protease Inhibitor Cocktail (Roche) and Phosphatase
Inhibitors (2.5 mM sodium pyrophosphate, 1 mM b-glycerol phosphate, 1 mM
Na3VO4) at a cell density of 5� 104 cells/ml of buffer. Lysates were boiled in the
presence of loading buffer (2% SDS, 10% Glycerol, 60 mM Tris pH 6.8, 5% 2-
mercaptoethanol and 0.01% bromophenol blue) for 5 min before proteins were
resolved on 12 or 15% SDS-PAGE gels. Proteins were detected by western
blotting using chemiluminescence (ECL reagent; Thermo Scientific (Scoresby,
VIC, Australia) or ECL Plus reagent; Amersham (Rydalmere, NSW, Australia)).
The following antibodies were used: anti-AKT, anti-phosphoAKT, anti-phos-
phoAKT XP, anti-AKT1, anti-phosphoMDM2 (Cell Signaling, Boston, MA, USA),
anti-Bcl2 (Pharmingen, North Ryde, NSW, Australia), anti-Bcl-XL (R&D Systems,
Minneapolis, MN, USA), anti-GFP (Molecular Probes, Mulgrave, VIC, Australia),
anti-HA (Chemicon, Billerica, MA, USA), anti-Mcl-1 (Rockland, Gilbertsville, PA,
USA), anti-MDM2 (Calbiochem, Billerica, MA, USA), anti-mouse-HRP, anti-b-actin
(Sigma-Aldrich), anti-PUMA (ProSci, Poway, CA, USA), anti-Rabbit-HRP
(Amersham), anti-p53 (Pharmingen).

Viability and clonogenic assays. Viability was determined using PI
exclusion as assessed by flow cytometry. At the end point of the experiment, cells
were washed in PBS and propidium iodide (Sigma-Aldrich) added at 1 mg/ml in
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PBS. Cells were analysed using a Becton Dickson LSRII and FACSDiva.
Clonogenic assays were performed as previously described.16 Briefly, 500, 2500
or 12 500 cells from viability assays were plated in DMEM supplemented with 20%
FCS and 0.5 ng/ml IL-3 and 0.03% soft agar. After 14 days, the number of
colonies was then counted and the clonogenicity calculated relative to the same
clone at time zero or untreated.

Cell-cycle analysis. Cell-cycle analysis was performed by staining nuclear
DNA of fixed cells with PI (using hypotonic solution) followed by FACS analysis as
previously described.4

Real-time PCR. RNA was extracted from 1� 106 cells using the RNeasy RNA
extraction kit (Qiagen), as per manufacturer’s instructions. In all, 500 ng of RNA was
reverse transcribed using MMLV RVTase H minus mutant (Promega, Sydney, NSW,
Australia) and random primers (Promega) following manufacturer’s instructions.
TaqMan gene expression assays using FAM (6-carboxy-fluorescein)-labelled probes
(Applied Biosystems, Mulgrave, VIC, Australia) were used to quantitate Puma (Bbc3,
Mm00519268_m1) or Mcl-1 (Mm00725832_s1) mRNA levels and compared with
two reference genes, Hmbs (Mm01143545_m1) and Polr2a (00839502_m1) using
the Viia7 Real-Time PCR system (Applied Biosystems). The DDCT method was
used to calculate mRNA levels relative to control genes.
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