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Abstract
The frequent deregulation of the phosphoinositide 3-kinase/
Akt survival signaling pathway in cancer has prompted
significant interest in blocking this pathway to treat cancer.
Recently, however, two studies have shown that the Akt
isoform Akt1 limits the invasive migration of breast cancer
cells. These studies suggest that Akt1 may have a dual role in
tumorigenesis, acting not only pro-oncogenically by suppressing apoptosis but also anti-oncogenically by suppressing
invasion and metastasis. We discuss the possible implications
of these findings for therapeutic development of Akt inhibitors
to treat cancer. (Cancer Res 2006; 66(8): 3963-6)

One decade ago, the Tsichlis laboratory discovered that the
Akt/protein kinase B (PKB) serine/threonine protein kinase is a
target of phosphoinositide 3-kinase (ref. 1). With the subsequent
discovery that Akt increases cell survival in a PI3K-dependent
manner (2), it became rapidly evident that this pathway could be
an effective target for antineoplastic therapies. We now know that
Akt controls a plethora of cellular responses, and that the three Akt
isoforms, Akt1 (PKBa), Akt2 (PKBh), and Akt3 (PKBg), are
ubiquitously expressed in all cell types and tissues, although Akt3
seems to have a more restricted expression pattern. In normal and
cancer cells, Akt regulates both growth and survival mechanisms
and does so by phosphorylating a large number of substrates. Most
stimuli that induce these responses activate PI3K, a lipid kinase
that catalyzes the synthesis of the membrane phospholipid PtdIns3,4,5-P3 from PtdIns-4,5-P2, effectively recruiting Akt to the plasma
membrane by direct interaction of PtdIns-3,4,5-P3 with the Akt
pleckstrin homology domain. Full activation of Akt also requires
phosphorylation of two conserved residues, Thr308 and Ser473. Once
phosphorylated and active, Akt relocalizes to several subcellular
locations where it phosphorylates proteins, such as Forkhead
transcription factors (FOXO), GSK-3, BAD, and MDM2, some of
which contribute to antiapoptotic signaling [recently reviewed by
Woodgett (3)].
Importantly, many of the enzymes that either mediate the Akt
signal, such as MDM2 (4), or regulate Akt activity, such as the
tumor suppressors PTEN (5) and PHLPP (6), are frequently
mutated in human tumors, thereby up-regulating Akt activity and
increasing tumor cell growth and survival. Similarly, oncogenic
mutations in PI3K itself have been detected in human tumors (7).
Several laboratories have also reported increased Akt activity,
phosphorylation, and even protein expression in tumors of the
breast, prostate, ovary, and pancreas (8). These and numerous
other studies have thus provided overwhelming evidence that
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efficient signaling through the PI3K/Akt signaling axis promotes
growth and survival, and that any genetic perturbation of this
pathway will increase the survival of cancer cells that would
normally undergo apoptosis.
With this as the backdrop, our laboratory embarked on a study
to evaluate the importance of Akt in mediating cancer cell motility
and invasion. Growth and survival are, of course, not the only
phenotypes that prevail in carcinomas, which are cancers of
epithelial origin. Additionally, cell motility and invasion through
basement membrane are important phenotypes that are ultimately
responsible for the progression of primary tumors into metastases
(9). Our interest in this area of research was stimulated by a key
discovery made by the Mercurio laboratory several years ago,
showing that the a6h4 integrin, a tumor-associated antigen,
promotes breast and colon cancer cell migration and invasion by
activating PI3K (10). Other groups have since reported that in
certain cells, ectopic expression of various Akt isoforms increases
cell migration and invasion, at least in vitro. For example, Akt
can stimulate secretion of matrix metalloproteases, known to be
required for degradation of the extracellular matrix (11). In
fibroblasts, Akt signaling enhances activation of various small
GTPases, including Rac, and thus lead to remodeling of the actin
cytoskeleton and enhanced cell motility (12). Similarly, expression
of activated Akt in fibrosarcoma or pancreatic cancer cells
increases their invasion through Matrigel (11, 13, 14), an effect
recapitulated by overexpression of Akt2 in breast and ovarian
cancer cells (15). Expression of Akt can also promote epithelialmesenchymal transition (EMT), a process intimately associated
with tumor progression to invasive and metastatic carcinoma (16).
Our studies revealed the unexpected finding that expression of
activated Akt1, activated either as a myristoylated membrane-bound
form or a phosphorylation site mutant, potently blocked the in vitro
migration and invasion of three distinct breast cancer cell lines
through Matrigel (17). This effect required the kinase activity of Akt1
because an inactive catalytic site mutant did not block invasion.
Invasion could be blocked by expression of activated Akt1 or by
stimulating cells with the physiologic ligand insulin-like growth
factor-I (IGF-I). To rigorously establish that endogenous Akt1 blocks
invasion, we designed two distinct Akt1 small interfering RNA
(siRNA) sequences specific to Akt1, which did not affect expression
of Akt2. As predicted, Akt1 siRNA enhanced breast cancer cell
migration and Matrigel invasion. The obvious implication of this
finding is that the two Akt isoforms must have specific and
nonredundant roles in regulating invasion. If Akt2 also blocks
invasion, then silencing Akt1 expression alone with siRNA would
have no effect on migration because Akt2 would take over by
redundancy.
Our results only suggested that the three Akt isoforms may
function in a distinct manner in regulating cell migration and
invasion (17). A separate study from the Brugge laboratory has
validated and extended these observations (18). This laboratory
had been studying the role of IGF-I and its receptor (IGF-IR)
in mediating hyperproliferation and antiapoptotic signaling in
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three-dimensional organ cultures of the MCF-10A breast epithelial
cell line. In previous studies, they had shown that MCF-10A cells
expressing IGF-IR stimulated with IGF-I develop filled lumens
because of the failure of the centrally located cells to undergo
apoptosis (19), which is a key event in the morphogenesis of the
parental MCF-10A cells. Because IGF-I is a potent activator of the
PI3K and Akt pathway, and because Akt is a crucial survival kinase,
they speculated that interfering with Akt expression would reverse
the survival signaling induced by IGF-I stimulation. They developed
specific short hairpin RNAs (shRNA) targeting Akt1 and Akt2 and
obtained similar counterintuitive results when the Akt1 shRNA was
introduced into organ cultures. Silencing Akt2 expression reversed
the hyperproliferative and antiapoptotic effect of IGF-I, as one
would predict. However, silencing Akt1 expression had a drastically
different result, not only enhancing cell migration induced by IGF-I
or epidermal growth factor (EGF) but also facilitating an EMT in
the cells (18). In combination with EGF stimulation, expression of
wild-type Akt1 also blocked migration in a Transwell assay.
Interestingly, the increased EMT-like conversion induced by Akt1
shRNA was reversed by down-regulation of Akt2. Therefore, the
first conclusion to be drawn from both studies is that Akt1 and
Akt2 in opposition to each other in breast cell motility, invasion,
and EMT morphogenesis.

Both studies also reported on two distinct signaling mechanisms,
which Akt1 uses to suppress cell motility and invasion. In our
own work, we focused on the transcription factor nuclear factor of
activated T cells (NFAT) as a target of Akt in the invasion response
(Fig. 1). We reasoned that NFAT was a good candidate for several
reasons. First, we knew that NFAT transcriptional activity is
elevated in highly invasive breast cancer cell lines, and that
blocking NFAT activity results in decreased Matrigel invasion (20).
Work from other laboratories had also shown that expression of
activated Akt in T cells results in accumulated cytoplasmic, inactive
NFAT (21). Lastly, it is known that many targets of Akt are actually
inactivated by the Akt signal, a good example being the FOXO3a
transcription factor that is phosphorylated in the nucleus by Akt
and then exported to the cytoplasm, thereby terminating its
transcriptional activity (22). Indeed, we found that activated Akt1
potently blocks NFAT transcriptional activity, whereas Akt1 siRNA
increased this activity. We also showed that the ability of Akt1
siRNA to increase invasion could be reversed by coexpressing a
dominantly interfering NFAT mutant, showing that NFAT is at least
one effector of the Akt signaling pathway leading to suppression of
invasion. Furthermore, we showed that the mechanism by which
Akt1 blocks NFAT is to accelerate its proteasomal degradation. This
is mediated by the Akt substrate and E3 ubiquitin ligase MDM2.

Figure 1. Contrasting functions of Akt1 and Akt2 on epithelial cell motility and invasion. Stimulation of breast epithelial or carcinoma cells with IGF-I initiates the IGF-IR
signaling pathway, leading to activation of PI3K, which in turn activates Akt1 and Akt2. Akt1 suppresses both NFAT and ERK activity (red arrows ) and in turn
blocks cell migration and invasion. In contrast, Akt2 may positively regulate both NFAT and/or ERK (green arrows ) and facilitate invasion. In the absence of Akt1,
active NFAT and ERK (through nuclear AP-1) contribute to a transcriptional program, which leads to the induction of promotility and invasion genes, leading to
breakdown of the extracellular matrix (ECM ) and intravasation into the vasculature.
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In the presence of active Akt, MDM2 is stabilized and able to
ubiquitinate NFAT, leading to its degradation and therefore
inhibition of migration and invasion. We speculate that NFAT likely
induces a transcriptional program in cancer cells, leading to the
induction of genes that promote invasion, including matrix
metalloproteinases, cytokines, and others. Although we know very
little about the identity of these genes, a recent study showed that
autotaxin/ENPP2, a promotility factor, is an NFAT target gene (23).
Future studies will shed more light on the nature of other genes that
mediate migration and invasion in an NFAT-dependent manner.
The Brugge article reported on a different mechanism by which
suppression of Akt1 expression increases MCF-10A cell migration
and EMT. For two reasons, they focused on the extracellular signalregulated kinase (ERK) pathway. First, hyperactivation of ERK
through Ras mutations or mitogenic stimulation typically results in
induction of EMT. Second, overexpression of Akt1 is known to
suppress ERK activity (24). Consistent with both observations, Akt1
shRNA dramatically induced ERK activity, whereas Akt2 shRNA had
no effect (18). They further showed that the induction of migration
in cells transduced with Akt1 shRNA was due to ERK activation,
because the phenotype could be reversed with specific ERK
inhibitors. The reverse was also true: when Akt1 was overexpressed,
it suppressed EGF-stimulated migration and ERK activation.
It is not entirely surprising to find two distinct mechanisms
which contribute to the inhibitory activity of Akt1 on motility and
invasion. Indeed, as multiple mechanisms have been shown to
operate downstream of Akt leading to cellular survival, it is not
surprising to find that more than one pathway downstream of Akt1
is essential to block cellular motility and invasion. For example, in
immune cells the efficient induction of several cytokines requires
two coordinately regulated signals emanating from the T cell
receptor, one being calcium flux, which leads to the nuclear
translocation and activation of NFAT, and the second being the
ERK pathway, which is required for efficient activation of activator
protein-1 (API-1; ref. 25). Thus, in the same way that many immune
response genes are induced by the coordinate activation of both
NFAT and AP-1, the same may hold true for Akt1 signaling in
epithelial cells where NFAT and ERK could cooperate to mediate
suppression of motility and invasion. Whether other Akt-dependent
pathways must also function in parallel to ERK and NFAT to mediate
motility and invasion is as yet unknown.
Although clearly more work is required to fully comprehend the
implication of these studies, some key issues are worth evaluating
at this early stage. First, although Matrigel invasion assays and
three-dimensional organ cultures provide much insight into
molecular mechanisms which govern motility responses, these
are in vitro assays, and as such, validation of these results in vivo is
required. However, one report has already addressed this issue. The
Muller laboratory reported that whereas expression of activated
Akt1 in ErbB2 transgenic mouse mammary tumors enhanced their
proliferation, it also resulted in fewer metastatic lesions compared
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with control animals (26). This would be the expected result if Akt1
functions as a suppressor of invasion or metastasis. Future studies
using inducible deletion of individual Akt isoforms in various
tumor models may provide further validation of the Akt-specific
effects on proliferation versus invasion and metastasis.
One obvious extrapolation of these studies is that small-molecule
inhibitors that target Akt1 may actually enhance invasion and
metastasis, rather than suppress it. Akt inhibitors have been
developed recently, which seem to be isoform specific towards
Akt1 and Akt2 at relatively low doses (27). As expected, in cell
culture models, these inhibitors potentiate tumor cell apoptosis in
the presence of apoptosis-inducing ligands, such as tumor necrosis
factor–related apoptosis-inducing ligand. It will clearly be interesting to see if these inhibitors recapitulate the effects of the Akt
siRNA on migration and invasion, both in vitro and in vivo.
There are many other unanswered questions arising from these
studies. What are the differences between Akt1 and Akt2, which
affords them such contrasting effects on epithelial cell motility?
Although the Akt1 and Akt2 knockout mice show distinct
phenotypes, with Akt1 null mice exhibiting growth defects, and
Akt2 null mice exhibiting mainly defects in glucose homeostasis,
these differences have yet to be correlated to differences at the
level of substrate selectivity or signaling functions of the two Akt
isoforms. One answer may lie in the relative abundance of each
Akt isoform in a given cell type or tissue, or perhaps in their unique
and specific intracellular localization. If this proves to be the case,
then it is likely that the function of Akt as an inhibitor of invasive
migration may hold true only on a subset of tissues. Given that
Akt2 is the predominant isoform that is amplified in breast and
ovarian tumors, that activating mutations of Akt2 have been
detected in colon cancer, and that expression of Akt2 increases
invasion of cancer cells in vitro, it is tempting to speculate that
Akt2-specific inhibitors would be the most appealing avenue for
clinical therapy. Additional weight is added to this proposition
by the independent finding that only Akt2 emerged from an
unbiased siRNA screen of kinases, which increase apoptosis when
down-regulated (28). Why should Akt1 expression suppress
migration and invasion in epithelial cells yet enhance it in other
cells, such as fibroblasts? This question presumably reflects some
feature of signaling or expression background in different cell
types, but it has yet to be resolved. In closing, evidence continues to
accumulate that different isoforms of Akt have different functions
in cells, including in settings of human neoplasia. To develop
effective new cancer therapeutics that limit relevant Akt signals, it
will be important to gain a more complete picture of the precise
roles of these kinases and of specific PI3K/Akt pathways in cancer,
in more specific rather than general signaling terms.

Acknowledgments
Received 2/24/2006; accepted 2/24/2006.

3. Woodgett JR. Recent advances in the protein kinase B
signaling pathway. Curr Opin Cell Biol 2005;17:150–7.
4. Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, Hung MC.
HER-2/neu induces p53 ubiquitination via Akt-mediated
MDM2 phosphorylation. Nat Cell Biol 2001;3:973–82.
5. Li J, Yen C, Liaw D, et al. PTEN, a putative protein
tyrosine phosphatase gene mutated in human brain,
breast, and prostate cancer [see comments]. Science 1997;
275:1943–7.

3965

6. Gao T, Furnari F, Newton AC. PHLPP: a phosphatase
that directly dephosphorylates Akt, promotes apoptosis,
and suppresses tumor growth. Mol Cell 2005;18:13–24.
7. Samuels Y, Diaz LA, Jr., Schmidt-Kittler O, et al.
Mutant PIK3CA promotes cell growth and invasion of
human cancer cells. Cancer Cell 2005;7:561–73.
8. Altomare DA, Testa JR. Perturbations of the AKT
signaling pathway in human cancer. Oncogene 2005;24:
7455–64.

Cancer Res 2006; 66: (8). April 15, 2006

Downloaded from cancerres.aacrjournals.org on June 15, 2021. © 2006 American Association for Cancer
Research.

Cancer Research
9. Friedl P, Wolf K. Tumour-cell invasion and migration:
diversity and escape mechanisms. Nat Rev Cancer 2003;
3:362–74.
10. Shaw LM, Rabinovitz I, Wang HH, Toker A, Mercurio
AM. Activation of phosphoinositide 3-OH kinase by the
a6h4 integrin promotes carcinoma invasion. Cell 1997;
91:949–60.
11. Park BK, Zeng X, Glazer RI. Akt1 induces extracellular matrix invasion and matrix metalloproteinase-2
activity in mouse mammary epithelial cells. Cancer Res
2001;61:7647–53.
12. Enomoto A, Murakami H, Asai N, et al. Akt/PKB
regulates actin organization and cell motility via Girdin/
APE. Dev Cell 2005;9:389–402.
13. Kim D, Kim S, Koh H, et al. Akt/PKB promotes
cancer cell invasion via increased motility and metalloproteinase production. FASEB J 2001;15:1953–62.
14. Tanno S, Mitsuuchi Y, Altomare DA, Xiao GH, Testa JR.
AKT activation up-regulates insulin-like growth factor I
receptor expression and promotes invasiveness of human
pancreatic cancer cells. Cancer Res 2001;61:589–93.
15. Arboleda MJ, Lyons JF, Kabbinavar FF, et al. Overexpression of AKT2/protein kinase Bh leads to upregulation of h1 integrins, increased invasion, and
metastasis of human breast and ovarian cancer cells.
Cancer Res 2003;63:196–206.

Cancer Res 2006; 66: (8). April 15, 2006

16. Grille SJ, Bellacosa A, Upson J, et al. The protein
kinase Akt induces epithelial mesenchymal transition
and promotes enhanced motility and invasiveness of
squamous cell carcinoma lines. Cancer Res 2003;63:
2172–8.
17. Yoeli-Lerner M, Yiu GK, Rabinovitz I, Erhardt P,
Jauliac S, Toker A. Akt blocks breast cancer cell motility
and invasion through the transcription factor NFAT.
Mol Cell 2005;20:539–50.
18. Irie HY, Pearline RV, Grueneberg D, et al. Distinct
roles of Akt1 and Akt2 in regulating cell migration and
epithelial-mesenchymal transition. J Cell Biol 2005;171:
1023–34.
19. Debnath J, Mills KR, Collins NL, Reginato MJ,
Muthuswamy SK, Brugge JS. The role of apoptosis in
creating and maintaining luminal space within normal
and oncogene-expressing mammary acini. Cell 2002;111:
29–40.
20. Jauliac S, Lopez-Rodriguez C, Shaw LM, Brown LF,
Rao A, Toker A. The role of NFAT transcription factors
in integrin-mediated carcinoma invasion. Nat Cell Biol
2002;4:540–4.
21. Reif K, Lucas S, Cantrell D. A negative role for
phosphoinositide 3-kinase in T-cell antigen receptor
function. Curr Biol 1997;7:285–93.
22. Brunet A, Bonni A, Zigmond MJ, et al. Akt

3966

promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999;96:
857–68.
23. Chen M, O’Connor KL. Integrin a6h4 promotes
expression of autotaxin/ENPP2 autocrine motility
factor in breast carcinoma cells. Oncogene 2005;24:
5125–30.
24. Rommel C, Clarke BA, Zimmermann S, et al.
Differentiation stage-specific inhibition of the RafMEK-ERK pathway by Akt. Science 1999;286:1738–41.
25. Macian F, Garcia-Rodriguez C, Rao A. Gene expression elicited by NFAT in the presence or absence of
cooperative recruitment of Fos and Jun. EMBO J 2000;19:
4783–95.
26. Hutchinson JN, Jin J, Cardiff RD, Woodgett JR, Muller
WJ. Activation of Akt-1 (PKB-a) can accelerate ErbB-2mediated mammary tumorigenesis but suppresses
tumor invasion. Cancer Res 2004;64:3171–8.
27. Barnett SF, Defeo-Jones D, Fu S, et al. Identification
and characterization of pleckstrin-homology-domaindependent and isoenzyme-specific Akt inhibitors. Biochem J 2005;385:399–408.
28. MacKeigan JP, Murphy LO, Blenis J. Sensitized RNAi
screen of human kinases and phosphatases identifies
new regulators of apoptosis and chemoresistance. Nat
Cell Biol 2005;7:591–600.

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on June 15, 2021. © 2006 American Association for Cancer
Research.

Akt Signaling and Cancer: Surviving but not Moving On
Alex Toker and Merav Yoeli-Lerner
Cancer Res 2006;66:3963-3966.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/66/8/3963

This article cites 28 articles, 10 of which you can access for free at:
http://cancerres.aacrjournals.org/content/66/8/3963.full#ref-list-1
This article has been cited by 28 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/66/8/3963.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/66/8/3963.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on June 15, 2021. © 2006 American Association for Cancer
Research.

