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Akt isoform-specific signaling in breast cancer
Uncovering an anti-migratory role of palladin
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Numerous studies have shown that Akt isoforms promote
tumorigenesis by enhancing cancer cell survival and growth,
and it is well established that signaling through the Akt
upstream regulator PI3-K enhances cancer cell migration.
Therefore, itis conventionally accepted that PI3-K/Akt pathway
promotes tumor formation and metastasis. A few years ago,
studies from several laboratories added a new layer to the
pleiotropic effects of Akt function by showing that the Akt1
isoform inhibits breast cancer cell migration and invasion,
whereas Akt2 promotes these phenotypes. These studies
challenged the dogma and identified non-redundant functions
of Akt isoforms in cancer progression. The identification of
palladin as an Akt1-specific substrate in our recently published
work has exemplified distinct Akt isoform-specific signaling in
breast cancer.

Here, we review these findings and discuss the implications for
the understanding of the mechanistic basis for designing more
effective anti-cancer therapeutics targeting the Akt pathway.

Over the past two decades, numerous studies have revealed a
central role of the Akt family of protein kinases (PKBa/Aktl,
PKBB/Ake2 and PKBvy/Akt3) in cellular functions includ-
ing cell survival, proliferation and growth—processes that are
crucial for tumorigenesis." Indeed, hyperactivation of Akt sig-
naling due to mutations in PIK3CA, the gene that encodes the
pll0a catalytic subunit of phosphoinositide 3-kinase (PI13-K),
PTEN loss or HER2 amplification is one of the most common
features of many human solid tumors as well as hematological
malignancies.”? Studies in transgenic mice have shown that Akt
promotes mammary tumor progression by increasing cell sur-
vival. Similarly, a constitutively activated Aktl allele is able to
transform fibroblasts in vitro.’ Using a murine lymphoma model,
Akt was shown to promote tumor formation and drug resistance
via the translational regulators mTOR and eIF4E.¢ The critical
role of Akt in tumorigenesis is also suggested by the fact that a
large number of proteins in the Akt pathway are either oncogenes
(e.g., Akt itself, PI3-K, MDM2, cyclin D1) or tumor suppressors
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(e.g., PTEN, INPP4B, TSC2, p27, PHLPP), and these pro-
teins are frequently deregulated in human cancers, most often
by somatic mutations or loss of heterozygosity.” Based on this
notion, there is currently a major effort to develop compounds
that target the Akt pathway for therapeutic benefit in cancer and
other pathophysiologies. In fact, several Akt inhibitors including
triciribine, perifosine and MK-2206 are currently being tested in
phase I and II clinical trials.5!° A few years ago, however, observa-
tions from several independent laboratories revealed that, perhaps
unexpectedly, Akt isoforms have opposing roles in the regulation
of breast cancer cell invasive migration and metastatic dissemina-
tion, events that ultimately determine clinical outcome.

In transgenic mouse models, Aktl has been shown to pro-
mote mammary tumor growth, and yet suppress metastasis.'"'?
However, experiments using Aktl-deficient mice have not
yielded wholly consistent results. In one study, metastasis of
mammary tumors was increased in Aktl knockout mice.'? Yet
in a separate study, Akel deficiency was found to reduce lung
metastases.”> Nonetheless, the majority of the currently avail-
able in vivo data do agree with the overall model whereby Aktl
inhibits invasive migration of breast cancer cells. Our own ini-
tial studies showed that mechanistically this is in part due to
the degradation of Nuclear Factor of Activated T cells (NFAT),
a pro-invasion transcription factor." Studies from the Brugge
laboratory also demonstrated that Aktl inhibits breast cancer
cell motility by attenuating ERK activity,"” whereas Bissell and
colleagues showed the same phenotype functioning through the
tumor suppressor tuberous sclerosis complex 2 (T'SC2).'¢ Finally,
it has been demonstrated that Akt2 upregulates Bl integrins
and promotes invasion as well as metastasis of breast cancer cells
in vivo."”!® Although these studies have provided considerable
insight into the mechanisms by which Akt isoforms differentially
regulate epithelial and cancer cell migration (Fig. 1), the imme-
diate isoform-specific substrates that modulate cell motility in an
Akt isoform-specific manner have yet to be identified.

Intriguingly, Akt isoforms exhibit distinct functions in cancer
progression in spite of their high sequence and structural homol-
ogy.”? The considerable efforts currently aimed at develop-
ing Akt inhibitors for anti-cancer therapeutics prompted us to
investigate the molecular mechanisms by which Akt isoforms
differentially regulate breast cancer metastasis. Using a bioinfor-
matics data set generated by Gygi and colleagues,?' we set out to
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Figure 1. Opposing functions of Akt isoforms in breast cancer cell invasive migration. Akt1 suppresses NFAT, TSC2 and ERK functions directly or indi-

stability and mRNA levels of palladin. The molecular mechanisms by which Akt2 regulates palladin remain to be determined.

romotes its actin-bundling function and leads to decreased cell migration.
st cancer cell migration and metastasis. Interestingly, Akt2 also promotes

search for candidate substrates that contain an evolutionary con-
served sequence that conforms to the Akt phosphorylation motif
(RXRXXS/T),* and furthermore have functions relating to
cell architecture and motility. With a combination of biochemi-
cal and molecular genetic approaches, we recently identified the
actin-bundling protein palladin as the first Akt isoform-specific
substrate that contributes to the differential regulation of breast
cancer cell migration.” We showed that wild-type but not S507A
mutant palladin is phosphorylated in response to IGF-I stimula-
tion. By using Akt isoform-specific siRNAs and in vitro kinase
assays, we reported that Aktl but not Akt2 directly phosphory-
lates palladin at Ser507. As palladin has been shown to regulate
the organization of the actin cytoskeleton,* we then investigated
the functional role for the Akt and palladin signaling axis in
modulating invasive migration. Depletion of palladin by shRNA
enhances invasive migration of breast cancer cells and induces
abnormal branching morphogenesis in 3D cultures, suggesting
an anti-migratory role for palladin. Moreover, Aktl-mediated
inhibition of cell migration was rescued by palladin silencing,
indicating that palladin is at least one downstream effector which
mediates the inhibitory effect of Aktl on migration. Importantly,
the migratory effect induced by palladin silencing was reversed
by wild-type but not the S507A mutant, suggesting that phos-
phorylation of palladin by Aktl is critical for the inhibition on
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cell motility. Taken together, these findings not only provide a
mechanism that is responsible for the non-redundant functions
of Akt isoforms in migration, but also identify an Akt isoform-
specific substrate that contributes to cancer progression (Fig. 1).
This likely bears important clinical implications, such that in
order to maximize efficacy and minimize side effects, it would
ultimately be more desirable to target downstream substrates of
PI3-K/Akt rather than the kinases themselves for therapeutic
intervention. Future efforts aimed at identifying a comprehen-
sive list of Akt isoform-specific substrates and dissecting their
functions in tumorigenesis are warranted. In this context, newly
available Akt isoform-specific inhibitors and global phospho-
proteomic screens from tumor cell lines and tissues should prove
to be instrumental towards these goals.

A particularly surprising revelation emerging from our studies
is the molecular insight by which Akt isoforms recognize their
substrates. Despite more than 100 Akt substrates that have been
identified to date, only a few have been shown to be isoform-
specific.”® The isoform-specificity of these substrates is likely to
be cell type-dependent, and in turn be determined by the amount
and spatial localization of distinct Akt isoforms, and thus acces-
sibility to different scaffolding proteins in different cell types.
In our studies we demonstrated that palladin only interacts with
Aktl but not Akt2.”? More importantly, recombinant Aktl but
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not Ake2 phosphorylates palladin in a cell-free system, suggesting
that there are one or more molecular determinants on Aktl that
confer substrate specificity. Using chimeras of Aktl and Ak2 iso-
forms, we went on to demonstrate that the linker region located
between the pleckstrin homology and kinase domains plays
a critical role in the association of Aktl and palladin. Current
studies are aimed at evaluating the model that a docking site on
Akt isoforms determines substrate recognition. Identification
of such docking motif will ultimately facilitate the discovery of
novel isoform-specific substrates and further our understanding
of the mechanisms of functional selectivity in the PI3-K and Akt
pathway.

While it is well known that Akt regulates the physiologi-
cal function of its targets, Akt-dependent phosphorylation can
also modify the stability of a small subset of substrates. For
example, Akt phosphorylates the tumor suppressor merlin and
the transcription factor Androgen Receptor, leading to their
degradation.?®? Interestingly, although our data indicate that
phosphorylation of palladin by Aktl has no effect on its sta-
bility, subsequent studies revealed that Akt2 enhances palladin
expression by promoting its stability, as well as upregulating
mRNA levels (Fig. 1).?® This is surprising since Aktl, but not
Akt2, associates with palladin.?® At the molecular level, it is
likely that both Akt kinase function as well as a putative scaf-
folding activity regulate the contribution of Aktl and Ake2 sig-
naling with respect to palladin function.

Palladin function has been implicated in human cancer pro-
gression and its expression is found to be increased in breast
tumor tissues.”” Since our studies have shown that palladin
phosphorylation plays an anti-migratory role in breast cancer
cells, it may be possible to utilize palladin phosphorylation as
a biomarker for breast cancer metastases. We predict that the
phosphorylation levels of palladin are lower in invasive breast car-
cinoma tissues compared to non-invasive carcinoma or normal
breast tissues. Indeed, this is in agreement with our observations
that whereas the total levels of palladin do not appear to correlate
with the relative invasiveness of breast cancer cell lines, palladin

phosphorylation is higher in non-tumorigenic, non-invasive
MCF10A breast epithelial cells when compared to invasive and
metastatic basal-like breast cancer cell lines such as SUM-159-PT
and MDA-MB-231.%

There are numerous unanswered questions that stem from the
discovery that palladin is an Aktl-specific substrate that controls
invasive migration. For example, what is the migratory role of pal-
ladin in tumor-associated stromal cells? Our studies have focused
on breast epithelial cells and also were conducted using in vitro
or cell-based systems. Although Matrigel invasion assays and 3D
cultures provide much insight into the molecular mechanisms
of palladin regulation by Ak, it is important to demonstrate the
physiological relevance of this novel mechanism of Aktl-specific
signaling in breast cancer metastasis in vivo, and also determine
the function of palladin in stromal cells such as fibroblasts and
endothelial cells. Similarly, Akt signaling has been studied from
numerous perspectives. However, isoform-specificity issue has
arguably remained an under-explored area of work. Do Akt iso-
forms have distinct functions in other aggressive tumors where
the Akt pathway is hyperactive? Finally, over the past few years,
increasing number of proteins are demonstrated to both “help
and hinder” tumor progression. In addition to Aktl, transform-
ing growth factor B (TGFB) and WAVE have been shown to
be double-faced proteins.?®*" Which aspect the protein functions
at a particular moment will likely depend on the nature of the
interacting partners and cross-talk pathways that are involved at
various stages of tumor progression. Careful dissection of these
mechanisms is critically important not only for a better under-
standing of the complexity of signaling networks that promote
carcinoma, but also for providing new insight for the design of
new and more effective cancer therapeutics.
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