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Abstract

Background: AKT, also known as protein kinase B, is a key element of the PI3K/AKT signaling pathway. Moreover,
AKT regulates the hallmarks of cancer, e.g. tumor growth, survival and invasiveness of tumor cells. After AKT was
discovered in the early 1990s, further studies revealed that there are three different AKT isoforms, namely AKTT,
AKT2 and AKT3. Despite their high similarity of 80%, the distinct AKT isoforms exert non-redundant, partly even
opposing effects under physiological and pathological conditions. Breast cancer as the most common cancer entity
in women, frequently shows alterations of the PI3K/AKT signaling.

Main content: A plethora of studies addressed the impact of AKT isoforms on tumor growth, metastasis and
angiogenesis of breast cancer as well as on therapy response and overall survival in patients. Therefore, this review
aimed to give a comprehensive overview about the isoform-specific effects of AKT in breast cancer and to
summarize known downstream and upstream mechanisms. Taking account of conflicting findings among the
studies, the majority of the studies reported a tumor initiating role of AKT1, whereas AKT2 is mainly responsible for
tumor progression and metastasis. In detail, AKT1 increases cell proliferation through cell cycle proteins like p21,
p27 and cyclin D1 and impairs apoptosis e.g. via p53. On the downside AKT1 decreases migration of breast cancer
cells, for instance by regulating TSC2, palladin and EMT-proteins. However, AKT2 promotes migration and invasion
most notably through regulation of 3-integrins, EMT-proteins and F-actin. Whilst AKT3 is associated with a negative
ER-status, findings about the role of AKT3 in regulation of the key properties of breast cancer are sparse.
Accordingly, AKT1 is mutated and AKT2 is amplified in some cases of breast cancer and AKT isoforms are associated
with overall survival and therapy response in an isoform-specific manner.

Conclusions: Although there are several discussed hypotheses how isoform specificity is achieved, the mechanisms
behind the isoform-specific effects remain mostly unrevealed. As a consequence, further effort is necessary to
achieve deeper insights into an isoform-specific AKT signaling in breast cancer and the mechanism behind it.
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Background

According to the cancer statistics, breast cancer poses
the most common cancer entity in women and causes
the second highest number of death by neoplasia after
lung cancer [1]. Although the mortality for breast cancer
decreased by 40% from 1989 to 2016 [1], formation of
metastasis e.g. in the bone impairs prognosis of breast
cancer and causes the high mortality rate [2, 3]. Breast
cancer preferably metastasizes into lung, pleura, liver,
bone and adrenal glands [4].
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Hanahan and Weinberg reported their hallmarks of
cancer in 2000 and suggest following properties as im-
portant milestones of tumor development: persistent cell
proliferation e.g. through independence from growth sig-
nals, bypassing suppression of growth, resistance against
apoptosis, immortalization of the cell, promotion of
angiogenesis and induction of invasion and metastasis.
In 2011 they added the modification of metabolism in
cancer cells as another important part of cancer develop-
ment [5, 6]. The multistep process of metastasis was fur-
ther characterized by Gupta and Massagué and is
composed of aggressive and invasive phenotype of can-
cer cells, detachment, intravasation, circulation, homing,
adhesion, extravasation and colonization [7].
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Since AKT, also known as protein kinase B, is linked
to and regulates many of the cancer hallmarks and the
metastatic cascade in breast cancer [8—11], much effort
was made to develop targeted therapy for AKT signaling
in breast cancer [12—15]. Furthermore, AKT seems to be
a reasonable target for cancer therapy on the grounds
that the PI3K/AKT signaling pathway is frequently dys-
regulated in up to 70% of human breast cancer [16] and
upregulation of AKT in cancer is associated with overall
poor prognosis [17]. However, there is growing evidence
that the different isoforms AKT1, AKT2 and AKT3 have
non-redundant and partly opposing effects in tumori-
genesis, making pan-AKT inhibition in breast cancer in-
appropriate. Long-time lacking awareness for the
isoform-specific effects in breast cancer and unavailabil-
ity of isoform-specific inhibitors and antibodies delayed
the investigations of isoform-specific effects in breast
cancer and other cancers. In the last years it was pos-
sible to close the gap in knowledge more and more by
using isoform-specific knockdown or overexpressing
vectors in vitro and in mouse models [18]. Hence, we
will outline the isoform-specific effects of AKT in breast
cancer in vitro and in vivo influencing the hall marks of
cancer and the impact of AKT-isoforms on clinical pa-
rameters. Afterwards, we will discuss the consensus and
differences amongst the studies, possible mechanisms of
isoform specificity and the clinical implications of the
findings.

The AKT signaling pathway

The serine/threonine kinase AKT, also known as
PKB, was first cloned simultaneously by three labora-
tories [19-21] after Staal et al. discovered the v-AKT
proto-oncogene, a viral homolog in a thymic lymph-
oma of an AKR mouse [22]. AKT belongs to the
ACG family and consists of an N-terminal PH-
domain, a linker region, a catalytic domain and a C-
terminal regulatory domain [23].

The PI3K-AKT signaling pathway is initiated by bind-
ing of growth factors like EGF, IGF-1, heregulin or
PDGEF to their receptor tyrosine kinases and leads to au-
tophosphorylation of the RTKs [24-27]. PI3K class I,
composed of the regulatory subunit p85 and the catalytic
subunit p110 [28], is now activated and converts PI(4,
5)P, to PI(3,4,5)P; at the plasma membrane of the cell
[29, 30]. PI(3,4,5)P3 in turn serves as a binding site for
the PH-domain of AKT, causing a conformational
change [31] and the phosphorylation of AKT at T308 by
PDK1 [27, 32]. For fully activation AKT needs to be
phosphorylated at S473 in particular by mTORC2 [27],
but also by other kinases like DNA-PK [33], PKCy [34],
IKK [35] or by autophosphorylation of AKT [36]. Inacti-
vation of AKT is indirectly done by PTEN due to de-
phosphorylation of PI(3,4,5)P; to PI(4,5)P, [37] and by
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SHIP through conversion of PI(3,4,5)P; to PI(3,4)P, [38]
or by PHLPP [39, 40] and PP2A [41] which directly de-
phosphorylates AKT.

After activation of AKT, the kinase dissociates from
the plasma membrane and translocates to cytoplasm and
nucleus to phosphorylate and activate its substrates [42,
43]. AKT as a basophilically-directed kinase phosphory-
lates its substrates in a sequence specific context: argin-
ine at residue -3 relative to the serine/threonine
phosphorylation site, in most cases also an arginine at
residue -5, a hydrophobic motif at residue +1 and a
proline at residue + 2 [44]. The catalytic activity of AKT
spreads over more than 100 substrates that are involved
in metabolism, proliferation, apoptosis, protein expres-
sion, migration and much more [9, 45]. For instance,
AKT causes the translocation of GLUT4 via phosphoryl-
ation of AS160 as well as PIKfyve and therefore in-
creases glucose uptake [46-48]. Cell proliferation is
positively regulated through prevention of cell cycle
stimulating cyclin D1 degradation via inhibitory phos-
phorylation of GSK3 by AKT [49, 50]. Furthermore,
AKT directly inhibits the cell cycle inhibitors p21*2"
and p27°P! [51, 52] and induces Mdm2-mediated inhib-
ition of the tumor suppressor p53 [53]. Inhibitory phos-
phorylation of BAD [54], pro-caspase 9 [55] and pro-
apoptotic transcription factors of the FOXO-family by
AKT [56] prevents the cell from apoptosis. AKT-
mediated induction of NFgB-dependent transcription of
anti-apoptotic proteins like Bcl-XL [57] is also involved
in regulating cell survival. In addition, cell migration and
invasion is increased e.g. due to phosphorylation of the
pro-migratory actin-binding protein Girdin [58] and in-
duction of MMP2 and MMP9 by AKT [59, 60]. More-
over, AKT regulates protein expression through
activation of the mTORC1/p70S6K/S6 axis and induc-
tion of elF4E via inhibition of the negative regulator
TSC2 and PRAS40 [61-63]. As a result, AKT in general
is involved in regulating proliferation, survival, migration
and metastasis of breast cancer [11, 64—68].

Thus, it is not surprising that the complete PI3K/AKT
signaling pathway is frequently dysregulated in human
cancer, especially in breast cancer. The most common
dysregulation represents mutations of the PIK3CA itself
[69-71]. Further frequently occurring alterations of the
PI3K/AKT signaling are inactivation of PTEN [71, 72],
amplification of HER2 [73] and more rarely mutations or
amplifications of AKT itself [74, 75]. The HER2 status is
involved in the subtyping of breast cancer, in detail com-
posed of luminal A (HER-, ER+, low proliferation), lu-
minal B (HER+ or -, ER+, high proliferation), HER2-type
(HER2+, ER+ or -) and basal like (triple negative breast
cancer) [76]. Several studies reported an association of
AKT with breast cancer initiation [77], prognosis [16, 78],
metastasis [79] and resistance to chemotherapy [80] as
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well as improved hormonal therapy [17, 81, 82]. Surpris-
ingly, the studies disclose partly opposing results of AKT
[83, 84]. On that basis, the challenge began to develop
therapeutics that target the PI3K/AKT signaling like the
PI3K inhibitor LY294002 [85], inhibitors for mTOR [86]
and pan-AKT inhibitors like MK2206 [87-90] or perifo-
sine [91]. There is further rationale to target AKT because
of induction of apoptosis by kinase-dead AKT in tumor
cells or by inhibition of AKT activity in tumor cells with a
high AKT activity [92].

The three AKT isoforms

During investigations of the AKT signaling more and
more evidence raised that the three isoforms AKT1
(PKBa), AKT2 (PKBP) and AKT3 (PKBy) exert dis-
tinct and partly even opposing effects in cancer and
physiologically. After the detection of AKT1 and
AKT2 by Jones et al. [21, 93], AKT3 was discovered a
few years later [94, 95]. AKT3 is constituted of the
two distinct splicing variants AKT3 + S472 and AKT3-
S472, the latter one lacking the phosphorylation site
on position S472 [96]. Different genes are encoding
for the three isoforms: AKT1 is located at 14q32 [97],
AKT2 at 19q13.1-13.2 [98] and AKT3 at 1q44 [99].
The AKT isoforms have about 80% similarity in the
amino acid structure [11, 100], in detail AKT1 and
AKT?2 share 82% similarity at the amino acid level,
AKT2 and AKT3 77% and AKT1 and AKT3 83%
[101]. The highest similarity is located in the catalytic
domain with 87 to 90% and the greatest diversity is
located in the linker region with 17 to 46% similarity
[92]. Although several differences exist in the struc-
ture of the isoforms, they all possess similar phos-
phorylation sites: T308 and S473, T309 and S474 as
well as T305 and S472 for AKT1, AKT2 and AKT3,
respectively [95]. AKT1 and AKT2 are expressed ubi-
quitously with a predominant expression of AKT2 in
insulin-responsive cells, whereas expression of AKT3
is limited most notably to neurons and the testes of
mice [94].

First findings about non-redundant isoform-specific ef-
fects in cells originated from mouse knockout models.
AKT1 knockout mice show a decreased body weight, in-
creased apoptosis in thymocytes and testes and en-
hanced neonatal mortality. This suggests that AKT1 is
important for physiological placental development as
well as cell proliferation and growth [102]. Knockout of
AKT?2 in a mouse model leads to a diabetes-like pheno-
type through peripheral insulin resistance and impaired
glucose uptake into the cell, confirming a pivotal role of
AKT2 in glucose homeostasis [103, 104]. Mice lacking
AKT3 display reduced brain size, indicating AKT3 as
the important isoform for physiological brain develop-
ment [105, 106].
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In addition to these data, double knockout of AKT iso-
forms in mice shows some evidence for overlapping
functions of the distinct isoforms. Lack of AKT1 and
AKT2 results in neonatal death [107], furthermore
knockout of AKT1 and AKT3 leads to perinatal mortal-
ity [108]. However, simultaneously knockout of AKT2
and AKT3 causes reduction of body weight and insulin
resistance but is not accompanied by lethality [109].
Moreover, mosaic activating mutations of isoforms gen-
erate distinct phenotypes in human, e.g. hypoglycemia in
mosaic activating mutations of AKT2 or an enlarged
cerebral hemisphere due to activating mutations of
AKT3 [110].

Together with the fact that activation of the PI3K/
AKT signaling can be associated with a good outcome in
breast cancer [111] and a decrease in cell migration in
some studies [112, 113], inhibition of all AKT isoforms
might cause unwanted effects or higher toxicity like per-
turbations in the glucose homeostasis. As a result, inves-
tigations of isoform specificity in breast cancer and
other cancers began.

AKT isoform specificity in physiological mammary
development

Mammary gland involution is an important step to re-
move mammary epithelium, if its lactating function is no
longer required after lactation. Apoptosis plays a crucial
role during this process and enables the structural re-
modeling of the mammary gland [114, 115]. AKT in
general delays involution in mammary glands of
MMTV-AKT transgenic mice due to suppressed apop-
tosis and prolonged expression of TIMP-1, an inhibitor
of MMPs. These findings indicate that AKT has an im-
portant role in physiological involution of mammary
glands [116, 117].

Subsequently, Ackler et al. investigated whether the in-
volution of the mammary gland is altered in MMTV-
AKT1 transgenic mice. AKT1 expression in the mam-
mary gland delays involution via elevated levels of cyclin
D1. This effect is suggested to originate from phosphor-
ylation of GSK3 and increased phosphorylation of BAD.
AKT1-MMTV mice do not show sustained dysplasia or
neoplasia in the mammary gland, proposing AKT1 has
no transforming ability [118, 119]. AKT1 is further im-
portant in the formation of physiological ductal struc-
tures, the initiation of lactation and a change in the lipid
and glucose metabolisms during lactation [120, 121]. Ac-
cordingly, lack of AKT1 in mammary epithelial cells im-
pairs lactation and accelerates involution, whereas
knockdown of AKT?2 induces lactation, but decreases in-
volution in the mammary gland [122]. Similar to these
findings, AKT2 impairs involution of the mammary
gland in MMTYV mice through prevention of apoptosis
in the mammary cells [123].
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In contrast, some studies reported no effect of either
AKT1, AKT2 or AKT3 in development and outgrowth
of the ductal mammary architecture [124].

AKT isoform specificity in breast cancer:
proliferation and apoptosis in vitro and primary
tumor growth in vivo

As mentioned above, AKT in general increases prolifera-
tion due to regulation of the cell cycle and prevents the
cell from apoptosis by inhibiting pro-apoptotic proteins
and promoting anti-apoptotic signaling. For instance,
AKT activation in a breast cancer mouse model pro-
motes tumor initiation and progression by decreasing
apoptosis through phosphorylation of FOXO and in-
creased levels of Cyclin D1 [117]. Investigating the AKT
isoform-specific effects on proliferation, Hutchinson
et al. continued their work of 2001. Similar to the group
of Dillon et al., they revealed AKT1 as the main isoform
mediating the positive effect on tumor initiation and
progression in ErbB-2- and PyMT-mediated breast cancer
mice, whereas AKT2 has no effect on tumor initiation.
The accelerated proliferation is caused by phosphorylation
of Rb and elevated levels of cyclin D1 at the post-
transcriptional level, possibly through AKT1-mediated in-
hibition of GSK3. However, neither activation of AKT1
nor AKT2 is able to generate tumors in mice without the
transforming ErbB2-mediated mammary tumorigenesis
[118, 123, 125]. An increase in Cyclin D1 levels upon
AKT1 activation was also reported in some other studies
[126-128]. Maroulakou et al. confirmed these findings by
showing an inhibiting effect of AKT1 ablation on mam-
mary tumor induction and growth in the MMTV-PyMT
or -neu mice. This effect is mediated by an impaired pro-
liferation accompanied by lower cyclin D1 levels and in-
creased apoptosis in the AKT1 knockdown. Furthermore,
knockdown of AKT2 in the mice results in enhanced pro-
liferative capacity and tumor growth, whereas ablation of
AKT3 has a slight non-significant effect by attenuating
tumor growth and induction. The different isoforms are
associated with distinct histopathological subtypes of the
breast tumor [124]. Riggio et al. reproduced the tumor
growth-mediating function of AKT1 in vivo by using
AKT1 overexpression [65] and Liu et al. reproduced the
pro-proliferative and anti-apoptotic ability of AKT1
in vitro [129].

Besides the oncogenic character of AKT1, AKT3 was
also identified as an oncogene, as knockdown of AKT1
and AKT3 impairs proliferation of HER2-positive cells
[130]. These findings were mainly reproduced in TNBC
in which ablation of AKT1 and AKT3 decreases prolifer-
ation in vitro and tumor growth in vivo through a lack
of activating interaction with DNA-PKcs. Interestingly,
knockdown of AKT2 had no effect on proliferation
in vitro in this study, whereas tumor growth in vivo was
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higher [131]. Moreover, AKT1 promotes spheroid
growth [132]. Whereas all three isoforms were shown to
be important for formation of spheroids, AKT2 is the
specific isoform maintaining the architecture of the
spheroids. Withal, this study observed that PTEN defi-
cient cells obtain tumorigenicity through specific signal-
ing via AKT2 [133].

In addition to the Rb-, cyclin D1- and DNA-PK-
mediated increase of proliferation by AKT1, the study of
Héron-Milhavet et al. provides solid understanding of
the interaction between AKT and p21 by using human
fibroblasts. AKT1 increases cell proliferation by causing
delocalization of p21 out of the nucleus via T154 phos-
phorylation and therefore disinhibition of G1-S-
transition. AKT2, by contrast, induces cell differentiation
and cell cycle exit through localization of p21 to the nu-
cleus by directly binding to it and therefore preventing
AKT1-mediated phosphorylation. Moreover, phosphor-
ylation of the cyclin-dependent kinase inhibitor p21 by
AKT1 leads to release of CDK2 and therefore higher
levels of cyclin A which contributes to cell cycle progres-
sion [134]. In addition, AKT1 phosphorylates Skp2 lead-
ing to its stabilization and cytoplasmic translocation and
as a consequence Skp2 causes a destruction of the
cyclin-dependent kinase inhibitor p27 [135]. Similar to
the effect of AKT2 on nuclear translocation of p21, over-
expression of AKT2, but not AKT1, accelerates p27
stabilization and translocation to the nucleus. High
levels of AKT2 inhibit CDK2 as an inductor of cell cycle
and inhibit cell proliferation [126]. Ju et al. showed an
abundance of p21 and p27 that is induced by AKT1 and
promotes ErbB2-dependent tumor growth in vivo. These
findings contravene the statements of all other studies
about the function of p21 and p27 as inhibitors of the
cell cycle [136].

Knockdown of AKT?2 in the study of Santi et al. caused
a decreased proliferation in the same TNBC that Yang
et al. have used. Cells lacking AKT2 exhibit downregula-
tion of CDK2 and cyclin D as well as upregulation of
p27, resulting in a cell cycle arrest. In addition, AKT2
ablation leads to mitochondrial autophagy through the
discrepancy of increased mitochondrial biogenesis via
enhanced PGC-1a activity and decreased protein expres-
sion via downregulated p70S6K [128]. This suppression
of proliferation by AKT2 knockdown was confirmed by
Wang et al. [137]. Downregulation of AKT2 by
Metformin-stimulated upregulation of miR-200c was
discovered as another possible mechanism [138].

Notably, AKT2 is supposed to regulate the other AKT
isoforms under hypoxic conditions and therefore serves
as a master regulator of AKT activity. Hypoxia induces
expression of AKT2, but not of AKT1 or AKT3, and
AKT?2 in turn upregulates miR-21 via activation of NFB
and CREB. The transcription factors bind to the miR-21
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promotor and lead to acetylation of histone structures
H3K9. MiR-21 in turn suppresses the protein levels of
PTEN, pro-apoptotic PDCD4 and Sproutyl. Through
the inhibition of PTEN, AKT?2 is able to activate all three
AKT isoforms in a hypoxic environment. As a conse-
quence of the AKT activation, the cells acquire a higher
survival under hypoxic environment and thus AKT2
promotes tumorigenic properties of breast cancer cells
[139]. WDR26 is a scaffolding protein that fosters the
formation of a complex, containing PI3KB, Gy and
AKT?2. Formation of this complex leads to specific acti-
vation of AKT2 by GPCRs via the PI3Kp isoform, a
mechanism that is also involved in PTEN deficiency.
AKT2 promoted breast cancer cell growth after stimula-
tion of GPCR e.g. by SDF1a in this study [140].

S6 was identified as another potential mediator for
AKT1-specific induction of proliferation and in vivo
tumor growth. AKT2 has no effect on S6 and therefore
only slightly decreases proliferation in vitro, without af-
fecting tumor growth in vivo in this study [127]. The
amount of the tumor suppressor p53 is higher in low-
proliferative cells lacking AKT1 [141]. Overexpression of
AKT1, but not of AKTS3, results in enhanced phosphor-
ylation of the tumor suppressor SIRT6 at S338. As a
consequence, MDM-2 mediated proteasomal degrad-
ation of SIRT6 is accelerated and therefore proliferation
and tumor growth are elevated [142]. AKT1 overexpres-
sion retains BRCA1 and RAD51 in the cytoplasm, result-
ing in a heightened genomic instability through an
impaired DAN-repair by homologous recombination
which maintains at a level sufficient for cell proliferation.
This generates a BRCA1 deficient-like phenotype in
breast cancer, whereupon AKT1 is necessary for the
BRCA1-associated breast cancer cell proliferation [121,
143]. PIPP is a possible suppressor of AKT1-mediated
enhancement in proliferation, survival and tumor growth
by dephosphorylation of PI(3,4,5)P; to PI(3,4)P, and
therefore impaired AKT1 activation [144]. Another pro-
tein that can act upstream and suppresses the tumor
growth-stimulating AKT1 is miR-409-3p [145]. Parl was
identified as an upstream activator of AKT1 that is acti-
vated in turn by MMP1 [146].

In opposition to the studies confirming distinct roles
of AKT1 and AKT2 in cell proliferation and tumor
growth, Watson and Moorehead attribute AKT1 knock-
down as well as AKT2 knockdown to a suppressing ef-
fect on tumor initiation and growth of an IGFIR-
positive breast cancer mouse model. Proliferation of
breast cancer cells is diminished in both knockdowns
[147]. Irie et al. confirmed these findings by showing a
decrease in proliferation in vitro in IGF-1R-positive
mammary epithelial cells at basal levels as well as upon
IGF-1 stimulation for both knockdowns [148]. Ablation
of AKT1, AKT2 or AKT3 reduced proliferation in the

Page 5 of 29

study of Chin et al. [133]. Gargini et al. reported a sup-
pression of proliferation in breast cancer cells with either
AKT1 or AKT2 knockdown through cell cycle arrest.
Additionally, knockdown of AKT1 increases apoptosis
by enhancing the protein level of pro-apoptotic Bim via
regulation of FoxO3 [149].

In total contrast Yang et al. uncovered that overex-
pression of AKT1, but not of AKT2, can inhibit prolifer-
ation by phosphorylating Raf at S259 and therefore
inhibiting the pro-proliferative Raf/MEK/ERK signaling
in TNBC [126]. Further conflicting results were pub-
lished e.g. missing effects on proliferation of TNBC in
knockdown of any AKT isoform [150] and also un-
altered tumor growth in vivo in AKT1 or AKT2 knock-
down [151]. Choi et al. were not able to detect an effect
of AKT1 on proliferation either [152].

The role of AKT3 in proliferation, apoptosis and
tumor growth was examined next. Overexpression of
AKT3 in ER-positive breast cancer cells induces
estrogen-independent growth in vitro and in vivo that
can be inhibited by estrogen supplementation. The rea-
son for this is a decrease in ER levels after AKT3 overex-
pression, but however the phosphorylation of ER at S167
rises without inducing activity [153]. Ablation of AKT3
in TNBC decreases proliferation [128], whereas another
study denied any effect on proliferation of AKT3 [154].
Spheroid growth in vitro and tumor growth in vivo are
suppressed in TNBC cells lacking AKT3 via upregula-
tion of p27 [132, 151]. The tumor-suppressor miR-433
directly targets AKT3 and hence attenuates proliferation,
cell viability and survival; the latter probably through
downregulation of Bcl-2 and upregulation of BAX [155].
Additionally, another micro RNA, miR-29b, targets and
inhibits AKT3 and therefore causes reduction in prolif-
eration and survival. Overexpression of AKT3 in com-
parison leads to downregulation of p53, p21 and p27
and upregulation of Cyclin D1, Bcl2 and XIAP [156].
Suyama et al. investigated the role of AKT3 in a more
differentiated manner, considering the two different
splice variants AKT3 + S472 and AKT3-S472; the latter
without the S472 phosphorylation site. Knockdown of
AKT3-S472 in TNBC displays an enhanced tumor
growth in vivo by downregulating Bim via activation of
the MAPK/ERK pathway and therefore inhibition of
BAX [96].

Astonishingly, in inflammatory breast cancer AKT3,
but not AKT1 or AKT2, increases proliferation and de-
creases apoptosis [157].

AKT isoform specificity in breast cancer: migration
and invasion in vitro and metastasis in vivo

Migration and invasion are striking steps in the meta-
static process of breast cancer. Thus, also migration, in-
vasion and metastasis are regulated by AKT in an
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isoform-specific manner. Hutchinson et al. first reported
a decrease in lung metastasis in the AKT1 activated
breast cancer mouse model through an accelerated dif-
ferentiation of the mammary tumor cells and therefore
loss of their metastatic potential. The effect of AKT1 is
hypothesized to be a consequence of regulation of the
basal membrane components, e.g. laminins or collagens
that counteracts a metastatic-typical degradation of the
extracellular matrix [125]. In another study AKT1 only
impairs metastasis formation in MMTV-ErbB2 mice but
has no effect in the MMTV-PyMT mice. An enhanced
abundance of the anti-metastatic ERa in the AKT1 acti-
vated cells, especially in the nucleus, serves as a possible
explanation for the anti-metastatic abilities of AKT1 in
this study [123]. Likewise, wound healing assays in vitro
also identified AKT1 as an anti-migratory isoform [126].
A couple of studies confirmed the anti-metastatic and
anti-migratory ability of AKT1 independent of the breast
cancer subtype [113, 119, 151, 154].

Several studies address the mechanisms of the AKT1-
mediated reduction in migration and metastasis. The
isoform-specific substrate palladin was detected by Chin
and Toker in 2010 as an actin-binding protein that is
specifically phosphorylated at S507 and therefore acti-
vated by AKT1. The isoform specificity of palladin is
mediated exclusively by the linker region of AKTI.
Phosphorylation of palladin was observed in a PI3K-
dependent manner after stimulation with EGF or IGF-1
as well as through the PIK3CA mutations H1047R and
E545K. The active state of palladin reduces migration
and invasion due to an augmented actin bundling and a
decreased formation of invadopodia. Although AKT 2
does not have the ability to phosphorylate palladin dir-
ectly, AKT 2, but not AKT1, increases expression of pal-
ladin by regulating protein stability and protein
transcription. Remarkably, increased levels of palladin
are associated with invasive breast cancer [158—160].

AKT1 blocks migration and invasion of breast cancer
cells through an inactivating phosphorylation of GSK3
and therefore a HDM2-mediated proteasomal degrad-
ation of the pro-migratory transcription factor NFAT1
[112, 161]. Liu et al. evolved a model in which AKT1 in-
duces the 14-3-3-mediated proteolytic degradation of
TSC2. Lower levels of activated TSC2 diminish the acti-
vation of the pro-migratory Rho GTPase and therefore
cause dysregulated focal adhesions and actin-
cytoskeleton e.g. lower stress fiber formation [129]. Rig-
gio et al. detected an increase in invasion and migration
by AKT1 knockdown through a lack of inhibition of p1-
integrin expression and FAK phosphorylation. Further-
more, AKT1 mediates invasiveness by regulating MMP9
and E-cadherin. Hence, the number of lung metastasis
in mice is elevated by an AKT1 knockdown. Moreover,
the mouse mammary tumors of AKT1 knockdown cells
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exhibit a more spindle-shaped morphology, indicating a
higher invasiveness [127].

TIS21 upregulates the activation of AKT1 which in
turn downregulates expression of NOX4 via downregu-
lation of its transcription factor Spl. The lack of NOX4
results in attenuated levels of ROS, consequently a de-
creased expression of mDial, 2 and 3 and therefore in-
hibition of invasion and migration through impaired F-
actin-polymerization and decreased formation of stress
fiber and invadopodia [152]. PIPP dephosphorylates
PI(3,4,5)P3 to PI(3,4)P, and consequently suppresses
AKT1-mediated impairment of migration, invasion,
chemotaxis and metastasis. This can provide a mechan-
ism behind the AKT1-dependent regulation of NFAT]I,
TSC2 and Mmp2 [144]. In addition, IGF-1 and EGF
stimulation as well as basal conditions in the knockdown
of AKT1, but not AKT2, in mammary epithelial cells
MCFI10A lead to an enhanced EMT. Downregulation of
E-cadherin, upregulation of N-cadherin and emergence
of a spindle-shaped cell morphology indicate the EMT
and occur through an enhanced ERK activation. AKT1
inhibits the ERK-signaling in an isoform-specific manner
[148, 162]. Upregulation of the pro-migratory transcrip-
tion factor p-catenin and its nuclear translocation
through activation of EGFR and ERK signaling are other
consequences of AKT1 knockdown [113]. Ablation of
AKT1, but not of AKT2, also promotes EMT of breast
cancer cells especially after TGF-p stimulation by de-
creasing the amounts of the miR-200 family. Conse-
quently, reduced levels of miR-200 increase the E-
cadherin suppressors Zebl and Zeb2 in an AKT2-
dependent manner [163]. MiR-409-3p is an additional
AKT1-specific upstream regulator that suppresses the
total AKT1 protein amount in breast cancer cells [145].

In contrast to the anti-metastatic function of AKTI,
Irie et al. noted a decrease in migration of EGEF-
stimulated AKT2 knockdown mammary epithelial cells
due to a reduced vimentin expression. Supplementary,
knockdown of AKT2 reduces the higher migration in
AKT1 knockdown mammary epithelial cells, suggesting
AKT2 mediates migration as the predominant isoform
[148]. To further determine the role of AKT2 in enhan-
cing migration and metastasis Dillon et al. investigated
MMTV-PyMT and MMTV-ErbB2 mice with ectopically
expressed AKT2. They observed an AKT2-mediated for-
mation of metastases in both mouse models. In addition,
AKT?2, but not AKT1, overexpressing clones exhibit an
accelerated invasion in vitro. In line, highly invasive
clones of a breast cancer cell line show elevated levels of
AKT?2 expression and pAKT?2 [123].

A couple of studies confirmed the pro-migratory role
of AKT2 [151, 157, 164—166] and dealt with possible
mechanisms behind the crucial role of AKT2 in breast
cancer migration, invasion and metastasis. AKT2, but
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not AKT1 or AKT3, enhances an integrin f1l-mediated
attachment to and an invasion through collagen IV and
to a minor degree through laminin in vitro and in vivo.
Hence, AKT2 is predominantly localized at the basal
part of the cell that exhibits cell-matrix-interaction. This
higher extent of invasion in AKT2 overexpressing cells
is still dependent on PI3K activity. Furthermore, the
post-invasion survival of AKT2 overexpressing breast
cancer cells is augmented and contributes to the in-
creased metastatic potency in vivo. Interestingly, non-
transformed mammary epithelial cells do not display an
invasive phenotype, not even when AKT2 is overex-
pressed [167]. AKT2 directly interacts with PKC{ after
EGEF-stimulation and therefore activates actin-
polymerizing LIMK/Cofilin axis and adhesion associated
B1l-integrin. This explains the enhanced chemotaxis to
EGF that is mediated by AKT2 [137]. Knockdown of
AKT?2 suppresses invasion and migration due to lower
levels of F-actin and vimentin. Consequently, lung me-
tastasis is also elevated in breast cancer cells overex-
pressing AKT2 [127].

The transcription factor Twist specifically upregulates
AKT?2 expression by transactivation of its promotor and
therefore causes EMT-mediated migration, invasion and
metastasis as an early process in breast cancer progres-
sion [164, 168]. Moreover, the PIK3CA mutation
H1047R, but not E545K, specifically activates AKT2 and
consequently promotes invasion and migration in mam-
mary epithelial cells [169]. Stimulation of GPCRs e.g. by
LPA or SDFla leads to specific activation of AKT2 via
complex formation with PI3Kf which is promoted by
WDR26. Thereby, activated AKT2 is also inducing
chemotaxis towards LPA or SDFla [140]. Metformin
can raise expression of miR-200c which in turn de-
creases AKT2-dependent migration and invasion [138].

A possible link between the effects of AKT1 and
AKT2 was revealed by Li et al. AKT1 suppresses inva-
sion, migration and metastasis by phosphorylating
Twistl at S42, T121 and S123 and therefore increases
degradation of Twistl. Twistl typically increases pro-
migratory EMT and mediates its effect at least in part
through upregulation of AKT2 as mentioned above. Sur-
prisingly, AKT2 itself phosphorylates Twistl at S42
without affecting its degradation [170].

In total contrast, AKT2 overexpressing cells exhibited
an anti-migratory phenotype in the study of Yang et al,,
although most studies point to an enhancing effect of
AKT?2 on migration, invasion and metastasis [126].

There are some studies astonishingly reporting a pro-
migratory and pro-metastatic effect of AKT1. Ju et al. re-
vealed an induced phosphorylation of TSC2, induced
cortical F-actin as well as alteration of cytoskeleton com-
ponents like paxillin and ezrin-radixin-moesin by AKT1
and therefore observed an impaired migration in AKT1
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knockdown breast cancer cells. These in vitro findings
were supplemented by a reduced metastasis in vivo in
AKT1 knockdown cells. Furthermore, AKT1 shows an
induced expression of pro-migratory secreted factors like
MIPy, SDF-1 and CXCL-16 and partly even the corre-
sponding receptors [136]. The findings of Ju et al. were
supported by results, showing augmented invasion
in vitro and metastasis of mammary epithelial cells
in vivo by AKT1. These findings are based on an in-
duced ECM degradation by an AKT1-mediated enhance-
ment of MMP2 levels via posttranscriptional
stabilization, perhaps through inhibition of GSK3-
dependent degradation [59]. An upstream regulator of
AKT1 is the protein PAR1 that can be activated by
MMP1 and in turn activates AKT1-mediated migration,
invasion and metastasis [146]. In concert, AKT1 knock-
down in the MMTV-PyMT, but not in the MMTV-neu,
mouse model confirmed a pro-metastatic effect of
AKT1. Surprisingly, the AKT1 knockdown breast cancer
cells in this study showed a higher invasiveness despite
lower metastasis [124].

Hohensee et al. linked the characteristic loss of PTEN
in brain-seeking breast cancer cells to an activation of
AKT1, whereas the activity of AKT2 and AKT3 remains
unchanged. PTEN-mediated suppressed levels of AKT1
activity cause a reduction of migration in general and in
co-culture with astrocytes as well as invasion in ex vivo
brain slice co-culture. The promoting effect on migra-
tion and invasion in cells with higher AKT1 activation
depends on an activating crosstalk between astrocytes
and the tumor cells via cytokines with autocrine and
paracrine effects like BDNF and GM-CSF [171].

There are some studies reporting neither an effect of
AKT1 nor AKT2 on migration, metastasis and pro-
invasiveness EMT which disagrees with the studies dis-
cussed above [65, 147, 150]. Meanwhile, there was no ef-
fect of AKT2 on migration or invasion in the study of
Choi et al. [152].

Only a few studies paid attention to the role of AKT3
in breast cancer. Grottke et al. investigated the influence
of AKT3 on metastasis of TNBC cancer cells in vitro
and based on a mouse model. Single knockdown of
AKT3 or double knockdown of AKT3 and AKT1 or
AKT3 and AKT2 are associated with an increased mi-
gration and augmented chemotaxis which seems to be
less coordinated. Hence, AKT3 knockdown cells form
more metastases in the lung in vivo. The increased mi-
gration by a lack of AKT3 is mediated by an upregula-
tion of the pro-migratory protein S100A4 probably via
NFATS5. S100A4 is further suggested to mediate EMT
and increased activity of MMPs. There is no effect on
integrin Bl or Rictor in the AKT3 knockdown tumor
cells [150, 151]. In particular, AKT3-S472 suppresses
metastasis of TNBCs [96]. Expressions of N-cadherin
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suppresses expression of AKT3, but not AKT1 or AKT2,
and consequently elevates migration [154].

In contrast, Stottrup et al. observed an increase in
N-cadherin expression during AKT3 overexpression
in AKT inhibitor-resistant cells and therefore in-
creased invasion in the AKT3 overexpressing cells
[132]. MiR-29b downregulates AKT3 and therefore
caused a suppression of migration and invasion in
this study [156].

Investigations of the highly invasive inflammatory
breast cancer subtype by Lehman et al. yielded an en-
hanced migration and invasion through AKT1-mediated
activation of RhoC GTPase, whereas AKT2 had no ef-
fect. As a result AKT1 levels are increased and AKT2
levels are decreased in inflammatory breast cancer com-
pared to normal breast tissue [157]. Caveolin-1 was
identified as a potential specific activator of AKT1 in in-
flammatory breast cancer [172].

AKT isoform specificity in breast cancer:
angiogenesis and tumor surrounding stroma
Angiogenesis is also influenced by AKT in an
isoform-specific manner. AKT1 knockdown in mice
causes a decreased VEGF-mediated angiogenesis by
affecting the migration of endothelial progenitor cells
and the release of NO. Whereas AKT2 does not dis-
play such a phenotype [173], AKT3 promotes angio-
genesis via VEGF and c-Myc in breast cancer [156].
Impressively, knock down of AKT1 in another mouse
model causes an increased vascular density of the
mammary tumor [136].

There is some sparse evidence for the importance of
the tumor surrounding stroma in breast cancer initiation
and progression. Cancer-associated fibroblasts have the
ability to increase AKT1 activation in mammary epithe-
lial cells through direct cell-cell-contact and therefore si-
lencing of the tumor suppressor Cystatin M via
promotor hypermethylation [174].

AKT isoform specificity in breast cancer: stem cell
phenotype

The AKT isoforms have distinct functions in main-
taining the stemness character of breast cancer cells.
AKT1 knockdown cells show high levels of vimentin
and low levels of E-cadherin, indicating stemness
characteristics, whereas AKT2 knockdown cells ex-
hibit the opposite phenotype without stemness char-
acteristics, indicating AKT1 is the critical isoform for
promoting the stemness character in vivo [127, 175].
Likewise, the stem cell-like phenotype in AKT1
knockdown breast cancer cells is linked to the EMT
caused by low levels of miR-200. As mentioned above
small amounts of miR-200 mediate abundance of the
E-cadherin suppressors Zebl and Zeb2 [163]. On the
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other hand, AKT1 expression is linked to survival,
proliferation and formation of mammospheres formed
out of cancer stem cells as well as maintaining the
EMT-phenotype with high vimentin and low E-
cadherin and FAK expression [65, 176]. Gargini et al.
reported that ablation of AKT1 and to a minor de-
gree of AKT2 resulted in a loss of the stem cell
phenotype of breast cancer stem cells through the in-
duction of a mesenchymal-epithelial transition by in-
creasing Bim levels via regulation of FoxO3. As a
result, mammosphere growth and survival were im-
paired due to AKT1 or AKT2 knockdown. This was
accompanied by an increase in E-cadherin expression
and a decrease in expression of vimentin, [-catenin
and integrin fl in AKT1 knockdown cells. Interest-
ingly, AKT2 knockdown leads to an increase in [-
catenin expression, a reduction of integrin f1 and has
a negligible effect on expression of E-cadherin and
vimentin [149].

AKT isoform specificity in breast cancer: hormone
dependency

The AKT isoforms are involved in the regulation of hor-
mone receptors and the hormone-dependency of breast
cancer cells. Overexpression of AKT1 in hormone-
dependent breast tumors shifts them to a hormone-
independent phenotype, including hormone-independent
growth, ductal-like differentiated morphology and the cor-
responding luminal makers like CK8, E-cadherin, laminin-
1 and collagen-IV. Estrogen-independent activation of
progesterone receptor and ERa through enhanced recep-
tor expression underlies the hormone-independency in
AKT]1 overexpressing cells [65]. Overexpression of AKT1
increases ERa levels through phosphorylation of the
ER at S167 and therefore decreased proteasomal deg-
radation [119, 177]. .Withal, the effect of AKT1 over-
expression on transcriptional activity of ER is dose-
dependent. Low doses of AKT1 overexpression elevate
ERa transcriptional activity, whereas high doses sup-
press the transcriptional activity of ERa probably
through impaired degradation which is necessary for
transcriptional activity [177]. In addition, AKT1 medi-
ates the pro-proliferative and pro-survival signals of
estrogen and IGF-1 on breast cancer cells [178]. Also,
AKT?2 promotes the transcriptional activity of ERa in
an estrogen-independent manner through phosphoryl-
ation of ERa at S167. Moreover, AKT2 mediates the
EGF- and IGF1l-induced ERa-mediated transcription
and AKT?2 in turn gets activated by higher ER« levels,
suggesting AKT2 can stimulate its own activation
[179]. Knockdown of AKT2, but not of AKTI1, de-
creases expression of the ER at the genomic level and
diminishes its transcriptional activity, at least in part
through an attenuated translocation of FOXO3a out
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of the nucleus by the AKT2 knockdown. Thus, AKT2
can also cause hormone-independency in breast can-
cer [180].

AKT isoform specificity in breast cancer: isoform-
specific inhibition in treatment

Since the role of AKT in breast cancer is known, the ef-
fect of several pan-AKT inhibitors on tumor growth was
examined. For instance, the allosteric pan-AKT inhibitor
MK2206 was extensively studied in vitro, in vivo and in
first clinical trials either as a monotherapy or in combin-
ation with established drugs like the HER2 inhibitor
lapatinib [87, 88, 90]. Further pan-AKT inhibitors like
perifosine, AZD5363 and Ipatasertib are under clinical
investigations for the usage in breast cancer [91, 181].
Because of the growing evidence about the distinct ef-
fects of AKT isoforms and notable side effects of pan-
AKT inhibitors like hyperglycemia or diarrhea [88, 90],
the development of isoform-specific inhibitors seems like
a promising approach. In spite of the high homology
among the AKT isoforms and therefore the difficulty to
develop isoform-specific drugs, Barnett et al. developed
isoform specific inhibitors for AKT1 or combinatorial
AKT1/2-inhibition. These inhibitors are confirmed to
specifically block the phosphorylation and activity of the
fitting AKT isoform. The effect of the isoform-specific
inhibitors depends on the PH-domain [12]. Treatment
with an allosteric AKT1/2-inhibitor that does not affect
AKT3 suppresses growth of breast cancer cells that
show a dysregulated AKT signaling through PIK3CA
mutations or HER2 amplification. Accordingly, breast
cancer cells with wildtype PI3K or PTEN expression are
resistant to AKT1/2-inhibition. This phenomenon is
called oncogene addiction and theoretically limited the
growth-inhibitory effect of the inhibitor to the cancer
cells with altered AKT signaling without affecting nor-
mal cells. Furthermore, combinatory inhibition of AKT1
and AKT2 is more effective in inducing apoptosis than
inhibition of AKT1 or AKT2 alone and only combin-
atory inhibition of AKT1/2 sufficiently blocks AKT
downstream signaling. AKT3 does not compromise the
inhibition by the AKT1/2-inhibitor. The suppression of
tumor growth through decreasing cyclin D levels and
upregulation of p27 was accompanied by only a moder-
ate and transient hyperglycemia in mice [12, 13, 182,
183]. The AKT1/2-inhibitor alone exerts only a slight
apoptotic stimulus that can be maximized by combin-
ation with chemotherapeutics like camptothecin, Y-
radiation or Herceptin treatment in vitro, proposing a
sensitization for the anti-tumor treatments through the
AKT1/2-inhibitor [13]. The AKT1/2-inhibitor is con-
fronted with a higher resistance in TNBCs than in breast
cancers of the luminal subtype. This could be explained
by the higher dependency on AKT signaling in luminal
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breast cancer compared to the partly ERK-dependent
TNBCs [184]. Knockdown of AKT3 sensitizes TNBC
cells to a pan-AKT inhibition [151], whereas a E17K
AKT1 mutation causes resistance to the AKT1/2-inhibi-
tor [74]. Interestingly, treatment with the pan-AKT in-
hibitor AZD5363 in a clinical trial showed a higher
efficacy when the tumor carries an E17K AKT1 muta-
tion compared to tumors with wild type AKT1 [185].
Breast cancer cells treated with allosteric or ATP-
competitive AKT inhibitors like MK2206 can develop a
resistance against them through upregulation of AKTS3,
but not AKT1 or AKT?2, via epigenetic changes [132].
Certain other isoform-specific inhibitors with promising
efficacy in vitro and in vivo were developed in the last
years, especially naphthyridine and naphthyridinone dual
AKT1/2 inhibitors [186, 187]. As far as we know, further
investigations to clarify the advantages of isoform-
specific inhibitors in breast cancer and the efficacy and
toxicity in clinical trials are still outstanding.

Combination of paclitaxel with an AKT1 shRNA syn-
ergistically inhibits tumor growth in vitro and in a
mouse model. Accountable for this growth-inhibitory ef-
fect is an anti-proliferative effect via inhibition of Cyclin
A, cyclin D1, cyclin D2, CDK2, CDK4 and PCNA as well
as a pro-apoptotic effect via induction of Caspase 3 and
BAD, inhibition of Bcl proteins and inhibition of tumor
angiogenesis via inhibition of VEGF expression [188].

A clinically important characteristic of breast cancer
cells is their response to radiation. Therefore, Toulany
et al. reported a radiosensitization through DNA double-
strand breaks of K-Ras mutated cells lacking AKT1 or
AKT3, but not AKT2. This is due to a lack of the acti-
vating interaction between AKT1 or AKT3 with DNA-
PKcs which is concerned in the repair of DNA double-
strand breaks, as it was also reported by Baek et al. for
BRCA1 and RAD51 [131]. As a consequence, AKT1
overexpression leads to a resistance to radiation [162].

AKT isoform specificity in breast cancer: E17K
AKT1 mutation and transforming ability
Park et al. revealed that AKT1 has no transforming abil-
ity in mammary epithelial cells, despite AKT in general
transforms mammary epithelial cells [59]. Overexpres-
sion of AKT1 in mammary epithelium triggers the for-
mation of benign lesions, but transformation to
malignant lesions requires additional carcinogenic sig-
nals [119]. Contrary, another study detected a trans-
forming ability of AKT1 in breast cancer through
enhanced proliferation and suppressed apoptosis [143].
Carpten et al. first discovered a missense E17K muta-
tion of AKT1 in breast cancer that causes a lysine substi-
tution to glutamic acid at amino acid 17 due to a point
mutation from G to A at nucleotide 49. This leads to a
conformational change of AKT1 that exhibits a 100-fold
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higher affinity to PI(4,5)P, and a 7-fold higher affinity to
PI(3,4,5)P5 and therefore shows a constitutive membrane
localization. Finally, the phosphorylation at T308 and
therefore activation of AKT1 is enhanced in the E17K
AKT1 mutation which shows transforming abilities in fi-
broblasts [71, 74, 189].

But Lauring et al. reported that knock in of the E17K
AKT1 mutation in mammary epithelial cells is not able
to transform the cells, indicated by a missing induction
of colony formation, EGF-independent growth and a
lack of altered mammosphere architecture. Although the
mutation constitutively activates AKT1, activity of
downstream proteins like Cyclin D1, pGSK and mTOR
are not significantly altered by the mutation [190]. Com-
parison of the AKT1 E17K mutation and the mutation
of PIK3CA displays enhanced AKT1 activity in the
AKT1 mutation, but elevated activity of AKT1 and
AKT?2 in the PIK3CA mutated breast cancer cells. Not-
ably, both mutations do not affect the downstream pro-
teins mTOR, p70S6K, pS6, EIF4EBP1 and Cyclin D1, but
the E17K AKT1 mutation enhances phosphorylation of
FOXO01/3/4, PRAS40 and AS160, the latter one actually
being an AKT2-specific substrate. The AKT1 mutation
increases proliferation and tumor growth of breast can-
cer cells to an intermediate extent between wild type
and PIK3CA mutated cells. While the PIK3CA mutation
sensitizes cells to PI3K inhibitors as well as AKT inhibi-
tors, AKT1 mutation lacks to sensitize cells to the PI3K
inhibitor like LY294002, probably through the down-
stream position of the AKT1 mutation and therefore
partly persisting AKT signaling upon treatment. Consist-
ent to Lauring et al, the E17K AKT1 mutation only
slightly sensitizes breast cancer cells to the pan-AKT in-
hibitor MK2206 [189-191].

E17K mutated AKT1 shows different effects in mam-
mary epithelial or myoepithelial cells and in the corre-
sponding transformed cells. In the non-transformed
luminal epithelial cells, the mutation inhibits cell growth,
migration and protein biosynthesis and increases cell
survival, whereas in the transformed cells the mutation
leads to suppressed cell growth and protein biosynthesis
too but enhances cell survival and cell migration. In con-
trast, in the myoepithelial normal breast cancer cells
growth, migration, survival and protein biosynthesis are
reduced among mutated AKT1 and the transformed
myoepithelial cancer cells with the E17K mutation ex-
hibit a similar phenotype except of a missing effect on
cell survival. Consistent with the findings in cell survival,
the E17K AKT1 mutation decreases sensitivity of normal
and transformed luminal cells to paclitaxel and etopo-
side, whereas in normal myoepithelial cells E17K in-
creases sensitivity. There is no significant effect in the
transformed counterpart. The partly promoting effect of
the AKT1 mutation on migration conflicts with general
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findings in AKT1 knockdown studies that are listed
above. In summary, the E17K mutation of AKT1 reduces
cell growth and downregulates EGER as well as it atten-
uates induction of p70S6K, indicating a lower protein
biosynthesis. It follows that the E17K mutation decreases
the DDX21 levels, a protein that is important for RNA
processing e.g. splicing. Impaired protein biosynthesis
and defective posttranscriptional modifications might ac-
count for the growth inhibitory effects and therefore lack
of transforming abilities [189]. Furthermore, the E17K
mutation of AKT1 was found to be still regulated by
extracellular stimulation of the PISK/AKT pathway e.g.
by insulin stimulation [189, 192].

AKT isoform specificity in breast cancer:

expression, amplification and mutations

The investigation of AKT isoform expression and activa-
tion in human breast cancer probes and breast cancer
cell lines detected expression of AKT1 and AKT2 in all
breast cancer cell lineages with a higher abundance in
the luminal breast cancer subtype. AKT3 expression was
detected only in a subpopulation of breast cancer and its
expression is correlated with a TNBC subtype. Besides,
levels of pAKT1 are quite similar among the cell lines,
whereas the phosphorylation of AKT2 and AKT3 varies
in a wide range between the cells [178, 182, 193, 194].
Expression of AKT1 and AKT2 are not associated with
each other in breast cancer lineages, indicating that they
are independently regulated, but phosphorylation of
AKT1 and AKT?2 are correlating, indicating that the iso-
forms are both phosphorylated in a similar way [169].
Moreover, mRNA levels of AKT1 and AKT3 are corre-
lated inversely, suggesting a compensatory role for each
other [101]. The three AKT isoforms are localized at dif-
ferent subcellular compartments. In the study of Santi
et al. AKT1 was found mainly in cytoplasm, AKT2 at
the mitochondria and AKT3 in the nucleus. This subcel-
lular localization is present in mammary epithelial cells
and breast cancer cells, suggesting isoform localization
within the cell is not critical for breast cancer develop-
ment. Furthermore, the colocalization of AKT2 with
mitochondria confirms its pivotal role in energy metabo-
lisms and regulation of apoptosis [194]. Inconsistently,
Spears et al. detected AKT1, pAKT1 and pAKT?2 in the
nucleus and in the cytoplasm. AKT2 was localized exclu-
sively in the nucleus [195]. In contrast another study re-
ported a localization of AKT1 in nucleus and cytoplasm,
whereas expression of AKT2 and AKT3 was limited to
the cytoplasm in ER-positive breast cancer. Cytoplasmic
expression of AKT1 and AKT3, but not AKT?2, is associ-
ated with cytoplasmic pAKT abundance [81]. TIS21 was
shown to induce the translocation of AKT1 and pAKT1
to the nucleus, resulting in detection of AKT1 and
pAKT1 in cytoplasm and nucleus [152], whereas Plant
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et al. reported a shift of AKT1 staining from nucleus to
cytoplasm during breast cancer progression [196].

The frequency of AKT1 expression of breast cancer in
general amounts to about 24%. But viewed critically, no
AKT isoform expression was observed in corresponding
normal breast tissue in this study [82]. A high AKT1 ac-
tivation was observed in 19.9% of all breast cancer
probes and 45% of human ductal breast cancer, the lat-
ter mainly due to high PI3K activity [195, 197]. High
levels of pAKT1 are associated with a high grade and a
high stage of the tumor, suggesting a pivotal role of
AKT1 in tumor progression. Activated AKT1 was found
most notably in cytoplasm and at the plasma membrane
but not in the nucleus [197]. Poorly differentiated mam-
mary tumors have low levels of AKT1 and AKT2, pro-
posing a pivotal role of both isoforms in differentiation
of breast tumors [198]. AKT1 expression was found to
be lower in breast cancer than in corresponding normal
mammary tissue, perhaps pointing to the anti-migratory
effect of AKT1 [152]. In contrast, another study ob-
served no difference of the expression of AKT1, AKT2
or AKT3 between breast cancer and normal mammary
tissue [199].

Gene amplifications of AKT2 occur in 2.8% up to 4% of
human breast carcinomas, although the number of breast
cancer samples with amplified AKT2 is lower than in
ovarian cancer [75, 82]. Additionally, high AKT2 kinase
activity is displayed in 40% of breast cancer probes and is
associated with late stage tumors, confirming a crucial role
of AKT2 in tumor progression rather than in tumor initi-
ation [179]. Conversely, Spears et al. detected high pAKT2
in only 17.4% of breast cancer [195]. Investigations of ER
positive human breast cancer probes revealed AKT1 dele-
tions in 4.8%, AKT1 amplifications in 1%, AKT2 deletions
in 21.1%, interestingly no AKT2 amplifications, no dele-
tions of AKT3, but AKT3 amplifications in 9.9% of inves-
tigated ER-positive human breast cancers [200].

In metastatic HER2-positive breast cancer a high
AKT1 level was found in 12.2% of the samples and high
AKT?2 levels occurred in 35.1%. There was no correl-
ation between the expression of AKT1 or AKT2 and ER
or PR positive status in this study [201]. In contrast, the
study of Carmona et al. reported no alterations in AKT2
among HER2-positive breast cancers, but they found al-
terations of AKT3 in 10% of HER2 breast cancer (mostly
amplifications) and alterations of AKT1 in 2.5% (mostly
E17K mutations) [202]. However, Bacus et al. reported
an association of overexpression of AKT2, but not of
AKT]1, with a positive HER2 status and enhanced pan-
AKT activation. Combined with the data that PI3K-
inhibitors can sensitize HER2-positive breast cancer cells
to hypoxic stress and that overexpression of HER2 leads
to overexpression of AKT2, a HER2-mediated pro-
survival signaling via AKT2 is suggestable [203].
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As AKTT1 is associated mainly with a positive ER status
and its expression is lower in TNBC compared to the
other subtypes, AKT2 expression was reported to correl-
ate inversely with expression of ER [82, 119, 144]. A
tissue-microarray of invasive breast cancer samples also
revealed a positive association of AKT1 expression with
ER and HER? status. Furthermore, an inverse correlation
between AKT1 expression and tumor stages as well as
metastatic nodal status was detected [82, 204]. On the
contrary, Sun et al. observed a positive correlation be-
tween increased AKT2 kinase activity and a positive ER-
status, confirming the findings about increasing tran-
scriptional activity of the ER by AKT2 [179]. Comple-
mentary AKT1 is associated with luminal B and HER2
subtypes, whereas AKT2 expression is associated with
luminal A and luminal B subtypes [101].

Because AKT3 has a predominant effect in TNBC, the
studies addressing expression, activation and correlations
of AKT3 will be approached separately hereafter. Hu et al.
reported that AKT3 expression can be found to a higher
extent in breast cancer tissue than in the adjacent normal
breast tissue [155]. But another study observed that AKT3
expression at the RNA level is not exclusively for human
breast cancer probes and can also be found in normal
breast tissue. The expression of AKT3 was not signifi-
cantly associated with the hormone status in this study, al-
though all investigated TNBCs expressed AKT3 [101,
199]. AKT3 expression in breast cancer is associated with
an ER-negative receptor status in breast cancer cell lines
and human samples, suggesting AKT3 contributes to ag-
gressiveness in hormone receptor negative breast cancer
[99]. According to the TCGA, 28% of breast cancers are
AKT3 amplified [205]. Another study points out the im-
portance of AKT3 in TNBC by reporting amplification of
AKTS3 in 14% of TNBC versus 3% of luminal breast cancer
and upregulation of mRNA in 21% of TNBC versus 2% of
luminal human breast cancer according to a TCGA ana-
lysis [151]. O’'Hurley et al. disclosed significantly more
AKT3 amplifications in TNBC with a frequency of 11%
compared to 1% in ER-positive breast cancer, but also the
amount of AKT3 deletions is even higher in TNBC with a
frequency of 13% compared to 1% in ER-positive breast
cancer. Finally, there is no significant difference in the ex-
pression of AKT3 in TNBC compared to ER-positive
breast cancer, but a higher copy number of the AKT3
gene exists in TNBC [100]. Dividing AKT3 in its two dif-
ferent splice variants, the pro-tumorigenic AKT3 + S472 is
highly expressed in TNBC, whereas the anti-tumorigenic
AKT3-5472 is expressed to an lower extent [96].

This has been complemented by data indicating a
higher AKT3 expression and activation in HER2-positive
breast cancer, but not in ER-positive cells. Knockdown
of AKT3 results in posttranscriptional downregulation
of HER2/3 and the poor-prognosis marker FoxMI.
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Further on, ablation of AKT3 decreases phosphorylation
of HER2/3 and finally enhances expression of ER via a
decreased AKT3 dependent inactivating phosphorylation
of Foxo3a. In addition, AKT3 mediates resistance to
tamoxifen in HER2-positive breast cancer cells. Thus,
AKT3 expression is higher in HER2-positive human
breast cancer and TNBC than in ER-positive mammary
tumors [130].

The detection of AKT3 expression in breast cancer-
derived DTCs in the human bone marrow suggests a
pivotal role of AKT3 in DTCs [206]. The role of AKT
isoforms in CTCs was further outlined by two studies.
Increased AKT?2 levels in blood samples of metastatic or
non-metastatic breast cancer patients serves as a marker
for EMT and therefore predicts detection of CTCs. 62 to
70% of patients with CTCs showed detectable AKT2 in
these studies [207, 208].

An own analysis of the Cosmic database revealed that
AKT1 somatic mutations occur often and are one of the
Top 20 mutated genes in breast cancer with a frequency
of about 2.9%. The greatest part of the AKT1 mutations
are missense E17K mutations, followed by L52R muta-
tions. Mutations of AKT2 and AKT3 are rare events in
breast cancer with a frequency of 0.4% each [209]. Ac-
cording to data from the TCGA AKT1 mutations
emerge in about 2.4% of breast cancer, most of them in
the luminal A subtype and none of them in basal like
breast cancer [205].

The information about the frequency of the E17K
AKT1 mutation differ in the literature from 0 to 8% and
the mutation is found to be mutually exclusive [71, 74,
111, 190, 202, 210-218]. The occurrence is limited to
hormone positive breast cancer and is only found in
lobular and ductal breast cancer [71, 190, 214]. The
E17K AKT1 mutation also occurs in DCIS, suggesting
the mutation is an early event in breast cancer [210].
Troxell et al. observed a notably high frequency of the
E17K AKT1 mutation in 54% in benign papillary neo-
plasm [219]. Stephens et al. detected a similar E17K mu-
tation in AKT2 with a frequency of about 1% among
breast cancer, although AKT2 is more frequently ampli-
fied in breast cancer as mentioned above [75, 218].

Some studies observed rare mutations of AKT1 like
L52R, D32Y, K39 N, P42T, C77F, Q79K, E319G, L357P
and P388T. L52R is the second leading mutation found in
AKT1 in breast cancer [212, 218, 220]. But only the muta-
tions L52R, C77F and Q79K were found to be relevant in
human breast cancer and were shown to be constitutively
localized at the plasma membrane. The mechanisms for
the growth factor-independent membrane localization of
these mutations is yet unknown. Furthermore, merely the
mutations L52R, C77F and Q79K have transforming abil-
ities, indicated by increased colony formation. The other
non-transforming mutations could also be artefacts or
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passenger mutations and therefore should be interpreted
carefully [220, 221]. Lopez-Cortés et al. revealed further
SNPs of AKT1 namely rs2494732 with a frequency of 14,
3% and rs3803304 with a frequency of 7,7%. The first one
was associated with a lower risk to develop breast cancer
and the second one was associated with a higher risk of
breast cancer among the population [212].

Additionally, in the study of Carmona et al. a mutation
of AKT3, namely R247C, with a similar activating mech-
anism as the E17K mutation in AKT1 emerged in a breast
cancer during trastuzumab treatment [202]. In about 3%
of human breast cancer samples, preferably in TNBCs,
Banerji et al. discovered a new balanced translocation in
chromosome 1 resulting in a MAGI3-AKT3 fusion pro-
tein. This fusion protein combines the loss of function of
PTEN (by MAGI3) and the activation of AKT3 and there-
fore shows high growth factor-independent AKT3 activa-
tion. Moreover, this newly described translocation of
AKTS3 predisposes to resistance against the pan-AKT in-
hibitor MK2206 in breast cancer and to malignant trans-
formation in fibroblasts [213, 222].

Comparing chromosomal aberrations in primary tu-
mors to corresponding metastases revealed the following
values: In primary tumors AKT1 mutations occur in
2.8%, AKT2 amplifications in 2.8% and AKT3 amplifica-
tions in 5.6%. The corresponding metastases in turn
show AKT1 mutations in 2.3%, AKT2 is amplified in
2.3% and AKT3 is amplified in 9.3%. In conclusion the
frequency of AKT3 amplifications is increased in metas-
tases compared to the primary tumors, but frequency of
AKT1 mutations and AKT2 amplifications are similar in
primary and metastatic tumors [223].

AKT isoform specificity in breast cancer: overall
survival, metastasis-free survival and treatment
response

Consequently, the AKT isoforms have different effects
on prognosis, therapy response and metastases forma-
tion in human breast cancers. According to an analysis
of the TCGA, high AKT2 at the mRNA level, but not
AKT]1, is associated with a lower overall survival in 1105
cases of invasive breast cancer [127]. According to the
study of Loi et al.,, ER+/HER- breast cancer samples with
an E17K mutation of AKT1 are suspected to be associ-
ated with an improved prognosis [111]. High pAKT1
leads to enhanced cytoplasmic expression of Skp2 and
this in turn is associated with large tumor size, high
grade tumors, HER2 expression and an impaired disease
free and overall survival in human breast cancer [224]. A
high expression of AKT1 is associated with an improved
overall survival [170]. While expression of AKT1 or
AKT?2 showed no correlation with prognosis in another
study, a high level of pAKT1 is associated with lower
overall survival and higher tumor size. High levels of
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pAKT?2 are linked with poor overall survival only in ER-
negative breast cancer. Surprisingly, pAKT2 can com-
pensate and improve the poor prognosis in breast cancer
with high pAKT1 [195]. By analyzing three datasets of
breast cancer probes, Pérez-Tenorio et al. revealed a cor-
relation of AKT1 expression with poor prognosis in the
subgroup of ER-positive breast cancer, whereas AKT2 or
AKTS3 expression is associated with poor prognosis in
breast cancer with ER-negative status [101]. A poor
overall survival was found in ER-positive breast cancer
with high copy numbers of the AKT3 gene [100].

In HER2-positive metastatic breast cancer that is
treated with trastuzumab a high expression of AKT2,
but not AKT1, in particular combined with a high
level of pAKT T308, is associated with an improved
overall survival and time to progression, but not with
a disease free survival [201]. In accordance, high
levels of AKT2, but not AKT1 or AKT3, in combin-
ation with low levels of pAKT S473 are associated
with a good overall survival and disease-free survival
in ER-positive breast cancer under adjuvant therapy
with tamoxifen. Furthermore, this study revealed a
crosstalk between the HER2-receptor and the ER-
receptor via the PI3K/AKT axis mediating a tamoxi-
fen resistance [81]. The study of van Agthoven et al.
failed to detect any predictive values of AKT1 or
AKT2 expression on response of breast cancer to
tamoxifen [198]. In addition, resistance to tamoxifen
treatment was found to be not associated with alter-
ations in expression of any AKT isoform, but resist-
ance to tamoxifen is associated with a higher amount
of pAKT1 and therefore AKT1 kinase activity in an
ER-positive breast cancer cell line [225]. On the other
hand, AKT3 overexpression in an ER-positive breast
cancer cell line causes resistance to tamoxifen [153].

The response to common chemotherapeutics in
breast cancer is also determined in an isoform-
specific manner but is only investigated in breast can-
cer cell lines. Phosphorylated AKT1 and partly high
AKT1 levels are responsible for resistance of breast
cancer cell lineages to paclitaxel, doxorubicin, gemci-
tabine, 5-fluorouracil, etoposide, camptothecin and
tamoxifen through anti-apoptotic effects. The resist-
ance to gemcitabine is in part explained by regulation
of PDK1 acting upstream of AKT1. Therefore, knock-
down of AKT1 sensitizes the cells to the chemothera-
peutics by promotion of drug-induced apoptosis [142,
162, 226-229]. Overexpression of AKT1 sensitizes for
mTOR treatment that in turn decreases IC50 values
of doxorubicin, etoposide and tamoxifen, suggesting
combination of mTOR treatment and chemotherapeu-
tics in breast cancer with high AKT1 levels is consid-
erable [228]. Taylor et al. observed that AKT1 can
mediate resistance to chemotherapeutics and
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tamoxifen by cooperating with ERK activation [229].
MiR-17/20 increases apoptosis and sensitivity to
doxorubicin and tamoxifen by increasing the p53
levels, at least partly through AKT1 [141]. Detection
of AKT2 in blood samples as a predictor for presence
of CTCs shows an impaired therapy response [207].
Though AKT2 also predicts existence of CTC in non-
metastatic breast cancer patients, its detection is not
associated with any clinicopathological parameter in
this subgroup of breast cancer patients [208].

Low expression of AKT1 in combination with high
levels of TSC2 is associated with diminished
metastasis-free  survival according to the anti-
metastatic role of AKT1 in vitro and in vivo [129].
High levels of AKT2 or low levels of AKT1 together
with high levels of the transcription factor Twist
occur frequently in highly invasive human breast can-
cer with an EMT-phenotype [164, 170, 175]. A low
ratio of AKT1 to AKT2 is frequently found in meta-
static breast cancer compared to primary tumors and
is associated with low miR200 and low E-cadherin
levels, indicating an EMT phenotype. This points out
an important role of the balance between the AKT
isoforms in prognosis and metastasis of human breast
cancer [163]. But in contrast, a high expression of
AKT?2, but not of AKT1, was found to be associated
with longer metastasis free survival in ER-positive
breast cancer without tamoxifen treatment. This posi-
tive effect on metastasis free survival was even stron-
ger in the subpopulation with low EGER levels [198].
Fohlin et al. confirmed the lower rate of distant re-
currence in high AKT2 expressing ER-positive breast
cancer cases, although AKT2 is higher expressed in
ER-negative tumors. The prognostic prediction of
AKT?2 is even stronger in tumors with low AKT1 ex-
pression, whereas AKT1 expression was associated
with PIK3CA mutations and had no prognostic value
in this study [230]. The amount of pAKT1 was found
to be associated with lower distant relapse free sur-
vival, whereas pAKT2 only shows the same associ-
ation in ER-negative breast cancer [195]. Hohensee
et al. reported an association between loss of PTEN,
and therefore specifically higher AKT1 activity, with
an impaired overall survival in brain metastases of
breast cancer [171]. An elevated copy number of the
AKT3 gene is negatively associated with recurrence
free survival in TNBC [100].

Discussion

Summary

The data presented here point out the importance of
the AKT isoforms in regulating the hallmarks of
breast cancer like proliferation, apoptosis, migration,
invasion and altered metabolism. Alterations in the
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PIBK/AKT signaling pathway occur frequently in
breast cancer, supporting the importance of AKT as a
potential approach for targeted therapy. Although,
AKT1, AKT2 and AKT3 share a high homology, are
activated and regulated by the same upstream mecha-
nisms and share a wide range of substrates, the three
isoforms exert non-redundant and partly opposing
roles in breast cancer. First evidence for the non-
redundancy in AKT isoforms was provided by observ-
ing AKT isoform-specific knockout mice. In the last
20 years several studies made the isoform-specific ef-
fects on breast cancer a subject of discussion. Besides
the discovery of isoform-specific effects on breast can-
cer in vitro, in vivo and in human probes, a lot of
considerable mechanisms were identified by which the
AKT isoforms mediate their effects. The most import-
ant results were summarized in Table 1 and Fig. 1. A
basic principle of AKT isoforms concluded from these
data could be: One AKT isoform does not only exert
one function but is responsible for several functions
in the cell. In addition, more than one isoform regu-
lates one cell function by using isoform-specific dis-
tinct pathways. Surprisingly, the studies showed partly
contradictory and incompatible results by investigat-
ing the influence of the same isoform on the similar
cellular process by using partly different methodical
approaches and breast cancer cells with different gen-
etic backgrounds. But even usage of equal approaches,
the same cell lines and equal definitions sometimes
produce inconsistent findings. Nevertheless, the
isoform-specific effects on breast cancer can be sum-
marized by determining the greatest consensus of the
findings.

First of all, AKT1 turned out to be the predominant
isoform for initiation of involution in the normal mam-
mary gland and further influences the normal mammary
gland formation and lactation. With regard to breast
cancer, AKT1 plays a crucial role for proliferation and
tumor growth in vivo by regulating the cell cycle and at-
tenuates the influence of cell cycle inhibitors. Further-
more, apoptosis is inhibited by AKT1 fostering the
induction of tumor growth. On the downside, AKT1
blocks migration and invasion in vitro, e.g. by inhibiting
EMT or cytoskeleton reorganization, and suppresses me-
tastasis in vivo. The actin-bundling protein palladin was
the first isoform-specific substrate discovered and it is
involved in motility of the cells, mediating the anti-
migratory function of AKT1. Under some conditions,
AKT?2 is suggested to have an inhibitory effect on prolif-
eration and tumor growth, however the role of AKT2 in
cell cycle regulation and apoptosis is not as clear as the
function of AKT1. Conversely, AKT2 clearly promotes
migration and invasion e.g. through induction of an in-
vasive  phenotype and integrin-mediated ECM
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interaction. Moreover, AKT2 is the critical isoform me-
diating metastasis of breast cancer. Roughly summarized,
AKT1 is important for breast cancer initiation and
growth of the primary tumor, whereas AKT2 plays a piv-
otal role in progression of breast cancer by formation of
metastases. AKT3 was found to play an important role
in ER-negative breast cancer and TNBC. Although the
effect of AKT3 depends to a large extent on the cells
used for investigations, it seems like AKT3 rather has
anti-metastatic, pro-proliferative and pro-oncogenic ef-
fects. When interpreting the findings concerning the
functions of AKT3, we ought to keep in mind that most
studies did not differentiate the both splicing variants of
AKT3. They are known to exert distinct functions to
some extent. However, the knowledge about the role of
AKTS3 in breast cancer is sparse and should be addressed
by further investigations. Another notable mechanism by
which AKT isoforms are not only regulated, but that
also regulates their downstream effects are microRNAs
which target proteins and therefore downregulate their
abundance. Additionally, AKT1 and AKT3 are involved
in regulating angiogenesis. Moreover, the studies found
out that AKT1 and AKT2 regulate expression and tran-
scriptional activity of the ERa in an isoform-specific
manner.

Not least because of the missense E17K mutation of
AKT]1 that leads to a constitutive membrane localization
and activation, AKT1 is the only isoform that showed
partly transforming abilities. But the E17K mutation of
AKT1 showed different results and therefore the clinical
relevance is not clear at all. Studies investigating expres-
sion, amplification and mutation of AKT isoforms as
well as their influence on prognosis and treatment re-
sponse also show inconsistent findings. The results con-
cerning the role of AKT isoforms on overall survival,
treatment response and association with metastasis are
summarized in Table 2. Whilst the most frequent alter-
ation of AKT1 are mutations like the E17K mutation,
AKT2 and AKT3 show a high frequency of amplifica-
tions. Likewise, a balanced translocation of AKT3 was
found resulting in an MAGI3-AKT3 fusion protein. The
expression and kinase activity at the protein level mainly
depend on the subtype of breast cancer e.g. AKT3 is
highly expressed in TNBC, whereas expression of AKT1
correlates with positive ER status. With a view to clinical
relevance, AKT1, especially pAKT1, is associated with
an impaired survival, whereas tumors with a high AKT2
expression respond better to tamoxifen and high levels
of pAKT1 mediate resistance to common chemothera-
peutics. As a logical consequence, AKT isoform-specific
inhibitors were developed and tested. Although an
AKT1/2-inhibitor showed good efficacy in vitro and
in the mouse model, clinical investigations and estab-
lishment of AKT isoform-specific inhibitors are
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Table 1 shows essential AKT isoform-specific effects in breast cancer in vitro and in vivo classified by the revealing study and the
three AKT isoforms AKT1, AKT2 and AKT3

Author Ref.  AKT1 AKT2 AKT3

Hutchinson et al. 2004  [125] tumor growth & proliferation 1 (Rb, cyclin
D1); metastasis |

Dillon et al. 2009 [123] tumor growth 1; metastasis | (ER) tumor growth @;
metastasis & invasion 1

Maroulakou et al. 2007 [124] tumor growth & proliferation 1 (Cyclin D1, tumor growth | (Cyclin tumor growth @ metastasis @

Rb); apoptosis |; invasion |; metastasis 1 D1, Rb); metastasis 1
Riggio et al. 2017 [127] proliferation & tumor growth 1 (Cyclin D1, proliferation |; tumor
S6); invasion & metastasis | (integrin 31, growth &; migration &
FAK, MMP9); migration @ invasion & metastasis 1 (F-
actin, vimentin)
Liu et al. 2006 [129] proliferation & tumor growth 1; migration &
invasion | (TSC2, Rho)
Grabinski et al. 2014 [130] proliferation | proliferation | proliferation |
Toulany et al. 2017 [131] proliferation & tumor growth 1 (DNA-PKcs)  proliferation @; tumor proliferation & tumor growth 1 (DNA-PKcs)
growth |
Park et al. 2001 [59]  colony formation &; invasion & metastasis 1
(MMP-2)
Stottrup et al. 2016 [132] spheroid growth 1 spheroid growth @ spheroid growth 1; invasion 1 (N-cadherin)
Chin et al. 2014 [133] proliferation 1; spheroid formation 1; proliferation 1; spheroid proliferation 1; spheroid formation 1;
[151] migration | formation 1; maintaining  tumor growth 1 (p27); spheroid growth 7;
spheroid architecture 1; migration |
migration 1
Yang et al. 2011 [126] proliferation | (Raf/MEK/ERK); migration | proliferation | (p27, CDK2);
migration |
Ju et al. 2007 [136] proliferation & tumor growth 1 (p21, p27,

Cyclin D1); migration & metastasis 1 (TSC2,
F-actin, MIPy, SDF-1, CXCL-16, paxillin and
ezrin-radixin-moesin); angiogenesis |

Santi and Lee 2011 [128] proliferation 1 proliferation 1 (CDK2, proliferation 1
Cyclin D, p27);
mitochondrial autophagy
1 (PGC1, p70S6K)

Wang et al. 2008 [137] proliferation 1; migration &
chemotaxis 1 (PKC(, LIMK/
Cofilin, integrin 31)

Zhang et al. 2017 [138] proliferation & tumor
growth 1; apoptosis |;
migration & invasion 1
(miR-2000c)

Polytarchou et al. 2011 [139] tumor growth @ tumor growth 1 (NF¢B,
CREB, miR-21, PTEN,
PDCDA4, Sprouty1)

Ye et al. 2016 [140] proliferation & tumor
growth 1; migration &
invasion & chemotaxis 1
(WDR26, PI3KB, GBY)

Yu et al. 2014 [141] apoptosis | (p53, miR-17/20)

Thirumurthi et al. 2014 [142] tumor growth 1 (SIRT6)

Plo et al. 2008 [143] tumor growth & genomic instability (BRCAT,
Baek et al. 2018 [121] RADS51)

Ooms et al. 2015 [144] proliferation & tumor growth 1; apoptosis |;

migration & invasion & chemotaxis &
metastasis | (PIPP)

Zhang et al. 2016 [145] proliferation & tumor growth 1 migration &
invasion | (miR-409-3p)
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Table 1 shows essential AKT isoform-specific effects in breast cancer in vitro and in vivo classified by the revealing study and the

three AKT isoforms AKT1, AKT2 and AKT3 (Continued)

Author Ref.  AKT1

AKT2 AKT3

Yang et al. 2009 [146] apoptosis |; tumor growth 1; invasion &
metastasis 1 (Par1)

growth 1; metastasis @

migration 1 (vimentin);
proliferation 1

proliferation 1;
mammosphere growth |

proliferation 1; apoptosis | (miR-433, Bcl-2,
BAX)

Watson and [147] proliferation & tumor growth 1; metastasis @ proliferation & tumor
Moorehead 2013
Irie et al. 2005 [148] migration | (ERK, E-cadherin, N-cadherin);
proliferation 1
Gargini et al. 2015 [149] proliferation 1; apoptosis | (FoxO3, Bim);
mammosphere growth | (Bim, E cadherin,
vimentin, B-catenin, integrin 31)
Hu et al. 2018 [155]
Li et al. 2017 [156]

Suyama et al. 2018 [96]

Lehman et al. 2012 [157] invasion 1 (RhoC GTPase)

Li et al. 2018 [113] invasion | (ERK, 3-catenin)

Chung et al 2013 [154]

Chin and Toker 2010,  [158] migration | (palladin)

2014 [159]

[160]

Yoeli-Lerner et al. [112] migration | (GSK3, HDM2, NFAT1)

2009, 2005 [1et]

Choi et al. 2016 [152] migration & invasion | (TIS21, Sp1, NOX4,
mDia1/2/3)

lliopoulos et al. 2009 [163] TGF-B stimulated migration & metastasis |
(miR-200, Zeb1/2, E-cadherin); spheroid
formation |

Cheng et al. 2007, [164]

2008 [168]

Leal-Orta et al. 2018 [165]

Marcial-Medina et al.  [166]

2019

Arboleda et al. 2003 [167] invasion @

Li et al. 2016 [170] migration & invasion & metastasis | (Twist1)

Hohensee et al 2016 [171] migration & invasion 1; brain metastasis 1

Grottke et al. 2016 [150] proliferation &; migration & chemotaxis @

proliferation & tumor growth 1 apoptosis |
(P53, p21, p27, CyclinD1, Bcl2, XIAP);
migration & invasion 1 (miR-29b);
angiogenesis 1 (VEGF, c-myc)

AKT3-S472: proliferation & tumor growth |;
apoptosis 1 (Bim, MAPK/ERK, BAX);
metastasis |

invasion 1 proliferation 1; apoptosis |

proliferation &; migration & invasion | (N-
cadherin)

migration & invasion @

migration & metastasis &;
spheroid formation @

migration & invasion 1
(Twist)

migration & invasion 1

migration 1

invasion & metastasis 1 invasion @
(integrin 31); post invasion

survival 1

proliferation &; migration
& chemotaxis @

proliferation &; migration & chemotaxis &
metastasis | (S100A4, NFATS5)

Symbols have the following meanings: 1 = increased, | = decreased, @ = no effect. Affected proteins and pathways are mentioned in the brackets

fragmentary and require more effort in the future.
Since the AKT isoforms were shown to have different
functions depending on stage and cell context, further
investigations should focus on distinct processes in
the progression of breast cancer. For instance, the
specific role of the AKT isoforms in bone metastasis
is a worthwhile issue, because bone metastasis is a

frequent event in breast cancer and is associated with
poor prognosis and lacking therapy [3].

Differences among the findings

Multiple mechanisms can cause the differences between
the studies and will be discussed hereafter. Isoform-
specific effects in cancer depend not only significantly
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tumor growth

angiogenesis

apoptosis

metastasis

Fig. 1 Isoform-specific AKT signaling in tumor growth, metastasis, apoptosis and angiogenesis of breast cancer. Figure 1 provides an

overview of isoform-specific AKT signaling in the regulation of tumor growth, metastasis, apoptosis and angiogenesis in breast cancer.
Orange rectangles show AKT isoforms and splice variants, brown rectangles represent cellular effects in breast cancer. Ellipses indicate
downstream effectors of AKT isoforms, hexagons indicate upstream regulators of AKT isoforms. Red colored shapes represent upstream
and downstream proteins of AKT1, green colored shapes represent upstream and downstream proteins of AKT2 and blue colored shapes
represent upstream and downstream proteins of AKT3. Yellow shapes represent effectors of AKT1 and AKT2, magenta shapes represent
effectors of AKT1 and AKT3 and white shapes present effectors or regulators of AKT1, AKT2 and AKT3. The position of the arrow head

represents a suppressing or downregulating interaction

symbolizes the direction of interaction. A plus associated with lines represents an activating or upregulating interaction, a minus

on the cancer entity, but also on subtype and even on
different cell lines of the same tumor entity. In contrast
to the general findings in breast cancer, AKT1 knock-
down in mouse embryo fibroblasts decreases migration
and invasion, whereas AKT2 has an anti-migratory and
anti-invasive effect. These findings can be explained by
an inactivating impact of AKT2 and an activating impact
of AKT1 on the pro-migratory Rac/Pakl-signaling which
alters the actin cytoskeleton in mouse embryo fibroblasts
[231]. In other gynecological tumors the AKT isoforms
display effects which differ from that in breast cancer.
Ovarian tumor cells with an AKT1 knockdown show im-
paired tumor progression and metastasis, whereas an

AKT2 knockdown leads to increased tumor progression
and metastases formation. The effect of AKT3 on the
ovarian tumor cells consists in a moderate acceleration of
tumor progression and metastasis. Interestingly, also
knockdown of the corresponding isoforms in the mouse
followed by the injection of unaltered ovarian cancer cells
show the same effect on tumor progression, suggesting a
crucial role of the tumor microenvironment on ovarian
tumor progression and metastasis. The opposing effect of
AKT1 on metastasis between ovarian cancer and breast
cancer may be due to the different ways of metastasis:
breast cancer metastases are vascular metastases, whereas
ovarian cancer cells metastasize directly to the peritoneal
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Table 2 Impact of the AKT isoforms on survival, therapy response and metastasis. Shows the impact of AKT isoform expression,
phosphorylation and mutation on clinical parameters, namely overall survival, therapy response and metastasis. For more detailed
information about the used predictors for therapy response see the corresponding section above. The effects are classified by the
revealing studies. If the effect is restricted to a subtype of breast cancer, this is shown in the brackets. Also, additional information is
mentioned in the brackets

author Ref. effect

Riggio et al. 2017 [127]  high AKT2 => reduced overall survival

Liu et al. 2012 [224]  high pAKT1 = reduced overall and disease-free survival (association with Skp2 expression)

Li et al. 2016 [170]  high AKT1 = improved overall survival
low AKT1 and high Twist =» association with EMT
high AKT3 => association with EMT

Spears et al. 2012 [195]  high pAKT1 =» reduced overall survival and reduced metastasis-free survival
high pAKT2 => reduced overall survival and reduced metastasis-free survival
(ER-)

Perez-Tenorio et al. 2014 [101]  high AKT1 => poor prognosis (ER+)
high AKT2 or AKT3 =» poor prognosis (ER-)

O'Hurley et al. 2014 [100]  AKT3 amplification => recurrence-free survival (ER+) and reduced metastasis-free survival (TNBC)

Grell et al. 2012 [201]  high AKT2 = improved response to trastuzumab (HER2+, metastatic)

Kirkegaard et al. 2005 [81] high AKT2 = improved response to tamoxifen (ER+)

Jordan et al. 2004 [225]  high pAKT1 => reduced response to tamoxifen (ER+ cell line)

Faridi et al. 2003 [153]  high AKT3 => reduced response to tamoxifen (ER+ cell line)

Knuefermann et al. 2003 [2271  high pAKT1 => reduced response to paclitaxel, doxorubicin, 5-fluorouracil, etoposide, camptothecin (ER+ cell line)

Liang et al. 2006 [226]  high AKT1 and pAKT1 =» reduced response to paclitaxel, doxorubicin, gemcitabine (cell lines)

Sokolosky et al. 2011 [228]  high activated AKT1 => reduced response to doxorubicin, etoposide, tamoxifen & improved response to mTOR
inhibitor rapamycin (ER+ cell line)

Steelman et al. 2011 [162]  high activated AKT1 => reduced response to doxorubicin and tamoxifen (ER+ cell line)

Taylor et al. 2011 [229]  high activated AKT1 in combination with ERK activation =» reduced response to doxorubicin and tamoxifen
(ER+ cell line)

Thirumurthi et al. 2014 [142]  destabilization of SIRT6 by AKT1 =» reduced response to tamoxifen (HER2+ cell line)

Aktas et al. 2009 [207]  high AKT2 in blood as predictor for presence of CTCs = reduced therapy response in general (metastatic
breast cancer)

Liu et al. 2006 [129]  low AKT1 => reduced metastasis-free survival (combinatory with low TSC2)

Cheng et al. 2007 [164]  high AKT2 and high Twist = association with late stage and invasiveness of tumor

lliopoulos et al. 2009 [163]  low AKT1/AKT2 ratio =» increased metastasis

van Agthoven et al. 2009 [198]  high AKT2 = improved metastasis-free survival (ER+)

Hohensee et al. 2017 71

high AKT1 activity through loss of PTEN => reduced overall survival in brain metastasized breast cancer

cavity. The reason why AKT2 deficient mice facilitate
tumor progression might be a hyperglycemic setting and
therefore a heightened metabolism in the tumor cells due
to the regulation of GLUT1 by AKT2 [232]. Furthermore,
the well-known AKT substrate GSK3 is responsible for
metabolism, as it was shown in renal caner [233, 234]. In
combination with the fact that GSK3 is regulated by
AKT1 in breast cancer regulating the migration, an iso-
form specific modification of metabolism as a hallmark of
cancer can also be assumed in breast cancer [112, 161].
This hypothesis is supported by the findings of Gonzalez
et al, showing that translocation of the glucose trans-
porter GLUT4 due to insulin stimulation is an AKT2 spe-
cific effect in adipocytes [192, 235]. Lim et al. recently
found out that the actin-capping protein Tropomodulin 3

is an AKT?2 specific substrate mediating the translocation
of GLUT4 to the membrane and therefore glucose uptake
into the cell [236]. Further evidence on this issue repre-
sents the diabetes-like phenotype in mice lacking AKT2
[103, 104]. However, to our knowledge there is no publi-
cation so far dealing with the AKT isoform-specific effects
on metabolisms particularly in breast cancer and therefore
this hypothesis should be a topic of further studies.
Another study revealed that AKT3 induces cancer
progression and growth in a subpopulation of ovarian
cancer by mediating the G2-M-transition and there-
fore an increased cell proliferation. In opposition to
breast cancer cells, ovarian cancer cells as well as
non-transformed ovarian cells display a higher expres-
sion and activation of AKT3 compared to the other
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isoforms, suggesting AKT3 is more important in ovar-
ian cancer than in breast cancer [237]. In contrast to
the distinct functions of AKT1 and AKT2 in breast
cancer, both isoforms exhibit a decreasing effect on migra-
tion, invasion and focal adhesion by inhibiting the activity
of Pl-integrin in prostate cancer cells which are also
highly hormone-dependent like breast cancer cells. AKT1
mediates this effect through a negative regulation of re-
ceptor tyrosine kinases like EGFR, whereas AKT2 is a sup-
pressor of the pro-migratory miR-200 family like in breast
cancer cells [238].

Furthermore, the summarized data presented here
suggest that isoform-specific effects depend on the ER
and HER?2 status of breast cancer cells as well as on dif-
ferent cell lines of the same molecular subtype. But the
mechanism behind this phenomenon remains mostly
unrevealed. Whilst high pAKT1 is associated with a low
overall survival in breast cancer independent of the hor-
mone status, pAKT2 functions as a predictor for poor
prognosis only in ER-negative breast cancer [195]. In the
study of Grottke et al. AKT3 has an anti-migratory effect
in a TNBC cell line, but in another TNBC cell line used
by another study AKT3 shows a pro-migratory effect
[132, 150]. Moreover, Yang et al. revealed an anti-
proliferative effect of AKT2 in a TNBC cell line, whereas
Santi et al. observed the same phenotype by using a
knockdown of AKT?2 in the same TNBC cells [126, 128].

The difference in the findings of Yang et al. and Santi
et al. using the same TNBC cell line might be explained
by the difference in the methodical approach, namely an
AKT?2 overexpression in the study of Yang et al. and an
AKT2 knockdown used by Santi et al. It could be specu-
lated that an overexpression can cause a negative feed-
back regulation or inhibitory control mechanisms and
therefore modify the isoform-specific effects [126, 128].
Another important point concerning methodical ap-
proaches is the usage of myr-AKT-isoform overexpres-
sion in which the AKT isoform is constitutively bound
at the membrane. As a result, the possible role of the
isoform-specific subcellular localization as a mechanism
behind the isoform-specific effects might be abrogated.
Particularly, the findings of Gonzalez et al. suggest a
localization of distinct isoforms at the plasma membrane
as a critical mechanism for isoform specificity, allowing
to doubt the appropriateness of using myr-AKT-isoform
overexpression [192]. These considerations are expanded
by the fact that Sun et al. found a translocation of acti-
vated AKT1 to the nucleus in exogenous AKT1 overex-
pressing cells in vitro, but this does not occur in human
specimen [197]. Also, the cell culture conditions have an
explicit impact on the effect of AKT isoform-specific
knockdown in regulating cell signaling. For instance,
Gargini et al. observed a differential effect of AKT1 on
expression pattern of epithelial and mesenchymal cells
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under adherent cell culture conditions with serum-rich
medium compared to mammosphere culture conditions
with growth factor containing medium [149].

Besides molecular alterations, the differential regula-
tion of effector proteins by different pathways and the
predominance of distinct pathways in different cell
lines might account for differences among the studies.
Thus, studies in the future should consider the de-
pendency on AKT signaling of the investigated cells
and a possible crosstalk with other pathways. Another
possible explanation for the discrepancies might be a
dose-dependency of AKT isoform-specific effects. For
instance, in mammary gland involution a particular
level of AKT2 is necessary for involution. Hence, in-
creasing but also decreasing the AKT2 levels result in
a delay of involution [123]. The disparity between ef-
fects on invasiveness in vitro and metastasis in vivo
by the AKT isoforms, most notably AKT1, might be
due to the complexity of the metastatic cascade
in vivo. Hence, the outgrowth of tumors at the meta-
static site of AKT1 knockdown cells might be im-
paired despite an enhanced invasion, because
paracrine and autocrine mechanisms might influence
the processes in vivo and interactions between tumor
cells and the tumor surrounding stroma plays a piv-
otal role in tumorigenesis. Investigations in vitro
should be completed by investigations in a mouse
model to consider the possible influencing mecha-
nisms in vivo [123, 124]. Data about the role of AKT
isoforms in the tumor-associated stroma and therefore
in cell-cell-interactions and paracrine and autocrine
stimuli are sparse and need to be further elucidated.

It is important to note that differences between
isoform-specific functions in mice might depend on the
kind of mouse model used. This could be the reason
why Maroulakou et al. revealed no anti-metastatic effect
through ablation of AKT1 in the whole MMTV-PyMT
mice due to a germline knockout, whereas Dillon et al.
observed an anti-metastatic effect of AKT1 in MMTV-
PyMT mice in which AKT1 was activated specifically in
the mammary tissue. This contributes to the hypothesis
of a relevant crosstalk between tumor cells and stromal
cells in the process of metastasis [123, 124]. Another
possibility for the lower amount of metastases in the
studies of Ju et al. and Maroulakou et al. might be the
impaired primary tumor growth in AKT1 knockout mice
and therefore a lower amount of primary tumor cells
that can form secondary metastases [124, 136, 170]. The
discrepancies between the results of Maroulakou et al.
and Watson and Moorehead can be explained by the
usage of the different oncogenic drivers, namely IGF-1
and HER2. As a result, activation of the AKT pathway
and other pathways as well as representation of different
molecular breast cancer subtypes differ in both studies.



Hinz and Jiicker Cell Communication and Signaling (2019) 17:154

Furthermore, both laboratories used mice with different
genetic backgrounds. In addition, Watson and Moore-
head collected evidence for compensating signaling
pathways in AKT isoform knockdowns, as they observed
an activation of ERK and other AKT isoforms in the
AKT2 knockdown cells [124, 147]. Limitations of AKT
isoform-specific investigations are attributable to the dis-
parities among species so that even the transferability of
findings in the mouse models should be interpreted
carefully. For instance, investigations of the protein Par-
4/PAWR in rats identified its direct targeting of AKT.
But studies on human cells and in mice revealed that the
suggested site in AKT is not conserved among humans
or mice [45].

Studies investigating the prognosis, metastasis and
treatment response in the context of AKT isoform-
specific effects also show inconsistent results. This
might be explained by different study populations
with distinct genetic backgrounds, different technical
approaches of AKT isoform detection and variable
definitions of expression thresholds [127]. Moreover,
when interpreting the influence of AKT isoforms on
prognosis and therapy response the difference be-
tween the detection of AKT protein expression and
the measurement of phosphorylated AKT or kinase
activity should be noted. For example, differences be-
tween the findings of Kirkegaard et al. and van Agth-
oven et al. might stem from the lack of detection of
the more important phosphorylated form of AKT2 in
the study of van Agthoven et al. compared to the
study of Kirkegaard et al. Besides, the effect of
pAKT2 in the study of Kirkegaard et al. was inde-
pendent of tamoxifen treatment and therefore perhaps
could not be reproduced by van Agthoven et al. by
focusing on the response to tamoxifen treatment [81,
198].

The isoform-specific effects can differ in the distinct
stages of the breast cancer disease, e.g. AKT1 could pro-
mote tumor initiation and growth of the primary tumor,
whereas AKT2 preferably promotes tumor progression
and metastasis [123, 127]. The dichotomy of AKT1 in
positively regulating proliferation and negatively regulat-
ing migration also suggests a stadium-dependent role of
the AKT isoforms in breast cancer and was reviewed by
Toker and Yoeli-Lerner in 2006 [239]. This tumor stage-
dependent effect of AKT1 in breast cancer was first re-
ported by Hutchinson et al. in 2004 by observing a de-
crease in tumor growth by suppressing AKT1 in a breast
cancer mouse model, whereas the metastasis is increased
[125]. As a consequence, AKT1 is supposed to play a
crucial role in the initiation and progression of the pri-
mary tumor. Various studies confirmed this pro-
proliferative and tumor initiating effect in vitro and
in vivo and identified several downstream mechanisms
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e.g. cyclin D1 and Rb [125, 127] or p21 and p27 [136].
Because of the anti-metastatic effect of AKT1 in breast
cancer, a loss of AKT1 expression or activity at least in a
subpopulation of the primary tumor could be a possible
mechanism for the initiation and development of metas-
tases. Ablation of AKT1 promotes migration and inva-
sion as key processes of the metastatic cascade for
example by regulating integrin f1 and MMP9 [127],
TSC2 [129], the AKT1-specific substrate palladin [159]
and by promoting EMT [148]. The hypothesis about the
dichotomy gained further confirmation from data of
clinical breast cancer probes reporting an association of
low AKT1 with a reduced metastasis-free survival [129].
However, it has to be taken into account that some stud-
ies could not reproduce this dichotomy by observing a
pro-proliferative and pro-metastatic role of AKT1 [146]
or a suppression of both processes [126]. Thus, studies
that will be performed in the future should differentially
evaluate the AKT isoform-specific effects in the various
stages of the disease. Interestingly, the dichotomic role
of AKT1 is not limited to breast cancer. Gao et al. dis-
covered the pro-proliferative and anti-metastatic effect
of AKT1 in prostate cancer. Ablation of AKT1 decreases
prostate tumor growth in vivo but enhances formation
of lung metastases. Moreover, the promotion of metasta-
sis by AKT1 knockdown is mediated in a similar way
compared to breast cancer. Knockdown of AKT1 in the
prostate cancer cells promotes EMT as it was observed
by Irie et al. in breast cancer [148, 240]. Surprisingly,
AKT1 knockdown in prostate cancer cells resulted in a
decreased [-catenin level [240], whereas the pro-
metastatic effect of AKT1 in breast cancer was associ-
ated with a nuclear accumulation of B-catenin [113].
Alwhaibi et al. reported an activation of the FoxO3a-
Nodal pathway in AKT1 knockdown prostate cancer
cells leading to the pro-metastatic EMT of the cells
[241]. Non-small cell lung cancer cells with KRAS or
EGFR mutations and colorectal carcinoma cells also
show the dichotomy of AKT1 during tumor progression
and metastasis [242—244]. The anti-migratory and anti-
invasive effect of AKT1 in colorectal carcinoma cells is
mediated by a decrease in MMP9 expression, as it was
also observed in breast cancer cells [127, 244]. It should
be noted that other studies reported a pro-metastatic ef-
fect of AKT1 in prostate, lung and colorectal cancer
denying the dichotomic role of AKT1 in these cancer
entities [245-247]. In contrast to the findings on AKT1
in breast cancer and the cancer entities mentioned
above, other subtypes of cancer do not display the tumor
stage-dependent function of AKT1. For instance, in
ovarian and hepatocellular cancer AKT1 induces prolif-
eration and tumor growth as well as migration and me-
tastasis [232, 244, 248]. In hepatocellular cancer
expression of MMP9 is upregulated by AKT1 and thus
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controlled in the opposite direction compared to breast
and colorectal cancer [127, 244]. This might explain the
absent dichotomy of AKT1 in these cancer cells. Again,
these considerations illustrate the tumor entity-
dependent roles of AKT isoforms as a possible explan-
ation for differences in AKT isoform-specific signaling
among studies.

In contrast to the non-transforming abilities of
AKT1 and AKT?2 in the studies with MMTV-mice, a
study using myrAKT isoforms in chicken embryo fi-
broblasts reported a transforming effect of all AKT
isoforms in a non-isoform-specific manner [249]. This
discrepancy in transforming abilities and the dispar-
ities between Carpten et al. and Beaver et al. on the
one hand reporting an oncogenic potential of the
E17K AKT1 mutation and Lauring et al. and Salhia
et al. on the other hand denying a transforming abil-
ity might be explained by differences in the used
methods. For example, transgenic overexpression was
used by Carpten et al., whereas Lauring et al. used a
knock in model. The different susceptibility to trans-
forming stimuli and the genetic background of the
different cells might also be an explanation. Another
important point is the relatively higher affinity of
E17K mutated AKT1 to PI(4,5)P, than to PI(3,4,5)Ps
and therefore perhaps an anti-oncogenic effect by
binding to PI(4,5)P, despite the constitutive mem-
brane localization [74, 189-191]. Drawing a conclu-
sion regarding the data about transforming abilities,
mutations or overexpression of AKT isoforms can re-
quire further alterations in other pathways for trans-
formation of mammary cells. Further studies should
address these differences among the studies on a
meta level, as this could provide other perspectives
on the AKT isoform-specific functions.

Mechanisms of isoform specificity

The possible mechanisms behind the isoform specificity
in breast cancer remains mainly unrevealed. Several hy-
potheses exist to explain the isoform specificity of AKT
and are discussed below [230, 235, 250-253]. Firstly, the
isoforms of AKT are expressed in different amounts in
the varying tissues, like the mainly restricted expression
of AKT3 in neuronal tissue. This distinct expression and
therefore tissue-specific importance of AKT isoforms
might cause the cell-specific effect of the individual iso-
forms [94].

Secondly, the distinct isoforms are differently distrib-
uted in cell compartments as shown by Santi et al. and
therefore interact with distinct substrates and adapter
proteins [194]. For instance, insulin stimulation in adi-
pocytes specifically translocates AKT2, but not AKT1, to
the plasma membrane and therefore causes the AKT2
mediated GLUT4 translocation. The translocation of
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GLUT4 is mediated by an AKT2 specific phosphoryl-
ation of AS160 that is dependent on the specific
localization of AKT2 to the plasma membrane [192]. In
this study they were not able to identify a specific do-
main of AKT that mediates the isoform specific mem-
brane localization. But another study reported that only
the linker-region of AKT1 is responsible for specific
translocation of this isoform to membrane ruffles upon
PDGF stimulation in mouse fibroblasts [254]. Likewise,
AKT?2 is preferably localized at regions with cell-matrix
contact of migrating cells, suggesting its colocalization
with proteins that are responsible for motility like (-
integrins [167].

Thirdly, the extracellular stimuli might activate their
specific isoform pattern, probably through different
amplitude or timing of the PI3K activity or PHLPP activ-
ity. Distinct isoforms of upstream proteins can regulate
distinct AKT isoforms, hence the isoforms of PI3K are
proposed to exert isoform-specific activation of AKT
[253]. Confirming this Brognard et al. revealed that
PHLPP1 specifically inactivates AKT2 and therefore
downstream proteins like GSK3 and HDM2, whereas
PHLPP2 dephosphorylates AKT3 and therefore specific-
ally regulates p27 [39].

Fourthly, there might be an amino acid-dependent
substrate specificity of the AKT isoforms, e.g. the AKT1-
specific substrate palladin which specifically interacts
with the linker region of AKT1. The linker regions of
the AKT isoforms show the lowest homology among the
isoforms. This suggests a possible isoform specificity that
is determined by the differences in amino acid structure
despite the high homology. Interestingly, different iso-
forms can be involved in different regulation mecha-
nisms of the same protein, since AKT1 specifically
regulates the phosphorylation and AKT2 regulates the
protein levels of palladin [158—160].

Fifthly, some proteins interact specifically with an AKT
isoform and influence its activity. AKT1 and AKT2 both
interact with all TCL1 family members like TCLI1,
MTCP1, and TCL1b in leukemia cells and as consequence
the activity of both isoforms is increased in an unspecific
manner. In contrast AKT3 specifically interacts with
TCL1, but not with MTCP1 or TCL1b and therefore spe-
cifically gets activated by TCL1. The isoform-specific
interaction is mediated by differences in the PH-domain
[12, 255]. Walz et al. reported a specific interaction be-
tween endosomal protein WDFY2 and AKT2, but not
AKT1. Knockdown of WDFY2 results in decreased AKT2
levels and thus specific reduction of insulin-mediated
AKT signaling [256]. CK2 phosphorylates AKT1 at Ser129
in the linker region leading to enhanced activation of
AKT1 but does not phosphorylate the corresponding re-
gion in AKT2 in vivo. Phosphorylated AKT1 at S129 in
turn promotes phosphorylation of palladin [257].
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Sixthly, posttranslational isoform-specific modifica-
tions could play an important role. For instance, PDGF-
mediated generation of reactive oxygen species results in
specific oxidation of Cys124 of AKT2 leading to its in-
hibition [258].

Seventhly, microRNAs can regulate AKT levels and ac-
tivity in an isoform-specific manner, as shown e.g. by
Iliopoulos et al. (see sections above) [163]. But until now
the precise mechanisms behind isoform specificity in
breast cancer is still unclear and needs to be further
elucidated.

Clinical implications

Since the importance of the AKT signaling in breast can-
cer and other cancer entities is common knowledge, sev-
eral laboratories made an effort to investigate the efficacy
of AKT inhibitors in breast cancer. Another theoretical
reason for using AKT as a therapeutical approach is the
convergence of multiple upstream signaling in AKT [111].
Pan-AKT inhibitors like MK2206, GSK2141795 and
AZD5363 are currently under clinical investigations, but
no AKT isoform-specific inhibitor is used in clinical trials
at the moment. The AKT1/2-inhibitor discovered by Bar-
nett et al. showed toxicity in former clinical trials, despite
the good results in preclinical trials [18, 101]. Additionally,
pan-AKT inhibition with low dose MK2206 treatment can
increase metastasis, probably by predominantly inhibiting
AKT1, making an isoform-specific inhibition of AKT sug-
gestable and an important content of further studies
[113]. Isoform-specific inhibition of AKT1 and AKT2
showed an even higher effect than treatment with the
mTOR inhibitor rapamycin in vitro [13]. AKT isoform-
specific inhibitors could also be used to overcome resist-
ance to chemotherapeutics or other targeted therapies
that is driven by AKT activation. Despite the high hom-
ology in amino acid sequence among the AKT isoforms,
there are certain regions, especially the linker region that
are suitable for development of AKT isoform-specific in-
hibitors. By combination of this knowledge with modern
drug analysis and development tools as it was shown by
Akhtar and Jabeen, further AKT isoform-specific inhibi-
tors can be developed with a more favorable drug safety
[259].

But according to the current knowledge about
isoform-specific effects in breast cancer, an isoform-
specific inhibition of any isoform alone is not advisable
before further investigations are made, because of the di-
chotomy of the isoforms. One possibility is to combine
AKT isoform-specific inhibition with inhibition of down-
stream effectors that mediate the unfavorable effects of
isoform inhibition. Hence, investigation of AKT isoform-
specific substrates and downstream signaling makes fur-
ther investigations necessary. Another option that could
be considered is to inhibit isoform-specific downstream
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proteins of AKT (e.g. palladin). This might decrease side
effects of the pan-AKT inhibitors e.g. a varied glucose
metabolism, avoid unwanted effects emerging through
dichotomy of the isoforms and represent a good alterna-
tive to AKT isoform-specific inhibitors [160]. For this
approach it is also important to gain further understand-
ing of the downstream signaling of the AKT isoforms to
develop effective targeted treatment.

Besides this well-known clinical implication of isoform-
specific AKT inhibition in breast cancer, there are some
further clinical implications that can be reasoned from
these studies. The knowledge of the different effects of the
AKT isoforms in cancer progression and metastasis is not
only important for an effective isoform-targeted therapy
but probably also for usage as prognostic markers. Indi-
vidual testing of AKT isoform expression and activation as
molecular predictors for outcome and therapy response in
patients could be implemented besides the evaluation of
the HER2 and ER/PR status, e.g. by the newly described
nanofluidic immunoassay [193]. For this purpose, further
clinical studies addressing the role of AKT isoforms on
therapy response, overall survival and distant relapse free
survival are needed. It is conceivable to use drug testing,
e.g. for AKT isoform-specific inhibitors or inhibitors of
distinct downstream substrates, by using 3D spheroid cul-
tures of breast cancer cells derived from patients. Several
studies point out an existing difference between 2D cul-
ture and 3D spheroid growth experiments, suggesting
spheroid testing is more appropriate to simulate the
in vivo processes [133]. These considerations are ap-
proaches for a personalized molecular cancer therapy with
high efficacy and low toxicity [260].

Conclusion
The three AKT isoforms exert distinct and even oppos-
ing roles in tumor growth and metastasis of breast can-
cer. AKT1 is responsible for proliferation and survival of
breast cancer cells, whereas it has an anti-metastatic ef-
fect. On the other hand, AKT2 mainly promotes migra-
tion, invasion and chemotaxis which are involved in the
metastatic process. The effect of AKT3 on breast cancer
remains mainly unrevealed, but it seems that AKT3 has
an anti-migratory function. The distinct effects of the
AKT isoforms are based on different cellular signaling
patterns and certain isoform-specific AKT substrates.
The previous classification of AKT as an oncogene
could be questioned in regard to even opposing func-
tions of the single AKT isoforms in breast cancer. Even
the classification of the various isoforms in oncogene or
tumor suppressor seems inappropriate, since the effect
of AKT isoforms on tumor growth and metastasis are
depending on tumor stage, breast cancer subtype, muta-
tions and probably still unknown influencing factors. As
a consequence, it is important to gain further insights
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into the isoform-specific signaling of AKT in breast can-
cer. Furthermore, the expression and effect of the single
AKT isoforms should be investigated individually for
each patient in cell-based assays to determine effective
targeted therapies.
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