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Abstract
Although Akt is known to play a role in human cancer, the relative contribution of its three isoforms
to oncogenesis remains to be determined. We expressed each isoform individually in an Akt1−/−/
Akt2−/−/Akt3−/− cell line. MicroRNA profiling of growth factor-stimulated cells revealed unique
microRNA signatures for each isoform. Among the differentially-regulated microRNAs, abundance
of the miR-200 family was decreased in cells bearing Akt2. Akt1 knockdown in TGFβ-treated
MCF10A cells also decreased the abundance of miR-200. However, knockdown of Akt2, or of both
Akt1 and Akt2, did not. Furthermore, Akt1 knockdown in the same cells, promoted TGFβ-induced
epithelialmesenchymal-transition (EMT) and a stem cell-like phenotype. Carcinomas developing in
MMTV-cErbB2/Akt1−/− mice showed increased invasiveness because of miR-200 downregulation.
Finally, the ratio of Akt1 to Akt2 and the abundance of miR-200 and of the mRNA encoding E-
cadherin in a set of primary and metastatic human breast cancers were consistent with the hypothesis
that in many cases, breast cancer metastasis may be under the control of the Akt-miR-200-E-cadherin
axis. We conclude that induction of EMT is controlled by microRNAs whose abundance depends
on the balance between Akt1 and Akt2, rather than the overall Akt activity.

INTRODUCTION
Akt is a serine-threonine protein kinase that is activated by phosphorylation at two sites (Thr308
and Ser473) through a phosphatidylinositol 3-kinase (PI3K)-dependent process. Specifically,
growth factor signals and other stimuli that activate PI3K, promote the accumulation of D3
phosphorylated phosphoinositides, at the plasma membrane. The interaction of these
phosphoinositides with the PH domain of Akt, promotes the translocation of the kinase to the
plasma membrane, where it undergoes phosphorylation by PI3K-dependent kinase-1 (PDK1)
at Thr308, and by mTOR complex-2 (TORC2), at Ser473 (1–3).

Ample evidence links Akt with the induction and progression of human cancer (4). However,
there are three Akt isoforms and information regarding their specific oncogenic activities is
limited. The Akt1 and Akt2 isoforms appear to play different roles in mammary
adenocarcinomas induced in mice by transgenes encoding the oncoproteins polyoma middle
T and ErbB2 (also known as Neu), both of which activate the PI3K-Akt pathway. Indeed,
ablation of Akt1 inhibits--whereas ablation of Akt2 accelerates--tumor induction and growth
by both polyoma middle T and ErbB2 (5,6). However, the tumors developing in the Akt1
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knockout mice are more invasive than the tumors developing in Akt2 knockout and wild type
mice (5), suggesting that ablation of Akt1 may also enhance tumor invasiveness, a process
separate from and independent of tumor induction and growth (7). These findings were
consistent with observations showing that Akt1 knockdown promotes migration and
invasiveness of human mammary epithelial cells in culture (8–10), perhaps by promoting
epithelial mesenchymal transition (EMT), a process that plays important roles in both
development and oncogenesis. During EMT, epithelial cells acquire a mesenchymal phenotype
characterized by the loss of intercellular junctions and increased cell migration. On the
molecular level, cells undergoing EMT downregulate the expression of epithelial cell-specific
proteins, like E-cadherin, and upregulate the expression of mesenchymal cell-specific proteins,
like Vimentin. The developmental switch characteristic of EMT, renders tumor cells
undergoing this process, more invasive and metastatic. Thus, inhibition of individual Akt
isoforms may have both desirable and undesirable effects during oncogenesis. We therefore
wished to identify and characterize the downstream targets of Akt isoforms, which may
discriminate the beneficial from the detrimental effects of isoform-specific Akt inhibition.

MicroRNAs are a class of molecules that regulate gene expression by a variety of mechanisms
and play important roles in oncogenesis (11,12). Like conventional oncogenes and tumor
suppressor genes, microRNAs may either promote or inhibit oncogenesis. Also, like
conventional cancer genes, their expression is selectively increased or decreased in various
human and animal tumors. The selective deregulation of microRNA gene expression may be
due to deletions, amplifications or mutations targeting the microRNAs themselves or their
regulatory sequences, as well as to dysregulation of transcription factors, and epigenetic
regulators targeting the genes encoding them (13). Understanding the regulation and functional
activities of individual microRNA families in cancer and other human diseases could thus lead
to new opportunities for therapeutic intervention.

Here, we describe a set of microRNAs that are differentially regulated by the three Akt isoforms
in cells stimulated with insulin-like growth factor 1 (IGF1), a treatment that activates Akt. In
addition, we show that a decrease in the abundance of the miR-200 microRNA family in cells
in which the ratio of Akt1 to Akt2 was decreased, promotes EMT and the acquisition of a stem
cell-like phenotype in cultured cells, as well as in mouse and human tumors. Downregulation
of the miR-200 microRNA family in these cells appears to depend not on Akt activity per se,
but rather on the balance between Akt1 and Akt2.

RESULTS
Akt isoforms have different microRNA gene signatures

Lung fibroblast and kidney epithelia cells from Akt1fl/fl/Akt2−/−/Akt3−/− mice were
immortalized as described in the Materials and methods. The immortalized lung fibroblasts
were transduced with myc-tagged Akt1, Akt2, or Akt3 retroviral constructs or with the empty
retroviral vector. Knocking out the floxed Akt1 allele in these cells with Cre recombinase gave
rise to cell lines that expressed only one of the three Akt isoforms. Knocking out the floxed
Akt1 in the vector-transduced cells gave rise to Akt-null cells, which survived for about a week,
but failed to proliferate. The abundance of mycAkt1, mycAkt2 and mycAkt3 in cell lines
engineered to express a single Akt isoform was similar (Fig 1). Moreover, the abundance of
mycAkt1 in these cell lines was about two times higher and the abundance of mycAkt3 three
times higher than the abundance of endogenous Akt1 and Akt3 respectively in primary lung
fibroblasts. However, the abundance of the individual Akt isoforms in these cell lines never
exceeded that of total Akt in the primary cells (fig S1).

To determine the role of the three Akt isoforms on the abundance of microRNAs, we stimulated
Akt-null cells and cells expressing a single Akt isoform, with IGF1 which is known to activate
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the Akt kinase. Probing whole cell lysates harvested before and after IGF1 stimulation, with
phosphospecific antibodies recognizing activated Akt phosphorylated at Thr308 and Ser 473,
confirmed that IGF1 activated all three Akt isoforms (Fig 2A). Following confirmation of the
activation of Akt, we screened cell lysates harvested before and after IGF1 treatment with a
365 microRNA array. Based on this analysis, we found no differences in microRNA abundance
between cells carrying different Akt isoforms under basal conditions; however, IGF1 treatment
elicited marked differences in the microRNA signature of the different groups (Fig 2B). In
cells with Akt1, IGF1 increased or decreased the abundance of 1 and 12 microRNAs
respectively, while in cells with Akt2, it increased or decreased the abundance of 7 and 12
microRNAs respectively; finally, in cells with Akt3, IGF1 increased the abundance of 5 and
decreased the abundance of 9 microRNAs (Fig 2B). The abundance of some microRNAs
(miR-27a, miR-149 and miR-145) changed in the same direction, but differed quantitatively
between IGF1-treated cells expressing different Akt isoforms while the abundance of other
microRNAs changed in the opposite direction in the same cells (Fig 2C and fig S2, Table S1
and S2). MicroRNAs whose regulation by different Akt isoforms was qualitatively different
included the members of miR-200 microRNA family (miR-200a, miR-200b, miR-200c,
miR-141, miR-429), whose abundance was decreased following IGF1 treatment only in Akt2-
expressing cells (Fig 2B, C). These microRNAs had been previously clustered in a family
because they are coordinately regulated and they share seed sequences and targets (14,15). We
confirmed the differential regulation of the miR-200 microRNA family by the three Akt
isoforms by real time reverse transcription polymerase chain reaction (RT-PCR) (Fig 2D and
fig S3). The Akt2-specific decrease in miR-200 microRNA family abundance was also
apparent in IGF1-treated primary mouse embryonic fibroblasts (Fig 2E), and in IGF1-treated
immortalized lung fibroblasts transduced with MigR1-GFP constructs of Akt1, Akt2, or Akt3
(fig S4). A decrease in the abundance of miR-200c and miR-200a was also observed in cells
transduced with constitutively active MyrAkt1, MyrAkt2, or MyrAkt3 retroviral constructs
where the effects of Akt2 did not require IGF1 (fig S5).

To determine whether the miR-200 microRNA family also affects Akt activity, we transfected
lung fibroblasts containing Akt1, Akt2, or Akt3 with miR-200a, miR-200c, or a control
microRNA, and measured the phosphorylation of all Akt isoforms before and 10 minutes after
IGF1 stimulation. We found that Akt phosphorylation was not affected by these microRNAs
(fig S6).

Akt1 knockdown, but not that of Akt2 or of Akt1 and Akt2, promotes EMT by decreasing the
abundance of the miR-200 microRNA family

Previous studies had shown that the microRNAs of the miR-200 family, target the 3'
untranslated region (3'UTR), of the mRNAs encoding the helix-loop-helix transcription factors
Zeb1 and Zeb2 and inhibit them postranscriptionally. Zeb1 and Zeb2 function as transcriptional
repressors of E-cadherin (14,15). We therefore postulated that knockdown of Akt1, leaving
Akt2 and Akt3 intact, may induce EMT in epithelial cells by decreasing the abundance of the
miR-200 microRNA family. To address this hypothesis we first examined the effects of Akt1
knockdown on the abundance of the mRNAs encoding Zeb1, Zeb2, and E-cadherin in the
mammary epithelia cell line MCF10A. This cell line undergoes EMT following exposure to

transforming growth factor β (TGF (16), which activates Akt in both MCF10A cells and
murine lung fibroblasts (fig S7).

The mRNAs encoding Akt1 and Akt2, which are present in similar abundance in untransfected
MCF10A cells (fig S8), were efficiently knocked down by transfection with siRNA directed
against Akt1 or Akt2. However, transfection of these siRNAs alone or in combination had no
effect on the abundance of the mRNA encoding Akt3 (Fig 3A). Following transfection with
these siRNAs, the cells were analyzed for the abundance of Zeb1, Zeb2, and E-cadherin, before
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and 24 hours after treatment with TGFβ. The knockdown of Akt1, but not that of Akt2,
synergized with TGFβ to increase the abundance of the mRNAs encoding Zeb1 and Zeb2 and
decrease the abundance of E-cadherin at both the mRNA and protein levels. Moreover,
knocking down Akt2 together with Akt1 attenuated the effects of Akt1 knockdown on the
abundance of Zeb1, Zeb2, and E-cadherin (Fig 3B, C and fig S9). EMT also promotes cell
migration. We therefore used parallel cultures of similarly treated cells to measured cell
migration by means of a transwell cell migration assay. These experiments showed that
TGFβ enhanced the migration of untransfected and Akt1 siRNA-transfected MCF10A cells
by 7.7 times and 22 times respectively (P=0.00015 compared to the control siRNA transfected
cells treated with TGFβ) and the migration of cells transfected with both Akt1 and Akt2 siRNAs
by 3 times (P=0.05 compared to the control siRNA transfected cells treated with TGFβ) (Fig
3C, Lower panel). Cell migration therefore exhibited an inverse correlation with the abundance
of E-cadherin in MCF10A cells, as expected. The knockdown of Akt1, but not that of Akt2 or
of Akt1 plus Akt2, also enhanced migration in the absence of TGFβ, in MCF10A cells
(P=0.00046) (Fig 3C, Lower panel) and in the breast cancer cell lines MCF-7 and BT474 (fig
S10).

The increase in the abundance of Zeb1 and Zeb2 in MCF10A cells in which Akt1 was knocked
down may be due to a decrease in the abundance of the miR-200 microRNA family (Fig 3D,
upper panel and fig S11) (14,15). We indeed showed that both the knockdown of Akt1 and
TGFβ treatment decreased the abundance of this microRNA family and that, when combined,
the knockdown of Akt1 and TGFβ acted synergistically to decrease the abundance of these
microRNAs (Fig 3D, Lower panel and fig S12). To determine the specificity of the effects of
Akt1 knockdown, MCF10A cells transfected with Akt1 siRNA were treated with TGFβ and
monitored for six days after transfection. As the effects of the Akt1 siRNA waned and Akt1
mRNA returned to its pre-transfection value, miR-200a, miR-200c and the mRNAs encoding
Zeb1, Zeb2, and E-cadherin also returned to their pre-transfection values (Fig 3E and fig S13).
The preceding data combined suggest that changes in the relative abundance of Akt1 and Akt2
that favor Akt2 promote downregulation of the miR-200 microRNA family in both fibroblasts
and epithelial cells.

Overexpression of miR-200a and miR-200c inhibits the effects of TGFβ and Akt1 knockdown
on Zeb1, Zeb2, and E-cadherin abundance and on cell migration

To determine whether the decrease in the abundance of miR-200 microRNAs produced by
TGFβ and by the knockdown of Akt1 could mediate the observed changes in the abundance
of Zeb1, Zeb2, and E-cadherin, we transfected MCF10A cells with miR-200a, miR-200c, or
both miR-200a and miR-200c, and examined the abundance of Zeb1 and Zeb2 mRNA 24 hours
later. We found that both microRNAs, alone or combined, decreased the abundance of the
mRNAs encoding Zeb1 and Zeb2 in cells treated with either TGFβ alone, or with TGFβ, in
combination with Akt1 siRNA (Fig 4A and B). MCF10A cells transfected with the combination
of miR-200a and miR-200c failed to show a decrease in E-cadherin following treatment with
TGFβ and Akt1 siRNA (Fig 4C). Furthermore transfection with miR-200a or miR-200c
blocked the increase in migration produced by treatment with TGFβ and Akt1 siRNA (Fig 4D).
Together, these data indicate that Akt1 knockdown increases the abundance of Zeb1 and Zeb2
and promotes EMT by decreasing the abundance of the miR-200 microRNA family.

TGFβ and Akt1 siRNA-treated cells, undergoing EMT through a decrease in the abundance
of miR-200 show a cancer stem-cell-like phenotype

Metastases can arise when invasive cancer cells that travel to new sites act as tumor initiating
cells or cancer stem cells (7). We found that the knockdown of Akt1, but not that of Akt2,
promoted formation of mammospheres—three-dimensional structures formed by breast cancer
stem cells grown in suspension (17)--by MCF10A cells (Fig 5B). Furthermore, Akt1
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knockdown synergized with TGFβ in promoting mammosphere formation (Fig 5A, B). Akt1
and Akt2 knockdown in MCF10A cells did not affect the abundance of the mRNAs encoding
the non-targeted isoforms and persisted for more than 6 days following siRNA transfection
(fig S14). Mammospheres in the Akt1 siRNA-treated cultures were larger than those in cultures
treated with control siRNA; in addition, they showed higher replating potential and decreased
abundance of miR-200a, miR-200c, and the mRNA encoding E-cadherin (Fig 5B–D). In the
same mammospheres, the abundance of E-cadherin mRNA progressively decreased and the
abundance of Vimentin mRNA progressively increased over a six day period (fig S15). Thus,
Akt1 knockdown elicits a cancer stem cell-like phenotype, an observation consistent with the
hypothesis that cells undergoing EMT acquire cancer stem cell properties (18). Thus, our data
indicate that a decrease in miR-200 abundance following a shift in the balance between Akt1
and Akt2 promotes a cancer stem cell-like phenotype.

Mammary adenocarcinomas in MMTV-ErbB2/Akt1−/− mice have low abundance of all
microRNAs of the miR-200 family, high abundance of Zeb1 and low abundance of E-cadherin

Expression of either Neu or PyMT in the mammary gland of transgenic mice from mouse
mammary tumor virus long terminal repeat (MMTV LTR)-driven transgenes causes mammary
adenocarcinomas. Mammary adenocarcinomas that develop in MMTV-cErbB2/Akt1−/− mice
were more invasive than those arising in MMTV-cErbB2/Akt1+/+ mice, as determined by
histological examination of the tumors; moreover, MMTV-cErbB2/Akt1−/− tumors may have
a greater potential for metastasis (5). We confirmed the increased invasiveness of MMTV-
cErbB2/Akt1−/− tumors compared to MMTV-cErbB2/Akt1+/+ tumors (Fig 6A) and also found
that ablation of Akt1 correlated with decreased abundance of the miR-200 microRNAs, as
determined by real time RT-PCR and in situ hybridization (Fig 6B, D and fig S16). Loss of
Akt1 in these tumors was also associated with an increase in the abundance of Zeb1 and
Vimentin and a decrease in that of E-cadherin, as determined by Western analysis (Fig 6C and
fig S17) and immunofluorescence (Fig 6D).

The Akt-miR-200-E-cadherin axis contributes to the metastatic phenotype of human
mammary adenocarcinomas

We used real time RT-PCR to evaluate the abundance of miR-200a, miR-200c, and the mRNAs
encoding Akt1, Akt2, and E-cadherin in primary and metastatic tumor tissue from eight patients
with breast cancer. The ratio of Akt1 to Akt2 was lower in metastatic than primary tumor tissue
in all but two cases, in which this ratio was high in both the primary and metastatic tissue. The
abundance of miR-200a, miR-200c, and the mRNA encoding E-cadherin was significantly
lower in the metastatic tumors (Fig 7A). These data suggest that decreased abundance of the
miR-200 microRNA family and of E-cadherin are common features of metastatic human breast
cancer and that this decrease may be associated with a decrease in the ratio of Akt1 to Akt2.
We plotted the values of Akt1/Akt2, miR-200a, miR-200c, and E-cadherin for all six metastatic
tumors in which the Akt1/Akt2 ratio was low and found an excellent correlation between these
values, which we confirmed by the Spearman rank correlation statistical test (Fig 7B). These
data suggest that, breast cancer metastasis may frequently depend on signaling through the
Akt-miR-200-E-cadherin axis. Given that the ratio of Akt1 to Akt2 was low in some primary
tumors, it would be interesting to determine whether a low Akt1 to Akt2 ratio has prognostic
value for predicting metastasis.

DISCUSSION
Here, we show that, following ablation of the floxed Akt1 allele, spontaneously immortalized
Akt1fl/fl/Akt2−/−/Akt3−/− lung fibroblasts survived for about a week but failed to proliferate.
Cells reconstituted with any of the three Akt isoforms survived and proliferated, suggesting
that Akt1, Akt2, and Akt3 overlap functionally. However, comparison of cells reconstituted
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with Akt1, Akt2, or Akt3 also revealed functional differences. In this report we presented
evidence for marked differences in microRNA signature between IGF1- or TGFβ-treated cells
expressing different Akt isoforms. In addition, we showed that the stimulation of cell migration
induced by the knockdown of Akt1 but not Akt2 in cultured cells, and the invasive phenotype
induced by the ablation of Akt1, but not Akt2 in primary tumors, are due to the differential
effects of Akt1 and Akt2 on the abundance of the miR-200 microRNA family. These data
suggest that the invasiveness and metastatic potential of human carcinomas may depend not
on the expression and activity of Akt but on the balance between Akt1 and Akt2. A shift in the
relative abundance or activity of Akt1 and Akt2 will alter the abundance of members of the
miR-200 microRNA family and, consequently, the invasiveness and oncogenic potential of
human tumors. Such a shift may occur naturally (19) or it may be elicited by Akt inhibitors
that preferentially target Akt1 rather than Akt2. Our data suggest that we may be able to harness
the beneficial effects of Akt1 inhibition, while preventing its unwanted effects on tumor cell
invasiveness and metastasis, by combining Akt1 inhibition with delivery of microRNAs of the
miR-200 microRNA family.

The regulation of the miR-200 microRNA family, through the concerted action of Akt1 and
Akt2, appears to depend on the crosstalk between the two Akt isoforms (See model in Fig 8).
This model was based on the finding that Akt2, in the absence of Akt1, decreased the abundance
of the miR-200 microRNA family and that Akt1 attenuated the Akt2-mediated decrease in the
abundance of these microRNAs; however Akt1 had no Akt2-independent effects on miR-200
family abundance. Based on these observations, we propose that Akt1 may regulate Akt2 or it
may interfere with the Akt2-mediated decrease in miR-200 microRNA abundance downstream
of Akt2. In either case, the role of Akt1 in miR-200 regulation appears to be Akt2-dependent.

Based on our current understanding of the biology of human cancer, Akt has been considered
a high-priority therapeutic target (20). Pharmacological inhibitors for Akt, some of which are
being evaluated in clinical trials (21,22), may differ with regard to their relative activities
against Akt isoforms. Indeed, selective inhibition of Akt isoforms may be associated with lower
toxicity (23). However, the data presented in this report suggest that preferential activity of a
given compound against Akt1 or Akt2 may also have disadvantages. Given that tumors
developing in the Akt1−/− genetic background grow slower than tumors developing in the wild
type and Akt2−/− genetic backgrounds, it is possible that an inhibitor that targets primarily Akt1
may cause cancer remission. However, if the tumor relapses, the tumor cells emerging
following relapse may be significantly more aggressive, invasive and metastatic. On the other
hand, an inhibitor that targets primarily Akt2 may be ineffective. It is therefore important to
test existing and future Akt inhibitors pre-clinically, for potential differences in their ability to
target Akt1, Akt2 and Akt3. Prior information regarding the sensitivity of the three Akt
isoforms to a given inhibitor may allow us to design therapeutic strategies that maximize tumor
responsiveness and prevent the unwanted selection of invasive and metastatic tumor cells. This
report introduces a platform for the preclinical testing of the specificity of Akt inhibitors toward
the three Akt isoforms.

In summary, the data presented in this report show that the balance between Akt1 and Akt2 is
critical to the regulation of microRNA gene expression and that the opposing roles of Akt1
and Akt2 on the induction of EMT are due to the differential effects of the two Akt isoforms
on the expression of the miR-200 microRNA family.

MATERIALS AND METHODS
Cell culture, constructs and retroviral infections

Mouse lung fibroblasts from Akt1fl/fl/Akt2−/−/Akt3−/− mice were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin, sodium
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pyruvate, nonessential amino acids and glutamine. Passage of these cells every three to four
days led to the establishment of spontaneously immortalized cell lines (24). Established cell
lines were cultured in the same medium, under standard culture conditions.

Wild-type Akt1, Akt2, and Akt3, tagged with the myc epitope at their C-terminus, were cloned
in the retroviral vector pBabe-puro. Retrovirus constructs were packaged in 293T cells
transiently transfected with these constructs and with an ecotropic virus Env construct.
Immortalized lung fibroblasts were infected with the packaged viruses as follows: Cells were
pre-treated with DEAE dextran (25 μg/ml). Forty five minutes later, they were washed and
infected. Infected cells were selected for puromycin (Sigma) resistance (2 μg/ml). Cells
generated from three independent infections for each retroviral construct, were analyzed for
Akt expression by probing their lysates with anti-myc (#2276) and anti-Akt1 (#2938), anti-
Akt2 (#2964) and anti-Akt3-specific antibodies (#3788, Cell Signalling Technologies). To
abolish the expression of endogenous Akt1, cells were super-infected with a MigR1-GFP-
based construct of the Cre recombinase and were sorted 48 hours later. To avoid puromycin
selection, Akt1fl/fl/Akt2−/−/Akt3−/− lung fibroblasts, were alternatively transduced with
myc.Akt1, myc.Akt2, or myc.Akt3, in the retroviral vector MigR1-GFP, and cells transduced
with the respective viruses were super-infected with a MigR1-RFP-based construct of the Cre
recombinase. Ablation of endogenous Akt1 by Cre gave rise to Akt-null cells (TKO) or triple
Akt knockout cells expressing a single Akt isoform at a time. In another set of experiments,
we transduced the same lung fibroblast cell line with myrAkt1, myrAkt2, or myrAkt3, tagged
with the HA epitope.

To determine whether the effects of individual Akt isoforms on regulating miR-200 family
also occurs in primary MEFs, we carried out experiments using MEFs from wild type,
Akt1fl/fl/Akt2+/+/Akt3−/−, Akt1+/+/Akt2−/−/Akt3−/−, and Akt1fl/fl/Akt2−/−/Akt3−/− mice. To knock
out the endogenous floxed Akt1 allele we transduced with a MigR1-GFP-Cre construct.

MCF10A mammary epithelial cells were grown in DMEM/F12 medium supplemented with
5% donor horse serum (HS), 20 ng/ml epidermal growth factor (EGF), 10 μg/ml insulin, 100
μg/ml hydrocortisone, 1 ng/ml cholera toxin and 50 units/ml penicillin and streptomycin.

Human breast cancer samples
RNAs from 8 primary tumors and their corresponding metastatic tumors were purchased from
Biochain Inc, CA. These samples were used for real-time RT-PCR for E-cadherin, miR-200a,
miR-200b, Akt1 and Akt2. GAPDH expression levels were used as a loading control.

MicroRNA Expression Analysis
The abundance of 365 microRNAs was evaluated using TaqMan Low Density Arrays (TLDA)
microRNA v1.0 arrays (Applied Biosystems). Cells were serum-starved overnight. Sixteen
hours later, they were stimulated with IGF1 (50 ng/ml) and they were harvested 1, 4 and 16
hours later. Differentially expressed microRNAs were clustered using hierarchical clustering
analysis. Changes in microRNA abundance were illustrated using heatmaps. Blue color
represents down-regulation while red color represents upregulation of a given microRNA in
IGF1-treated fibroblasts.

MicroRNA Real-time PCR Analysis
Validation of microRNA array data was performed using the mirVana qRT–PCR miRNA
Detection Kit and qRT–PCR Primer Sets, according to the manufacturer's instructions (Ambion
Inc, TX, USA). The expression of RNU48 and RNU44 was used as internal control. Real-time
RT-PCR analysis was also performed to determine the abundance of miR-200a, miR-200b,
miR-200c, miR-141 and miR-429 in MCF10A cells transfected with a with a negative control
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siRNA designed to have no sequence similarity to any human transcript sequence (#AM4611)
or siRNAs against Akt1 (#S660) or Akt2 (#S1216, Ambion Inc), or both, and treated with
TGFβ (20 ng/ml) for 24 hours. The abundance of these microRNAs was also normalized to
RNU48 and RNU44 expression (internal controls). Data in Figure 2D and E show the relative
abundance of miR-200 family members at different time points following IGF1 treatment.
Their abundance prior to treatment was set at 0. Figure 3D shows the relative abundance of
miR-200 family members in MCF10A cells treated with siRNAs directed against Akt1 or Akt2,
and TGFβ. Here, microRNA abundance in cells transfected with the control siRNA and not
treated with TGFβ was set at 1.

Real-time PCR Analysis
Total RNA was extracted using Trizol (Invitrogen), according to the manufacturer's
instructions. Complementary DNA (cDNA) was synthesized from 2.0 μg of total RNA by
random priming, using the Omniscript reverse transcription kit (Qiagen). Real-time PCR was
performed in triplicate using the Quantitect SyBr green PCR system (Qiagen) on a Rotorgene
6000 series PCR machine (Corbett Research). All mRNA quantification data were normalized
to β-actin, which was used as an internal control. The following primer sets were used: (for
Zeb1) 5'-TTCAAACCCATAGTGGTTGCT-3' (forward) and 5'-
TGGGAGATACCAAACCAACTG-3' (reverse); (for Zeb2) 5'-
CAAGAGGCGCAAACAAGC-3' (forward) and 5'-
GGTTGGCAATACCGTCATCC-3' (reverse); (for E-cadherin) 5'-
TGCCCAGAAAATGAAAAAGG-3' (forward) and 5'-
CTGGGGTATTGGGGGCATC-3' (reverse), (for Vimentin) 5'-
GAGAACTTTGCCGTTGAAGC-3' (forward) and 5'-
CTAACGGTGGATGTCCTTCG-3' (reverse) and (for Akt1/2) 5'-
CTTCGAGCTCATCCTCATGG-3' (forward) and 5'-
TCTGCTTGGGGTCCTTCTTA-3' (reverse).

Western Blot Analysis
Fibroblasts were lysed on ice, using a Triton X-100 lysis buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 50 mM NaF, 10 μg/ml leupeptin, and 5 μg/ml aprotinin).
Twenty □g of total protein from each sample were resolved in a 10% SDS-PAGE and
transferred to PVDF membranes. The blots were then probed with anti-phospho-Akt (Ser473
and Thr308) (# 9271 and # 9275, Cell Signaling Technologies) and anti-tubulin (T5168, Sigma)
antibodies.

Transfected MCF10A cells were lysed on ice, using an NP-40 lysis buffer (50 mM Tris, pH
7.5, 150 mM NaCl, and 0.5% NP-40). Fifty □g of total protein from each sample was resolved
in a 4%–12% Bis-Tris Gel with MOPs running buffer and transferred to PVDF membranes.
The blots were then probed with antibodies against E-cadherin (610404, BD Biosciences) and
β-actin (ab8227, Abcam Inc).

Transwell Migration Assay
Transwell migration assays were performed as described previously (8). Briefly, MCF10A
cells were transfected with a negative control siRNA designed to have no sequence similarity
to any human transcript sequence (#AM4611, Ambion) or siRNAs for Akt1 (#S660) or Akt2
(#S1216), or siRNAs for both Akt1 and Akt2 (50 nM). 24 hours after transfection, they were
cultured overnight in assay medium (MCF10A growth medium containing 2% serum ± 20 ng/
mL TGFβ). Sixteen hours later, cells were trypsinized and 105 cells were added to the top
chambers of 24-well transwell plates (8 μm pore size; BD Bioscience, Bedford, MA). The
bottom chambers were filled with assay medium. After overnight incubation, the migratory
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cells were fixed and stained with 0.1% crystal violet. The significance of variability between
a given group and its corresponding control was determined with the unpaired t test.

Mammosphere Culture
MCF10A cells were transfected with a control siRNA, or siRNAs for Akt1 or Akt2 or siRNAs
for both Akt1 and Akt2 (150 nM). Twenty four hours later, cells were cultured in suspension
in low-attachment plates (Corning) (1000 cells/ml), in serum-free DMEM/F12 media,
supplemented with B27 (1:50, Invitrogen), 0.4% BSA, 20ng/ml EGF (Sigma), 4μg/ml insulin
(Sigma) and 1% methyl cellulose to prevent cell aggregation, in the presence or absence of
TGF-β (20ng/ml). Mammospheres with a diameter of >75μm were counted 6 days later. To
propagate mammospheres in vitro, mammospheres were collected by gentle centrifugation and
dissociated to single cells as described (17). Prior to replating, mammosphere-derived cells
were re-transfected with 150 nM of the corresponding siRNAs (control, Akt1, Akt2, or both
Akt1 and Akt2). Replating potential describes the ability of single cells to form new
mammospheres when cultured in new vessels.

Mouse Experiments
The establishment of homozygous MMTV Neu transgenic mice in the WT, Akt1−/− and
Akt2−/− genetic backgrounds, was previously described (5). Tissues were paraffin embedded,
sectioned, and stained with Hematoxylin and Eosin. Histologic sections were blindly analysed.
Invasive tumors were evidenced by infiltrative tumor foci in distinction from encapsulated
tumor borders. The code was broken only when all the data were compiled.

Protein and RNA isolation were performed using the mirVana PARIS Kit, according to the
manufacturer's instructions (Ambion). Protein extracts were analyzed by Western Blot for E-
cadherin (#3195, Cell Signaling Technologies), Vimentin (sc-7558) and Zeb1 (sc-10572, Santa
Cruz Biotechnology).

In situ microRNA hybridization
For in situ hybridization, Mircury LNA Detection probes 3'-end labeled with DIG for mmu-
miR-200c (39549-05) or scramble-miR (99004-05, Exiqon) were used as previously described
(25) with modifications. 5 μm-thin sections of FFPE Neu/WT, Neu/Akt1−/− and Neu/Akt2−/−

tumors were deparaffinized in xylene, 2×40 min on a 50 rpm shaker, followed by 5 min each
in serial dilution of ethanol (100%, 100%, 75%, 50% and 25%), followed by 2 changes of
DEPC-ddH2O. Slides were then submerged for 5 min in 0.2 N HCl, washed with DEPC-PBS,
digested with proteinase K (40 μg/ml) for 20 min at 25°C, rinsed in 0.2% glycine/DEPC-PBS,
3XDEPC-PBS, and postfixed with 4% formaldehyde in PBS for 10 min. Slides were then
rinsed twice with DEPC-PBS, treated with acetylation buffer (300 μl acetic anhydride, 670
μl triethanolamine, 250 μl of 12 N HCl per 48 ml ddH2O) and then rinsed 4 times in DEPC-
PBS followed by 2 rinses in 5xSSC. Slides were pre-hybridized at 53°C for 2 hrs in
hybridization buffer (50% formamide, 5xSSC, 0.1% Tween-20, adjusted to pH 6.0 with 9.2
mM citric acid, 50 μg/ml heparin, 500 μg/ml yeast tRNA) in a humidified chamber (50%
formamide, 5xSSC). Following pre-hybridization, slides were hybridized overnight at 53°C in
a humidified chamber, using 20 nM of probe in pre-warmed hybridization buffer. Sections
were rinsed twice in 5xSSC, followed by 3 washes of 20 min at 53°C in 50% formamide/
2xSSC. Sections were then rinsed 5 times in PBS/0.1% Tween-20 (PBST), and blocked for 1
hr in blocking solution (2% sheep serum, 2 mg/ml BSA in PBST). Anti-DIG-AP Fab fragments
antibody (11093274910, Roche) was applied on sections overnight at 4°C. Next, slides were
washed 2 times, in PBST for 10 min each and washed 3 times for 10 min each in 0.1 M Tris-
HCl pH 7.5/0.15 M NaCl, followed by equilibration with 1 M Tris pH 8.2 for 10 min and the
Fast Red (Roche) solution (1 tablet per 2ml of 0.1 M Tris-HCl pH 8.2). Following incubation
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for 30 min in the dark, slides were washed 3 times in PBST for 10 min and coverslipped in
Vectashield mounting medium with Dapi (Vector Labs).

Sections of the tumors were deparaffinized in xylene, 3×5 min, followed by 10 min each in
serial dilution of ethanol (100%, 100%, 95% and 95%) and followed by 2 changes of ddH2O.
Antigen unmasking was achieved by boiling the slides (95–99°C) for 10 min, in 10 mM sodium
citrate buffer pH 6.0. Sections were then rinsed 3 times in ddH2O, 1 time in PBS, and blocked
for 1 hr in blocking solution (5% goat serum, 300 μl Triton-X 100 in 100 ml PBS). E-cadherin
antibody was diluted (1:200) and applied on sections overnight at 4°C. Next, slides were
washed 3 times, in PBS for 5 min each, and incubated with Cy2-conjugated anti-goat antibody
diluted 1:500 for 1 hr at room temperature in the dark. Slides were washed 3 times, in PBS for
5 min each, and coverslipped in Vectashield mounting medium with Dapi.

Images were obtained using a Nikon Eclipse 80i microscope and a Spot charge-coupled device
camera (Diagnostic Instruments). All photographs were processed using identical settings for
capturing and further processing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Strategy for generating lung fibroblasts based on abundance of different Akt isoforms and for
the identification of IGF1-induced microRNAs. (A) Cells were transduced to express different
Akt isoforms. (B) Western blots of cell lysates were probed with antibody directed against the
myc-tag or with antibodies directed against Akt1, Akt2, or Akt3. Tubulin was used as a loading
control. (C) Cell lysates harvested before and after IGF1 treatment were screened with a 365
microRNA array.
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Fig. 2.
Akt isoforms have different microRNA gene signatures. (A) IGF1 treatment induces the
phosphorylation of all Akt isoforms at Ser473 and Thr308 (in Akt1 or the equivalent sites in
Akt2 and Akt3) in murine lung fibroblasts engineered to express Akt1, Akt2, or Akt3.
Following overnight serum starvation, cells were treated with IGF1 (50 ng/ml) for 10 min and
cell lysates were analyzed by Western blot. Tubulin was used as a loading control. (B) Heatmap
of differentially expressed microRNAs in untreated and IGF1-treated (1, 4, 16h) fibroblasts,
carrying individual Akt isoforms. Red indicates upregulation, and blue indicates
downregulation. (C) Overlap between the microRNA signatures of IGF1-treated (16h) Akt1,
Akt2, Akt3, and TKO fibroblasts. (D) The abundance of miR-200 family members was
measured by real time RT-PCR 1, 4 and 16 hours following IGF1 treatment. MicroRNA
abundance prior to the IGF1 treatment was set to 0. MiR-200 family members were
downregulated following IGF1 treatment only in Akt2-expressing fibroblasts. (E)
Downregulation of miR-200a and miR-200c in Akt2-expressing MEFs. The expression of
miR-200 family members was measured at 16 hours following IGF1 treatment by real time
RT-PCR. The experiments were performed in triplicate and data are presented as mean ± SD.
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Fig. 3.
Knockdown of Akt1 promotes EMT by decreasing abundance of the miR-200 microRNA
family. (A) Knockdown of Akt1 and Akt2 in MCF10A cells. Western blots of cell lysates after
transfection of Akt1, Akt2, or Akt1 and Akt2 siRNAs probed with the indicated antibodies.
(B) TGFβ synergizes with Akt1 knockdown to increase Zeb1 abundance. Zeb1 abundance
measured by real-time PCR in cells transfected with the indicated siRNAs and treated with
TGFβ. (C) Akt1 knockdown promotes EMT. (Upper panel) The knockdown synergizes with
TGFβ to decrease E-cadherin abundance. Lysates of cells, transfected with the indicated
siRNAs and treated with TGFβ, probed with anti-E-cadherin and anti-β-actin antibodies.
(Lower panel). The knockdown synergizes with TGFβ to stimulate cell migration. Cell
migration of TGFβ-stimulated cells transfected with the indicated siRNAs. (D) (Upper
panel). Chromosomal map of the miR-200 microRNA family. (Lower panel). The knockdown
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synergizes with TGFβ to decrease abundance of miR-200a and miR-200c. MicroRNA
abundance was measured by real-time PCR. (E) The abundance of miR-200c, and the mRNA
encoding E-cadherin in cells transfected with Akt1 siRNA, returned to pretransfection values
as the effect of the siRNA on Akt1 abundance wane. Time course analysis by real-time RT-
PCR in cells transfected with Akt1 siRNA, treated with TGFβ.
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Fig. 4.
Overexpression of miR-200a, miR-200c, and miR-200a plus miR-200c blocks the upregulation
of Zeb1 in MCF10A cells transfected with Akt1 siRNA and treated with TGFβ. (A) and (B)
Overexpression of miR-200a or miR-200c inhibits the upregulation of Zeb1 and Zeb2 in
MCF10A cells transfected with Akt1 siRNA and treated with TGF  (C) Overexpression of
miR-200a or miR-200c inhibits the downregulation of E-cadherin in MCF10A cells transfected
with Akt1 siRNA and treated with TGF  Abundance of the mRNAs encoding Zeb1, Zeb2,
and E-cadherin was measured by real-time PCR in lysates of TGFβ-treated MCF10A cells
transfected with the indicated siRNAs. (D) Overexpression of miR-200a or miR-200c inhibits

cell migration in MCF10A cells transfected with Akt1 siRNA and treated with TGF  Cell
migration was measured in TGFβ-stimulated MCF10A cells 24h after transfection with the
indicated siRNAs. Experiments were performed in triplicate and data are presented as mean ±
SD.
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Fig. 5.
Cells undergoing EMT through miR-200 downregulation, in response to TGFβ treatment and
Akt1 knockdown, exhibit stem cell properties. (A) MCF10A cells transfected with control
siRNA or siRNAs for Akt1, Akt2, or Akt1 and Akt2, were cultured for 6 days in suspension
in the presence or absence of recombinant TGFβ (20 ng/ml). The bar graph shows the number
of mammospheres per 1000 plated cells in each culture (mean ± SD) at the end of the
experiment. (B) Phase-contrast images (low and high magnification) of mammospheres
described in (A). Bar, 100 μm. (C) Replating efficiency of mammospheres derived from
MCF10A cultures transfected with siRNA control, and siRNAs for Akt1, Akt2, and Akt1 plus
Akt2. (D) Primary mammospheres of MCF10A cells transfected with Akt1 siRNA have less
miR-200a, miR-200c, and E-cadherin than do MCF10A cells transfected with control, Akt2,
or Akt1 plus Akt2 siRNAs. MicroRNA and E-cadherin expression were measured in six day
mammospheres by real time RT-PCR. Experiments were performed in triplicate, and data are
presented as mean ± SD.
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Fig. 6.
Mammary adenocarcinomas developing in MMTV-cErbB2/Akt1−/− mice have low amounts
of microRNAs of the miR-200 family, high amounts of Zeb1 and low amounts of E-cadherin.
(A) Mammary adenocarcinomas developing in MMTV-cErbB2/Akt1−/− mice are more
invasive than mammary adenocarcinomas arising in MMTV-cErbB2/WT and MMTV-
cErbB2/Akt2−/− mice. (B) MMTV-cErbB2/Akt1−/− mammary adenocarcinomas have lower
levels of miR-200 microRNAs than do mammary adenocarcinomas developing in MMTV-
cErbB2/Akt1+/+ and MMTV-cErbB2/Akt2−/− mice. MicroRNA abundance was measured by
real time RT-PCR. (C) MMTV-cErbB2/Akt1−/− mammary adenocarcinomas have more
abundant Zeb1 and Vimentin and less abundant E-cadherin than do mammary
adenocarcinomas developing in MMTV-cErbB2/Akt1+/+ and MMTV-cErbB2/Akt2−/− mice.
Western blots of primary tumor cell lysates were probed with the indicated antibodies. (D) In
situ hybridization (for microRNA) and immunofluorescence (for E-cadherin) confirmed that
MMTV-cErbB2/Akt1−/− mammary adenocarcinomas express low levels of miR-200 family
members and E-cadherin (microphotographs at 40× magnification). Bar, 10μm.
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Fig. 7.
The Akt-miR-200-E-cadherin axis contributes to the metastatic phenotype in the majority of
human mammary adenocarcinomas. (A) The abundance of Akt1, Akt2 and E-cadherin mRNAs
and microRNAs were measured by real-time RT-PCR in primary and metastatic tumors. The
data represent triplicate measurements from each RNA sample normalized to GAPDH. Grey
lines connect each primary tumor with the corresponding metastatic tumor. Asterisks are used
to mark two cases in which the ratio of Akt1 to Akt2 remained high in the metastatic tumor
sample despite the fact that miR-200 and E-cadherin levels were lower than in the primary
tumor samples from the same patients. The indicated P value (P= 0.013) was calculated with
all tumors included. P values were calculated using a paired two population Student's t-test.
The mean value for each set is shown as a horizontal black line. (B) Plotting the Akt1/Akt2
ratio and the expression of miR-200a, miR-200c and E-cadherin in the six metastatic tumor
samples characterized by low Akt1/Akt2 ratios (see A) revealed an excellent correlation
between these parameters. Spearman rank correlation coefficients and the P values in
parentheses are shown (lower panel).
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Fig. 8.
Schematic diagram of the proposed model: The imbalance between Akt1 and Akt2 dysregulates
microRNAs that control EMT and stem cell renewal programs. Red indicates a positive and
blue indicates a negative role in the development of EMT. GFs, growth factors.
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