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Inhibition of AKT1 signaling 
promotes invasion and metastasis 
of non-small cell lung cancer cells 
with K-RAS or EGFR mutations
Guanhua Rao1, Mariaelena Pierobon2, In-Kyu Kim1, Wei-Hsun Hsu1, Jianghong Deng2, Yong-
Wha Moon1, Emanuel F. Petricoin2, Yu-Wen Zhang1, Yisong Wang1 & Giuseppe Giaccone1

Accumulating evidence supports a role of the PI3K-AKT pathway in the regulation of cell motility, 
invasion and metastasis. AKT activation is known to promote metastasis, however under certain 
circumstances, it also shows an inhibitory activity on metastatic processes, and the cause of such 
conflicting results is largely unclear. Here we found that AKT1 is an important regulator of metastasis 
and down-regulation of its activity is associated with increased metastatic potential of A549 cells. 
Inhibition of AKT1 enhanced migration and invasion in KRAS- or EGFR-mutant non-small cell lung 
cancer (NSCLC) cells. The allosteric AKT inhibitor MK-2206 promoted metastasis of KRAS-mutated 
A549 cells in vivo. We next identified that the phosphorylation of Myristoylated alanine-rich C-kinase 
substrate (MARCKS) and LAMC2 protein level were increased with AKT1 inhibition, and MARCKS or 
LAMC2 knockdown abrogated migration and invasion induced by AKT1 inhibition. This study unravels 
an anti-metastatic role of AKT1 in the NSCLC cells with KRAS or EGFR mutations, and establishes an 
AKT1-MARCKS-LAMC2 feedback loop in this regulation.

Lung cancer is the leading cause of cancer death1, 2 and non-small cell lung cancer (NSCLC) accounts for 80–85% 
of the cases. Surgery is the mainstay treatment for NSCLC at early stages; however most patients are diagnosed at 
late stages or recur after surgery, and eventually die of metastatic disease3. A better understanding of the molecu-
lar mechanisms responsible for NSCLC metastasis is crucial for optimizing the treatment and potentially devel-
oping new drugs or strategies against the metastatic process.

Cancer cells frequently acquire genetic and epigenetic alterations that lead to activation of oncogenic signal-
ing pathways, and promote tumor cell growth, survival, migration and invasion4. Phosphatidylinositol 3-kinase 
(PI3K)-protein kinase B (PKB/AKT) is one of the major pathways involved in all these processes, and its inap-
propriate activation is frequently observed in NSCLC. Hyperactivation of PI3K-AKT signaling can be due to 
activation of receptor tyrosine kinases (RTKs) or alteration in the specific components within the pathway such 
as PIK3CA (PI3K catalytic subunit alpha) mutation or deletion of the tumor suppressor phosphatase and tensin 
homolog (PTEN)5, 6. Alteration in this pathway is also known to be one of the mechanisms causal for drug resist-
ance to EGFR inhibitors, for instance, PIK3CA E545K mutation or loss of PTEN7, 8.

Although numerous studies implicate a crucial role of PI3K-AKT pathway in the regulation of cell motility, 
the role of AKT in the control of cancer metastasis remains controversial. In mammals, the AKT kinase family 
includes three members, AKT1, AKT2 and AKT3, which are encoded by three distinct genes. AKT1 and AKT2 
are expressed in most tissues, whereas AKT3 is only expressed in a few organs9. Recent studies revealed distinct 
and conflicting roles of individual AKT members in regulating cell migration and invasion in cells of different 
origin. AKT1 has been found to inhibit cell migration and invasion by degrading the nuclear factor of activated 
T cells (NFAT) in human breast cancer cell lines10. However, a study using mouse embryonic fibroblasts showed 
that AKT1 promoted migration whereas AKT2 inhibited migration11. AKT1 activation has also been shown to 
promote melanoma metastasis in a mouse model12. Very interestingly, a recent report demonstrated that AKT1 
can switch from being a promoter to being a blocker of cell migration and metastasis in breast cancer, as a result 
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of ablation of inositol polyphosphate 5-phosphatase PIPP13. Together, these results suggested that differences in 
genetic background might contribute to the paradoxical roles of AKT in cell migration, invasion and metasta-
sis. Given that several AKT inhibitors are currently in clinical development for cancer intervention14, in-depth 
knowledge of AKT function in these pathological processes is crucial. Also, dissecting the controversial roles of 
AKT under different genetic backgrounds may impact patient selection for clinical studies of AKT inhibitors in 
the future.

In this study, we report the identification of AKT1 as a key metastatic regulator in NSCLC cells through 
Reverse-Phase Protein microArray (RPPA) analysis of a brain-metastasis model. We found that AKT1 signaling 
was gradually inactivated over four rounds of in vivo selection of A549 brain metastases. We demonstrated that 
AKT1 inhibition promoted migration and invasion of NSCLC cells with KRAS or EGFR mutation in vitro, and 
the pan-AKT inhibitor MK-2206 promoted A549 metastasis in vivo. Further, we found that AKT1 inhibition 
induced phosphorylation of myristoylated alanine-rich protein kinase C substrate (MARCKS) and elevation of 
LAMC2 protein in the KRAS or EGFR mutant NSCLC cell lines, but not in those with wild type KRAS and 
EGFR. MARCKS or LAMC2 knockdown abrogated the AKT-inhibition-induced cell migration and invasion. 
Our results provide first-hand evidence that differences in the genetic background influences the role of AKT1 in 
tumor invasion and metastasis in NSCLC.

Results
AKT1 inactivation is associated with metastatic potential of NSCLC.  We previously generated four 
A549 subclones (R1, R2, R3, and R4) from experimental brain metastases through 4 rounds of intracardiac injec-
tion of A549 cells or its derivatives into athymic nude mice (Supplementary Fig. S1a and Table S1). The metastatic 
potential of A549 subclones was significantly increased during this selection, and by round 3, brain metastasis 
penetrance reached 100%15. Changes in protein levels, especially of phosphorylated forms, are known to play 
critical roles in tumor development and progression, and might not be reflected by genetic and transcriptional 
alterations16. We performed RPPA assay to decipher signaling pathways associated with the enhanced metastatic 
potential of A549 subclones. This assay includes a panel of antibodies against 114 cancer-associated proteins, 
including 88 phospho-proteins (Supplementary Table S2)17, and we screened for proteins that were differentially 
expressed in the A549-R0, -R1, -R2 and -R3 cells. Unsupervised clustering of the RPPA data revealed alterations 
in several canonical signaling pathways (e.g. RTK-MAPK and PI3K-AKT-mTOR) that are known to have roles 
in the regulation of mitogenesis, cell survival, apoptosis/autophagy, motility/cell adhesion, or inflammatory/
immune response (Fig. S1a; Supplementary Fig. S1b and Table S3). Using the Pearson product-moment corre-
lation coefficient analysis, we identified AXL, phosphorylated-Smad1S463/465/Smad5S463/465/Smad9S465/467, phos-
phorylated-EGFRY1068, total levels of EGFR and phosphorylated-Erb2/HER2Y1248 proteins as being significantly 
increased and strongly correlated with the metastatic potential of A549 subclones (Supplementary Table S3). 
These results are supported by several other reports18–20. Of particular interest, we found that the level of AKT 
phosphorylation at S473 was inversely correlated with metastatic potential (Fig. 1b and Supplementary Table S3). 
We further confirmed, by Western blot, that downregulation of pAKTS473 in the metastatic subclones was asso-
ciated with decreased expression of E-cadherin, a marker of epithelial-mesenchymal transition (EMT) (Fig. 1c). 
We further demonstrated that of the phosphorylated protein expression of the AKT family members, only AKT1 
phosphorylation was downregulated in the metastatic subclones (Fig. 1d). These results suggest that inactivation 
of AKT1 signaling may be correlated with enhanced metastatic potential, implying a potential negative role of 
AKT1 in the regulation of NSCLC metastasis.

AKT1 inhibits migration and invasion of cells with KRAS or EGFR mutations.  Several studies have 
demonstrated very different roles of AKT1 in controlling cell migration and metastasis, which varies depending 
on cell and tissue types21–26. To determine whether a difference in genetic background may play a role in such 
a discrepancy, we examined the function of AKT1 in migration and invasion in a panel of NSCLC cell lines 
with different driver mutations (Supplementary Table S1). Cell lines include KRAS mutant (A549 and H23), 
EGFR mutant (PC-9 and H1975), and EML4-ALK translocated cell lines (H2228 and H3122) along with KRAS/
EGFR wild type cell lines (H838 and H292). Using three distinct AKT1-specific siRNAs, we found that knock-
down of AKT1 reduced the expression of E-cadherin and induced vimentin expression in A549, H1975, H2228 
and H838 cells (Fig. 2a). These results suggest that knockdown of AKT1 may induce EMT in these NSCLC 
cells. Interestingly, AKT1 knockdown significantly increased migration and invasion in A549 and PC-9, inva-
sion only in H23 and H1975 cells, but inhibited migration and invasion in H2228, H3122, H292 and H838 cells 
(Fig. 2b,c). To evaluate the role of other AKT isoforms, AKT2 and AKT3, in cell migration and invasion, we 
used AKT isoform-specific siRNA pool to knock down AKT2 and AKT3 in A549, PC-9, H1975 and H838 cells 
(Supplementary Fig. S2a,b). We found that knockdown of AKT2 had little influence on cell migration and inva-
sion, while knockdown of AKT3 showed a reduction in cell migration and invasion in PC-9, H1975 and H838 
cells. These results indicate different roles of AKT isoforms in cancer cell migration and invasion.

Since PI3K-AKT1 signaling plays a crucial role in cell survival, we then asked if the difference in cell migration 
and invasion was due to a difference of cell survival in these lines as a result of AKT1 knockdown. We knocked 
down AKT1 in the A549, PC-9, H1975, H2228 and H838 cell lines, and determined cell apoptosis by flow cyto-
metric analysis of Annexin V staining (Supplementary Fig. S3a,b). Knockdown of AKT1 resulted in marginal or 
no apoptosis, except for H2228 cells in which significant increase of cleaved PARP1 could be detected following 
AKT1 inhibition (Supplementary Fig. S3c).

The inhibitory role of AKT1 in cell migration and invasion was further explored by exogenous expression of 
wild-type AKT1 or a constitutively activated form (Myr-AKT1) in A549 and PC-9 cells. We found that overex-
pression of AKT1 or Myr-AKT1 in A549 cells downregulated vimentin expression, and inhibited migration and 
invasion of A549 and PC-9 cells (Fig. 2d,e).
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Collectively, these results suggest that AKT1 has an inhibitory activity on migration and invasion of NSCLC 
cells with KRAS or EGFR mutations, underscoring genetic contribution to the apparent paradoxical roles of 
AKT1 in these cellular processes.

AKT inhibition by MK-2206 promotes invasion and metastasis in KRAS or EGFR mutant NSCLC 
models.  Given that several agents targeting AKT are in various stages of clinical development14, we asked 
whether AKT inhibitors affect metastatic processes in NSCLC cells, and whether this might impact the thera-
peutic outcome. We used MK-2206, an allosteric AKT inhibitor presently being investigated in clinical trials, and 
tested its effect on migration, invasion and metastasis in NSCLC cell lines with and without KRAS or EGFR muta-
tions. Inhibition of AKT by MK-2206 resulted in downregulation of E-cadherin and upregulation of vimentin 
in A549 cells (Fig. 3a). Further, we found that MK-2206 at 1 µM concentration significantly enhanced migration 
and invasion of A549, PC-9 and H1975 cells, but inhibited that of H838 cells (Fig. 3b,c). These results are similar 
to that of AKT1 siRNA knockdown in these cells (Fig. 2), suggesting that the effect of MK-2206 on migration and 
invasion of these cells is mainly through inhibition of AKT1.

We then asked whether MK-2206 treatment promotes metastasis of KRAS mutant A549 cells using an exper-
imental metastasis model system by intracardiac injection27. To enable monitoring in vivo metastasis in mice 
with a bioluminescence imaging system, we stably transfected A549 cells with a luciferase-expressing vector 
before injection. One day after intracardiac injection of the cells, mice were treated with MK-2206 via oral gavage 
at 60 mg/kg and 120 mg/kg dosages once daily, three times per week for two weeks, as previously described28. 
Mice in the control group were treated with 30% Captisol, the vehicle used for MK-2206 formulation. Mice 

Figure 1.  Inactivation of AKT1 signaling correlates with enhanced metastatic potential of A549 cells. (a) Heat 
map of RPPA data derived from A549-R0, -R1, -R2 and -R3 cells. Color scaling of relative protein levels: low 
(green), median (black) and high (red). (b) Signal intensities of S473-phosphorylated AKT quantified from 
the RPPA data of each subclone. Western blot analyses of (c) E-cadherin, pAKT (S473) and total AKT, and 
(d) phosphorylated- and total proteins of AKT1, 2, and 3 in the A549 subclones. ß-actin was used as loading 
control.
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were monitored by bioluminescence imaging once weekly. The treatment with 60 mg/kg MK-2206 significantly 
enhanced A549 metastases, particularly to the brain and bone, based on the intensity of the luciferase reporter 
activity (Fig. 3d,e). However, no significant difference in the metastasis rates was observed between the groups 
treated with 120 mg/kg of MK-2206 and with the vehicle. This is likely because high concentration of MK-2206 
also causes significant growth inhibition due to its effect on cell viability. In vitro, the IC50 of MK-2206 in the 3 
tested NSCLC cell lines (including A549) ranged from 3.402 µM to 7.929 µM (Supplementary Fig. S4a–c), whereas 
at 1 µM concentration, it only marginally affected the viability of these cells (Supplementary Fig. S4d). These data 
indicate that while inhibiting AKT by MK-2206 has anti-tumor activity, it also may promote metastasis of NSCLC 
cells with certain genetic background.

Blocking AKT1 induces LAMC2 expression to promote migration and invasion.  LAMC2 was 
found to promote cell migration and invasion15, 29. Previously, we demonstrated that LAMC2 expression is 
increased in the highly metastatic A549 subclones obtained from experimental brain metastases15, and is neg-
atively correlated with AKT1 signaling (Fig. 1b–d). Therefore, we postulated that inhibition of AKT1 promotes 

Figure 2.  AKT1 inhibits migration and invasion of KRAS or EGFR mutant NSCLC cells. (a) Western blot 
analyses of E-cadherin, Vimentin, and AKT1 in A549, H1975, H2228 and H838 transfected with/without 10 nM 
of indicated AKT1 siRNA for 48 hours. (b) Migration and (c) Invasion assays of A549, H23, PC-9, H1975, 
H2228 H3122, H292 and H838 cells with/without 10 nM of indicated AKT1 siRNA for 48 hours. Graph bar 
represents mean ± SE. *P < 0.05; **P < 0.01; ***P < 0.001; and NS: not significant. (d) Western blot analyses 
of E-cadherin, Vimentin, phospho- and total AKT1 in A549 cells transfected with/without wild-type AKT1 or 
a constitutively active form of AKT1 (Myr-AKT1). (e) Migration and invasion assays of A549 and PC-9 cells 
transfected with the indicated expression plasmid for 24 hours. Experiments were carried out in triplicate.

http://S4a�c
http://S4d


www.nature.com/scientificreports/

5SCientifiC RePorts | 7: 7066 | DOI:10.1038/s41598-017-06128-9

cell migration and invasion through upregulation of LAMC2 expression. Indeed, treatment of PC-9 cells with 
MK-2206 resulted in a significant increase of LAMC2 protein (Fig. 4a) 12 hours after administration and peaked 
at 24 hours after AKT inhibition (Fig. 4b). Similarly, LAMC2 expression was upregulated in A549 and H1975 cells 
when treated with MK-2206 for 24 hours (Fig. 4c). To determine the role of AKT1 in this regulation, we examined 
LAMC2 expression following AKT1 inhibition by siRNA knockdown. Knockdown of AKT1 by three different 
siRNAs elevated LAMC2 protein in both H358 and PC-9 cells, but not in the KRAS/EGFR wild type H838 cells 
(Fig. 4d). These data suggest that induction of LAMC2 following AKT1 inhibition is a common event among 
KRAS or EGFR mutant NSCLC cells.

We then evaluated whether increased LAMC2 impacts on cell migration and invasion induced by AKT1 
inhibition. LAMC2 shRNA knockdown inhibited migration and invasion induced by AKT1 siRNA or MK-2206 
in PC-9 cells (Fig. 4e and f). Furthermore, LAMC2 knockdown enhanced AKT phosphorylation at S473 in PC-9 
and H358 cells, whereas ectopic overexpression of LAMC2 inhibited this phosphorylation in the A549, H2122, 
H838 and H1703 cells (Fig. 4g). Since mTORC2 (mammalian target of rapamycin complex 2) is recognized as the 
main kinase phosphorylating AKT at S47330, we then investigated whether LAMC2 has any effect on mTORC2. 
In A549 and H838 cells, high levels of LAMC2 correlated with low protein levels of Rictor, a crucial component 
of mTORC2, whereas knockdown of LAMC2 promoted Rictor expression in PC-9 cells. However, the phospho-
rylation levels of mTOR at S2448 were not influenced by LAMC2 level in A549 and H838 cells, and knockdown 
of LAMC2 could slightly reduce phosphorylation level of mTOR at S2448 (Supplementary Fig. S5). These data 
suggest the presence of a negative feedback regulation between AKT1 and LAMC2. Upregulation of LAMC2 is 
required for migration and invasion induced by AKT1 inhibition in the KRAS/EGFR-mutant NSCLC cells.

MARCKS is a downstream signaling molecule of AKT1 that mediates migration and invasion 
induced by AKT1 inhibition.  Given that induction of LAMC2 by AKT1 inhibition likely required de novo 
synthesis (Fig. 4b), we asked whether this regulation is mediated by the transcription factor FOXO, a downstream 
target of AKT signaling. FOXO regulates a number of genes involved in cell survival and invasion31, 32, and medi-
ates the expression and activation of several receptor tyrosine kinases (RTKs) induced by ATK inhibition, in mul-
tiple tumor types33. However, collectively knocking down FOXO1, 3 and 4 by a pool of specific siRNAs had almost 
no effect on LAMC2 expression in A549 and PC-9 cells with or without MK-2206 treatment (Supplementary 
Fig. S6). These results indicate that induction of LAMC2 by AKT inhibition is not mediated by FOXO.

Figure 3.  AKT inhibition by MK-2206 promotes invasion and metastasis of NSCLC cells. (a) Western blot 
analyses of E-cadherin, Vimentin, phospho- and total AKT in A549 cells treated with indicated concentration of 
MK-2206 for 24 hours. (b) Migration and (c) Invasion of A549, PC-9, H1975 and H838 cells treated with DMSO 
(Control) or 1 µM MK-2206. (d) Experimental metastases of A549 cells in mice treated with vehicle, 60 mg/kg, 
or 120 mg/kg of MK-2206, visualized by luciferase bioluminescence imaging at week 4 following injection. The 
imaging parameters were equivalent for all images. (e) Quantification of the bioluminescence intensities. Graph 
bar represents mean ± SE. *Indicates statistic significance (P < 0.05).
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To further explore the potential mechanism underlying LAMC2 upregulation following AKT1 inhibition, we 
performed RPPA assay to determine the effect of MK-2206 at 1 µM on various signaling pathways in A549, PC-9, 
H3122 and H838 cells (Fig. 5a; Supplementary Fig. S7a and Table S4). MK-2206 treatment reduced the level of 
pAKTS473 and also resulted in significantly decreased phosphorylation of AKT downstream targets (p4EBP1S65, 
pFOXO1T24/pFOXO3aT32 and pPRAS40T246) in the tested cell lines. Since MK-2206 is a pan-AKT inhibitor, we 
also performed RPPA assay following AKT1 siRNA knockdown in these cell lines. Knockdown of AKT1 induced 
many common responses as that of MK-2206 treatment; however not surprisingly, there were also differences 
among the two treatments (Fig. 5b; Supplementary Fig. S7b and Table S5). For example, AKT1 siRNA decreased 
the level of p27kip in A549, PC-9 and H838 cells, whereas MK-2206 increased the expression of p27kip in PC-9 
and H838 cells (Supplementary Fig. S7a,b). These differences might be due to the inhibitory effect of MK-2206 
on AKT2 and AKT3.

Figure 4.  Upregulation of LAMC2 is required for migration and invasion resulting from AKT1 inhibition. 
Expression of LAMC2 and the phospho- and total AKT in (a) PC-9 cells treated with the indicated 
concentration of MK2206 for 24 hours, (b) PC-9 cells treated with 1 µM MK-2206 for the indicated times, and 
(c) A549, and H1975 cells treated with the indicated concentrations of MK-2206 for 24 hours. ß-actin was also 
detected for loading controls. (d) Western blot detection of LAMC2 and AKT1 in H358, PC-9 and H838 cells 
transfected with three distinct AKT1 siRNAs (10 nM) for 48 hours. Migration and invasion of (e) PC-9 cells 
transfected with LAMC2 shRNA with/without AKT1 siRNA treatment for 48 hours and (f) PC-9 cells with/
without LAMC2 shRNA and/or 1 μM MK-2206 for 24 hours. ***P < 0.001. (g) Western blot analysis of LAMC2 
and the phospho- and total proteins of AKT1 in A549, H2122, H838 and H1703 cells stably transfected with 
LAMC2 expression vector, or in PC-9 and H358 cells infected with shLAMC2 lentiviral expression vector.
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In H3122 cells, MK-2206 treatment increased the levels of cleaved-Caspase6D162, cleaved-Caspase7D198 
and cleaved-PARPD214 (Supplementary Table  S4), and knockdown of AKT1 increased the levels of 
cleaved-Caspase3D175, cleaved-Caspase6D162, cleaved-Caspase9D315 and cleaved-PARPD214 (Supplementary 
Table S5). These results are consistent with the findings in another EML4-ALK positive cell line H2228 when 
AKT1 was inhibited (Supplementary Fig. S3a,c). Such changes were not observed in the A549, PC-9 and H838 
cells, suggesting that AKT1 provides a crucial survival signaling for EML4-ALK mutant NSCLC cells.

Given that both MK-2206 and AKT1 siRNA enhanced migration and invasion of A549 and PC-9 but sup-
pressed that of H838 cells, we performed RPPA analysis to investigate differences between A549 and PC-9 from 
H838. Several proteins were increased in MK-2206-treated A549 and PC-9 cells but not in H838 cells, including 
pMARCKSS152/156, AXL and pCrkLY207 (Supplementary Fig. S7a). These molecules have been linked to metastasis 

Figure 5.  AKT1 inhibition activates MARCKS to promote migration and invasion. Heat map of proteins 
with significant changes in the RPPA assays of A549, PC-9, H838 and H3122 treated with vehicle or (a) 1 μM 
MK-2206 for 24 hours or (b) 10 nM AKT1 siRNA pool for 48 hours. Relative protein levels are color-coded: 
low (green), median (black), and high (red). Western blot analysis of phospho-MARCKS and other indicated 
proteins in (c) A549 cells and (d) PC-9 cells treated with AKT1 siRNA or MK-2206 with/without MARCKS 
siRNA. (e) Migration and invasion assays of A549 cells treated with AKT1 siRNAs or MK-2206 with/without 
MARCKS siRNAs.
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in several cancer types34, 35. However, of these proteins only pMARCKSS152/156 was also elevated in the AKT1 
siRNA-treated A549 and PC-9 cells (Supplementary Fig. S7b). The levels of pMARCKSS152/156 were 2.8-fold and 
1.4-fold higher in MK-2206-treated, and 1.6-fold and 1.3-fold higher in AKT1 siRNA-treated A549 and PC-9 
cells, respectively (Supplementary Table S4 and 5). This change was further confirmed in the A549 cells and PC-9 
cells by western blot analysis (Fig. 5c,d). However, no significant change of pMARCKSS152/156 was observed in the 
H838 and H3122 cells treated with either MK-2206 or AKT1 siRNA (Supplementary Tables S3 and 4).

Remarkably, we found that siRNA knockdown of MARCKS abolished LAMC2 expression in A549 and PC-9 
cells, and the migration and invasion of A549 cells induced by AKT1 siRNA or MK-2206 (Fig. 5c–e). These data 
suggest that MARCKS is a downstream signaling molecule of AKT1 and its activity is required for the induction 
of LAMC2 expression and the enhanced migration and invasion resulting from AKT1 inhibition.

Taken together, these results (Figs 4 and 5) suggest that AKT1-MARCKS-LAMC2 forms a feedback regulation 
loop in the KRAS or EGFR mutant NSCLC cells: AKT1 inhibition induces MARCKS phosphorylation, leading to 
upregulation of LAMC2 expression to promote cell migration and invasion, whereas increased LAMC2 inhibits 
AKT1 signaling, thus amplifying the effect of AKT1 inhibition on these cellular processes.

Discussion
AKT, a key molecule downstream of PI3K, can be inappropriately activated by various oncogenic drivers such 
as mutant EGFR and KRAS, and is crucial for growth and survival of cancer cells5, 36. Targeting AKT has been 
shown to have anti-tumor activities, and AKT specific inhibitors are currently in clinical development for cancer 
intervention14. AKT regulates diverse biological activities, including cell survival, proliferation, metabolism, angi-
ogenesis, and cell motility37. However, conflicting roles of AKT in cell migration, invasion and metastasis have 
emerged from studies that used different cancer cell lines and model systems. Under certain circumstances, AKT 
appeared to negatively regulate migration and invasion, and its inhibition promoted metastasis10, 38. Thus, under-
standing the causes of such differences is crucial for future clinical development of AKT inhibitors since chronic 
administration of these agents might have a promoting effect on the metastatic process.

In this study, we used an in vivo mouse metastatic model with repeated intracardiac injections of A549 cells 
and derivatives to isolate highly metastatic subclones for RPPA and other protein analyses. Our data reveal a neg-
ative correlation between AKT1 phosphorylation and the metastatic potential of A549 subclones, implying that 
AKT1 signaling might, in a way, suppress NSCLC metastasis (Fig. 1 and Supplementary Table S3). Using AKT1 
specific siRNAs, we found that inhibition of AKT1 has opposite effects on cell motility and invasion in the NSCLC 
cell lines with different genetic backgrounds. In KRAS mutant cell lines (A549 and H23) and EGFR mutant cell 
lines (PC-9 and H1975), AKT1 negatively regulates migration and invasion; whereas in EML4-ALK mutant cell 
lines (H2228 and H3122) and the EGFR/KRAS wide type cell lines (H838 and H292), it plays a positive role 
in these cellular processes (Fig. 2). However, inhibition of AKT1 signaling by its siRNAs or MK-2206 in the 
EML4-ALK mutant cells results in substantial apoptosis. Thus, the manifestation of AKT1 inhibition on migra-
tion and invasion of the EML4-ALK mutant cells might also be affected by a strong pro-survival or anti-apoptotic 
activity of AKT1 in these cells. Our results underscore the crucial influences of genetic backgrounds on the role 
of AKT1 in different cellular processes.

Since many cellular processes rely on the crosstalk of different pathways39–41, AKT1 might form different sig-
naling networks to carry out its biological activities in different cellular contexts. In fibroblasts, AKT1 can phos-
phorylate Girdin, an actin-binding protein, to promote cell migration42. Expression of a constitutively active form 
of AKT1 in squamous carcinoma cells induces epithelial-mesenchymal transition (EMT) by down-regulation of 
E-cadherin and up-regulation of vimentin43. AKT1 also promotes matrix metalloproteinase-2 (MMP-2) pro-
duction in mouse mammary epithelial cells and increases MMP-9 via NF-κB activation in fibrosarcoma cells to 
enhance invasion44, 45. However, a paradoxical role of AKT1 has been observed in other cell types10, 25, 38. In the 
MCF-10A mammary epithelial cell line, down-regulation of AKT1 enhances EGF-stimulated migration, and 
overexpression of AKT1 suppresses EGF-induced cell motility and ERK activation25. In breast cancer cell lines, 
AKT1 suppresses cell migration by inducing degradation of NFAT through E3 ubiquitin ligase HDM210. It has also 
been shown that AKT1 could inhibit cell migration through suppresseion of the activity of ERK and TSC225, 38.  
In PC3 prostate cancer cells, down-regulation of AKT1 induces activation of β1-integrins and promotes cell adhe-
sion, migration and invasion46. Using a transgenic mouse model, Muller and colleagues found that coexpression 
of activated AKT1 with oncogenic ErbB2 in mouse mammary epithelial cells enhanced tumorigenesis, but sup-
pressed tumor invasion into the surrounding tissues47. In contrast, ErbB2-induced mammary tumors exhibited 
a higher invasive and metastatic potential in AKT1 knock-out mice48. Our data provide evidence to differentiate 
the conflicting activities of AKT1 in cancer invasion and metastasis based on differences in genetic background.

Given that many AKT inhibitors, including MK-2206, are currently undergoing clincal development, it is 
of particular importance to determine whether such blockers may have similar effects as that caused by AKT1 
siRNA knockdown on NSCLC invasiveness. In our study, MK-2206 enhanced migration and invasion of KRAS 
or EGFR mutant NSCLC cells. In vivo, we found that low dose of MK-2206 (60 mg/kg) enhanced metastasis of 
A549 cells to brain and bones whereas higher dose (120 mg/kg) had no significant effect (Fig. 3). This is most 
likely due to different effects of MK-2206 at different dosages on the AKT-mediated cell survival: high dose signif-
icantly reduces cell viability thus offsetting the potential effects on the metastatic process, whereas at low dose, its 
promoting effect on cell invasiveness prevails. It has been shown that combination of MK-2206 with erlotinib in 
NSCLC cell lines led to synergistic growth inhibition28. However, in a phase II clinical trial of advanced NSCLC, 
MK-2206, in combination with erlotinib, only benefited EGFR wild type NSCLC patients, but not patients with 
mutant EGFR49. Our findings may offer a plausible explanation for the outcome of that trial. Overall, results 
of phase II trials of MK-2206 have been underwhelming and one of the major issues in the development of 
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inhibitors of this pathway has been patient selection50. The results of our study may provide a potential way for 
negative selection of patients for this treatment.

Exploration of potential mechanism of action has led us to identify MARCKS as a downstream signaling mol-
ecule of AKT1 in regulating migration and invasion of KRAS or EGFR mutant NSCLC cells (Fig. 5). MARCKS 
is the most prominent cellular substrate for protein kinase C (PKC) and binds calmodulin and actin, to regulate 
actin dynamics51. It has been implicated in regulation of cell motility in various types of cells including fibroblasts, 
myoblasts, and several cancer cell types52–54. Knockdown of MARCKS in cancer cells resulted in decreased adhe-
sion, migration and invasion55. Although we found that inhibition of AKT1 increased MARCKS phosphorylation, 
the mechanism of how AKT1 regulates MARCKS signaling remains unclear and warrants further exploration.

Furthermore, we found that inhibition of AKT signaling upregulates LAMC2 protein level, whereas high 
LAMC2 inhibits AKT signaling. LAMC2 promotes cell motility and high levels of LAMC2 correlate with poorer 
survival in resected early stage lung adenocarcinoma patients15. LAMC2 secreted by cancer cells might also 
inhibit AKT signaling in the neighboring cells, leading to accumulation of regional LAMC2 proteins to promote 
invasion and metastasis. Interestingly, we found that LAMC2 upregulation by AKT inhibition is in part mediated 
by activation of MARCKS. The feedback regulation between AKT1 and LAMC2 apparently exerts an amplifying 
effect on invasion and metastasis when AKT1 is inhibited.

In conclusion, we found that inhibition of AKT1 signaling promotes migration and invasion via MARCKS 
phosphorylation and LAMC2 upregulation in KRAS or EGFR mutant NSCLC cell lines, but not in EGFR/KRAS 
wild type cells (Supplementary Fig. S8). These findings underscore the impact of genetic background and cellular 
context in the regulation of AKT1-mediated invasion and metastasis of NSCLC cells. Our study also provides 
a strong rationale for clinical development of AKT inhibitors in selected patient groups to avoid the undesired 
metastatic effect that might result from AKT1 inhibition. Developing MARCKS-targeted therapy may help to 
improve the therapeutic benefit of AKT inhibitors in NSCLC patients.

Material and Methods
Cell culture.  Ten NSCLC cell lines purchased from ATCC were used, including two EGFR/KRAS wild type 
cell lines (H838 and H292), two EGFR mutant cell lines (PC-9 and H1975), two EML4-ALK mutant cell lines 
(H3122 and H2228) and four KRAS mutant cell lines (A549, H2122, H23 and H358). The genetic characteristics 
of the NSCLC cell lines were shown in Supplementary Table S1. All cell lines were cultured in RPMI-1640 con-
taining 10% FBS and supplemented with glutamine, penicillin and streptomycin. All cell lines were used at early 
passages (less than 6 months after resuscitation of the original cells, between Passage 7 to 30) in this paper. All cell 
lines were tested by using MycoAlertTM Mycoplasma detection kit (Ionza), and proved to be Mycoplasma-free 
before use. No cell line authentication was done by the authors before initiating this study. LAMC2 transfected 
cell lines were cultured in the medium described above with the addition of G418, and LAMC2 knockdown cell 
lines were maintained in Puromycin containing medium, as previously described15.

Antibodies and Reagents.  The following antibodies were purchased from Cell Signaling Technology: 
anti-phospho-AKT (Ser473) (#4060), anti-phospho-AKT (Thr308) (#13038), anti-total AKT (#9272), anti-AKT1 
(#2938), anti-AKT2 (#3063), anti-AKT3 (#8081), anti-MARCKS (#5607), anti-phospho-MARCKS (Ser152/156) 
(#2741), anti-phospho-AKT1 (Ser473) (#9018), anti-phospho-AKT2 (Ser474) (#8599), anti-FOXO1 (#9454), 
anti-FOXO3a (#12829) and anti-FOXO4 (#9472). Other antibodies used include: anti-phospho-AKT3 
(Ser472) (#AP3468a, Abgent), anti-integrin β1 (#610467, BD transduction Laboratories), anti-β-actin (#A5441, 
Sigma-Aldrich), and anti-LAMC2 (#SC-28330, Santa Cruz). The AKT inhibitor MK-2206 was purchased from 
Selleckchem.

RNA interference.  Cells were seeded in six-well plates, and transfected with siRNA oligonucleotides using 
LipofectamineTM RNAiMAX Reagent (Invitrogen). Forty-eight hours after transfection, cells were collected. 
Three different AKT1 specific siRNAs (Dharmacon) were used: ACAAGGACGGGCACATTAA (siRNA #1), 
CAAGGGCACTTTCGGCAAG (siRNA #2), and TCACAGCCCTGAAGTACTC (siRNA #3). AKT2 siRNAs 
(sc-29197), AKT3 siRNA (sc-38911) and MARCKS siRNAs (sc-35857) were purchased from Santa Cruz.

Western blotting.  Cell lysates were extracted using NP-40 buffer consisting of 150 mmol/L sodium chlo-
ride, 1% NP-40, and 50 mmol/L Tris, pH 8.0, supplemented with protease and phosphatase inhibitor (Thermo 
Scientific). Protein concentrations were measured with Pierce BCA Protein Assay Kit (Thermo Scientific), and 
20 μg of total protein were then subjected to electrophoresis in 10% SDS-PAGE and transferred to a PVDF mem-
brane. After blocking in 4% nonfat milk in PBS, the membrane was probed with the indicated primary and sec-
ondary antibodies and detected by Western Blot Detection Kit (AbFrontier).

Cell viability assay.  CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to determine cell 
viability. For siRNA knockdown experiments, cells transfected with siRNAs for 48 hours were seeded in 96-well 
plates (5000 cells/well) and incubated for the indicated time. Equal volumes of CellTiter-Glo reagents were then 
added into each well, and after incubating at room temperature for 10 minutes, the luminescence signals were 
recorded using Glomax Multi-detection system (Promega). For MK-2206 treatment, cells were seeded in 96-well 
plates (5000 cells/well) overnight and treated with the indicated concentrations of MK-2206 for 3 days, before 
measurement of cell viability as described above.

Reverse phase protein array (RPPA) assay.  Cells were seeded in 12-well plates overnight, and then 
treated with or without 1 μM MK-2206 for 24 hours. Cells lysates were prepared as previously described56, 57, 
printed in triplicate onto nitrocellulose-coated slides, and probed with antibodies recognizing cancer-associated 
phospho or total proteins. Final signal intensities were acquired and normalized to the total amount of proteins 
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in each individual samples. In A549 R0-R3 test, we probed 114 phospho or total proteins with indicated anti-
bodies, and in the test of A549, PC-9, H3122 and H838 treated with AKT1 siRNA or MK-2206, we screened 169 
phospho or total proteins. The antibody lists are shown in Supplementary Table S2. All samples were carried out 
in triplicate.

Migration and Invasion assay.  For migration assay, cells were counted and plated in triplicates into the 
top of transwell chambers (Corning) in serum-free medium, while the bottom chambers were supplemented with 
10% FBS. For AKT inhibition experiments, 1 μM MK-2206 was added in both chambers. After overnight incu-
bation, cells were fixed and stained with Coomassie blue. The migrated cells were counted from an average of five 
random visual fields with a microscope. All experiments were carried out in triplicate and repeated three times.

Invasion assays were carried out in the transwell chambers coated with growth factor reduced (GFR)-Matrigel 
(BD, #356230). Each sample was analyzed in triplicates and three independent experiments were performed.

Animal experiments.  Six-week old athymic nude female mice were purchased from Charles River 
Laboratories. In the intracardiac injection metastasis model, mice were injected with A549 cells expressing lucif-
erase under anesthesia, as previously described15. Briefly, 1cc syringe with a 28 gauge needle (BD, #329410) was 
loaded with 5 × 105 cells in 100 μL PBS. Then the needle was inserted into the left ventricle of the heart through 
the second intercostal space, followed by injection of the cells at a very low pace once trace of blood was pumped 
into the syringe. Following injection, the animal was placed in a clean cage with a heating pad until full recovery. 
The success of intracardiac injection was further confirmed by in vivo bioluminescence imaging immediately after 
injection (IVIS® Lumina K, PerkinElmer). For MK-2206 experiments, a total of 27 mice were randomly divided 
into 3 treatment groups: vehicle (30% Captisol), MK-2206 (60 mg/kg), and MK-2206 (120 mg/kg), administered 
via oral gavage three times per week. Treatments were started on the day after intracardiac injection, and were for 
two weeks. Mice were monitored by in vivo bioluminescence imaging once weekly. All animal experiments were 
conducted under a protocol approved by the Georgetown University Animal Care Committee.

Statistics.  Unsupervised hierarchical clustering analysis using the Ward’s method was performed in JMP 
version 5.1 (SAS Institute Inc., SAS, Cary, NC). All other statistical analyses were done using GraphPad Prism 
5 software. Data are expressed as the mean ± standard error (SE). Statistical significances were determined by 
Student’s t-test or ANOVA test with P value < 0.05.
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