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Abstract

Mutational activation of the PI3 kinase/AKT pathway is among the most common pro-oncogenic 

events in human cancers. The clinical utility of PI3K and AKT inhibitors has, however, been 

modest to date. Here, we used CRISPR-mediated gene editing to study the biologic consequences 

of AKT1 E17K mutation by developing an AKT1 E17K-mutant isogenic system in a TP53-null 

background. AKT1 E17K expression under the control of its endogenous promoter enhanced cell 

growth and colony formation, but had a paradoxical inhibitory effect on cell migration and 

invasion. The mechanistic basis by which activated AKT1 inhibited cell migration and invasion 

was increased E-cadherin expression mediated by suppression of ZEB1 transcription via altered β-

catenin subcellular localization. This phenotypic effect was AKT1-specific, as AKT2 activation 

had the opposite effect, a reduction in E-cadherin expression. Consistent with the opposing effects 

of AKT1 and AKT2 activation on E-cadherin expression, a pro-migratory effect of AKT1 

activation was not observed in breast cancer cells with PTEN loss or expression of an activating 
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PIK3CA mutation, alterations which induce the activation of both AKT isoforms. The results 

suggest that the use of AKT inhibitors in breast cancer patients could paradoxically accelerate 

metastatic progression in some genetic contexts and may explain the frequent co-selection for 

CDH1 mutations in AKT1 mutated breast tumors.
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Introduction

The phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway regulates a variety of 

cellular processes including cell proliferation, survival and motility. Somatic mutations in 

the PI3K/AKT pathway are prevalent across a wide variety of cancer types, which has 

prompted intensive efforts to develop selective inhibitors of key pathway nodes, including 

the serine/threonine kinase AKT (1). Three AKT genes encode the three AKT isoforms, 

AKT1 (AKT1), AKT2 (AKT2) and AKT3 (AKT3). Mutations in AKT are present in a 

minority of human cancers, with the AKT1 E17K mutation being by far the most common 

hotspot (2).

While selective PI3 kinase and AKT inhibitors have shown promising anti-tumor effects in 

molecularly defined populations, their clinical activity has been modest in comparison to 

inhibitors of other mutationally activated kinases such as EGFR, ALK and BRAF (1,3,4). 

This limited clinical activity has been ascribed to the difficulties of selectively targeting a 

single AKT isoform in vivo, as the three AKT isoforms have highly homologous catalytic 

domains which are also similar in structure to kinases in the larger cAMP-dependent protein 

kinase (AGC) family (5). However, even highly selective allosteric inhibitors of AKT, such 

as MK-2206, which bind to the pleckstrin homology (PH) domain and lock the kinase in an 

inactive confirmation, have had only limited clinical success to date (6,7).

Evidence has emerged that AKT isoforms have distinct roles during tumor initiation and 

cancer progression. More specifically, AKT1 has been shown to promote tumor initiation 

through increased cell survival, whereas activation of AKT2 can enhance cell migration and 

cancer metastasis (8). While ectopic overexpression of AKT1 E17K in non-transformed 

breast cells results in activation of AKT substrates such as PRAS40 (9), AKT E17K has not 

been shown to confer oncogenic phenotypes when expressed at physiologic levels (10). 

Furthermore, studies in cell line and transgenic mouse models suggest that over-expression 

of activated AKT1 can, at least in some cellular contexts, paradoxically suppress invasion 

and metastasis (8,11–19). Whether this paradoxical inhibition of oncogenic phenotypes by 

activated AKT1 is a contributing factor to the limited therapeutic efficacy observed with 

AKT inhibitors to date remains unknown.

One hurdle to the development of AKT inhibitors as therapeutic agents for AKT-mutant 

patients has been the lack of AKT1-mutant preclinical models. To further elucidate the 

biologic role of mutant AKT1 in promoting cell proliferation and invasion, we generated an 

isogenic AKT1-mutant breast model using CRISPR/Cas9 gene editing. We discovered that 

Gao et al. Page 2

Mol Cancer Res. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AKT1 and AKT2 had differential effects on β-catenin transcriptional activity. Activated 

AKT1 inhibited cell migration through reversal of epithelial-mesenchymal transition (EMT), 

the mechanistic basis for which was sequestration of β-catenin to the cell membrane leading 

to decreased ZEB1 transcription and a subsequent increase in E-cadherin expression. 

Conversely, AKT2 activation increased β-catenin transcriptional activity at the ZEB1 

promoter and decreased E-cadherin expression. Taken together, the data provide a 

mechanistic basis for the differential roles of AKT1 and AKT2 in regulating cancer cell 

invasion through isoform-selective regulation of β-catenin activity and provide strong 

rationale for the development of isoform-selective AKT inhibitors as anticancer therapies.

Materials and Methods

Cell culture

As previously described (20), MCF-10A cells (ATCC) were cultured in DMEM/F12 media 

supplemented with 5% horse serum (Gibco Thermo Fisher Scientific), human EGF 20 ng/ml 

(Sigma Life Science), insulin 10 μg/ml (Sigma), hydrocortisone 0.5 mg/ml (Sigma), and 

cholera toxin 100 ng/ml (Sigma). MCF7 cells (a gift from Dr. J. Lauring) were grown in 

DMEM F-12 media and HEK293T cells (ATCC) in DMEM. All media, except for 

MCF-10A medium, contained 10% fetal bovine serum (FBS; Thermo Fisher). All cells were 

maintained at 37°C with 5% CO2. The cell lines were authenticated using short tandem 

repeat profiling before use. Early passaged cells (≤10 passages) were used for experiments 

and cell lines were tested bi-monthly to confirm absence of mycoplasma.

CRISPR/Cas9-mediated knock-in of AKT1 E17K mutation and knockout of TP53, CDH1, 
AKT1, AKT2, ZEB1, and PTEN

Our knock-in strategy involved introduction of a double strand break introduced by Cas9/

sgRNA in the immediate 3’ region of the E17 coding sequence of exon 2 of AKT1, and a 

donor template consisting of the K17 mutation flanked by sequences homologous to the 

AKT1 genomic sequence. The crispr.mit.edu website was used to design sgRNAs targeting 

exon 2 of AKT1, and the oligos (sequences in Supplementary Table 1) were subcloned into 

LentiCRISPR v2 (Addgene). The donor carrier lentiviral plasmid, LV-GFP-T, was generated 

from LV-GFP (Addgene) by removing the 3’ part of the U6F promoter using Nde I/Mlu I 

double digestion, Mung Bean Nuclease blunt-ending, followed by re-ligation. The homology 

E17K repair template was first PCR amplified from human genomic DNA using KAPA HiFi 

polymerase (KAPA Biosystems), with 1.0-kbp and 1.4-kbp homologous arms on the left and 

right sides of the E17 codon. The E17K mutation (GAG -> AAG) and sgRNA-specific PAM 

alterations were introduced by site directed mutagenesis using Herculase II fusion DNA 

polymerase (Agilent), and the whole sequence was then subcloned into the EcoR I site of 

LV-GFP-T to generate the donor template lentiviral plasmid (all PCR primers are listed in 

Supplementary Table 1). Lentivirus was produced by transfecting lentiviral constructs 

together with psPAX2 and pMD2.G (Addgene) into HEK293T cells using Lipofectamine 

2000 (Life Technologies) as previously described (21). MCF-10A cells were infected with 

both Cas9/sgRNA and E17K donor template lentiviruses, and pools of transduced cells were 

screened for the AKT1 E17K mutation by genomic locus PCR/Sanger sequencing or 

CRISPR-seq (Supplementary Fig 1, PCR primers are listed in the “CRISPR-seq” section). If 
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the AKT1 E17K mutation was present in the cell pool, that pool was sorted by FACS into 

single clones which were subsequently expanded, again screened by locus PCR and Sanger 

sequencing, and then validated by CRISPR-seq, mRNA RT-PCR and by targeted next 

generation sequencing using the MSK-IMPACT assay (22). CRISPR/Cas9 gene knockouts 

were carried out as previously described (21), and the sgRNA sequences used are listed in 

Supplementary Table 1.

CRISPR-seq

PCR primer pairs were designed to amplify a ~2 kbp genomic sequence surrounding AKT1 

E17K, with one primer targeting outside of the CRISPR knock-in template sequence. Nested 

PCR was then performed to amplify a 202-bp sequence surrounding AKT1 E17K. The PCR 

product was gel purified and deep sequencing of the amplicon was performed using HiSeq 

instrumentation. Between 750,000 – 1,000,000 reads were reported and aligned to the 

reference sequence. The PCR Primers used were:

E17K-Primer-9F: GCCTCCTGTCCATGGTACTC

E17KVali-1R: CCTGGGGTGCCCTACTCTAT

E17K-CRISPR-F: AGGGTCTGACGGGTAGAGTG

E17K-CRISPR-R: GAGAGGCCAAGGGGATACTT

Cell transfection, cell lysate and nuclear extract preparation, Western blotting

MCF-10A cells were transfected with plasmid DNA using X-tremeGENE HP DNA 

Transfection Reagent according to manufactures instructions (Roche). A ratio of 1:3 of DNA 

(μg) to Transfection Reagent (μL) was used. Cells were lysed in whole cell lysis buffer and 

Western blot analyses were performed as previously described (23). Antibodies used for 

Western blotting and plasmids used for transfection are listed in Supplementary Table 2 and 

3.

Proliferation, soft agar assays and drug treatment experiments

Cell viability was determined by trypan blue incorporation using a Vi-CELL XR 2.04 

(Beckman Coulter) as previously described (24). 2×104 cells were initially seeded in 6-well 

plates at Day 0 in standard or deficient media (no EGF and insulin, reduced 2% horse 

serum). Cells were incubated for 7 days before being counted. Fold increase of each cell line 

was calculated by: (cell number on Day 7)/(cell number on Day 0).

For soft agar studies, cells (1×104) were seeded in 0.33% agar in six well plates on top of a 

0.5% agar layer along with drug where relevant. Plates were then incubated at 37°C for three 

weeks. Before imaging, MTT reagent (ATCC) was added to each well and incubated at 37°C 

for three hours to stain live cell colonies. Plates were imaged and colonies greater than 

200μm were counted using GelCount (Oxford Optronix).

The AKT inhibitors AZD5363, MK2206, ipatasertib, and the HDAC inhibitor RGFP109 

were purchased from Selleck Chemicals. For migration assays, cells were pre-treated with 
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the AKT inhibitor, or a combination of AKT and HDAC inhibitors in deficient media for 

24–48 hrs and then Boyden chamber assays were performed in the presence of the drugs.

Boyden chamber transwell migration/invasion assay

Assays were conducted in 24-well plates. Cells (1–15 × 104), starved in deficient media 

overnight, were seeded in the upper chamber of a transwell chamber insert (8.0 μm, 

Corning) in deficient media, and 20–30% FBS was added to the deficient medium outside 

the insert to serve as a chemoattractant. Invasion assays were performed in chamber inserts 

coated by 40 μL of Matrigel (Corning). After 24-, 48-, or 72-hr incubation periods, migrated 

cells were fixed and stained with crystal violet (10%)/formaldehyde (37%) solution, 

followed by microscopic examination. Five random views were selected to count the 

migrated cells. Each experiment was repeated independently multiple times.

mRNA extraction, RT-PCR and qRT-PCR of CDH1 and ZEB1 mRNA

Total RNA was extracted from cells using the RNeasy Mini Kit according to the 

manufacturer’s instructions (Qiagen). Two micrograms of total RNA were used per sample 

for cDNA conversion using oligo-dT primers and the iScript cDNA Synthesis Kit (Bio-Rad). 

Regular RT-PCR was performed using the Platinum Green Hot Start PCR Master Mix (2X) 

(Thermo Fisher) and visualized by agarose gel electrophoresis. qRT-PCR was performed 

using QuantiFast SYBR Green PCR kit (Qiagen) on a ViiA7 Real Time PCR System (Life 

Technologies).

The following PCR primers were used:

CDH1-cDNA-2F: TGCCCAGAAAATGAAAAAGG

CDH1-cDNA-2R: GTGTATGTGGCAATGCGTTC

ZEB1-cDNA-1F: AAGGGCAAGAAATCCTGGGG

ZEB1-cDNA-1R: ATGACCACTGGCTTCTGGTG

Beta-actin-cDNA-1F: CGTGCGTGACATTAAGGAGA

Beta-actin-cDNA-2R: TGATCCACATCTGCTGGAAG

qPCR primers (Qiagen):

CDH1: Hs_CDH1_1_SG QuantiTect Primer (NM_004360), QT00080143

ZEB1: RT2 qPCR Primer Assay for Human ZEB1 (NM_001128128), PPH01922A-200

Beta-actin: Hs_ACTB_1_SG QuantiTect Primer (NM_001101), QT00095431

Generation of lentiviral expression constructs

AKT1 E17K mutant was generated by performing site-directed mutagenesis on WT AKT1 

(cloned into gateway donor vector pDONR223) using KAPA HiFi polymerase (KAPA 

Biosystems) and verified by Sanger sequencing. Verified AKT1 E17K coding sequence 
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(without the stop codon) was sub-cloned into gateway lentiviral vector pLX302 so the V5 

tag at C-terminus was expressed in frame with AKT1 cDNA sequence. LR Clonase II 

enzyme mix (Thermo Fisher Scientific) was used for sub-cloning purpose. PIK3CA E545K 

mutant cDNA (Cat#RC400348), purchased from OriGene, was inserted into the AsiS I and 

Mlu I sites of plasmid Lenti-C-Myc-DDK-IRES-Neo (Cat#PS100081, OriGene), to generate 

PIK3CA-E545K lentiviral expression vector.

Immunofluorescence

Cells were cultured on Millicell EZ 8-well glass slides (Millipore Sigma) and fixed with 4% 

paraformaldehyde diluted in phosphate-buffered saline (PBS) at room temperature (RT) for 

10 minutes. Cells were then washed three times with PBS before being permeabilized with 

either ice-cold 100% methanol for 10 minutes at −20°C or 0.2% Triton X-100 diluted in 

PBS for 10 minutes at RT. After one wash with PBS, cells were blocked in buffer containing 

5% normal goat serum and 0.3% Triton X-100 for 1 hr at RT. Cells were then incubated 

overnight at 4°C in primary antibodies diluted in PBS with 1% BSA and 0.3% Triton X-100 

(Dilution Buffer). After three washes with PBS, cells were incubated in secondary 

antibodies in Dilution Buffer for 1 hr at RT in the dark. Cells were then rinsed three times 

with PBS, stained with DAPI for 10 minutes at RT and mounted with Mowiol mounting 

media. Cells were imaged with MIRAX SCAN.

Chromatin immunoprecipitation assays (ChIP)

ChIP assays were conducted using a SimpleChIP Enzymatic Chromatin IP kit [Cell 

Signaling Technologies (CST)]. Parental, p53ko and p53ko/E17K MCF-10A cells were 

grown to 90% confluence followed by cross-linking with 1% formaldehyde for 10 minutes 

at RT. Chromatin fragmentation was performed by nuclease digestion and sonication. 

Chromatin IP was then performed with rabbit monoclonal anti-β-catenin antibody (5 ug, 

Cat#8480, CST), rabbit anti-histone H3 (a technical positive control; 1:50) (Cat#4620, 

CST), and normal rabbit IgG (a negative control; 5 μg) (Cat#SC-2027, SCBT). After reverse 

crosslinking and DNA purification using columns (Cat#28106, Qiagen), immunoprecipitated 

DNA was amplified by Platinum Green Hot Start PCR Master Mix (2X) (Thermo Fisher), as 

then quantified by real-time qPCR using the QuantiFast SYBR Green PCR kit (Qiagen). The 

primers for β-catenin binding sites in the ZEB1 promoter were (25):

forward primer 5’- GCCGCCGAGCCTCCAACTTT-3’,

reverse primer 5’- TGCTAGGGACCGGGCGGTTT-3’.

The positive control primers for the RPL30 exon 3 were from the kit (Cat#7014, CST). Pull-

down fold enrichment was calculated based on the threshold cycle (Ct) values normalized by 

DNA input and negative control IgG values.

Co-immunoprecipitation assay (Co-IP)

Co-IP was performed as previously described (23). In brief, cells were first lysed in IP buffer 

[20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Sodium 

pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4 and proteinase and phosphatase 
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inhibitors] without detergent, followed by preclearing using control rabbit or mouse IgG and 

protein A and GammaBind G Sephorose beads (1:1 protein A/G beads, GE Healthcare). Co-

IP was performed by incubating 500 μg of precleared protein extract with 2 μg of antibody 

and protein A/G beads overnight at 4°C. The beads were washed 5 times with IP buffer 

before boiling in sample loading buffer and being subjected to Western blot analysis.

Statistics

All data are represented as means +/− standard error of the mean (SEM). Student’s t test (2-

tailed) and 1-way ANOVA followed by Tukey post-hoc analysis were used to test for 

statistical significance.

Results

Generation of AKT1 E17K mutant cells

To investigate the biologic role of AKT1 E17K mutation on breast cancer development and 

progression, we sought to generate AKT1 E17K mutant isogenic cells using a CRISPR 

knock-in approach (Supplementary Figure 1A, B). As a large proportion of ER-negative 

breast cancers with AKT1 E17K have co-occurrent mutations in the TP53 gene (26) 

(Supplementary Figure 2), we chose to model this combination of mutations in non-

transformed, ER-negative MCF-10A human mammary epithelial cells (27). We first 

performed targeted homozygous inactivation (knock out: “KO”) of TP53 using CRISPR/

Cas9 (Supplementary Figure 3), followed by AKT1 E17K knock-in, thereby generating 

p53ko/AKT1 E17K MCF-10A cells (p53ko/E17K). We subsequently confirmed that the 

knock-in cells had a heterozygous AKT1 E17K configuration by Sanger sequencing, locus-

specific deep sequencing (CRISPR-Seq), and RT-PCR (Supplementary Figure 1C). 

Furthermore, targeted deep sequencing of 468 cancer-associated genes (MSK-IMPACT) 

confirmed that with the exception of the engineered TP53 and AKT1 mutations, the parental 

MCF-10A, p53ko, and p53ko/E17K lines had nearly identical genetic backgrounds (data not 

shown).

AKT1 E17K mutation induces anchorage-independent growth in a p53-null background

While ectopic overexpression of AKT1 E17K has been shown previously to induce 

transformation, AKT1 E17K expression at physiologic levels using a homologous 

recombination knock-in approach in human breast MCF-10A cells did not confer growth 

factor independence and colony formation in soft agar (2,9,10,28,29). These results 

suggested that amplification of the mutant allele or additional molecular alterations were 

needed for the oncogenic effects of AKT1 E17K to manifest (10). We thus examined the 

effects of AKT1 E17K expression on AKT pathway activation and cellular proliferation in 

p53ko/E17K cells. In both growth factor-rich culture media (regular media) and EGF and 

insulin absent media (deficient media), p53ko/E17K cells exhibited a modest increase in 

phosphorylated AKT (pT308 and pS473) as compared to parental and p53ko cells (Figure 

1A). While AKT1 E17K knock-in had minimal effect on steady state levels of downstream 

AKT effectors including PRAS40 and GSK-3α/β, the activation of PRAS40 and GSK-3α/β 
were AKT-dependent in the p53ko/E17K cells as shown by a significant decrease in the 

expression of phosphorylated PRAS40 and GSK-3α/β upon treatment with AZD5363, an 
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ATP-competitive, pan-AKT kinase inhibitor (Supplementary Figure 4 and data not shown). 

Furthermore, while we noted only modest increase in the basal expression of p308-AKT in 

the AKT1 knock-in cells, we did observe a significant change in p308-AKT sub-cellular 

localization. Immunofluorescence staining revealed that phosphorylated AKT was localized 

to the plasma membrane in the p53ko/E17K cells whereas it was primarily cytosolic in the 

AKT1-wildtype p53ko cells (Figure 1B). A similar increase in membranous localization of 

phosphorylated AKT was also observed in MCF-10A cells engineered to express AKT1 

E17K through lentiviral infection (Supplementary Figure 5).

We next assessed the effect of AKT1 E17K on cellular proliferation in the isogenic cell line 

models. As others have observed, we noted a decrease in proliferation of p53ko cells as 

compared to parental MCF-10A cells in fully supplemented media conditions (30) (Figure 

1C). However, in cells with co-mutation of AKT1 E17K (p53ko/E17K), cell growth was 

restored to levels greater than that of parental MCF-10A cells (Figure 1C). Notably, only 

p53ko/E17K cells grew in growth factor-deficient media (absence of EGF and insulin), a 

cardinal feature of transformed cells (Figure 1C).

The ability to grow in an anchorage-independent manner is also a characteristic of 

transformed cells and only the p53ko/E17K cells could form colonies in soft agar (Figure 

1D). Furthermore, while p53ko/E17K cells were not more sensitive to AKT inhibitors 

(ADZ5363 and MK2206) than cells with p53ko alone when grown in 2-D culture conditions 

(Supplementary Figure 6), treatment with the AKT inhibitor AZD5363 abrogated the ability 

of p53ko/E17K cells to form colonies in soft agar (Figure 1D). Taken together, these results 

demonstrate that AKT1 E17K expression can confer oncogenic phenotypes to non-

transformed, human mammary epithelial cells when expressed at physiological levels under 

the control of its endogenous promoter in the context of p53 loss-of-function. The oncogenic 

effects of AKT1 E17K were, however, most apparent when cells were grown in either 

growth factor deficient or 3D culture conditions.

AKT1 E17K mutation restores E-cadherin expression and inhibits cell migration and 
invasion in a p53 null context

To investigate whether AKT1 E17K promotes cancer progression through enhanced invasion 

or migration, we performed transwell migration and invasion assays using the MCF-10A 

isogenic cells. Consistent with prior studies, p53 loss significantly enhanced migratory and 

invasive potential (Figure 2A, p53ko), likely due to de-repression of the transcription of cell 

motility-promoting genes (31,32). We did observe, however, that p53ko/E17K cells had 

significantly reduced migration and invasion potential as compared to p53ko cells. As 

increased tumor cell migration, invasiveness, and metastatic potential are often associated 

with epithelial-to-mesenchymal transition (EMT), we investigated the expression levels of 

EMT markers in the isogenic cell lines. As compared to parental MCF-10A cells, p53ko 

cells had increased expression of the EMT markers N-cadherin, ZEB1, and Snail, as well as 

loss of E-cadherin, which together indicated the acquisition of an EMT phenotype upon p53 

loss-of-function (Figure 2B). Notably, the loss of E-cadherin was observed in multiple 

p53ko MCF-10A cell clones developed separately using different p53 targeting CRISPR 

sgRNAs, confirming that this phenotype was attributable to loss of p53 function 
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(Supplementary Figure 3). While several EMT markers remained elevated in p53ko/E17K 

cells, expression of AKT1 E17K was associated with restoration of E-cadherin expression 

and downregulation of ZEB1 (Figure 2B). While p53 can also induce MDM2-mediated Slug 

protein degradation in lung cancer cells (33), p53 knockout in our model resulted in a 

modest decrease in Slug protein expression, which was not affected by expression of AKT1 

E17K (Figure 2B).

As regulation of cell migration by E-cadherin is associated with changes in its subcellular 

localization, we performed immunofluorescence of E-cadherin in the isogenic cell lines. 

Consistent with the immunoblot results, p53ko was associated with loss of E-cadherin 

expression whereas AKT1 E17K knock-in was sufficient to restore E-cadherin expression 

and its membrane localization in a p53-null context (Figure 2C). We next performed 

quantitative reverse transcription PCR (RT-qPCR), which revealed that AKT1 E17K knock-

in was sufficient to partially restore expression of CDH1 mRNA in the setting of p53 

knockout (Figure 2D). Finally, to establish that restoration of E-cadherin was sufficient to 

repress cell migration, we infected p53ko/E17K MCF-10A cells with a CDH1 targeting 

CRISPR/Cas9 lentivirus. The resulting reduction of E-cadherin level in the resultant cell 

pool was associated with significantly enhanced cell mobility (Figure 2E).

We further confirmed that CDH1 gene transcription was AKT1-dependent, by infecting 

p53ko/E17K cells with an AKT1-targeted CRISPR/Cas9 lentivirus. Reduced AKT1 

expression resulted in decreased E-cadherin expression and induction of cell migration in 

p53ko/E17K cells (Figure 2F). Lastly, to confirm that expression of activated AKT1 was 

sufficient to restore E-cadherin protein levels in p53ko cells, FLAG-tagged Myr-AKT1, a 

constitutively activated form of AKT1, was expressed following knockdown of endogenous 

AKT1 in p53ko cells. Expression of Myr-AKT1 was indeed sufficient to induce E-cadherin 

expression (Figure 2G). Taken together, the data indicate that the expression of AKT1 E17K 

can abrogate the enhanced migratory/invasive phenotype induced by TP53 inactivation in 

breast cancer cells by inducing E-cadherin expression. The data further suggest that in some 

co-mutational contexts, AKT1 E17K may paradoxically delay rather than enhance 

metastatic progression, a phenotype that could be abrogated by co-mutation of CDH1, a 

common co-occurring event in human breast cancers (Supplementary Figure 2).

Activated AKT1, but not AKT2, restores E-cadherin expression by inhibiting β-catenin/
ZEB1 signaling

Activated AKT1 has been linked to an anti-migratory phenotype through several putative 

mechanisms including decreased levels of the transcription factor NFAT1, the mTOR 

pathway effector TSC2, the EMT factor Twist, focal adhesion factors β1-integrin and 

phosphorylated FAK, increased ERK pathway signaling and upregulation of the actin-

associated protein paladin (8,12–14,18,34). However, we found that none of these potential 

regulators of cell invasion were differentially altered in p53ko/E17K versus p53ko cells 

(Supplementary Figure 7). As we were unable to recapitulate prior postulated mechanisms 

whereby AKT1 activation could impair cell migration and invasion, we sought to define the 

mechanism whereby AKT1 E17K induced E-cadherin expression in our model. First, we 

assessed the methylation status of CpG islands in the CDH1 promoter in each of the cell 
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lines but noted minimal difference in CDH1 promoter methylation among the p53ko, p53ko/

E17K, and parental MCF-10A cells (Supplementary Figure 8). Next, we analyzed 

transcription factors that have been shown in some contexts to target and repress 

transcription of the CDH1 gene, thereby abrogating E-cadherin expression and promoting 

EMT (35,36). One such transcription factor is the zinc finger-containing protein ZEB1 

(37,38), and we observed that loss of E-cadherin expression in p53ko cells was associated 

with increased ZEB1 protein expression (Figure 2B). This increased ZEB1 protein 

expression was accompanied by significantly higher ZEB1 mRNA expression, as 

determined by RNA-seq (data not shown) and confirmatory RT-qPCR (Figure 3A). ZEB1 

and E-cadherin profiles were largely reversed following AKT1 E17K knock-in, with p53ko/

E17K cells exhibiting low levels of ZEB1 and high E-cadherin mRNA and protein 

expression similar to that of parental MCF-10A cells (Figure 2B, D and 3A). Furthermore, 

ZEB1 loss via CRISPR/Cas9 targeting was sufficient to restore E-cadherin expression in 

p53ko MCF-10A cells (Figure 3B). In sum, in breast cells with p53 loss-of-function, 

expression of AKT1 E17K reduced ZEB1 expression, which resulted in increased E-

cadherin expression and a reduction in EMT. Notably, this result may explain the shorter 

disease-free survival observed in breast cancer patients whose tumors exhibit elevated ZEB1 

expression (39).

As β-catenin has been hypothesized to be a primary regulator of ZEB1 transcription and one 

of the key regulators of EMT in breast cancer and other cancer types (40), we sought to 

explore the functional interaction between AKT1 E17K and ZEB1/E-cadherin signaling. 

Inactive β-catenin associates with E-cadherin at the cellular membrane, but upon its 

phosphorylation at Ser552 by AKT and other kinases such as PKA and MSK1, β-catenin 

translocates to the nucleus, binding to promoter sequences where it co-transactivates target 

genes such as ZEB1 (41–45). We therefore used immunofluorescence to examine the 

cellular localization of pS552-β-catenin, the transcriptionally active form of β-catenin, in 

our isogenic system. In p53 null cells, total β-catenin protein levels were lower than that of 

parental cells, and pS552-β-catenin had a predominantly nuclear rather than membrane-

bound localization (Figure 2B and Figure 3C). However, in the p53ko/E17K cells, pS552-β-

catenin sub-cellular localization shifted from the nucleus to the plasma membrane, a 

localization pattern similar to that of the parental MCF-10A cells (Figure 3C).

As β-catenin is a transcriptional activator, we used chromatin immunoprecipitation (ChIP) to 

determine whether its binding to the ZEB1 promoter was affected by AKT1 E17K 

expression. As predicted, and in agreement with the immunofluorescence nuclear 

localization data, there was increased β-catenin association with the ZEB1 promoter in 

p53ko cells as compared to parental MCF-10A and p53ko/E17K cells (Figure 3D). These 

data led us to hypothesize that membranous AKT1 E17K may regulate ZEB1 by binding to 

and sequestering β-catenin at the cell membrane, thus preventing its entry into the nucleus, 

thereby impairing its ability to induce ZEB1 transcription and subsequent E-cadherin loss. 

We thus performed reciprocal co-immunoprecipitation assays using either a β-catenin or 

AKT1 antibody. Notably, more AKT1 was bound to β-catenin in parental and p53ko/E17K 

cells than in p53ko cells (Figure 3E). Interestingly, E-cadherin was also bound to β-catenin 

in parental cells, but this association was lost in p53ko and p53ko/E17K cells (Figure 3E). 

These data suggest that AKT1 E17K, and not the canonical E-cadherin, is sequestering β-
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catenin at the cellular membrane in p53ko/E17K cells (46). The findings imply that the 

restoration of E-cadherin expression upon AKT1 E17K mutation may be secondary to a 

change in β-catenin localization. To map the β-catenin binding region within AKT1, we 

expressed in 293T cells FLAG-tagged β-catenin and HA-tagged full length AKT or one of 

three fragments of AKT1: PH domain only (aa1–149), kinase domain only (aa120–433), and 

a fragment containing the PH and kinase domains but lacking the c-terminal hydrophobic 

motif (aa 1–408) (see Supplementary Figure 9A). Co-immunoprecipitation studies indicated 

that β-catenin interacted with the full-length HA-tagged AKT1 and the two AKT1 fragments 

containing the kinase domain but not the fragment containing only the PH domain 

(Supplementary Figure 9B).

As previous studies have suggested that AKT isoforms may function differently during 

tumorigenesis and metastasis, we next sought to determine whether the effect of AKT1 on 

E-cadherin expression and thus cell migration and invasion was AKT isoform specific 

(8,34). We thus measured AKT1- and AKT2-specific phosphorylation levels in each of the 

isogenic cell lines. Immunoprecipitation data showed that AKT1 phosphorylation was 

proportionally higher in the p53ko/E17K cells than in p53ko cells. Interestingly, AKT2 

phosphorylation was higher in p53ko cells than in p53ko/E17K cells, implying that 

expression of E17K AKT1 may result in a reduction in AKT2 phosphorylation (Figure 3E). 

To directly test this possibility, we ectopically expressed AKT1 E17K in MCF-10A cells and 

found that expression of phosphorylated AKT2 was significantly reduced following AKT1 

E17K lentiviral infection, suggesting that AKT1 activation results in reciprocal inactivation 

of AKT2 (Supplementary Figure 10).

The above data led us to postulate that the ratio of activated AKT1/AKT2 may dictate the 

localization of β-catenin and the subsequent transactivation of ZEB1. To test this hypothesis, 

we knocked down the expression of AKT1 using CRISPR/Cas9 in p53ko/E17K cells and 

quantified binding of β-catenin to the ZEB1 promoter by ChIP (Figure 4A). AKT1 

knockdown was associated with an increase in association between β-catenin and the ZEB1 

promoter in p53ko/E17K cells. Conversely, β-catenin binding to the ZEB1 promoter was 

decreased when AKT2 was knocked down by CRISPR/Cas9 in p53ko cells (Figure 4A). In 

sum, the data suggest that AKT1 and AKT2 have opposing effects on the binding of β-

catenin to the ZEB1 promoter in breast cells.

In order to discern whether AKT2 activation was sufficient to decrease E-cadherin protein 

levels, Myr-AKT2 (activated AKT2) was expressed in p53ko/E17K cells. In contrast to Myr-

AKT1, expression of Myr-AKT2 caused a reduction in E-cadherin protein levels (Figure 

4B). To confirm that the suppressive effect of AKT2 on E-cadherin protein levels was not 

unique to MCF-10A cells, Myr-AKT2 was expressed in MCF7 breast cancer cells following 

gene-targeted correction of the PIK3CA E545K mutation back to wild-type (47). 

Interestingly, in both cell lines, the reduction in E-cadherin levels (64–79% reduction) 

following expression of Myr-AKT2 was reversed upon co-expression of Myr-AKT1 (Figure 

4B, last lanes). Conversely, we observed a small increase of E-cadherin when AKT2 was 

depleted via CRISPR/Cas9 from p53ko cells, which was significantly enhanced following 

ectopic expression of either Myr-AKT1 or AKT1 E17K (Supplementary Figure 11). Finally, 

neither PTEN loss via CRISPR-mediated knockdown nor expression of an activating 
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PIK3CA mutant (E545K), alterations capable of activating both AKT1 and AKT2, altered 

E-cadherin levels (Figure 4C). These data suggest that the increase in CDH1 expression 

observed in the AKT1 knock-in cells was AKT1-specific. Taken together, the data indicate 

that AKT1 and AKT2 have opposing effects on cell migration and invasion through 

regulation of β-catenin transcriptional activity which in turn dictates E-cadherin expression 

levels (Supplementary Figure 12).

AKT kinase inhibition can paradoxically enhance cell migration in AKT1 E17K cells

As the AKT1 E17K mutation induced E-cadherin expression by suppressing β-catenin/

ZEB1 transcriptional activity in breast cells, we hypothesized that treatment with AKT 

kinase inhibitors could, in some cellular contexts, increase cell migration by reducing E-

cadherin expression. To test this hypothesis, we treated the isogenic MCF-10A cell lines 

with the ATP competitive, pan-AKT inhibitor AZD5363, which has modestly greater 

potency for AKT1 than AKT2 (IC50 3 vs 7 nM) as well as high potency toward AKT1 

E17K based on cell viability assays (48). We then measured the migration of each of the 

isogenic cell lines using transwell assays. As predicted, treatment with AZD5363 promoted 

cell migration, modestly in MCF-10A parental cells and to a significantly greater degree in 

p53ko/E17K cells (Figure 5A). Treatment of p53ko/E17K cells with ipatasertib (49), an ATP 

competitive AKT kinase inhibitor (IC50s: AKT1 5 and AKT2 18 nM) also resulted in 

increased cell migration (data not shown). These results suggest that the use of AKT 

inhibitors in patients with breast cancer could paradoxically accelerate metastatic 

progression in some genetic contexts. As ZEB1 directly interacts with HDAC1/2 to recruit 

the HDAC1/2-associated repressor complex to the CDH1 promoter resulting in a silencing 

of E-cadherin expression (38), we tested whether HDAC inhibition could antagonize the 

pro-migratory effect of AKT inhibition in AKT1 E17K expressing cells. As predicted, co-

treatment with the HDAC inhibitor RGFP109 abrogated the cell migration induced by 

AZD5363 inhibition in p53ko/E17K cells (Figure 5B).

Discussion

Despite the high prevalence of PI3 kinase/AKT pathway activation in human cancers, AKT 

inhibitors have demonstrated only modest clinical activity to date. While AKT inhibitors 

have demonstrated limited clinical activity in tumors with PTEN loss or PI3 kinase 

mutation, the alpha selective PI3 kinase inhibitor alpelisib was recently FDA-approved for 

use in combination with the selective estrogen receptor degrader fulvestrant in PIK3CA-

mutant breast cancer patients (50). A histology-agnostic basket study of the pan-AKT kinase 

inhibitor AZD5363 also demonstrated promising anti-tumor activity in patients with breast 

and endometrial cancers whose tumors harbored AKT1 E17K mutation (3). These results 

indicate that optimal use of PI3K/AKT pathway inhibitors will require a better 

understanding of the biologic mechanisms whereby alterations in this pathway induce 

transformation and cancer progression.

To explore in depth the biologic consequences of AKT1 mutation, we developed an AKT1 

E17K isogenic cell line model through CRISPR-mediated knock-in of the E17K mutation 

into the endogenous AKT1 gene locus. While AKT1 E17K had modest effects on cell 
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growth in fully supplemented media, AKT1 E17K knock-in significantly enhanced cells 

growth in deficient media conditions and colony formation in soft agar. Despite these growth 

promoting effects of AKT1 E17K, cells expressing AKT1 E17K cells had reduced migratory 

and invasive capacity suggesting that in some co-mutational contexts such as TP53 mutation, 

expression of AKT1 E17K could impair metastatic progression.

Consistent with previous studies in non-transformed and transformed cell line systems, we 

observed that expression of the cell adhesion molecule E-cadherin was markedly decreased 

following p53 knockout (51–54). Conversely, expression of AKT1 in TP53-null breast cells 

was sufficient to restore E-cadherin expression and paradoxically inhibit cell migration and 

invasion. Our data thus provide a mechanistic explanation for the frequent co-selection for 

loss-of-function CDH1 mutations in AKT1 E17K-mutant tumors. It was recently 

demonstrated that breast cancer cells lacking E-cadherin have greater invasive potential but 

survive poorly in vivo and thus ultimately metastasize at a lower efficiency due to increased 

apoptosis (55). Our findings suggest that AKT1 mutation while impairing invasion in an E-

cadherin wildtype context may cooperate with E-cadherin loss by abrogating the diminished 

survival observed in highly invasive E-cadherin negative cells.

Exploration of the mechanistic basis by which p53 and AKT1 E17K regulate E-cadherin 

revealed that loss of p53 resulted in increased expression of the transcription factor ZEB1, 

whereas AKT1 E17K mutation was sufficient to suppress ZEB1 transcription in a TP53 null 

context. Transcription of ZEB1 has been shown to be activated by nuclear accumulation of 

β-catenin, and both AKT1 and AKT2 can phosphorylate β-catenin at Ser552 resulting in 

increased nuclear translocation of β-catenin and transcription of β-catenin-associated genes 

(41,42). Co-immunoprecipitation and immunofluorescence studies, indicated that β-catenin 

bound to the kinase catalytic domain of AKT1, and expression of AKT1 E17K increased the 

plasma membrane localization of AKT1 (i.e. the E17K mutation is in the membrane-

localized PIP3 binding PH domain) resulting in retention of β-catenin on the cellular 

membrane and a reduction in β-catenin transcriptional activity on the ZEB1 promoter as 

shown in Supplementary Figure 12. Myristolated AKT1 could also induced E-cadherin 

expression, indicating that this mechanism was not specific to the E17K mutation. The effect 

was, however, AKT isoform selective as expression of an activated AKT2 produced the 

opposite phenotype, a reduction in E-cadherin expression. Of note, quantification analyses 

indicated that E-cadherin levels were reduced by only 64–79% following expression of 

AKT2 suggesting that E-cadherin expression is not exclusively regulated by the two AKT 

isoforms in breast cancer cells. AKT1 and AKT2 also had opposing effects on the binding of 

β-catenin to the ZEB1 promoter. Our study thus reveals a novel biologic difference among 

the AKT1 and AKT2 isoforms, specifically, opposing roles in the regulation of Wnt/β-

catenin signaling.

While AKT1 and AKT2 have previously been shown to have opposing effects on tumor 

induction and migration, we were unable to corroborate previously postulated roles for 

NFAT, palladin, ERK, TSC2, Twist1, β1-integrin and FAK as mediators of this phenotype. 

One possibility is that we expressed AKT1 at physiologic levels under the control of its 

endogenous promoter whereas prior studies relied on overexpression models. Cell lineage-

specific differences in the regulation of E-cadherin could also account for our inability to 
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validate previously postulated mechanisms of enhanced cell migration by activated AKT1. 

For example, Kircher et al. reported that AKT1 E17K promoted brain metastasis in an 

autochthonous mouse model of cutaneous melanoma by increasing migration and invasion 

of melanoma cells (56). This effect was, however, observed in the background of Cre-

mediated expression of BRAFV600E, and loss of Cdkn2a and Pten.

While mutations in AKT1 are less prevalent in breast cancer as compared to activating 

PIK3CA mutations (~30%) or PTEN loss (~10–40%), the mutual exclusivity of these 

genetic alterations suggests they have considerable functional overlap. The anti-invasive 

phenotype of AKT1 E17K demonstrated here may explain in part the relative rarity of 

AKT1 mutations as compared to PIK3CA and PTEN alterations. As PIK3CA mutation and 

PTEN loss induce activation of all three AKT isoforms, mutational alterations in these genes 

did not result in re-expression of E-cadherin or an anti-migratory/invasive phenotype in 

breast cancer cells.

The results presented here have potential relevance for the development of AKT inhibitors as 

cancer therapies. The use of selective AKT1 inhibitors in AKT1 E17K-mutant, CDH1-

wildtype tumor cells could result in increased cell migration. As this pro-oncogenic effect of 

AKT inhibition is mediated by decreased expression of E-cadherin, co-administration of an 

HDAC inhibitor was sufficient to prevent AKT inhibitor induced cell migration suggesting a 

possible rational combination strategy. Future studies will be needed to determine if this 

phenomenon is lineage specific or observed in cancers arising at other sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

AKT1 E17K mutation in breast cancer impairs migration/invasiveness via sequestration 

of β-catenin to the cell membrane leading to decreased ZEB1 transcription, resulting in 

increased E-cadherin expression and a reversal of epithelial-mesenchymal transition.
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Figure 1. AKT1 E17K enhances cell proliferation and anchorage independent growth in p53 
knockout MCF-10A cells.
A, Western blot of lysates from parental, p53 knockout (p53ko) and p53ko, AKT1 E17K 

knock-in (p53ko/E17K) MCF-10A cells cultured in regular media and growth factor 

deficient media. B, Immunofluorescence staining of AKT1 and pAKT (T308) in the 

MCF-10A isogenic cells. Cell nuclei were labeled with DAPI. Scale bar represents 50 μm. 

C, 2×104 cells were plated at Day 0 and cell number was calculated after 7 days of growth in 

regular or EGF and insulin deficient media. Fold increase for each cell line was defined as 

(cell number on Day 7)/(cell number on Day 0). Error bars represent mean ± SEM (n=3). D, 

Cells were plated in soft agar with or without AZD5363 (3 μM) and after 21 days, cell 

colonies >200 μm were counted (right panel). Error bars represent mean ± SEM (n=2). The 

result was repeated and confirmed. P values were determined by 1-way ANOVA followed by 

Tukey post-hoc test. **P<0.01; ****P<0.0001.
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Figure 2. AKT1 E17K inhibits breast cancer cell migration and invasion by increasing E-
cadherin expression.
A, For Boyden chamber assays, cells were plated in a transwell insert for cell migration 

assays, or a transwell insert with Matrigel coating for cell invasion assays. After 24 hours, 

migrated/invaded cells were counted. The result was repeated and confirmed. B, Western 

blot of EMT markers from cell lysates. C, Immunofluorescence staining of E-cadherin. 

DAPI staining was performed to identify nuclei. D, CDH1 mRNA levels were determined by 

RT-qPCR. RT-PCR products were subsequently run on an agarose gel along with actin as 

control (insert). E, p53ko/E17K cells were infected with a CRISPR/Cas9 lentivirus targeting 

CDH1 (CDH1KD). Western blot of lysates was performed to confirm E-cadherin 

knockdown with GAPDH shown as a loading control. Boyden chamber assays were then 

performed to compare the migration of p53ko/E17K and p53ko/E17K/CDH1KD cells. F, 

Western blot of lysates from MCF-10A p53ko/E17K cells infected with a CRISPR/Cas9 

lentivirus targeting AKT1 (AKT1KD). Boyden chamber migration assays were performed as 
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in panels A and E. G, Western blot of lysates from p53ko cells infected with a CRISPR/

Cas9 lentivirus targeting AKT1 followed by expression of FLAG-Myr-AKT1. Error bars 

represent mean ± SEM (n=2 to 3). P values were determined by Student’s t test. *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001.
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Figure 3. Activated AKT1 results in increased membranous localization of β-catenin.
A, mRNA levels of ZEB1 determined by RT-qPCR. B, Western blot of lysates from 

MCF-10A p53ko cells infected with a CRISPR/Cas9 lentivirus targeting ZEB1. C, 

Immunofluorescence of the MCF-10A isogenic cells using a β-catenin pSer552 specific 

antibody. D, β-catenin association with the ZEB1 promoter at the chromatin level in the 

MCF-10A isogenic cells. Cells were subjected to chromatin immunoprecipitation (ChIP) 

using a β-catenin antibody. Relative fold of ChIP pull-down of the ZEB1 promoter (β-

catenin fold enrichment) was quantified by real-time qPCR, normalized by both input DNA 

and IgG values. Error bars represent mean ± SEM (n=3). P values were determined by 1-

way ANOVA followed by Tukey post-hoc test. ***P<0.001; ****P<0.0001. E, Western blot 

of immunoprecipitates and input cell lysates from the MCF-10A isogenic cells with 

antibodies indicated.
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Figure 4. AKT2, but not AKT1, increases the transcriptional activity of β-catenin on the ZEB1 
promoter, and decreases E-cadherin expression.
A, p53ko/E17K cells were infected with a CRISPR/Cas9 lentivirus targeting AKT1 and 

p53ko cells were infected with a CRISPR/Cas9 lentivirus targeting AKT2. Cells lysates 

were then subjected to ChIP using a β-catenin antibody. Top: Western blot of whole cell 

lysates from the indicated p53ko/E17K cells and p53ko cells before and after AKT1 

knockdown (AKT1KD) or AKT2 knockdown (AKT2KD) as specified. Bottom: Relative 

fold of ChIP pull-down of the ZEB1 promoter (β-catenin fold enrichment) was quantified by 

real-time qPCR, normalized by both input DNA and IgG values. Error bars represent mean ± 

SEM (n=3). P values were determined by 1-way ANOVA followed by Tukey post-hoc test. 

****P<0.0001. B, Western blots of lysates from MCF-10A p53ko/E17K or MCF-7 PIK3CA 

WT cells expressing HA tagged Myr-AKT2 and FLAG tagged Myr-AKT1 alone and in 

combination. C, Western blot of lysates from p53ko cells: Left: infected with PTEN 

CRISPR/Cas9 lentivirus; Right: infected with PIK3CA E545K lentivirus. Cell lysate of 

parental MCF-10A cells were used as an E-cadherin positive control.
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Figure 5. The AKT kinase inhibitor AZD5363 enhanced the migration of parental and p53ko/
E17K MCF-10A cells.
A, Boyden chamber migration assays of parental and p53ko/E17K MCF-10A cells. Cells 

were treated with AZD5363 or DMSO control for 2 days. Top: Western blot of lysates from 

p53ko/E17K cells treated with DMSO control or AZD5363 (3 μM). B, Top: Western blot of 

lysates from p53ko/E17K cells treated with DMSO control, AZD5363 (3 μM), the HDAC 

inhibitor RGFP109 (5 μM, RGFP) or both drugs (Combo). Bottom: Migration assay of 

MCF-10A cells treated with DMSO control, AZD5363, RGFP109 or a combination of both 

drugs. Error bars represent mean ± SEM (n=2 to 5). P values were determined by Student’s t 
test. *P<0.05; **P<0.01; ***P<0.001. The results were repeated and confirmed.
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