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Abstract

PIK3CA is the second most mutated gene in cancer leading to aberrant PI3K/AKT/mTOR 

signaling and increased translation, proliferation, and survival. Some 4–25% of gastric cancers 

display activating PIK3CA mutations including 80% of EBV-associated GCs. Small molecules 

including pan-PI3K and dual PI3K/mTOR inhibitors have shown moderate success clinically, due 

to broad on-target/off-tissue effects. Thus, isoform specific and mutant selective inhibitors have 

been of significant interest. However, drug resistance is a problem and has affected success of 

new drugs. There has been a concerted effort to define mechanisms of resistance and identify 

potent combinations in many tumor types, though gastric cancer is comparatively understudied. 

In this study we identified modulators of the response to the PI3Kα-specific inhibitor, BYL719, 

in PIK3CA mutant GCs. We found that loss of NEDD9 or inhibition of BCL-XL conferred 

hyper-sensitivity to BYL719, through increased cell cycle arrest and cell death, respectively. 

Additionally, we discovered that loss of CBFB conferred resistance to BYL719. CBFB loss 

led to up-regulation of the protein kinase PIM1, which can phosphorylate and activate several 

overlapping downstream substrates as AKT thereby maintaining pathway activity in the presence 

of PI3Kα inhibition. The addition of a pan-PIM inhibitor re-sensitized resistant cells to BYL719. 

Our data provide clear mechanistic insights into PI3Kα inhibitor response in PIK3CA mutant 

gastric tumors and can inform future work as mutant selective inhibitors are in development for 

diverse tumor types.
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INTRODUCTION

The phosphoinositide 3-kinase (PI3K/AKT/mTOR) signaling pathway regulates a number of 

crucial cellular functions such as proliferation, survival, differentiation, protein translation 

and glucose metabolism (1). The upstream component of this pathway, PI3K, has eight 

total isoforms in humans, split into three classes. The class I PI3Ks are responsible for 

directly activating signal transduction pathways and are heterodimers consisting of an 

85kDa regulatory subunit that stabilizes a 110kDa catalytic subunit. There are four class 

I PI3K catalytic subunits, p110α, p110β, p110γ and p110δ, encoded by the PIK3CA, 
PIK3CB, PIK3CG and PIK3CD genes, respectively (2). Mutations in these genes are 

nearly ubiquitous in human cancers and specifically, PIK3CA is the second most commonly 

mutated gene in cancer. PIK3CA mutations are often activating and lead to dysregulation of 

normal cellular proliferation and survival signals thereby promoting aberrant cellular growth 

and tumor development (3–5). Since PIK3CA and other class I isoforms of PI3K are known 

common oncogenes, small molecules have been developed including pan-PI3K inhibitors, 

isoform-specific PI3K inhibitors, and dual PI3K/mTOR inhibitors (6). Many of these small 

molecules have been tested in clinical trials and some are approved for treatment of a variety 

of solid tumors (6,7). While these drugs have appeared promising in preclinical settings, 

this has not always translated into clinical success. This is due to a few factors including 

on-target, off-tissue effects, as well as both acquired and intrinsic resistance (6,8).

Gastric cancer is the fifth most common cancer and the fourth leading cause of cancer-

associated mortality worldwide (9). PIK3CA mutation is frequent in gastric cancer and 

it is estimated that mutations occur in 4–25% of cases (10,11). Interestingly, in Epstein-

Barr virus (EBV)-associated gastric cancers, 80% of patients display activating mutations 

in PIK3CA suggesting a crucial role for PI3K/AKT signaling in tumor initiation and 

oncogenesis of this subset (12). PI3K pathway inhibition has been of interest in the 

treatment of gastric cancer. For example, dual PI3K/mTOR inhibitors such as BEZ235, 

GSK1059615 and PI103, have been tested preclinically in gastric cancers as monotherapies 

and in combination with chemotherapeutic agents including paclitaxel, 5-fluorouracil and 

chloroquine (13–21).

Pan-PI3K and dual PI3K/mTOR inhibitors can effectively block pathway signaling, however 

because of the vast range of biological processes downstream of PI3K, these therapeutics 

are limited by tolerability and toxicity due to on-target/off-tissue effects (22). Given 

the prevalence of PIK3CA mutations in cancer, PI3Kα isoform-specific inhibitors are 

of significant interest and have been shown to have high efficacy in PIK3CA mutant 

tumors (23,24). Several drugs in preclinical development including STX-478, INK1117 and 

aminopyrazine compounds have so far shown high selectivity and efficacy against PI3Kα in 

comparison to other PI3K isoforms (25,26). However, PI3Kα specific inhibitors still suffer 

from toxicity and tolerability issues due to inhibition of wild type PI3Kα in non-tumor 
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tissues (27). PI3Kα mutant selective inhibitors, including GDC-0077 and RLY-2608, are 

in development and have the potential to significantly alter the treatment landscape for 

patients with PIK3CA mutant tumors (NCT05216432) (28). The most advanced PI3Kα-

specific inhibitor is BYL719 (Alpelisib), which was recently approved in combination with 

Fulvestrant for the treatment of HR+/HER2- advanced breast cancer and is being evaluated 

in many clinical trials for additional solid tumors (23,29,30). Furthermore, BYL719 is being 

evaluated in combination with an HSP90 inhibitor in patients with advanced and metastatic 

gastric cancer (NCT01613950) and in combination with paclitaxel in patients with PIK3CA-

altered gastric cancer (NCT04526470).

Despite the success of BYL719 in pre-clinical and early phase clinical studies, acquired 

resistance has emerged as a problem and has prompted follow-up studies to further 

describe mechanisms of resistance in a variety of cancer cell lines including breast, ovarian, 

pancreatic, uveal melanoma and head and neck cancer (31–39). In vitro, BYL719 was 

shown to be effective in inhibiting the growth of PIK3CA mutant gastric cancer cell 

lines and was synergistic with the chemotherapeutic agent paclitaxel (40). However, given 

the emergence of resistance in other tumor types treated with BYL719 and other PI3Kα 
targeting monotherapies, we expect similar outcomes in studies in PIK3CA mutant gastric 

cancers. In this study, we aimed to define novel mechanisms of sensitivity and resistance to 

BYL719 specifically in PIK3CA mutant gastric cancers.

MATERIALS AND METHODS

Cell Culture

Gastric cancer cell lines SNU484 (RRID:CVCL_0100), SNU1750 

(RRID:CVCL_8914), SNU1967 (RRID:CVCL_8915), MKN1 (RRID:CVCL_1415), 

NCC-24 (RRID:CVCL_8899) and SNU719 (RRID:CVCL_5086) were kindly provided 

by Patrick Tan at Duke National University Singapore, Singapore. These cell lines 

were maintained in Roswell Park Memorial Institute (RPMI) medium 1640 (Invitrogen) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Corning), 100 U/mL 

non-essential amino acids, 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen). 

Gastric cancer cell line AGS (RRID:CVCL_0139) was purchased from the Duke Cell 

Culture Facility, Duke University, Durham, NC and maintained in Dulbecco’s Modified 

Eagle Medium (DMEM)/Nutrient Mixture F-12 (Invitrogen) supplemented with 10% heat-

inactivated FBS (Corning). The following cell lines were kindly provided by Kris Wood 

at Duke University, Durham, NC: laryngeal cancer cell line 584-A2 (RRID:CVCL_V278), 

esophageal squamous cancer cell line KYSE510 (RRID:CVCL_1354) and colorectal cancer 

cell line CRC119 were maintained in RPMI medium 1640 supplemented with 10% 

heat-inactivated FBS (Corning), 2mM L-Glutamine, 100 U/mL penicillin and 100 μg/mL 

streptomycin (Invitrogen), breast cancer cell line CAL51 (RRID:CVCL_1110), maintained 

in Minimum Essential Medium (MEM) supplemented with 20% heat-inactivated FBS 

(Corning), 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen), breast cancer cell 

lines MDA-MB-453 (RRID:CVCL_0418) and BT-549 (RRID:CVCL_1092), and colorectal 

cancer cell line WiDr (RRID:CVCL_2760) maintained in MEM medium supplemented 

with 10% heat-inactivated FBS (Corning), 100 U/mL non-essential amino acids, 100 
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U/mL penicillin and 100 μg/mL streptomycin (Invitrogen) and breast cancer cell line 

MCF7 (RRID:CVCL_0031), maintained in DMEM supplemented with 10% heat-inactivated 

FBS (Corning), 2mM L-Glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin 

(Invitrogen). Cell lines are regularly tested for mycoplasma using the LookOut Mycoplasma 

PCR Detection Kit (Sigma-Aldrich Cat# MP0035).

BYL719 resistant clones were grown by culturing the AGS cell line in increasing 

concentrations of drug over a 3-month period. Specifically, cells were cultured in 25 nM 

BYL719 for 3–4 days, and the concentration was increased 25 nM every 3–4 days until 

100 nM at which point the concentration was increased by 100 nM approximately once per 

week. The resistant clones were selected as single cells from the bulk population and all 

resistant clones were maintained in 1 μM BYL719 without significant adverse effects on 

growth.

Growth Inhibition Assays (GI50)

Cells were seeded at 2,500 cells per well of 96-well plates 24 hours prior to treatments. To 

generate GI50 curves, cells were treated with vehicle (DMSO) or serial dilutions of each 

drug for 72 hours. Each treatment condition was completed in technical triplicate. Cell 

viability was read-out using CellTiter Glo (Promega G7573) on a BioTek Synergy2 plate 

reader. The total number of live cells for each drug dose were normalized to the vehicle 

control and GI50 drug curves were established using GraphPad Prism. For combinations, one 

drug was added at a constant concentration across all wells and total live cell counts were 

normalized to the secondary drug-only condition. For three-day growth curves, cells were 

seeded at 2,500 cells per well of 96-well plates 24 hours prior to treatment and treated with 

stable concentrations of each drug. Total live cell counts were measured using CellTiter Glo 

on each day, and relative luciferase units were plotted to represent cell growth over time. 

Drugs used include BYL719 (Selleckchem S2814) and A-1331852 (Chemietek 1430844–

80-6), PIM447 (Selleckchem S7985) and Dasatinib (ApexBio A3017).

CRISPR library Lentivirus Production and Transduction

Lentivirus production was adapted from Joung et al., 2017 (41). HEK293FT 

(RRID:CVCL_6911) cells were grown to ~80% confluency in 10-cm or 6-well plates, for 

10mL or 2mL final viral media harvest respectively and transfection reagents were scaled 

according to seeding area. For 10-cm plate, 3.5 – 4E6 cells were seeded and incubated for 

24 hours (37°C, 5% CO2). Transfection reagents were prepared in Opti-MEM™ reduced 

serum medium (Gibco) and performed using 94.2 μL Lipofectamine 2000 (ThermoFisher), 

103.6 μL PLUS™ reagent (ThermoFisher), 8.2 μg psPAX2 (RRID:Addgene_12260), 

5.4 μg pMD2.G (RRID:Addgene_12259) and 10.7 μg construct DNA (lentiCRISPRv2, 

RRID:Addgene_52961). The mixture was incubated at room temperature for 5 minutes and 

gently added to the HEK293FT cells for 4-hour incubation (37°C, 5% CO2). The medium 

was then replaced with pre-warmed harvest media (DMEM 30% FBS). 48 hours after the 

start of the transfection, lentivirus supernatant was collected and syringed through a 0.45 

μm filter. Transductions were conducted directly at the time of lentivirus harvest or freshly 

thawed from frozen aliquots. 0.5–1 mL of virus media and polybrene (1 μg/mL) were added 

to cells seeded in 6-well plate in 1–1.5 mL of growth media. Cells were spinfected at 
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2250RPM, 1 hour, room temperature (25°C) and incubated overnight (37°C, 5% CO2). 24 

hours post-transduction, cells were selected by puromycin (2 μg/mL) for 48 hours.

Pooled Customized CRISPR Drug Sensitizer Screen and Analysis

A miniaturized CRISPR library representing 378 genes (five sgRNAs per gene with 50 

non-targeting controls, 1940 sgRNAs total) was previously designed and validated by 

Winter and Anderson et al. (42). Lentivirus production of this library was scaled up and 

conducted as described above. A selection of PIK3CA WT, namely 584-A2 (laryngeal), and 

PIK3CA mutant cell lines, namely CRC119 (colorectal), AGS (gastric), MKN1 (gastric) and 

KYSE510 (esophageal squamous) were transduced with library virus as described above.

For each cell line, cells were seeded into 6-well plates at a density of ~0.35 – 0.5E6 cells 

per well and transduced at a MOI less than 0.2. A total of 10E6 cells were transduced in 

6-well plates. 24 hours post-transduction, cells were selected by puromycin (2 μg/mL) for 

48 hours. Puromycin-selected cells were collected and counted to confirm at least 1000X 

library coverage. Transduced cells were propagated in puromycin-containing media for a 

total of 7 days and subsequently split into vehicle control (DMSO) and BYL719 treatment 

conditions in duplicates. Specific doses of BYL719 were reported in Figure 3A. The screen 

was conducted over a total of 3 weeks, for approximately 15 cell doublings. Cells were 

counted and passaged with replenished drug every 3 days. Each treatment condition and 

replicate were represented by a minimum of 2E6 cells to maintain at least 1000X library 

coverage (>1000 cells per unique sgRNA) during each split throughout the screen. A total of 

2E6 cells were collected at 48 hours post-puromycin exposure, screen initiation (t0) and at 

every passage until screen termination (tfinal). DNA was extracted from cell pellets (DNeasy 

Blood & Tissue Kit, Qiagen) and stored at −80°C until completion of all screens. Samples 

were further processed for sequencing as previously described (43). Screen libraries were 

sequenced on an Illumina NextSeq 500 sequencer (75-bp, single-end reads) at the Duke 

University Genome Sequencing Facility to achieve a depth of 5 million reads total per 

sample (~200 reads per guide).

Pooled samples were matched by barcoded reads and guide-level counts were computed 

using bcSeq (v1.12.0) Bioconductor package (44). Sequencing read counts for DMSO and 

BYL719-treated samples from each cell line were then processed for gene-level enrichment 

and depletion analysis relative to t0 samples to generate beta scores using the MAGeCK-

MLE software analysis package under the default settings (45). Computed difference scores 

were subsequently normalized for each cell line by Z-transformation. Hierarchical and 

K-means clustering was completed using Z-transformed difference scores with Morpheus 

(https://software.broadinstitute.org/morpheus).

Generation of CRISPR Knockouts

Guide RNA sequences for CBFB, NEDD9, PIM1 and RUNX1 were designed with 

Synthego and sequences are listed in Table S6. Cells were plated 24 hours prior to 

transfection and guide RNAs were transfected as ribonucleoprotein complexes along with 

TrueCut Cas9 Protein V2 (ThermoFisher A36499) using the Lipofectamine CRISPRMAX 

Cas9 Transfection Reagent (ThermoFisher CMAX00008) following the manufacturer’s 
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instructions. Single cell clones were developed from the bulk transfected populations and 

knockout was confirmed by western blot.

Immunoblotting

Cells were plated 24 hours prior to treatment. Following treatment with BYL719 or DMSO, 

cells were washed with ice cold 1X phosphate buffered saline (PBS) and lysed in ice-

cold radio-immunoprecipitation assay lysis buffer (RIPA, Cell Signaling Technology 9806) 

supplemented with phosphatase and protease inhibitor cocktails (Roche 4906845001 and 

11697498001). Cell lysates were kept on ice and sonicated with the QSonica three times 

each at 40 amps. Protein lysate was quantified by Bradford assay and 20 μg of protein 

was loaded into each lane. All protein lysates were run on NuPage 4 to 12% gradient 

gels (LifeTechnology) and transferred to polyvinylidene difluoride (PVDF) membrane 

(Bio-Rad). Membranes were first stained with Revert 700 Total Protein Stain (LI-COR 

926–11021) and imaged. Membranes were then blocked in 5% milk in Tris-buffered saline-

Tween 20 (TBST) for one hour, washed 3 times for 10 minutes each with TBST and 

stained with primary antibody overnight at +4°C, followed by 3 additional wash steps. 

Secondary antibody staining was done at room temperature for 1 hour with horseradish 

peroxidase (HRP)-conjugated antibodies. Primary antibodies against pAKT Ser473 (D9E; 

4060), AKT (C67E7; 4691), pS6 Ser235/236 (91B2; 4857), pS6 Ser240/244 (D68F8; 5364), 

S6 (5G10; 2217), PIM1 (D8D7Y; 54523), BCL-XL (2762) and RUNX1/AML (4334) were 

purchased from Cell Signaling Technology. Antibody against CBF-beta (A303–547A) was 

purchased from Bethyl Laboratories. Antibody against NEDD9 (Cas-L 2G9; sc-33659) 

was purchased from Santa Cruz Biotechnology. Antibodies against pPRAS40 Thr246 and 

PRAS40 were a kind gift from Dr. Michael Brown, Duke University, Durham, NC. 

Secondary antibodies were purchased from Sigma. Antibody dilutions are listed in Table 

S8. Human Phospho-Kinase Array Kit (ARY003C) was purchased from R&D and used 

according to manufacturer’s instructions. Quantification was done with Image Studio 

software. Western blots signals were normalized first to total protein and phospho-proteome 

array signals were normalized first to the reference spots present on each membrane.

BrdU and Activated Caspase-3 Assays

Cells were plated 24 hours prior to treatment and treated with BYL719 or A-1331852 for 

either 24 hours or 48 hours. For cell cycle progression assays, cultures were pulsed with 

BrdU for 2 hours (BD Pharmingen 559619) and fixed and permeabilized. Cells were then 

treated with DNase to expose BrdU-bound epitopes and stained with a BrdU-fluorescent 

antibody and a total DNA marker 7-AAD. For activated caspase-3 assays, cells were 

fixed and permeabilized then stained with an activated caspase-3-fluorescent antibody (BD 

Pharmingen 550480). All fluorescence data was gathered on a flow cytometer (FACS Canto 

II) and analyzed with FlowJo.

RNA-Sequencing and Gene Expression Analysis

Total RNA was extracted using the Qiagen RNeasy Mini Prep Kit (74104) per the 

manufacturer’s instructions. Preparation of RNA library and transcriptome sequencing was 

conducted by Novogene Co., LTD (Beijing, China). Genes with adjusted p-value <0.05 and |

log2(FoldChange)|>0 were considered differentially expressed. For gene expression analysis, 
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RNA was reverse transcribed to gene complementary DNA (cDNA) using the High-Capacity 

cDNA kit (Invitrogen 4368814). qPCR was completed using Hi-Rox SYBR (Genessee 17–

50608) in an Applied Biosystems Quant Studio S6 Pro instrument. QPCR primers are listed 

in Table S7.

Analysis of Clinical Data

RNA-sequencing data matrix from the TCGA stomach adenocarcinoma (STAD) 

dataset was downloaded from Broad GDAC Firehose (illuminahiseq_rnaseqv2-

RSEM_genes_normalized). RNA-sequencing data was downloaded as RSEM (RNA-

seq by Expectation Maximization) and converted to log2(RSEM+1) for analysis. 

Genomic data including PIK3CA mutation status and GC molecular subtypes were 

obtained from the cBioportal database. Sample type for each patient sample was 

determined using the TCGA barcode guideline (https://docs.gdc.cancer.gov/Encyclopedia/

pages/TCGA_Barcode/). Tumor samples without available molecular subtype definition 

were not included in the sub-typing analysis but were included in analyses comparing 

PIK3CA mutant and wild type tumors. For all analyses, two-sided Wilcoxon statistical tests 

were used. All data analysis was completed using RStudio (source code available upon 

request).

Statistical Analysis

Unless otherwise specified, Student’s t tests or, for grouped analyses, two-way ANOVA 

with Tukey post-hoc correction was performed and P < 0.05 was considered significant 

(GraphPad Prism). Results are presented as means ± SEM except clinical data which is 

median ± interquartile range.

Data Availability:

Experimental data and results as well as CRISPR screen data and results are available in 

the manuscript and supplemental material. RNA-sequencing data was uploaded to the NCBI 

Gene Expression Omnibus (GEO) database and is available at accession GSE235631.

RESULTS

PIK3CA mutation predicts sensitivity to BYL719

We first assayed a panel of gastric, colorectal, breast, and head and neck cancer cell 

lines to assess whether PIK3CA mutant cell lines derived from diverse tissue types 

would be sensitive to single agent BYL719 treatment. Cells were treated with increasing 

concentrations of BYL719 for three days and live cells were measured to generate a GI50 

value (growth inhibition dose of 50%) for each cell line (Fig. 1A). Cell lines with GI50 

values below 1 μM were considered sensitive and cell lines with GI50 values ≥ 5 μM were 

considered resistant. These cutoffs were selected to remain consistent with prior studies 

using BYL719 (23,38,46). We found that the PIK3CA mutant gastric cancer cell lines AGS 

and MKN1 were sensitive to BYL719 with GI50 values below 1 μM. Conversely, we found 

that wild type gastric cancer cell lines were generally more resistant, in particular SNU484 

and SNU1750 were resistant to BYL719 with GI50 values of 5 μM and 10 μM, respectively. 
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Overall, we found that PIK3CA mutation status did predict sensitivity independent of tissue 

type to single agent BYL719 which is consistent with other studies (23,40,46–49). (Fig 1B).

We sought to further explore the observed differential sensitivity of the gastric cancer cell 

lines. PIK3CA mutant and wild type gastric cancer cell lines were grown in the presence 

of 1 μM BYL719 for three days. Growth of PIK3CA mutant cell lines AGS and MKN1 

was significantly inhibited by BYL719 compared to untreated cells, whereas the PIK3CA 
wild type cell lines SNU484 and SNU1750 were largely unaffected (Fig. 1C). We found 

that the growth inhibitory phenotype seen in the PIK3CA mutant lines was due to cell cycle 

arrest as BYL719 treatment led to a significant decrease in the percentage of cells in S phase 

(Fig.1D). We next assessed whether BYL719 could induce cell death in PIK3CA mutant 

gastric cancer cells in addition to the growth inhibitory effects observed. Gastric cancer cells 

were treated with either DMSO, 1 μM or 2 μM BYL719 for three days and cell viability 

was assessed. The dosing of BYL719 was selected based on early phase clinical trial data 

that found that the maximum tolerated dose of BYL719 was either 400 mg once daily or 

150 mg twice daily which led to mean plasma concentrations of approximately 2 μM two 

hours after drug administration. Therefore, we used 1 μM and 2 μM for experiments in vitro 
as these doses are equal to and under the maximum tolerated dose in vivo (30). There was 

significant cell death in PIK3CA mutant cell lines, AGS and MKN1, at 2 μM BYL719, but 

not at 1 μM BYL719 suggesting that growth inhibitory effects seen at 1 μM BYL719 are 

primarily due to cell cycle arrest rather than induction of cell death (Fig. 1E). We did not 

observe significant cell death in the PIK3CA wild type cell lines SNU484 and SNU1750 

at either concentration of BYL719 thus confirming their resistance to the drug (Fig. 1F). 

Taken together, our data support prior preclinical studies showing that genotype-selective 

dependency extends to gastric cancer and that PIK3CA is a strong predictor of BYL719 

response (40).

BYL719 effectively inhibits PI3K/AKT signaling in PIK3CA mutant cells

To confirm the efficacy and specificity of BYL719 at inhibiting the PI3K/AKT/mTOR 

signaling pathway, we examined phosphorylation of the proximal downstream effector, AKT 

(pAKT Ser473), as well as S6 (pS6 Ser235/6 and Ser240/4), which is downstream of mTORC1/

S6K. First, cells were treated for 1 hour with increasing concentrations of BYL719. In 

PIK3CA mutant cell lines AGS and MKN1, phosphorylation of AKT and S6 were strongly 

inhibited at sub-micromolar concentrations of BYL719 (Fig. 2A). In the PIK3CA wild type 

cell lines SNU484 and SNU1750, AKT and S6 activity was maintained at low doses of 

BYL719 and inhibited at higher doses than in PIK3CA mutant lines. (Fig. 2B).

We next assessed pathway inhibition over a longer period of treatment time with BYL719, 

which is a key indicator of oncogene addiction in cancer cell lines. Cells were treated 

with 1 μM BYL719 and AKT phosphorylation was assayed after 1, 4, 8, 16 and 24 hours 

of drug treatment. We found that phosphorylation of AKT was inhibited over a sustained 

treatment time in the PIK3CA mutant cell lines (Fig. 2C). In the PIK3CA wild type cell 

lines, phosphorylation of AKT was moderately inhibited at later time points; however, we 

did not observe complete ablation of signal as in the mutant cell lines (Fig. 2D). Taken 

together with our earlier results, these data indicate that the PIK3CA mutant gastric cancer 
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cell lines, AGS and MKN1, are dependent on PI3K/AKT/mTOR signaling for survival and 

signaling through this pathway is effectively inhibited by BYL719.

Application of CRISPR/Cas9-based screening method to identify modulators of BYL719 
response

While we found that PIK3CA mutant gastric cancer cell lines were indeed sensitive to 

BYL719, clinically, resistance to monotherapies is common and thus there has been a push 

to identify co-dependencies that occur in cancer cells (50). This would allow for tumors 

to be targeted with multiple drugs at lower doses thereby decreasing toxicity as well as 

increasing efficacy and preventing resistance. We used a CRISPR/Cas9-based screening 

approach to query potential modulators of the response to BYL719 treatment. We used a 

targeted gRNA library made up of genes involved in cancer-associated survival pathways, 

key druggable targets, frequently mutated and amplified oncogenes, receptor tyrosine 

kinases (RTK), and metabolism genes (378 genes in library; 5 guides per gene) that had 

been previously designed and validated by the Wood lab (Table S1) (42). Five cancer cell 

lines were used in this study including two PIK3CA mutant gastric cancer lines (AGS and 

MKN1), one PIK3CA mutant esophageal squamous cancer line (KYSE510), one PIK3CA 
mutant colorectal cancer line (CRC119) and one PIK3CA wild type laryngeal cancer line 

(584-A2) (Fig. 3A). These were selected as a diverse panel of gastrointestinal-derived 

cell lines with differential sensitivity to BYL719 as defined by our GI50 data (Fig. 1A). 

Importantly, all of the tissue types represented cancers in clinical trials with PI3K inhibitors. 

Briefly, cell lines were transduced with the CRISPR gRNA library, selected for 7 days with 

puromycin and split into either BYL719 at each line’s IC30, or DMSO. Treated cells were 

grown for three weeks, or approximately 15 population doublings (Fig. 3B). We used the 

MAGeCK analysis pipeline to generate a difference score for each gene in the screen. The 

difference scores were used to identify sensitizer genes whose knockout conferred increased 

sensitivity to BYL719 and resistor genes whose knockout conferred increased resistance to 

BYL719 (Fig. S1, Tables S2, S3 & S4).

We used hierarchical and K-means clustering to identify distinct patterns of response based 

on tissue type as well as PIK3CA mutation status (Fig. 3C, Table S5). As expected, the 

two gastric cancer cell lines, AGS and MKN1, clustered together as did the esophageal 

squamous cancer cell line KYSE510 and laryngeal cancer cell line 584-A2. We identified 

8 clusters that represent enriched functional phenotypes whose knockout rendered: 1) AGS 

cells hyper-sensitive to BYL719, 2) AGS cells resistant to BYL719, 3) PIK3CA wild type 

cells resistant to BYL719, 4) MKN1 cells resistant to BYL719, 5) gastric cancer cells 

hyper-sensitive to BYL719, 6) PIK3CA wild type cells sensitive to BYL719, 7) gastric 

cancer cells resistant to BYL719, and 8) MKN1 cells hyper-sensitive to BYL719 (Fig. 3C). 

There were no genes that were common sensitizers or resistors in all five cell lines, though 

AKT2 was a common sensitizer, and NRAS and DHFR were common resistors in the four 

PIK3CA mutant cell lines. Genes that scored as sensitizer genes in the PIK3CA wild type 

cell line 584-A2 and resistor genes in the four mutant lines, such as DHFR, HDAC3, NRAS 
and SF3B1, clustered together in cluster 6. Conversely, genes that scored as resistor genes in 

the PIK3CA wild type cell line 584-A2 while scoring as sensitizer genes in the four mutant 
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lines, such as BCL-2, AKT2, EZH2 and GPI, clustered together in cluster 3 (Fig. 3C, Table 

S5).

We identified sensitizer genes that were common to the two PIK3CA mutant gastric cancer 

cell lines that clustered together in cluster 5 such as BCL2L1, NEDD9, PRKCQ, and TKT. 

We also identified genes that scored as common sensitizers but were particularly enriched 

in one of the cell lines and were present in clusters 1 and 8, including BRD4, RAF1, 
GNA11 and USP9X (Fig. 3C, Table S5). Resistor genes common to gastric cancer cell lines 

clustered together in cluster 7 including CBFB, CDK7, GLS and HK1. Similarly, we found 

genes that scored as common resistor genes but were enriched in the AGS cell line in cluster 

2 including ARID5B, KAT6A, MAP3K1, RORA, and SMAD7 (Fig. 3C, Table S5).

We were primarily focused on identifying genetic vulnerabilities in the PIK3CA mutant 

gastric cancer cell lines and therefore we focused on the common sensitizer and resistor 

genes between the cell lines AGS and MKN1 (Fig. 3D & E). We found 11 common 

sensitizer genes in the gastric cancer cell lines, 6 of which were unique to the gastric cancer 

cell lines (indicated in bold) and 5 of which were also sensitizer genes in one or more of 

the non-gastric cancer cell lines (Fig. 3D). Conversely, we found 13 resistor genes common 

to the gastric cancer cell lines, 8 of which were unique to the gastric cancer cell lines 

(indicated in bold), and 5 of which were also resistor genes in one or more of the non-gastric 

cancer cell lines (Fig. 3E). We generated ribbon plots based on the difference scores for 

AGS and MKN1 to visualize the common sensitizer genes (highlighted in green), common 

resistor genes (highlighted in red) and control genes (highlighted in blue, Fig. 3F & G, 

Fig. S2). Ultimately, we selected NEDD9, a gastric cancer specific sensitizer and CBFB, a 

gastric cancer specific resistor for further validation. We additionally chose to follow up on 

BCL2L1, which encodes BCL-XL, in the AGS cell line as it scored as a sensitizer gene, and 

prior research suggests that PI3Kα and BCL-XL inhibition are synergistic (51,52).

Loss of NEDD9 or inhibition of BCL-XL renders PIK3CA mutant gastric cancer cells hyper-
sensitive to BYL719 treatment by increasing cell cycle arrest and cell death, respectively

The data from the CRISPR screen identified NEDD9 as a strong sensitizer gene in both 

PIK3CA mutant gastric cancer cell lines. NEDD9 is a docking and scaffold protein involved 

in RTK and integrin signaling, as well as regulation of the cell cycle (53,54). In order to 

assess whether NEDD9 loss could confer increased sensitivity to BYL719, we generated 

NEDD9 knockout AGS cells (Fig. 4A). NEDD9 knockout cells were treated with BYL719 

for three days to determine the GI50 and we found that the knockout cells were significantly 

more sensitive to BYL719 than the parental cells (Fig. 4B). NEDD9 plays a crucial role in 

regulating the cell cycle and depletion of NEDD9 has been shown to induce cell cycle arrest 

(54). Therefore, we hypothesized that the growth suppression phenotype in the NEDD9 
knockout cells may be due to cell cycle arrest. Therefore, we assayed cell cycle status after 

treatment with BYL719 in the NEDD9 knockout cells and parental AGS cells (Fig. 4C). 

We found a significantly larger reduction in cells in S phase in the NEDD9 knockout cells 

compared to the parental cell line which correlated with an increase in cells arresting at 

G2/M phase (Fig. 4D & E).
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Interestingly, in our screen data we also found that both SRC and LYN scored as strong 

sensitizer genes in the AGS cell line. Src and Lyn kinases are crucial for NEDD9 activity 

as they extensively phosphorylate NEDD9 to enable downstream effector binding facilitating 

growth and migration (53–56). Consistent with our genetic findings, we found that the 

addition of the Src family kinase inhibitor, Dasatinib, significantly increased the sensitivity 

of AGS cells to BYL719 suggesting a Src/NEDD9/PI3K signaling axis (Fig. S3).

BCL2L1, which encodes the anti-apoptotic protein BCL-XL, scored in the screen as a strong 

sensitizer gene in the AGS cell line. We sought to orthogonally validate the genetic finding 

from our screen using A-1331852, a potent and selective inhibitor of BCL-XL (57). We first 

defined the GI50 value of A-1331852 alone in the AGS cell line as 2 μM and added 500 nM 

A-1331852 to assay whether the addition of the BCL-XL inhibitor would render AGS cells 

hyper-sensitive to BYL719 (Fig. S4A). We observed a significant decrease in the BYL719 

GI50 with the addition of 500 nM A-1331852 (Fig. 4F). We additionally found that genetic 

knockout of BCL2L1 conferred hyper-sensitivity to BYL719 and led to two-fold decrease 

in GI50 value (Fig. S4D & E). Despite BCL2L1 scoring as inert in MKN1, we also found 

that the addition of A-1331852 conferred significantly increased sensitivity to BYL719 in 

MKN1 cells and that the combination of these two inhibitors was synergistic in both cell 

lines (Fig. S4B & F) (58). This result was not wholly unexpected as BCL-XL inhibition has 

been previously shown to sensitize cells to PI3K pathway inhibitors in a variety of tumor 

settings (51,52,59–62).

In addition to the growth inhibitory effect of PI3Kα and BCL-XL inhibition, we observed 

a significant loss in cell viability in cells treated with a combination of A-1331852 and 

BYL719 (Fig. 4G & Fig. S4C). We found that this effect was specific to BCL-XL inhibition 

as other BH3 mimetics or drugs that act on MCL-1 inhibited cell growth but were ultimately 

unable to induce significant cell death (Fig. S5). We additionally measured activated 

caspase-3 by flow cytometry and found that cells treated with the combination expressed 

significantly increased levels of activated caspase-3 (Fig. 4H). BCL-XL inhibition alone also 

significantly increased activated caspase-3 compared to the DMSO control.

Loss of CBFB confers resistance to BYL719

In addition to sensitizer genes, we also identified common resistor genes of PI3Kα 
inhibition in PIK3CA mutant gastric cancer cells. CBFB scored as a gastric specific resistor 

gene in the PIK3CA mutant cell lines. To determine whether loss of CBFB could confer 

resistance to BYL719, we generated CBFB knockout AGS cells (Fig. 5A). CBFB knockout 

cells were treated for three days with increasing concentrations of BYL719 and we found 

that the CBFB knockout lines were 5–10-fold more resistant to BYL719 relative to the 

parental cell line (Fig. 5B). CBFB heterodimerizes with RUNX family proteins RUNX1, 

RUNX2 and RUNX3 to form the core-binding factor complex which regulates transcription. 

We therefore additionally generated a RUNX1 knockout and found that RUNX1 knockout 

cells were approximately 5-fold more resistant to BYL719 than the parental cell line thereby 

phenocopying the resistance seen with CBFB knockout (Fig. S6A & B).

To further probe mechanisms of drug resistance, we generated single cell clones with 

resistance to BYL719. We cultured the sensitive parental AGS cell line in increasing doses 

Stanland et al. Page 11

Mol Cancer Res. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of BYL719 for approximately 3 months until the cells were being cultured in 1 μM BYL719 

without adverse effects on growth and developed single cell clonal populations (Fig. 5C). 

We confirmed that the clones were significantly more resistant to treatment with BYL719 

than the parental AGS cell line (Fig. 5D). Further characterization of the BYL719 resistant 

clones revealed that CBFB was down-regulated at both the mRNA and protein level (Fig. 5E 

& F). Additionally, the BYL719 resistant clones also displayed down-regulation of RUNX1, 

the binding co-factor of CBFB, at both the RNA and the protein level (Fig. S6C-E). These 

data suggest that loss of CBFB function is a common mechanism of resistance to PI3Kα 
inhibition.

CBFB loss drives resistance to BYL719 through PIM1 kinase

To define the mechanism by which CBFB loss leads to resistance to BYL719, we queried 

the phosphorylation status of 37 unique substrates in the parental and CBFB KO cells. These 

included substrates involved in core intracellular signaling pathways such as PI3K/AKT, 

JAK/STAT, MAPK/ERK, and p53. We used this approach primarily to determine whether 

CBFB KO cells displayed up-regulation of compensatory signaling pathways that could 

confer PI3Kα inhibitor resistance. We observed significantly increased phosphorylation of 

five substrates in CBFB KO Cl.1, and seven substrates in CBFB KO Cl.2 relative to the 

parental cell line. Three of these substrates were common to both CBFB KO lines, including 

pPRAS40, a known target of both AKT and PIM kinase (Fig. 6A & B, Table S9). The 

PIM kinases are serine/threonine protein kinases that phosphorylate a number of targets 

involved in regulation of the cell cycle and apoptosis and provide pro-growth and survival 

signals in cells. The PIM kinase family is composed of three isoforms, PIM1, PIM2 and 

PIM3. PIM1 specifically is known to play an important role in cancer cell growth (63,64). 

Because CBFB is a transcription regulator, we additionally performed RNA-sequencing in 

the parental AGS cell line as well as the CBFB knockouts and resistant cell clones. We 

found that PIM1, but not PIM2 or PIM3, mRNA was expressed at a significantly higher 

level in the CBFB knockout cells and the BYL719 resistant clones compared to the parental 

cells (Fig. 6C). Furthermore, acute treatment with 1 μM BYL719 led to a more pronounced 

increase in PIM1 mRNA comparing CBFB knockout cells and the resistant clones to the 

parental (Fig. 6D). We also found increased basal expression of PIM1 protein in the CBFB 
KO and resistant clones compared to the parental (Fig. 6E).

Given the significant up-regulation of PIM1 in the CBFB KO and resistant clones, we next 

asked whether PIM kinase inhibition could reverse the BYL719 resistance phenotype. We 

first treated cells with 5 μM PIM447 alone and confirmed that inhibition of PIM kinases 

had no effect on cell growth (Fig. 6F). We then generated GI50 curves in the CBFB KO and 

resistant clones. We did not observe a difference in sensitivity in the parental cell line but 

found a significant decrease in the GI50 of BYL719 in the CBFB KO and resistant clones 

(Fig. 6G & Fig. S7A). Specifically, the addition of 5 μM PIM447 resulted in a 4.5-fold 

decrease and a 2.1-fold decrease in the GI50 value of CBFB KO Cl.1 and CBFB KO Cl.2, 

respectively, and a 3.7-fold decrease in BYL719-R Cl.3. We additionally found that the 

combination of 5 μM PIM447 and 1 μM BYL719 significantly inhibited cell growth of the 

CBFB KO clones over a longer period of time compared to 1 μM BYL719 alone (Fig. 

S7B). To confirm our hypothesis that PIM1 could phosphorylate PRAS40 in the presence 
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of PI3Kα inhibition, we assessed pPRAS40 Thr246 expression by western blot. We found 

that pPRAS40 Thr246 was inhibited in a dose dependent manner when cells were treated 

with BYL719 alone, and that the inhibitory effect was enhanced with the addition of 5 

μM PIM447 in the CBFB knockout clones, but not the parental cell line (Fig. 6H). Lastly, 

to complement our pharmacological approaches, we also generated PIM1 knockout clones 

and we found that genetic knockout of PIM1 significantly re-sensitized CBFB KO Cl.1 and 

BYL719-R Cl.3 to treatment with BYL719 (Fig. S7C & D).

Since we determined that low expression of CBFB, and high expression of PIM1 could 

confer resistance to BYL719, we were curious as to the basal expression of these two genes 

in gastric tumors. Using the TCGA dataset, we compared RNA expression of CBFB and 

PIM1 in the four unique gastric cancer subtypes to normal tissue. CBFB expression was 

significantly higher in all four subtypes compared to normal tissue and was the highest in 

the EBV-associated subtype, while PIM1 displayed the inverse phenotype (Fig. 6I). We also 

compared expression of CBFB and PIM1 in gastric cancers stratified by PIK3CA mutation 

status and found that CBFB expression was significantly higher in the mutant tumors while 

PIM1 again showed the inverse phenotype (Fig. 6J).

DISCUSSION

Small molecules targeting the PI3K pathway such as pan-PI3K and dual PI3K/mTOR 

inhibitors have shown promise in pre-clinical studies however this has not translated to 

clinical success. This is primarily due to broad on-target/off-tissue effects and high toxicity 

(6). Isoform-specific inhibitors of PI3K have garnered significant interest however, they have 

faced similar issues with toxicity and tolerability (27). Additionally, resistance, both intrinsic 

and acquired, still poses a major problem in the success of single agent inhibitors. This has 

prompted many pre-clinical studies that have described mechanisms of PI3K monotherapy 

resistance in a variety of cancer cell lines including breast, ovarian, pancreatic, uveal 

melanoma and head and neck cancer (31–39). Gastric cancer, however has been relatively 

understudied despite there being several clinical trials with PI3K inhibitors ongoing. In this 

study, we aimed to characterize mechanisms of sensitivity and resistance to the PI3Kα 
inhibitor BYL719, specifically in PIK3CA mutant gastric cancers. Our data supports prior 

studies that have shown that PIK3CA mutant cancer cells are sensitive to single agent 

BYL719 and that PIK3CA mutation is the strongest predictor of response to the drug 

(23,30,40). Specifically, we found that BYL719 induced significant growth inhibition and 

cell death in PIK3CA mutant gastric cancer cell lines, whereas PIK3CA wild type gastric 

cancer cell lines were largely unaffected.

We sought to identify modulators of the response to BYL719 in the PIK3CA mutant gastric 

cancer cell lines. To accomplish this, we used a CRISPR/Cas9-based screening approach 

to query both wild type and PIK3CA mutant cell lines from diverse primary tissues. We 

identified 8 clusters of genes whose knockout conferred enriched phenotypic responses to 

treatment with BYL719. We found that several of the genes that scored as gastric cancer 

sensitizer genes, including BRD4, RAF1, AKT2 and EZH2 have been studied by previous 

groups in the context of PI3K inhibition. Inhibitors of the BET family of proteins, which 

includes BRD4, have been combined with PI3K inhibitors to overcome resistance in renal 
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cell cancer and breast cancer cells (65,66). Similarly, many studies have shown successful 

combined inhibition of the PI3K/AKT/mTOR and Raf/MEK/ERK signaling pathways in 

a multitude of tumor types and it has been well described that Raf/MEK/ERK pathway 

activation is a common mechanism of resistance to PI3K pathway inhibitors (67–70). 

AZD5363, an inhibitor that targets all isoforms of AKT (AKT1, AKT2 and AKT3), was 

found to be significantly more effective in treating PIK3CA mutant tumors than wild 

type tumors in gastric cancer xenograft models (71). This drug also recently completed 

a successful phase I clinical trial in breast and gynecologic cancers harboring PIK3CA 
mutation (72). Lastly, a recent study found that EZH2 inhibition conferred enhanced 

sensitivity to PI3K inhibitors in PIK3CA mutant lung cancer xenograft models and a 

genome-wide gain-of-function screen completed in esophageal squamous cell carcinoma 

found that over-expression of EZH2 conferred resistance to PI3Kα inhibitors (73,74).

We identified a gastric cancer specific sensitizer gene, NEDD9, and found that cells with 

genetic knockout of NEDD9 were hyper-sensitive to BYL719 relative to the parental cell 

line. NEDD9 is a scaffold protein involved in RTK signaling and cell cycle regulation, 

and over-expression of NEDD9 has been shown to be pro-metastatic in some solid 

tumors (53,54). Our data show that loss of NEDD9 resulted in increased cell cycle arrest 

following treatment with BYL719 thus confirming the importance of NEDD9 for cell cycle 

progression. Loss of NEDD9 has not yet been described in the context of PI3K inhibition, 

however, NEDD9 depletion has been shown to confer increased sensitivity to the Src family 

kinase inhibitor Dasatinib and Aurora A kinase inhibitors (75,76). Given our findings 

that Dasatinib also re-sensitized AGS cells to BYL719, these data suggest a potential 

NEDD9/Src/PI3K signaling axis in PIK3CA mutant gastric cancer cells that is important in 

the context of PI3Kα inhibition. We additionally identified BCL-XL as a sensitizer in the 

AGS cell line. BCL-2 family members including BCL-2, BCL-w, BCL-XL and MCL1 are 

key anti-apoptotic proteins that have been shown to confer resistance to kinase inhibitors 

such as PI3K and MEK/ERK inhibitors in cancer cells. Thus, the combination of BCL-2 

family member inhibitors with kinase inhibitors has been studied in several tumor types 

and shown to be synergistic in promoting apoptosis in cancer cell lines (51,52,59–62). We 

used pharmacological approaches to validate this finding and found that the inhibition of 

BCL-XL together with PI3Kα induced cell death in PIK3CA mutant gastric cancer cells.

Given the pervasiveness of resistance to monotherapy, we additionally looked for resistor 

genes in the PIK3CA mutant gastric cancer cells and identified CBFB. CBFB encodes the 

beta subunit of the core-binding factor transcriptional complex. CBFB does not directly bind 

DNA but heterodimerizes with the alpha core-binding factors, the RUNX family proteins 

RUNX1, RUNX2 and RUNX3, to enhance chromatin binding and promote transcription 

of RUNX target genes (77,78). Additionally, CBFB has been shown to bind hnRNPK and 

eIF4B on mRNAs to facilitate translation initiation (79). We found that genetic knockout 

of CBFB conferred resistance to BYL719 in PIK3CA mutant gastric cancer cells. Through 

orthogonal approaches, we found that in BYL719 resistant clones, CBFB, and its binding 

co-factor RUNX1, were down-regulated at both the protein and RNA levels suggesting that 

loss of CBFB function is a key resistance mechanism. Furthermore, we found that increased 

expression of the serine/threonine protein kinase PIM1 was responsible for conferring the 

resistant phenotype. PIM1 expression was significantly higher basally in the CBFB KO 
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and BYL719 resistant clones, and acute treatment with 1 μM BYL719 further amplified 

this phenotype. PIM1 is one of three PIM kinase isoforms, including PIM2 and PIM3, 

which share over 60% sequence homology at the amino acid level and have comparable 

kinase function (80). The PIM kinase isoforms show some tissue specificity, namely PIM1 

is often highly expressed in hematopoietic cells, and solid tumors including gastric, head 

and neck, and prostate tumors (80). Importantly, PIM kinase phosphorylates downstream 

targets involved in transcriptional regulation, cell cycle, and apoptosis, and shares several 

phosphorylation targets with AKT including PRAS40, BAD, p21 and p27 (81). There is 

growing evidence that PIM and AKT cooperate to activate intracellular signaling pathways 

and promote oncogenesis (80). We found that the CBFB KO cells were re-sensitized to 

BYL719 with the addition of the pan-PIM inhibitor, PIM447 or through genetic knockout of 

PIM1. Our data support PIM1 up-regulation as a compensatory mechanism for cell growth 

in the context of PI3Kα inhibition.

Interestingly, we also found that CBFB RNA was significantly over-expressed in gastric 

cancers compared to normal tissue and was the most highly expressed in the EBV-associated 

subtype, whereas PIM1 showed the inverse phenotype. Additionally, CBFB expression 

was significantly higher in PIK3CA mutant gastric cancers compared to wild type, with 

PIM1 again displaying the inverse phenotype. These data support the use of PI3Kα-specific 

inhibitors and PI3Kα mutant selective inhibitors in PIK3CA gastric cancer.

While our dataset is limited to gastric, colorectal, and head and neck cancers, our findings 

could have important implications for tumors from diverse tissue types. PI3K inhibitors 

are in clinical trials for many solid tumors and there are PI3Kα mutant selective inhibitors 

on the horizon (6,29,36,48,82). In breast cancer, 30–40% of tumors display activating 

mutations in PIK3CA however few inhibitors have been clinically successful (5,83). CBFB 
and PIK3CA mutations often occur together where CBFB mutations result in loss of protein 

function. Genetic knockdown of CBFB in breast cancer cell lines was shown to accelerate 

tumor initiation and confer resistance to a pan-PI3K inhibitor in mouse models (84). In acute 

myeloid leukemia (AML), CBFB forms a fusion gene with MYH11 (CBFB-MYH11) that 

is present in 12% of pediatric and 7% of adult AML patients. This fusion gene has been 

shown to act as a dominant repressor of RUNX1 and sequesters RUNX1 in the cytoplasm 

thereby preventing transcriptional activity of CBFB/RUNX1 heterodimers (85–87). Several 

PI3K pathway targeting inhibitors have been tested in clinical trials for AML and our 

data suggests that CBFB-MYH11 fusion gene positive AML patients may display intrinsic 

resistance to these inhibitors. Lastly, loss of CBFB in KRAS mutant colorectal cancer cells 

was shown to confer resistance to MEK/ERK inhibitors (88). The data generated in our 

study provide clear mechanistic insights into vulnerabilities to both increase drug sensitivity 

and combat drug resistance in PIK3CA mutant tumors that may be more broadly applicable 

to a variety of cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Implications:

Loss of either NEDD9 or BCL-XL confers hyper-sensitivity to PI3K-alpha inhibition 

while loss of CBFB confers resistance through a CBFB/PIM1 signaling axis.
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Figure 1: PIK3CA mutation predicts sensitivity to BYL719.
(A) Mean GI50 values generated for a panel of cancer cell lines derived from gastric (blue), 

head and neck (orange), breast (purple), and colorectal (green) tumors. Cells were treated 

for 3 days with PI3Kα inhibitor BYL719 and live cells were measured by CellTiter Glo 

and normalized to DMSO treated. Diagonal lines indicate cell lines with PIK3CA mutation. 

(B) Mean GI50 values separated by PIK3CA mutation, as calculated using data from panel 

A. (C) Growth measured by CellTiter Glo each day for 3 days in gastric cancer cell lines. 

Dashed blue line indicates PIK3CA mutant cell lines, AGS and MKN1, solid blue line 

indicates wild type cell lines, SNU484 and SNU1750. (D) Percentage of cells in S phase as 

measured by BrdU assay for cell cycle. Cells were treated with BYL719 for 48 hours and 

cell cycle was assessed by flow cytometry staining. (E and F) Viability of gastric cancer cell 

lines after 3 days treatment with DMSO or drug. Viability was determined by Trypan Blue 

exclusion. Diagonal lines indicate PIK3CA mutant cell lines. For all panels except B, error 
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bars show data ± SEM, error bars in panel B show data ± SD. For experiments in panels A & 

C, n=3. For experiments in panels D-F, n=6. *p<0.05, **p<0.01.
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Figure 2: BYL719 effectively inhibits PI3K/AKT signaling in PIK3CA mutant cells.
Western blots of PI3K pathway inhibition as measured by phosphorylation of AKT at 

Ser473 and phosphorylation of the downstream effector S6K at Ser235/236 and Ser240/244. 

(A) PIK3CA mutant gastric cancer cell lines AGS and MKN1 were treated for 1 hour 

with increasing doses of BYL719. (B) PIK3CA wild type gastric cancer cell lines SNU484 

and SNU1750 were treated for 1 hour with increasing doses of BYL719. (C) AGS and 

MKN1 cell lines were treated with 1 μM BYL719 and protein lysates were harvested at the 

indicated time points. (D) SNU484 and SNU1750 cell lines were treated with 1 μM BYL719 

and protein lysates were harvested at the indicated time points.
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Figure 3: Application of CRISPR/Cas9-based screening method to identify modulators of 
BYL719 response.
(A) Description of the cell lines used in the screen with tissue of origin, PIK3CA mutation 

status, and BYL719 screening dose used. (B) Schematic representation of CRISPR/cas9 

screening approach. (C) Heat map of difference scores generated using MAGeCK analysis 

pipeline. Hierarchical clustering of cell lines and K-means clustering of genes was 

completed using Morpheus. (D & E) Venn diagram showing common sensitizer and resistor 

genes between AGS and MKN1 cell lines. Genes specific to gastric cancer cell lines in 

bold. (F & G) Ribbon plots generated using difference scores for AGS and MKN cell 

lines. Sensitizer genes highlighted in green, resistor genes highlighted in red and controls 

highlighted in blue. Genes specific to gastric cancer cell lines labeled.
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Figure 4: Loss of NEDD9 or inhibition of BCL-XL renders PIK3CA mutant gastric cancer cells 
hyper-sensitive to BYL719 treatment by increasing cell cycle arrest and cell death, respectively.
(A) Western blot of NEDD9 expression in parental and NEDD9 knockout AGS cells. 

(B) GI50 curve of BYL719 in parental and NEDD9 knockout AGS cells measured by 

CellTiter Glo at 3 days. (C) Representative BrdU plots of AGS parental and NEDD9 
knockout cells treated with either DMSO or 2 μM BYL719 for 24 hours. (D) Reduction in 

S phase in parental and NEDD9 knockout AGS cells after 24 hours of treatment with 2 μM 

BYL719. (E) Increase in cells in G0/G1 and G2/M phase after 24 hours of treatment with 

2 μM BYL719. (F) GI50 curve of BYL719 only and the addition of 500 nM A-1331852 

measured by CellTiter Glo at 3 days. (G) Cells were treated with 1 μM BYL719 or 500 nM 

A-1331852 alone and in combination. Cell viability was measured by Trypan Blue exclusion 

after 3 days. (H) Cells were treated with 1 μM BYL719 or 500 nM A-1331852 alone and 

in combination. After 24 hours, cells were harvested and stained for activated caspase-3 for 

flow cytometry. For all panels, error bars show mean ± SEM. For experiments in panel B, F, 
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& H, n=3. For experiments in panels D & E, n=5. For experiments in panel G, n=6. *p<0.05, 

**p<0.01, ***p<0.005, ****p<0.001.
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Figure 5: Loss of CBFB confers resistance to BYL719 in PIK3CA mutant gastric cancer cells.
(A) Western blot of CBFB expression in parental and CBFB knockout AGS cells. (B) GI50 

curve of BYL719 in WT and CBFB knockout AGS cells measured by CellTiter Glo at 3 

days. (C) Schematic representation of generation of AGS cells with resistance to BYL719. 

(D) GI50 curve of BYL719 in parental and BYL719 resistant clones measured by CellTiter 

Glo at 3 days. (E) QPCR analysis of CBFB mRNA expression in parental and BYL719 

resistant clones. (F) Western blot of CBFB expression in parental and BYL719 resistant 

clones. Quantification of BYL719 resistant clones relative to parental expression. For all 

panels, error bars show mean ± SEM. For experiments in panel B, D & E, n=3. *p<0.05, 

**p<0.01, ***p<0.005.
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Figure 6: CBFB loss drives resistance to BYL719 through PIM1.
(A) Phospho-Proteome Array image with significantly up-regulated substrates and reference 

spots labeled. (B) Quantification of significantly up-regulated substrates from Phospho-

Proteome Array. Signal was first normalized to the reference spots on each membrane 

and then to the parental cell lines. Each substrate was measure in technical duplicate. (C) 
RNA-sequencing data showing FPKM values of each of the PIM kinases in parental, CBFB 
knockout, and BYL719 resistant clones untreated and (D) treated with 1 μM BYL719 for 

24 hours. CBFB knockout clones in duplicate, parental and BYL719 resistant clones in 

triplicate. (E) Western blot showing protein expression of CBFB and PIM1 in parental, 

CBFB KO and BYL719-R Cl.3. (F) Cells were treated with 5 μM PIM447 for 72 hours 

and total live cell number was measured by CellTiter Glo. (G) GI50 curves of BYL719 

alone or in combination with 5 μM PIM447. (H) Western blot of pPRAS40 Thr246 and pS6 

Ser235/6 in lysates from cells treated with increasing concentrations of BYL719 alone or 
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in combination with 5 μM PIM447 for 1 hour. (I) RNA expression of CBFB and PIM1 in 

gastric tumors and normal tissue in TCGA dataset stratified by tumor subtype. NT=normal 

tissue, GS=genomically stable, MSI=microsatellite instable, CIN=chromosomal instable, 

EBV=Epstein-Barr Virus positive. (J) RNA expression of CBFB and PIM1 in gastric tumors 

in TCGA dataset stratified by PIK3CA mutation status. For experiments in panels, B-F, 

error bars show mean ± SEM. For clinical data in panels H & I, error bars show median ± 

interquartile range. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001.

Visual Overview. (A) In PIK3CA mutant cells with mid-high CBFB expression, BYL719 

effectively inhibits signaling via AKT-PRAS40-mTOR. (B) In PIK3CA mutant cells with 

low CBFB or CBFB knockout, PIM1 is over-expressed (C) and is further up-regulated in 

the presence of BYL719 leading to maintenance of signaling through PRAS40 and cell 

proliferation. (D) The addition of a pan-PIM inhibitor re-sensitizes the cells to BYL719 by 

inhibiting signaling through PRAS40 resulting in inhibition of cell growth.
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