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Abstract

Large-scale sequencing efforts are uncovering the complexity of cancer genomes, which are 

comprised of causal “driver” mutations that promote tumor progression along with many more 

pathologically-neutral “passenger” events. The majority of mutations, both in known cancer 

drivers and uncharacterized genes, are generally of low occurrence, highlighting the need to 

functionally annotate the long tail of infrequent mutations present in heterogeneous cancers. Here 

we describe a mutation assessment pipeline enabled by high-throughput engineering of 

molecularly-barcoded gene variant expression clones identified by tumor sequencing. We first 
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used this platform to functionally assess tail mutations observed in PIK3CA, which encodes the 

catalytic subunit alpha of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) frequently 

mutated in cancer. Orthogonal screening for PIK3CA variant activity using in vitro and in vivo cell 

growth and transformation assays differentiated driver from passenger mutations, revealing that 

PIK3CA variant activity correlates imperfectly with its mutation frequency across breast cancer 

populations. While PIK3CA mutations with frequencies above 5% were significantly more 

oncogenic than wild-type in all assays, mutations occurring at 0.07 – 5.0% included those with 

and without oncogenic activities that ranged from weak to strong in at least one assay. Proteomic 

profiling coupled with therapeutic sensitivity assays on PIK3CA variant-expressing cell models 

revealed variant-specific activation of PI3K signaling as well as other pathways that include the 

MEK1/2 module of Mitogen-Activated Protein (MAP) Kinase pathway. Our data indicate that 

cancer treatments will need to increasingly consider the functional relevance of specific mutations 

in driver genes rather than considering all mutations in drivers as equivalent.
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INTRODUCTION

Next generation sequencing (NGS) provides a powerful tool for elucidating the genetic 

underpinnings of tumor initiation and progression. A central goal of large-scale projects 

such as The Cancer Genome Atlas (TCGA) is to catalog the genomic landscape of diverse 

cancers while illuminating new diagnostic biomarkers and therapeutic targets. Such efforts 

have confirmed recurrent signature mutations in cancer driver genes that include KRAS, 

NRAS, BRAF, PIK3CA, EGFR, TP53, and PTEN among others. Knowledge on the 

functional impact of these events, efforts toward developing therapies targeting their activity 

and plummeting sequencing costs have prompted healthcare providers to incorporate NGS 

into the clinic to facilitate diagnostic and therapeutic decisions. As we continue in the era of 

precision medicine, physicians will have increased access to patient tumor genomes, 

ultimately providing a means to subtype disease, provide rational use of molecular-guided 

therapies and monitor disease progression. Mainstream cancer protocols assign patients to a 

particular treatment regimen based predominately on their diagnosed cancer, yet modernized 

approaches call for choosing therapeutics based on the underlying mutations in each 

individual patient’s tumor.

While much is known about the function and clinical impact of recurrent “hotspot” 

mutations in genes including those listed above, less is known about which and how the 

more abundant, low-frequency mutations contribute to tumor progression. This is true for 

not only mutations in under-described or novel genes, but also rare “tail mutations” in well-

studied cancer genes often mutated at hotspot positions. For example, the p110α catalytic 

subunit of the phosphatidylinositol 3-kinase (PI3K) encoded by PIK3CA represents the most 

commonly mutationally-activated gene in the cancer genome (1). In breast cancer, the most 

frequent PIK3CA mutations lead to protein residue changes at positions E542, E545 and 

H1047, comprising approximately 78% of all PIK3CA mutations observed in breast tumors 
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(2,3). The high frequency of these hotspot mutations has prompted much investigation into 

their functional impact, thus it is well-established that they lead to gain-of-function PI3K 

activity, downstream signaling through the AKT/mTOR pathway and robust in vitro and in 

vivo transformation phenotypes (4–7). As a result, much focus has been placed on 

developing PI3K pathway inhibitors that are at varying stages of clinical testing in several 

cancer types.

In addition to these PIK3CA hotspot mutations, the sequencing of greater numbers of tumors 

is revealing numerous tail mutations existing outside the hotspot locations. While some 

efforts have been made to functionally characterize PIK3CA tail mutations [e.g., (8–11)], 

their growing number among tumor NGS datasets requires flexible approaches to 

characterize the functional impact of large numbers of mutant variants. This is true not only 

for PIK3CA, but also for other cancer genes with increasing numbers of identified mutations 

afforded by greater NGS sequencing depths. Recent studies demonstrate the need for 

comprehensive functional testing of cancer gene variants. For example, mutations in 

isocitrate dehydrogenase (IDH1 and IDH2), which occur in low-grade gliomas and 

secondary high-grade gliomas, inhibit the enzyme’s ability to catalyze conversion of 

isocitrate to alpha-ketoglutarate while conferring a neomorphic activity for reduction of α-

ketoglutarate to d-2-hydroxyglutaric acid (2-HG) (12). 2-HG is proposed to function as an 

oncogenic metabolite by inducing hypermethylation of histones and DNA (13), thus much 

work is focused on developing effective inhibitors of mutant IDH1/2. Similar to studies on 

IDH1/2, a recent examination of mutant isoforms of PIK3R1, which encodes the p85α 

regulatory subunit of PI3K, revealed novel activity for cancer-associated variants (14). 

Unlike other mutations in PIK3R1 that function to activate PI3K activity, truncating variants 

at positions R34 and L370 confer unexpected neomorphic activation of JNK pathway and 

response to JNK inhibitors resulting from the mutant proteins’ mislocalization to the nucleus 

(14).

The development of driver prediction algorithms provides one means to detect oncogenic 

mutations in silico, though the success of these tools has been limited without validation and 

iterative improvement using functional screening approaches. However, experimental 

annotation of rare mutations is difficult given their large number, examination of which 

requires robust pipelines permitting scalable gene variant construction and cancer context-

specific screening for activity. Here we describe a mutation assessment pipeline first used to 

functionally annotate tail mutations within PIK3CA discovered in breast cancer. We employ 

High-Throughput Mutagenesis and Molecular Barcoding (HiTMMoB) technology to 

construct an allelic series of PIK3CA variants, each uniquely barcoded with a molecular 

DNA tag allowing individual and pooled examination in vitro and in vivo to identify 

mutations exhibiting gain-of-function cancer activity. Expanding our analysis of the 

PIK3CA allelic series to functional proteomics through use of Reverse Phase Protein Arrays 

provided a comprehensive view of variant-induced changes to key cancer signaling 

pathways, dependence on which was validated by cell-based inhibitor assays. Our data 

indicate that many but not all PIK3CA variants similarly activate the PI3K signaling 

pathway, and furthermore that subsets of PIK3CA variants also trigger activation of the 

MAPK pathway as well as evoke cell invasion activity. When applied more broadly to other 
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oncogenes and tumor suppressor genes, functional assessment of low-frequency mutations 

by use of HiTMMoB and comprehensive phenotyping will allow scalable characterization of 

gene variant activity with potential clinical outcomes.

MATERIALS AND METHODS

Bioinformatic genetic analysis

The Catalogue of Somatic Mutations in Cancer (COSMIC; http://cancer.sanger.ac.uk/

cosmic, queried 12/18/2014). We applied the following algorithms: SIFT (15), PolyPhen 

(16), MutationAssessor (17), VEST (18), CHASM (19), MutationTaster (20), Condel (21), 

and CanDrA (22). Exome Aggregation Consortium database (ExAC; Exome Aggregation 

Consortium Cohort; http://exac.broadinstitute.org, 05/05/2015) was queried to determine the 

germline population allele frequency of PIK3CA variants in global human populations. All 

variants are reported relative to PIK3CA NM_006218.2 and NP_006209.2.

Cell culture

MCF10A cells were obtained from the American Type Tissue Collection (ATCC) and 

HMLER cells were provided by S. Mani (MD Anderson Cancer Institute). MCF10A and 

HMLER cells were cultured in MEGM medium without antibiotics and serum. MCF10A 

cells were supplemented with 100ng/ml cholera toxin (Sigma). Ba/F3 cells were grown in 

RPMI medium supplemented with 5% Fetal Bovine Serum. Parental Ba/F3 cells were grown 

in the presence of IL3 at 5 ng/ml. Stable Ba/F3 cells expressing PIK3CA variants were 

always grown without IL3. MCF10A cells and HMLER cells were fingerprinted prior to use 

on 10/14/2014 and 4/21/2015, respectively, by the MD Anderson Cancer Center 

Characterized Cell Line Core using STR testing platform. Ba/F3 is a mouse-originated cell 

line, thus STR testing could not be performed.

Immunoblot analysis

Cells were lysed using RIPA buffer (Sigma) containing Protease Inhibitor Cocktail (Sigma) 

with phosphatase inhibitors (Calbiochem) for separation on NuPAGE-Bis-Tris gels (Life 

Technologies) and blotting onto PVDF membrane. The following antibodies were used for 

immunoblotting: p110alpha (Cell Signaling), phospho-MEK1/2 (Cell Signaling), phospho-

p38 (Cell Signaling), phospho-S6K (Cell Signaling), phospho-S6 (Cell Signaling), phospho-

AKT (Cell Signaling), phospho-PRAS40 (Cell Signaling), Vinculin (Santa Cruz).

RPPA analysis

RPPA method has been described previously (23). Cells were plated as singlets and treated 

growth medium without insulin and EGF for 60 hours and then lysed with RPPA lysis 

buffer. Then, lysate concentrations were adjusted and the lysates were mixed with SDS 

sample buffer.

Cloning

Site-directed mutagenesis was based on modified application of megaprimer PCR (24). For 

barcoding, a set of barcode entry clones was constructed by annealing in vitro 
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complimentary DNA oligonucleotides containing 24 nt barcodes flanked by T3/T7 

sequences and attB2r/B4 sites. Annealed oligonucleotides were subsequently recombined 

into modified pDONR223 by BP recombination, leading to entry clones whose barcodes 

were flanked with attR2/L4 for multi-fragment recombineering (with ORF entry clone or 

mutagenesis PCR) into pLenti6 V5/Dest BC that contains attR1 and attR4 recombination 

sites. STBL3 (Life Technologies) bacteria were heat-shock-transformed with the BP/LR 

reaction mixtures for vector propagation.

Stable cell lines

Lentivirus was produced using standard virus packaging vectors and virus protocols. For 

MCF10A and HMLER transduction, cells were infected twice with 10–12 hour periods in 

the presence of 8 μg/ml polybrene before blasticidin selection (10 μg/ml). Ba/F3 cells were 

spin-infected for 2 hours at 300g and then incubated at 37ΰC for 10 hours before refreshing 

the regular medium with 1:10000 diluted IL3 concentrations.

Survival assays

MCF10A cells were trypsinized and 300 or 1200 cells were seeded in 96-well opaque plates 

for No Insulin and No Insulin-No EGF assays, respectively, in quadruplicates with 

corresponding medium conditions. Cell viability was measured after 5 days for No Insulin 

assay and 10 days for No Insulin-No EGF assay with Cell Titer Glo (Promega) following 

manufacturer’s instructions. Ba/F3 IL-less survival assays were performed by removing 

medium after viral infection and culturing cells in low IL3 medium (1:10000 dilution) in 

duplicates. Cell viability was measured after 7 days.

Drug sensitivity assays

Drug experiments for MCF10A cells were done in No Insulin-No EGF condition with 1000 

cells in 96-well white plates (PerkinElmer). Drugs were added at the specified 

concentrations the next day after seeding the cells. For Ba/F3 cells, drugs were tested in the 

presence or absence of IL3 and drugs were added the same day. Cell viability was measured 

3 days after adding drugs with Cell Titer Glo for both cell types. All inhibitors were 

purchased from Selleck.

In vitro cell invasion and anchorage independent growth assays

Cell invasion assays and anchorage-independent growth assays were performed as described 

previously (25). Colonies were stained with 0.05% iodonitrotetrazolium chloride (Sigma) 

and counted after scanning with a flatbed scanner. All data were assessed by two-tailed t-test 

calculation using Prism 6 (Graphpad).

Animal studies

All studies using mice were performed in accordance with our IACUC-approved animal 

protocol at Baylor College of Medicine. 8X105 HMLER cells transduced with GFP, 

PIK3CAWT, PIK3CAE545K or PIK3CAH1047R were re-suspended in a 1:1 solution of Hank’s 

balanced salts and Matrigel (BD Bioscience) and then subcutaneously injected into female 

nude animals (Harlan, Indianapolis, IN) as described previously (25). For PIK3CA variant 
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competition assays,1X105 cells from each of the HMLER cell lines expressing GFP, 

PIK3CAWT, eight PIK3CA constructs with silent mutations and twenty rare PIK3CA 

mutants were pooled and injected subcutaneously as above. Tumor volumes were calculated 

by following formula: Length × Width2/2

Barcode sequencing

Genomic DNA was extracted from pool of HMLER cells that were injected (Input) and 3 

individual tumor cores (output) for triplicate and duplicate, respectively, PCR reactions to 

amplify the barcode pools present within each sample using Platinum Super Mix (Life 

Technologies) and flanking primers common to each barcode: 5′-

CAATTAACCCTCACTAAAGG and 5′-CCGCCACTGTGCTGGATA). Amplification 

parameters were as follows: 1 × [94°C-4′]; 35 × [94°C-1′, 60°C-1′, 68-1′]; 1 × [68°C-10′]. 

Each replicate PCR amplicon (211 nt) was purified for PGM library preparation where each 

amplicon was ligated to unique Ion Xpress Barcode Adaptors for PGM sequencing (318 V2 

Chip) following the manufacture’s recommendations. Raw data were concatenated into one 

‘reference’ file and indexed using BWA for alignment of barcode sequences (with 

parameters “-l7 -t12 -N -n3”) for counting the occurrence of each barcode. For 2D barcode 

representation graph, total reads of barcodes in all tumors were averaged for each barcode 

and their ratio to total number of barcode reads in all tumors were plotted. Barcode 

enrichment for individual tumors was assessed by quantitating the number of occurrences 

for each barcode sequence as a ratio to total number of barcode reads in each sample. 

Standard deviations were calculated for triplicate and duplicate reactions for input and 

output samples, respectively, and plotted as error bars on the barcode enrichment graphs.

RESULTS

Selection and construction of PIK3CA tail mutations

Interrogation of the Catalogue of Somatic Mutations in Cancer (COSMIC) revealed 3,096 

somatic DNA aberrations in PIK3CA residing in breast cancer tumors and tumor-derived 

cell lines (Supplementary Table S1). The majority of these somatic events were nucleotide 

missense substitutions (3,063; 98.9%), and the remaining aberrations consisted of small 

insertions/deletions (0.68%), silent (0.29%) and nonsense substitutions (0.032%). Given the 

high recurrence of PIK3CA missense mutations corresponding to alterations at amino acid 

residues E545 (21.5%) and H1047 (57.3%), the 3,063 missense mutations encompassed only 

106 variants that resulted in a single amino acid change at 75 of the 1068 residues of the 

encoded PIK3CA protein, p110alpha. In order to assess the functional impact of rare 

PIK3CA mutations, we selected 25 representative variants whose breast cancer COSMIC 

frequencies ranged 0.07% (present in two specimens) to 10.9% (present in 334 specimens), 

as well as the E545K and H1047R hotspot mutations that represent 18.5% and 51.0% of 

PIK3CA mutations, respectively (Fig. 1A). The 27 mutations chosen for functional 

annotation targeted a total of 16 amino acid residues positioned within or proximal to the 

p85 binding, C2, Helical and Kinase domains of p110alpha (Fig. 1A). It is noteworthy that 

one selected somatic mutation, T1025T, is a synonymous change residing distal to the 

kinase domain with breast cancer COSMIC frequency 0.1%.
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Our selection of PIK3CA mutations was based on an unbiased analysis of breast cancer 

COSMIC data. In order to gain initial insight into the potential impact of these mutations, 

we evaluated the 26 missense mutations by 9 computational algorithms designed to predict 

the functional impact of mutations on protein function (Supplementary Table S2). We 

observed a general disagreement among the prediction algorithms, though each PIK3CA 

missense variant was predicted to have functional consequence by at least 4 of the 9 

algorithms used. For example, there was a general consensus among algorithms that hotspot 

mutation E545K would result in a deleterious, possibly damaging alteration considered to be 

a disease-causing driver event. In contrast, hotspot mutation H1047R was considered a 

deleterious, disease-causing driver event by some algorithms yet neutral or benign by others. 

Likewise, I31M, which was identified in only two (0.07%) COSMIC samples with mutant 

PIK3CA, was determined to be a neutral, benign event by some algorithms yet others 

identified I31M as a driver mutation with a high likelihood of being a disease-causing event. 

The inconsistencies observed across these prediction algorithms further illustrate the need 

for functional examination of individual mutations within bona fide cancer drivers.

We next employed HiTMMoB to engineer mutations into the PIK3CA open reading frame 

(ORF) using megaprimer-based mutagenesis (26), followed by recombination-based cloning 

of mutant PCR products into Gateway (Life Technologies)-compatible destination vectors 

that enable ORF virus production for expression in mammalian cells (see Methods). Our 

multi-fragment recombineering cloning strategy (Fig. 1B) also permits rapid simultaneous 

tagging of individual ORF clones with unique 24-nucleotide DNA “barcodes”. The addition 

of barcodes (BCs) permits ORF pooling and tracking, as each BC serves as surrogate 

identifier for its associated ORF. We applied these cloning strategies to engineer wild-type, 

the selected 27 mutations and an additional 9 silent mutation controls (e.g., E545E and 

H1047H; Supplementary Table S3). HiTMMoB achieved 62.4% mutation efficiency per 

reaction (Supplementary Table S3), permitting clonal isolation and full sequence 

confirmation of individual mutant ORFs after picking an average of 3 colonies per each 

mutagenesis reaction. In total, we successfully constructed all 37 barcoded PIK3CA ORF 

clones in a single pass for functional assessment using our mutation assessment pipeline 

(Fig. 1C).

PIK3CA tail mutations promote Ba/F3 survival

Many studies have characterized the phenotypic consequence of expressing PIK3CA hotspot 

variants, and some effort has been made to rare PIK3CA mutant effects on kinase activity 

and transformation of chicken and mouse fibroblast models among others [e.g., (8–11); 

Supplementary Table S4]. In addition to malignant transformation, activating mutations in 

oncogenes such as PIK3CA are known to promote sustained proliferation and survival in the 

absence of growth factors. We modeled these hallmarks of cancer by entering our PIK3CA 

allelic series into assays to assess growth factor-free survival. We first employed the Ba/F3 

murine, IL3-dependent pro-B cell model (27) used by us (14,28) and others to screen for the 

ability of driver genes to induce cell survival and proliferation. Ba/F3 cells die in the 

absence of exogenous IL3; therefore, we quantitated cell growth as a measure of “transfer of 

driver addiction” from IL3 to PIK3CA variant ORFs and controls following IL3 removal 

from growth medium. For example, expression of hotspot mutant ORFs PIK3CAH1047R and 
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KRASG12D promote robust Ba/F3 cell proliferation in the absence of IL3 compared to 

undetectable growth by cells expressing green fluorescent protein (eGFP; negative control) 

or wild-type PIK3CA at 7 days following removal of IL3 (Fig. 2A). Analysis of PIK3CA 

variants in Ba/F3 confirmed potency for PIK3CAH1047R as well as a >40-fold increase in 

growth-promoting activity for high-frequency (>5.0%) PIK3CA mutations E542K, E545K, 

H1047L and H1047R (Fig. 2B). In contrast, cells expressing wild-type PIK3CA or silent 

controls (E542E, E545E, H1047H) proliferated similar to parental Ba/F3 cells and those 

expressing eGFP and mCherry (Fig. 2B). Of the remaining 23 low-frequency variants 

(<5.0% of PIK3CA mutations in COSMIC breast cancer data), 19 promoted Ba/F3 survival 

and proliferation at a range of 2.1- to 36-fold over the mean of negative controls (parental, 

eGFP, mCherry, silent mutations). Nine of 12 driver events with a COSMIC frequency less 

than 0.5% (represented ≤ 11 of 3,096 PIK3CA mutations; E542V, Q546E, N1044K, 

M1043V, Q546P, E545Q, P539R, H1047Y and E453K) exhibited a significant >5-fold 

impact on Ba/F3 IL3-indendent survival despite their low frequency, indicating that ultra-

rare PIK3CA mutations can provide driver activity. Spearman’s correlation analysis of these 

data revealed that the fold-change increase in Ba/F3 growth significantly correlated (r=0.83, 

p=3.6E-08) with increasing COSMIC frequency of PIK3CA variants; however, this 

correlation is imperfect as some low-frequency mutations were more active than more 

common events (e.g., Q546E and Q546P). This correlation was not entirely due to hot-spot 

mutations PIK3CAE545K and PIK3CAH1047R (69.5% combined COSMIC frequency), as the 

Spearman’s p-value remained significant (r=0.79, p=1.2E-06) following removal of the 

E545K and H1047R datasets from the Spearman’s analysis. Four PIK3CA variants (H701P, 

I31M, T1025T and A1020V) exhibited no activity in Ba/F3, which suggests that these 

events may represent true passenger mutations as assessed under the conditions and driver 

sensitivity of this assay.

As a means of providing orthogonal evidence for the notion of driver versus passenger 

mutation, we determined the allele frequencies of the 27 engineered and functionally vetted 

variants in across global human populations. The ExAC database contains exome data 

generated from the germlines of 60,000 adults representing Europe, Africa, Asia, and 

America. Notably, our analyses revealed that PIK3CA c.C3075T (p.T1025T), is a high 

frequency variant in the human germline ranging from as high as 13% of South Asians to a 

low of 0.2% of East Asians. This finding is consistent with our experimental evidence for 

T1025T being a passenger mutation. The only other tested variants observed in ExAC were 

c.A3140G (p.H1047R), c.A3140T (p.H1047L), c.G1633A (p.E545K), each of which were 

observed in only one chromosome out of 120,000. We found no indication that the 

remaining three inactive variants (H701P, I31M and A1020V) represented common 

germline variants, which further illustrates the need to for functional evaluation of all 

variants of unknown significance for a given disease-associated gene.

PIK3CA tail mutations promote growth factor-free survival of breast epithelial cells

While serving as a tractable cell model for generalized evaluation of driver activity, Ba/F3 

cells may not provide the optimal cell lineage context for analysis of breast cancer-specific 

mutations and may only detect a subset of oncogenic events. To examine this further, we 

assessed PIK3CA variant activity using normal MCF10A breast epithelial cells widely used 

Dogruluk et al. Page 8

Cancer Res. Author manuscript; available in PMC 2016 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to assess the oncogenic impact of breast cancer drivers. MCF10A cell growth is dependent 

on insulin and epidermal growth factor [EGF; Supplementary Fig. S1A], which are both 

potent activators of signaling pathways activated in diverse cancer types. MCF10A cells 

stably expressing PIK3CAH1047R exhibited a 6.0- and 8.2-fold increase in cell growth in 

culture medium lacking insulin (p<0.0001) and medium lacking insulin and EGF 

(p<0.0001), respectively, whereas wild-type- and PIK3CAT1025T-expressing control cells did 

not exhibit a growth advantage under matched-normalized conditions (Fig. 2C). In contrast, 

no growth difference was observed between the cell lines when propagated in medium fully 

supplemented with insulin and EGF (Fig. 2C). Expanding this analysis to the PIK3CA allelic 

series confirmed potent growth-promoting activity for H1047R (16.5-fold, p<0.0001) and 

E545K (10.8-fold, p<0.0001) hotspot mutations in the absence of insulin and EGF relative 

to the mean of all negative controls (Fig. 2D). The remaining PIK3CA variants performed 

similar to our findings using Ba/F3, exhibiting a 2.3- to 9.0-fold range increase in MCF10A 

growth that correlated, albeit imperfectly, with each variant’s frequency in COSMIC (with 

hotspot data: r=0.75, p=3.0E-06; without hotspot data: r=0.68, p=7.3E-05) whereas cells 

expressing wild-type PIK3CA and silent controls proliferated similar to parental and eGFP-

expressing MCF10A cells (Fig. 2D). PIK3CA variants H701P, I31M, T1025T and A1020V 

did not provide a cell growth advantage in MCF10A, which is consistent with results using 

Ba/F3, further suggesting they may represent passenger mutations. Moreover, our data 

indicate that PIK3CAG1049R (COSMIC frequency = 0.5% or 16 of 3,096 PIK3CA mutations) 

activity was greater than all other low-frequency variants, exhibiting a 9.0-fold change 

increase in MCF10A growth similar to the PIK3CAE545K mutation with COSMIC frequency 

of 18.5%. On the other hand, expression of PIK3CAM1043I and PIK3CAK111N provided no 

growth advantage to MCF10A cells in the absence of insulin and EGF despite exhibiting 

driver activity in Ba/F3 cells. Assaying MCF10A growth in the presence of EGF (No 

insulin) revealed growth-promoting activity for the M1043I and K111N variants but not 

H701P, I31M, T1025T and A1020V (Supplementary Fig. S1B), suggesting that the 

observed MCF10A and Ba/F3 discordance for PIK3CAM1043I and PIK3CAK111N might be 

due either to increased assay stringency upon combined removal of insulin and EGF 

conditions or specific insulin pathway dependencies for these two variants.

PIK3CA tail mutations drive malignant transformation

Assaying the ability of oncogene expression to promote colony formation in semi-solid 

culture medium is widely used to assay for anchorage-independence, a hallmark of cell 

transformation (29). Therefore, we next entered the PIK3CA allelic series into MCF10A soft 

agar colony formation assays to determine each variant’s ability to promote cell 

transformation in vitro. Similar to as reported by others (5), stable expression of both 

PIK3CAH1047R and PIK3CAE545K led to a significant increase in colony formation (9.5- and 

9-fold, respectively, p<0.0001; Fig. 3A) compared to wild-type PIK3CA-expressing and 

parental control cells. Expanding the colony formation assay to the PIK3CA allelic series 

revealed potent activity for high-frequency mutations E545K and H1047R (average 11.8-

fold increase over negative controls, p<0.0001) and a range of activities (2.3-fold to 11.5-

fold) for PIK3CA variants (Fig. 3B; Spearman’s correlation analysis with COSMIC 

frequencies with hotspot data: r=0.67, p=6.3E-05; without hotspot data: r=0.59, p=8.6E-04). 

PIK3CA variants H701P, I31M, T1025T and A1020V did not promote colony formation, 
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which is consistent with their inactivity in the growth factor-free survival assays using Ba/F3 

and MCF10A (Fig. 2). We also did not observe colony-forming activity for PIK3CA variants 

N345I, M1043I and P539R, which exhibited very weak activity in the growth factor-free 

survival assays (Fig. 2), a discordant result potentially due to the increased biological 

stringency of the colony transformation assay. As noted for MCF10A growth factor-free 

survival (Fig. 2D), the low-frequency G1049R variant promoted colony formation similar to 

the hotspot mutations E545K and H1047R, further supporting the notion that this mutation 

is a rare but strong oncogenic PIK3CA mutation.

We next sought to evaluate the oncogenic activity of rare PIK3CA variants by performing 

xenograft tumorigenesis assays in mice. We chose to evaluate tumor driving activity by 

modeling our PIK3CA allelic series into primary human mammary epithelial cells (HMECs) 

having undergone sequential retroviral-mediated expression of the telomerase catalytic 

subunit, SV40 large T and small t antigens and H-RasV12 [HMLER cells, (30)]. HMLER 

cells are primed for tumorigenesis and do not form tumors unless H-RasV12 levels are 

substantially high, suggesting they require more cooperating events to drive tumor formation 

(30,31). Consistent with this notion, stable expression of hotspot variants PIK3CAH1047R 

and PIK3CAE545K robustly drive tumor growth by HMLER when implanted subcutaneously 

into athymic mice, whereas control cells stable expressing eGFP or wild-type PIK3CA fail 

to drive frank tumorigenesis (Fig. 3C). Based on this finding we next performed a 

competitive tumorigenesis assay whereby equal numbers of HMLER cell populations, each 

engineered to express an individual barcoded PIK3CA variant ORF (COSMIC frequency ≤ 

0.5%), along with an additional 10 control cell populations (barcoded ORFs encoding eGFP, 

wild-type PIK3CA and 8 PIK3CA silent mutation controls) were implanted into a cohort of 

15 athymic mice. We reasoned that highly oncogenic PIK3CA variants would be positively 

enriched in tumor tissue over weak variants or those providing no transforming potential. 

Based on this precept, we employed NGS (Fig. 3D) barcode enrichment analysis to 

quantitate the number of barcode sequencing reads in tumor (i.e., “output”; 3 tumor cores 

per 7 tumors and technical replicates for each sample) and injected cells (i.e., “input”; 2 

input replicates), followed by comparing the number of individual barcode reads between 

populations as a ratio of each barcode to the total number barcode reads per sample. 

Analysis of all tumor cores (Supplementary Table S5) indicated high concordance with the 

MCF10A colony formation data (Fig. 3B), revealing PIK3CAG1049R as the most 

significantly-enriched, rare PIK3CA ORF across all tumors (44.2% of all tumor barcode 

reads; Fig. 3E). We observed less enrichment for N345l, E542V, Q546E/R/K/P and H1047Y 

(average 7.1%), which is consistent with their relatively weaker colony-formation activity 

(Fig. 3B) compared to G1049R. At the individual tumor level (representative tumor T7 cores 

1–3 shown in Fig. 3F), we observed a range of heterogeneous variant complexities in the 

backdrop of high PIK3CAG1049R enrichment.

Characterization of PIK3CA pathway activation through functional proteomics

PIK3CA encodes the 110α is catalytic subunit of PI3K, and highly oncogenic mutations in 

PIK3CA such as H1047R and E545K result in ligand-independent activation of the 

PI3K/AKT/mTOR signaling pathway (32). In order to determine whether rare PIK3CA 

variants similarly activate PI3K signaling, we examined the phosphorylation levels of key 
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pathway intermediates AKT, PRAS40, and S6. Immunoblot analysis of growth factor-

deprived MCF10A cells expressing hotspot variants PIK3CAH1047R and PIK3CAE545K 

confirmed robust activation of PI3K/AKT/mTOR compared to parental MCF10A cells and 

those expressing wild-type PIK3CA and PIK3CAT1025T (Fig. 4A). As observed in the 

phenotypic profiling studies (Figs. 2–3), expression of the rare but highly active variant 

PIK3CAG1049R led to greater pathway activation compared to phenotypically weaker 

mutations that include K111N, M1043I, E453K and E542V (Fig. 4A). Consistent with these 

observations, MCF10A cells expressing variants H1047R, E545K, G1049R and other 

activating PIK3CA alleles (Q546K, N345K, H1047L, E542K) were significantly more 

sensitive to PI3K pathway inhibition (PI3K/mTOR inhibitor, BEZ235; PI3Kα inhibitor, 

BYL719; AKT inhibitor, MK2206) compared to parental cells and cells expressing wild-

type or PIK3CAT1025T (Fig. 4B). These data suggest that patients whose tumors harbor rare, 

activating PIK3CA variants may benefit from therapeutic intervention similar to those 

carrying hotspot mutations.

To expand our analyses of pathways activated by PIK3CA variant clones, we next applied 

Reverse Protein Phase Array (RPPA) technology (33) to MCF10A cell lysates to catalog 

PIK3CA effects on expression or phosphorylation of 214 cancer-related proteins. In total, we 

analyzed 32 lysates extracted from growth factor-restricted MCF10A cells expressing all 24 

missense mutation variants and 8 controls (parental, 2x eGFP, wild-type PIK3CA, and 4 

silent mutations). RPPA analysis revealed that expression of activating PIK3CA variants 

leads to a significant shift in diverse cancer-related pathways beyond changes directly 

associated with PI3K/AKT/mTOR signaling (Fig. 4C and Supplementary Fig. S2), a finding 

consistent with a recent global analysis of gene expression and metabolomics of 

PIK3CAH1047R-expressing MCF10A cells (34). RPPA confirmed significant activation of 

the PI3K/AKT/mTOR signaling axis and downstream effectors (Fig. 4C; p<0.05). In 

addition, activating PIK3CA variant-expressing cells exhibited robust phosphorylation or 

up-regulation of cell cycle proteins (e.g., phospho-Rb, CyclinB1 and FOXM1) and down-

regulation of the p27KIP1 cell cycle inhibitor, phospho-ATM(S1981), phospho-Chk1(S345) 

and phospho-Chk2(T68), which are indicative of evasion of growth suppression and 

activated replication, both hallmarks of cancer consistent with the known role of PI3K 

pathway in cancer (7,35–38).

In addition to PI3K signaling, RPPA analysis also revealed significant (p<0.05) up-

regulation of phospho-HER2 and phospho-EGFR (Fig. 4C and Supplementary Fig. S2), 

which are receptor tyrosine kinases (RTKs) positioned upstream of PI3K and often targeted 

for activation in cancer. Our finding of HER2 and EGFR activation suggests the presence of 

positive feedback loop, indicating these RTKs may represent therapeutic liabilities in 

PIK3CA-activated cells. To examine this further, we treated PIK3CA-expressing MCF10A 

cell lines with HER2 and EFGR inhibitors Lapatinib and Neratinib. Consistent with our 

signaling observations made by RPPA, MCF10A cells expressing activated PIK3CA 

variants were significantly more sensitive to inhibition compared to parental cells and cells 

expressing wild-type or PIK3CAT1025T(Fig. 4D). RPPA analysis also indicated PIK3CA-

dependent MEK1/2 activation (phosphorylation) and down-regulation of p38 and JNK (Fig. 

4C and Supplementary Fig. S2; p<0.05), which was also confirmed by immunoblotting 
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analysis with available antibodies (Fig. 4E). Therefore, we performed a similar drug 

sensitivity screen as in Figure 4B using Trametinib, a potent inhibitor of the MEK1/2 

positioned in the mitogen activated protein kinase (MAPK) pathway (39). Unlike treatment 

with p38 and JNK inhibitors VX-702 and JNK-IN-8 (40,41), respectively, Trametinib 

inhibited cell growth by MCF10A cells expressing activated PIK3CA variants H1047R, 

E545K, G1049R, Q546K, N345K, H1047L, E542K) compared to parental cells and cells 

expressing wild-type or PIK3CAT1025T (Fig. 4F). We confirmed these results using a subset 

of activating PIK3CA variants (H1047R, Q546K, G1049R, N345K, E545K) expressed in 

Ba/F3 under conditions of PIK3CA addiction (-IL3), and parallel counter screens on these 

cells re-addicted to IL3 in place of PIK3CA relieved the inhibitory growth effect by 

Trametinib (Fig. 4F). These data suggest crosstalk between PI3K and MAPK MEK1/2 

module but not the p38/JNK module of MAPK pathway, which has been suggested 

elsewhere (42).

A previous study reported a role for PIK3CAH1047R in promoting epithelial-mesenchymal 

transition (EMT) and cell invasion, an obligate step during tumor metastasis, through 

activation of PI3K pathway (43). Consistent with this report, overexpression of activated 

PIK3CA variants led to striking morphological changes such as a cell spreading phenotype 

that often correlates with invasiveness, disrupting the typical “cobblestone” appearance of 

primary epithelial cells such as MCF10A (Fig. 5A). Moreover, our RPPA analysis (Fig. 4C, 

Supplementary Figure S2) revealed a significant increase in the expression of Rab25, 

Claudin-7, Caveolin and phospho-Myosin-IIa reported by others to represent molecular 

markers of cell invasion (44–47). To determine whether expression of PIK3CA variants is 

sufficient to promote cell invasion, we examined the invasiveness of MCF10A cells using 

transmembrane chambers coated with Matrigel (BD Biosciences). Stable expression of both 

PIK3CAH1047R and PIK3CAE545K hotspot variants led to a robust increase in cell invasion 

(9.6- and 10.6-fold, respectively, p<0.0001) compared to parental cells and those expressing 

wild-type or PIK3CAT1025T (Fig. 5B–C). PIK3CAE542V-and PIK3CAE453K-expressing cells 

did not provide pro-invasion activity consistent with their weak driver activity across the 

other phenotyping platforms used (Figs. 2–3) whereas the remaining 7 variants examined 

enhanced invasion at range of 2.5- to 7.8-fold over the mean of negative controls (Fig. 5B) 

in a manner consistent with signaling assessed by RPPA (Fig. 4C).

DISCUSSION

Recent developments in NGS technology are enabling full cataloguing of genomic 

alterations residing within cancer genomes at record pace and lower costs, revealing 

numerous potential targets and therapeutic approaches for the treatment of cancer. However, 

translation of NGS-based discoveries is hampered by the slower development of functional 

genomics approaches aimed at characterizing newly discovered “uncommon” aberrations 

and their impact on therapeutic response. In this study, we attempted to narrow this gap by 

designing scalable screening tools for constructing and examining rare gene variants. Our 

comprehensive mutation assessment platform integrates an in-house developed, high-

throughput mutagenesis and barcoding technology with a phenotype screening to rapidly 

interrogate each variant for cancer-relevant activities. Our results provided key insights on 

correlation between rare events of PIK3CA and their oncogenic potentials as well as novel 
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implications for cancer therapy. The scalability and success of our approaches toward 

discovering rare, activating cancer mutations suggests this platform may applied to other 

cancer types to screen for novel cancer-causing aberrations following tissue-specific 

modifications of the models employed.

We first used our platform to examine an allelic series of the PIK3CA gene, a well-known 

oncogene often targeted by mutagenesis in cancer. Some attempts have been made to 

catalogue the consequences of expressing rare PIK3CA mutant alleles [e.g., (8–11). 

However, such studies employ varying expression systems and diverse cell models that lack 

tissue specificity for the study of PIK3CA variants identified in breast cancer, which 

collectively make it difficult to compare PIK3CA variant driver activity across those studies. 

In addition to Ba/F3 cells, which provide a generalized “sensor” model to detect driver 

activity, we also employed normal MCF10A breast cells as well as primary HMECs to 

provide lineage specificity. Our results revealed that 21 out of 25 (84%) rare PIK3CA 

mutations (COSMIC frequencies ranging <0.1–10%) were oncogenic. Interestingly, the 

power of PIK3CA variant activity correlated significantly with their frequency in breast 

cancer, albeit not perfectly (Fig. 6). Of note, mutations that were present on the same 

residues had different phenotypic activity correlated with their frequencies. While higher 

frequency mutation on a given residue showed a stronger phenotype, rare mutations of the 

same residue exhibited weaker activity (see Fig. 6 for mutations of N345, E542, E545, Q546 

and H1047). Q546 mutations were all similar to each other in terms of activity in our 

phenotyping assays, which is consistent with their comparable frequencies. One intriguing 

result from our screening platform was that even though G1049R mutation is a rare (~0.5%) 

aberration, it demonstrated strong driver activity in 4 out of 5 assays used in our platform 

and exhibited activity levels similar to the E542K variant with 20-fold higher frequency 

(10.8%; Fig. 6). Further studies need to address why this strong event is present at low 

frequencies in breast cancer.

Deconvoluting the alterations at a molecular level triggered by expression of PIK3CA 

variants revealed expected consequences as well as novel deregulation of cancer pathways. 

Consistent with the previous data, oncogenic PIK3CA variants also deregulated transcription 

and translation pathways and led to activated cell cycle and down-regulation of stress/

inflammation markers (48) in accordance with mechanistic alterations caused by other 

oncogenes. Proteomics analysis and our observation of phenotypic changes in 2-D cultures 

of PIK3CA variant-expressing cells also suggested that oncogenic PIK3CA alleles drive 

invasiveness, which was confirmed with increased invasion potential in transwell chambers. 

In addition, active PIK3CA mutations hyper-activated PI3K pathway and rendered cells 

sensitive to inhibitors targeting PI3K pathway as expected. However, we also observed 

activation of MAPK pathway, a commonly deregulated growth regulating cancer pathway, 

suggesting a strong positive cross-talk between PI3K and MAPK signaling. PIK3CA 

variants led to hyper-activation of EGFR, HER2 receptors and MEK1/2 modulators, and as a 

result, cells expressing PIK3CA variants were sensitized to inhibitors of these already known 

cancer targets. Our findings imply that patients that are positive for PIK3CA variants might 

benefit from combinatorial treatment options targeting both PI3K and MAPK pathways.
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It has been suggested before that based on the affected domains, PIK3CA variants induce 

gain-of-function by different mechanisms (49–51). Our results in this study informed us on 

alterations and therapeutic liabilities that are common to all active PIK3CA variants; 

however, as a next step, it would be intriguing to study the potential mechanistic differences 

between PIK3CA alleles categorizing them into different classes with their corresponding 

unique drug liabilities. This would take precision medicine one step further from “gene 

specific” targeting to “mutation specific” approach in hopes of more efficient therapeutic 

options.
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Figure 1. PIK3CA variant selection and mutation assessment platform
(A) COSMIC PIK3CA variant frequencies and distribution across domain-annotated p110α 

protein structure for mutations chosen for modeling and functional annotation. Number in 

parentheses indicates numbers of samples found mutant in COSMIC. (B) Illustration of 

HiTMMoB-mediated mutagenesis and molecular barcoding using megaprimer PCR and 

multi-fragment recombination. Recombination of mutant PCR product and barcode into 

destination vector denoted by zig-zag lines. ORF = open reading frame clone; BC = 

Barcode; Pu/Pm/PD, PCR primers; L/R/B, att recombination sequences; red triangle = 

mutation. See Methods for details. (C) Illustration of mutation assessment pipeline 

workflow.
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Figure 2. PIK3CA tail mutations promote growth factor-free survival
(A–B) Ba/F3 cell survival in the absence of IL3 for (A) the indicated controls and (B) the 

expanded series of negative controls (gray), rare (green) and hotspot (red) PIK3CA variants. 

Bcr-Abl = positive control for Ba/F3 assay. (C) Growth curve for MCF10A cells expressing 

wild-type (WT) or the indicated PIK3CA variants (PIK3CAH1047 and PIK3CAT1025T) in the 

presence or absence of growth factors insulin (Ins) and EGF. Complete = growth factor-

complete medium. (D) MCF10A cell lines expressing the indicated PIK3CA variants 

assessed for cell growth in the absence of insulin and EGF. All data in B and D normalized 

to the mean of the negative controls. Dashed line = significance limit set as value equal to 3x 

standard deviations of negative control values. Data normalized to the average of negative 

controls. Error bars depict standard deviation.
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Figure 3. PIK3CA tail mutations promote in vitro cell transformation and oncogenic tumor 
growth (A–B)
MCF10A anchorage-independent colony formation assays for (A) the indicated controls and 

(B) the expanded series of negative controls (gray), rare (green) and hotspot (red) PIK3CA 

variants. Dashed line = significance limit set as value equal to 3x standard deviations of 

negative control values. Data normalized to the average of negative controls. (C) Endpoint 

volumes (day 36 post-injection) for xenograft tumors resulting from HMLER cells 

expressing control (eGFP and wild-type PIK3CA; gray) and hotspot variants (PIK3CAE545K 

and PIK3CAH1047, red). P-value calculated by t-test; n.s. = not significant. (D) Illustration of 

barcode design and NGS sequencing strategy. Large arrow, vector promoter; pF/pR = 

forward and reverse PCR amplicon primers; ORF = open reading frame clone; BC = 

Barcode; attB1/2/4, recombination sequences. See Methods for details. (E) Two-dimension 

dot plot indicating the ratio of barcode reads for each negative control (gray) and rare 

(green) variant barcode in injected cells (Input, X-axis) in all tumor samples (Y-axis) to total 

number of barcode reads. (F) Barcode enrichment analysis of representative tumor, T7. 

Error bars represent ratio of number of barcode reads for mutations to total number of 

barcode reads from 3 (T7-1, 2, 3) cores of a single experimental tumor, T7. Error bars depict 

standard deviation of sequencing amplicon replicates.
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Figure 4. PIK3CA tail mutations differentially activate cancer signaling pathways and sensitize 
cells to pathway inhibitors
(A) Immunoblot analysis of the indicated proteins using extracts from MCF10A cells 

expressing wild-type (WT), rare (green) and hotspot (red) PIK3CA variants grown in the 

absence of insulin and EGF. Vinculin = loading control. (B) Dose-response survival curves 

for the indicated MCF10A stable cell lines treated with PI3K pathway inhibitors BEZ235, 

MK2206 and BYL719. (C) Representative differentially expressed proteins (p<0.05) 

determined by RPPA, respectively, from the indicated stable MCF10A cell lines grown in 

the absence of insulin and EGF. Entire RPPA dataset (p<0.05) provided in Supplementary 

Figure S2. (D) Dose-response survival curves for the indicated MCF10A stable cell lines 

treated with HER2/EGFR inhibitors Lapatinib and Neratinib. (E) Immunoblot analysis of 

the indicated proteins using extracts from MCF10A cells expressing wild-type (WT), rare 

(green) and hotspot (red) PIK3CA variants grown in the absence of insulin and EGF. 

Vinculin = loading control. (F) Dose-response survival curves for the indicated MCF10A 

(left) and Ba/F3 (right) stable cell lines treated with inhibitors BEZ235, MK2206 and 

BYL719. For Ba/F3, the sensitivity exhibited by experimental cell lines (-IL3) is assessed by 

comparison with cell lines re-addicted to IL3 (+IL3) over PIK3CA variants. Error bars 

depict the standard deviation.
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Figure 5. Oncogenic PIK3CA variants induce invasive phenotypes in breast epithelial cells
(A) Representative images of parental MCF10A cells and those expressing wild-type (WT) 

or the indicated PIK3CA variants (PIK3CAH1047 and PIK3CAG1049R). (B) MCF10A cells 

expressing the indicated controls, wild-type (WT), low-frequency (green) and hotspot (red) 

PIK3CA variants were applied to transwell Matrigel invasion chambers, followed by 

quantitation of invaded cells. Error bars depict the standard deviation. (C) Representative 

images from bottoms of cell invasion chambers from (B) following staining with crystal 

violet.
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Figure 6. PIK3CA tail mutation activity summary
X-axis represents the domain structure of PIK3CA protein (p110alpha) with analyzed 

mutations depicted (x-axis is not to scale). Y-axis represents the occurrence of each 

mutation based on COSMIC analysis. Relative strength of phenotype for each assay is based 

on as follows: Ba/F3: Weak=2–15 fold, Intermediate=15–35 fold, Strong>35 fold; Growth 

factor-free proliferation: Weak=2–4 fold, Intermediate=4–9 fold, Strong>9 fold; No Insulin 

proliferation: Weak=1.3–2.5 fold, Intermediate=2.5–4 fold, Strong>4 fold and above; 

Colony formation: Weak=25–35 colonies, Intermediate=35–65 colonies, Strong=>65 

colonies; Tumorigenesis: Weak=1–5% representation, Intermediate=5–10% representation, 

Strong>10% representation.
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