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Abstract
Purpose  The PI3K pathway, which includes the PI3K catalytic subunits p110α (PIK3CA) and the PI3K regulatory subunit 
p85α (PIK3R1), is the most frequently altered pathway in cancer. We encountered a breast cancer patient whose tumor con-
tained a somatic alteration in PIK3R1. Some commercial sequencing platforms suggest that somatic mutations in PIK3R1 
may sensitize cancers to drugs that inhibit the mammalian target of rapamycin (mTOR). However, a review of the preclini-
cal and clinical literature did not find evidence substantiating that hypothesis. The purpose of this study was to knock out 
PIK3R1 in order to determine the optimal therapeutic approach for breast cancers lacking p85α.
Methods  We created an isogenic cellular system by knocking out both alleles of the PIK3R1 gene in the non-tumorigenic 
human breast cell line MCF-10A. Knockout cells were compared with wild-type cells by measuring growth, cellular signal-
ing, and response to drugs.
Results  We observed hyperphosphorylation of MEK in these knockouts, which sensitized PIK3R1-null cells to a MEK 
inhibitor, trametinib. However, they were not sensitized to the mTOR inhibitor, everolimus.
Conclusions  Our findings suggest that breast cancers with loss of p85α may not respond to mTOR inhibition, but may be 
sensitive to MEK inhibition.
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Introduction

Breast cancer is the most common cancer in women world-
wide, with an estimated 1.6 million new cases reported 
annually [1]. Considerable attention has focused on the PI3K 

signaling cascade following the discovery that PIK3CA is 
mutated in 30–50% of breast cancers [2–4]. PIK3R1 encodes 
the regulatory domain (p85α) of the PI3K complex. Sev-
eral studies have demonstrated that expression of PIK3R1 
is downregulated in human cancers [5, 6], which can lead to 
tumor formation [5]. PIK3R1 is one of several genes found 
to be differentially expressed in invasive ductal carcinoma 
of the breast compared to normal tissue [7]. A study of renal 
cell carcinoma found that PIK3R1 downregulation leads to 
propagation and migration of renal cancer cells [8]. A study 
by Cizkova et al. [6] found that p85 underexpression is an 
independent negative prognostic factor in breast cancer. 
Taken together, these studies suggest that PIK3R1 is a tumor 
suppressor.

Interest in personalized medicine has led to the emer-
gence of commercially available tests that molecularly 
profile tumors in the clinical setting. These tests evaluate 
the mutational status of the most frequently mutated genes 
across all cancers [9]. Treating physicians receive a report 
of altered genes, which could be biomarkers of response to 
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FDA-approved drugs in that cancer type [9]. The theoretical 
efficacy of such agents is usually not validated in clinical tri-
als and sometimes not even preclinically. As an example, we 
received a report from a commercially available molecular 
profiling panel on the cancer of a 50-year-old woman with 
metastatic breast cancer. The report noted a genetic altera-
tion in PIK3R1 and recommended everolimus as a rational 
treatment. We wondered whether this suggestion could be 
validated preclinically.

Limited preclinical evidence suggests that naturally 
occurring neomorphic PIK3R1 mutations activate the 
MAPK pathway, suggesting therapeutic response to MAPK 
pathway inhibitors [10]. However, many genetic altera-
tions in PIK3R1 will result in complete loss of PIK3R1, as 
reported by these authors. Therefore, we aimed to create a 
model of pure PIK3R1 loss in breast cancer, which was not 
confounded by alterations in other genes, to determine the 
efficacy of various FDA-approved drugs, including everoli-
mus in breast cancers carrying loss-of-function mutations 
in PIK3R1.

Materials and methods

Patient history

A 50-year-old premenopausal executive was diagnosed with 
bilateral breast cancer on 6/16/14. Biopsy of the right breast 
revealed infiltrating ductal cancer, grade 2, estrogen receptor 
(ER) 99%, progesterone receptor (PR) 40%, HER2-negative. 
Biopsy of the left breast revealed infiltrating lobular carci-
noma, grade 2, ER 85%, PR 35%, HER2-negative. She had 
germline testing in 2014 (Myriad Genetics; Salt Lake City, 
Utah). Full-length sequencing and full gene rearrangement 
analysis of BRCA 1 & 2 revealed no pathogenic mutations.

She underwent bilateral mastectomies and bilateral sen-
tinel node biopsies. The right breast was stage pT2N1a and 
the left was pT1N0(i+) using the AJCC 7th edition. She 
received adjuvant doxorubicin (60 mg/M2 and cyclophos-
phamide 600 mg/M, every 2 weeks × 4 cycles followed by 
dose-dense paclitaxel 175 mg/M2 every 2 weeks × 4 cycles, 
completing chemotherapy in December 2014. Adjuvant 
tamoxifen was started in Jan 2015. By September 2015 , 
she developed fatigue and right upper quadrant abdominal 
pain. Staging work-up revealed extensive hepatic metastatic 
disease, pleural effusion, and abdominal lymphadenopathy.

On 12/8/2015, ultrasound-guided core needle biopsy of 
the liver revealed metastatic breast cancer, ER 95%, PR the 
45%, and HER2-negative by fluorescence in situ hybridiza-
tion. Serum CA 27.29 was 5,941. On 12/11/15, carboplatin 
AUC 5 every 3 weeks IV and gemcitabine 1000 mg/M2 days 
1 and 8 every 3 weeks IV were started. By 1/18/16, after 2 
cycles of chemotherapy, she achieved a partial response by 

RECIST criteria. She received another four cycles of chemo-
therapy, ending 3/31/2016. Chemotherapy was discontinued 
after maximal chemotherapy response was achieved. Main-
tenance endocrine therapy was then started. On 4/15/16, she 
underwent bilateral salpingo-oophorectomy and on 4/21/16 
started palbociclib and fulvestrant. By 9-1-16, progressive 
disease was documented in liver and pleura.

On 9-9-16, she underwent video-assisted thoracoscopy, 
drainage of right pleural effusion (2500 mL), right pleural 
biopsies, and insertion of PleurX catheter. Pleural biopsy 
revealed metastatic tissue that was sent for the NCI-MATCH 
trial (NCT02465060). There was no match.

On October 10, 2016 carboplatin was resumed, but she 
developed dose-limiting thrombocytopenia that precluded 
further treatment with carboplatin after 12-15-16. By 12-29-
16, a CT scan showed progressive disease in the liver.

Cell culture

All cells were obtained from American Type Culture Col-
lection (Manassas, VA). The non-tumorigenic human breast 
epithelial cell line MCF-10A and its derivatives were grown 
in a humidified atmosphere, supplemented with 5.1% CO2 
at 37 °C in a 50/50 mixture of Dulbecco’s Modified Eagle 
Medium (DMEM) and Ham’s Medium (DMEM:F12) devoid 
of phenol-red (Life Technologies, Grand Island, NY) sup-
plemented with 5% horse serum (Sigma, Saint Louis, MO), 
1% penicillin and streptomycin (Life Technologies, Grand 
Island, NY), 20  ng/ml epidermal growth factor (EGF) 
(Sigma, Saint Louis, MO), 10 µg/ml insulin (Sigma, Saint 
Louis, MO), 0.5 µg/ml hydrocortisone (Sigma, Saint Louis, 
MO), and 0.1 µg/mL cholera toxin (Sigma, Saint Louis, 
MO) (hereafter referred to as “supplemented medium”) as 
previously described [11]. Gene-targeted cells were grown 
in supplemented medium, plus the addition of 0.4 µg/ml 
of puromycin (Sigma-Aldrich, St. Louis, MO) for 14 days 
during clonal selection. HEK-293T cells were grown in 
DMEM (Life Technologies, Grand Island, NY) supple-
mented with 5% fetal bovine serum (FBS; Sigma, St. Louis, 
MO) and 1% penicillin and streptomycin (Life Technologies, 
Grand Island, NY). MCF-10A cells and its derivatives used 
in assays and immunoblotting were performed in “assay 
medium,” whereby horse serum was replaced with 1% char-
coal–dextran-treated fetal bovine serum (CD-FBS; Fisher 
Scientific, Pittsburg, PA). All cells were harvested using 
Tryple Express (Life Technologies, Grand Island, NY). The 
cancer cell lines BT474 and MDA-MB-468 were grown in 
either RPMI or DMEM supplemented with 10% FBS and 1% 
penicillin and streptomycin, respectively. Assays on cancer 
cells were performed in their respective culture medium. 
All experiments using cell lines were performed within 
6 months of resuscitation from initial freezing and were 
authenticated using short tandem repeat (STR) analysis at 
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The DNA Services Center within the Research Resources 
Center at The University of Illinois at Chicago. The latest 
STR analysis performed for MCF-10A cells was on July 
21, 2015, BT-474 cells was on March 13, 2014, and MDA-
MB-468 cells was on March 5, 2015.

Knockout of PIK3R1 with CRISPR/Cas9

CRISPR/Cas9 was utilized to introduce a premature stop 
into exon 9, which is in the iSH2 domain of PIK3R1. This 
is the most frequently mutated region of PIK3R1 and the 
first common exon across all splice variants, ensuring that 
all known splice isoforms of PIK3R1 have been targeted 
[12]. The guide RNA (gRNA) target sequence (5ʹ-GCT​AGA​
GAT​TCA​TTC​CGG​TAG-3ʹ) was designed by GeneCopoeia 
(Rockville, MD) and subcloned into the plasmid LentiC-
RISPRV2 by Genscript (Piscataway, NJ). This guide was a 
top hit when used the online gRNA design tool crispr.mit.
edu, with an on-target score of 84% and an off-target score of 
83%. LentiCRISPRV2 (52961, Addgene, Cambridge, MA) 
devoid of a gRNA was used as an empty vector control.

Generation of lentiviral particles

The generation of lentiviral particles has been previously 
described [13]. HEK-293T cells were co-transfected with 
plasmids expressing psPAX2 (12260; Addgene, Cambridge, 
MA), VSVg plasmid (8454; Addgene, Cambridge, MA), 
LentiCRISPRV2 (Genscript, Piscataway, NJ) using Fugene 
HD transfection reagent (Promega, Madison, WI). The 
supernatant was collected and filtered using a 0.45 µm filter.

Infection and clonal selection

Purified viral particles were added to MCF-10A cells and 
supplemented with polybrene (Sigma-Aldrich, St. Louis, 
MO). After 24 h, virus-containing medium was removed; 
cells were washed with Hanks buffered saline solution 
(HBSS; ThermoFisher Scientific, Waltham, MA) and MCF-
10A medium containing 0.4 µg/ml puromycin antibiotic 
selection was added to the cells. Clonal populations were 
derived from single cells by limited dilution cloning. Clones 
were analyzed by western blot to confirm the loss of p85α 
protein. Clones lacking p85α were PCR amplified using 
Platinum PCR SuperMix (Invitrogen; Grand Island, NY) 
and primers (5′-TCG​AGA​TAC​AGC​AGA​CGG​GAC-3′ and 
5′-AAT​AAA​TGC​TCT​CAC​CCC​CACC-3′) that flanked the 
predicted Cas9-mediated cleavage site. The amplicon was 
subcloned into the TOPO®-TA vector (Invitrogen, Carlsbad, 
CA) and transformed into competent E.Coli cells according 
to the manufacturer’s protocol. Individual bacterial colo-
nies were grown in LB medium, mini-prepped, and Sanger 
sequenced to identify the sequence of each individual allele.

Growth proliferation assay

The small molecule inhibitor of mTOR, everolimus 
(RAD001), and MEK, PD0325901, and trametinib were 
purchased from Selleckchem (Houston, TX). Cell growth 
assays were performed as previously described [14]. Cellular 
clones were harvested, washed with HBSS (ThermoFisher 
Scientific, Waltham, MA) three times, and then seeded in 
EGF-free assay medium. After 24 h, cells were treated with 
0.2 ng/mL EGF either alone or in combination with everoli-
mus (RAD001), PD0325901, or trametinib. After 1 week, 
cellular density was assessed by either MTS (Promega; Mad-
ison, WI) or crystal violet (CV). The latter was performed by 
washing cells with DI water and then stained with 4.9 mM 
CV resuspended in 10% formalin. Plates were dried for at 
least 24 h before solubilization with 2 M acetic acid and then 
analyzed on a microplate reader at an absorbance of 580 nm. 
For each cellular clone, measurements were normalized to 
the respective initial cell counts. All assays and growth con-
ditions were performed in triplicate.

Colony formation assay in semisolid medium 
and morphogenesis assay

The bottom layer of this two-layer system was prepared by 
pouring 2.0 ml of DMEM:F12 supplemented with 0.6% 
Ultrapure agarose in each well of a 6-well plate. Once 
solidified, 3.0 × 105 cells were suspended in 3.0 mL of sup-
plemented DMEM:F12 containing 0.4% UltraPure Agarose 
(Invitrogen, Grand Island, NY) and poured over the bottom 
layer. After the top layer solidified, 2 ml of DMEM:F12 
medium was added to each well and replaced weekly. After 
three weeks of incubation, wells were stained overnight 
with Nitro Blue Tetrazolium (Sigma, St. Louis, MO) [11]. 
The next day, cells were imaged using a VersaDoc imager 
(Bio-Rad, Hercules, CA). The morphogenesis assay was 
performed, as previously described. Images were acquired 
under a phase contrast microscope (Nikon, Tokyo, Japan) 
following 2 weeks of incubation.

Immunoblotting

Whole cell protein lysates were prepared, resolved, and 
immunoblotted as previously described [14]. Membranes 
were incubated with the primary antibodies p85 (SC-
71892), phosphorylated AKT (4056 & 9271), total AKT 
(9272), phosphorylated ERK (9106), total ERK (9102), 
phosphorylated MEK 1/2 (9121), total MEK (9122), β-actin 
(12620), or GAPDH (5174) as instructed by the manufac-
turer’s protocol. This was followed by incubation with either 
an anti-mouse (7076) or an anti-rabbit (7074) secondary 
antibody conjugated to horseradish peroxidase at a dilution 
of 1:3000. Protein bands were visualized using enhanced 
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chemiluminescent reagent (Perkin-Elmer, Waltham, MA). 
The anti-p85 antibody was purchased from Santa Cruz 
Biotechnology (Dallas, TX), while all other antibodies 
(phosphorylated AKT, total AKT, phosphorylated ERK, 
total ERK, phosphorylated MEK 1/2, total MEK, β-actin, 
GAPDH, and secondary antibodies) were purchased from 
Cell Signaling Technology (Beverly, MA). Image J (NIH) 
analysis software was used to quantify the density of each 
protein.

In‑gel digestion

The target bands were cut into 1 mm3 slices and destained 
with 100 mM ammonium bicarbonate/acetonitrile (1:1, 
vol/vol), followed by reduction and alkylation with 20 mM 
dithiothreitol and 10 mM iodoacetamide, respectively. After 
overnight trypsin digestion at 37 °C, the tryptic peptides 
were extracted with 1:2 (vol/vol) 5% formic acid/acetonitrile 
and desalted by C18 tips prior to LC/MS analysis.

LC–MS/MS analysis and data process

Peptide samples were run on Thermo Fisher Orbitrap 
Velos Pro coupled with Agilent NanoLC system (Agilent, 
Santa Clara, CA) over a 30 min. gradient. The LC columns 
(15 cm × 75 μm ID, Zorbax 300SB-C18) were purchased 
from Agilent. Samples were analyzed with a 60 min. linear 
gradient (0–35% acetonitrile with 0.1% formic acid) and data 
were acquired in a data-dependent manner, in which MS/MS 
fragmentation is performed on the top 10 most intense peaks 
of every full MS scan.

RAW files were converted into.mgf files using MSCon-
vert (from ProteoWizard). Database searches were carried 
out using Mascot server (from Matrix Science). A decoy 
human Uniprot database v.5/11/2017 (81,213 entries) con-
taining the reverse sequences was appended to the database 
in order to reduce false-positive identification results. The 
parameters used for database searching were set up as fol-
lows: trypsin as the protease with a maximum of two missed 
cleavages allowed. Carbamidomethylation of cysteine was 
specified as a fixed modification and oxidation of methio-
nine, deamination of asparagine and glutamine were 
included as variable modifications. The minimum peptide 
length was specified to be 5 amino acids. The mass error 
was set to 10 ppm for precursor ions and 20 mμ for frag-
ment ions. Search results from six runs were imported into 
Scaffold (Ver 4.75, Proteome Software, Portland, OR) for 
further analysis.

To concentrate on the targeted protein, RAW files were 
also imported into Maxquant (v1.57) to validate the exist-
ence of truncated protein by applying a customized database 
containing only the truncated protein sequences with the 
same search parameters as Mascot search above.

Protein structure and prediction analysis

Secondary protein structure prediction of the iSH2 and 
nSH2 regions of native p85α and p85α E468_E469insRYLE 
were performed using the Phyre2 server. The amino acid 
sequences for native and E468_E469insRYLE p85α are 
listed in Supplementary Fig. 1. Both proteins were modeled 
in the intensive mode. Protein structures were visualized and 
evaluated using pymol.

Statistical analyses

Statistical analysis was performed using an unpaired two-
tailed Student’s t test. A p value of less than 0.05 was con-
sidered significant.

Results

Creating an Isogenic model for PIK3R1 Loss

In order to isolate the effects of PIK3R1 loss in breast can-
cer, we created an isogenic cell line model, whereby we 
knocked out (KO) both alleles of PIK3R1 in the immortal-
ized human breast epithelial cell line, MCF-10A. Immuno-
blotting confirmed loss of p85α protein expression in both 
KO clones 1 and 2 (Fig. 1). We were able to determine the 
exact DNA sequence of each allele in the region flanking the 
cut site using Sanger sequencing (Supplemental Fig. 1). The 
sequence of clone 1 revealed the presence of two alleles, one 
carrying a 20 bp deletion and a 61 bp deletion in the other. 
Both deletions introduced nonsense codons. In clone 2, we 
were only able to detect one allelic variant, an indel, con-
sisting of a 53 bp deletion and a 3 bp insertion. This variant 
resulted in the production of a premature stop codon shortly 
downstream of the deletion. Since this clone did not produce 
p85 protein, it was likely a homozygous indel.

Fig. 1   Immunoblotting demonstrating loss of p85 protein expres-
sion in PIK3R1 knockout clones. MCF-10A (parental) and PIK3R1 
knockout clones (1 and 2) were probed for p85 protein expression. 
β-actin was used as a loading control
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Western blotting confirmed the absence of the full-length 
p85α protein in both KO clones (Fig. 1). However, it was 
still possible for these targeted alleles to encode a truncated 
p85α resulting from the nonsense mutation. Further analy-
sis by western blot was unable to detect a truncated protein 
using an anti-p85 antibody with an epitope upstream of the 
Cas9 cut site (data not shown).

We reasoned that western blot analysis may not be sensi-
tive enough to detect a truncated p85α. Therefore, to fur-
ther validate the absence of a truncated p85α, we performed 
mass spectrometry on protein lysates of KO clones 1 and 
2. None of the identified proteins matched any region of 
p85α (including all splice variants; Supplemental Table 1). 
Taken together, the lack of protein expression observed by 
western blot analysis and the inability of mass spectrom-
etry to generate a match to truncated p85α, suggests that the 
nonsense codons in KO clones 1 and 2 were subjected to 
nonsense-mediated decay, leading to the complete loss of 
detectable p85α.

Loss of PIK3R1 does not sensitize cells to mTOR 
inhibitors

Parental MCF-10A cells and their PIK3R1 KO clones 
were subjected to increasing concentrations of the mTOR 
inhibitor everolimus (Supplemental Fig. 2). There was no 
statistically significant difference in response to everolimus 
observed between parental and KO clones, indicating that 
loss of p85α did not sensitize cells to everolimus.

Loss of PIK3R1 leads to growth factor independence

The MCF-10A cell line requires EGF to proliferate. In the 
absence of EGF, these cells are growth arrested in G1 [15]. 
In order to determine if loss of p85α leads to growth inde-
pendence from EGF, we performed cell growth assays in the 
presence and absence of EGF. Surprisingly, in the absence 
of EGF, clones 1 and 2 showed a statistically significant 
increase in proliferation, relative to the parental MCF-10A 
clone control (Fig. 2). When the cells were grown in the 
presence of 0.2 ng/ml EGF, both KO clones experienced a 
statistically significant increase in proliferation compared to 
the parental control cells, indicating increased growth stimu-
lation by EGF (Fig. 2).

Colony and acinar formation

Parental MCF-10A cells are unable to form colonies in a 
semisolid medium [11]. However, loss of p85α in both KO 
clones resulted in prominent colony formation (Fig. 3a–c). 
This demonstrates that loss of p85α results in anchorage-
independent growth, a phenotypic hallmark of malignant 
transformation. Parental MCF-10A cells form normal acini 

in Matrigel (Fig. 3d). Loss of p85α did not affect acinar for-
mation, as both KO clones continued to form normal acini 
(Fig. 3e, f). Highly malignant cells often display abnormal 
acini formation. This finding suggests that loss of p85α alone 
does not affect the organization of the cells.

MEK inhibitors retard growth of cells with PIK3R1 
loss

We reasoned that loss of p85α would result in activated PI3K 
because p85α is the regulatory domain of the PI3K complex. 
We and others have previously reported that aberrant activa-
tion of PI3K results in increased signaling through the AKT, 
ERK, and MEK pathways [10, 16]. Thus, we used immu-
noblotting to examine the effect of p85α loss on the levels 
of these proteins (Fig. 4). Parental MCF-10A cells require 
EGF for growth and withdrawal of EGF results in G1 arrest. 
In parental MCF-10A cells, withdrawal of EGF results in 
nearly complete loss of phosphorylated AKT, MEK, and 
ERK proteins. Similar results were observed in both PIK3R1 
KO clones, as phosphorylated AKT and ERK were nearly 
undetectable (Fig. 4).

PIK3R1 KO clones grew faster than parental MCF-10A 
cells, suggesting that KO cells were more sensitive to EGF 
(Fig. 2). In order to determine which cellular signaling path-
way was responsible for this, we stimulated the cells with 
EGF and measured phosphorylated AKT, MEK, and ERK 
proteins. Following EGF treatment, similar levels of acti-
vated AKT and ERK were observed. However, EGF treat-
ment resulted in a marked increase in MEK activation in 
the knockout clones, compared to parental MCF-10A cells 
(Fig. 4).

Activated MEK is clinically “actionable,” therefore we 
treated PIK3R1 null cells with either the small molecule 
inhibitor trametinib or PD0325901 to block aberrant MEK 

Fig. 2   Parental MCF-10A cells (10A) and two independently derived 
KO clones of MCF-10A lacking PIK3R1 (Clones 1 and 2) expression 
were grown in the absence and presence of 0.2 ng/ml of EGF. Values 
are a mean ± SD (n = 5) *p < 0.05
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activation. As seen from Fig. 4, treatment with trametinib 
blocked activation of EGF-stimulated MEK. Treatment of 
cells with trametinib resulted in dose-dependent inhibition 
of cellular growth. Loss of p85α in the KO clones shifted 
the IC50 of trametinib from 4.25 in parental clones to 
0.275 and 0.7 nM for Clones 1 and 2, respectively (Fig. 5). 
Similar results were observed when cells were treated with 
PD0325901 (Supplemental Fig. 3). In order to determine 
if these findings were applicable to cancer cell lines, we 
tested the effects of trametinib in human breast cancer 
cell lines differing in p85 expression. As seen from Fig. 6, 

MDA-MB-468 cells, which express low levels of p85α are 
significantly more sensitive to trametinib than BT474 cells 
which express higher levels of p85. MDA-MB-468 cells 
achieved an IC50 of 34.7 nM when treated with trametinib, 
while the BT474 cells were unaffected by trametinib con-
centrations as high as 1000 nM trametinib.

Somatic molecular profiling of patient’s hepatic 
metastasis

Somatic molecular profiling of our patient’s liver biopsy 
revealed the following alterations: AKT3 amplification 
equivocal, PIK3R1 E468_E469insRYLE, PTEN Loss of 
exons 6-9, PALB2 E814*, and G1121FS*3. Potential thera-
peutic agents suggested by the FoundationOne™ Assay 
(Foundation Medicine; Cambridge, MA) are summarized 
in Supplementary Table 2.

Fig. 3   Colony formation assay 
depicting parental MCF-10A 
(a) and PIK3R1 KO clones 1 
and 2 (b and c). Parental MCF-
10A cells form normal acini in 
matrigel (d). Loss of PIK3R1 
does not affect acini formation 
(e and f). Pictures are a single 
representation of (n = 3)

Fig. 4   MAPK signaling of MCF-10A (parental) and PIK3R1 KO 
clones (1 and 2) in the presence and absence of 0.2 ng/ml EGF and 
0.5 nM trametinib treatment. Blots are representative of n = 3

Fig. 5   Growth effects of the MEK inhibitor trametinib on parental 
MCF-10A and PIK3R1 KO clones. Cells were treated with trametinib 
and 0.2 ng/mL EGF for 24 h. Values normalized to Day 0. Values are 
representation of mean ± SD. (n ≥ 3) **p < 0.05
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In order to determine how the PIK3R1 E468_E469in-
sRYLE insertion might affect the interaction of p85α with 
p110α and lead to p110α hyperfunction, we examined the 
known x-ray crystal structures of these protein complexes 
and modeled how the E468_E469insRYLE insertion might 
affect p85α structure and function. The x-ray crystal struc-
tures of the nSH2 and iSH2 domains of p85α bound to 
p110α have been previously solved to a resolution of 2.96 Å. 
Both p110α and p85α have distinct structural regions that 
regulate the function of the respective proteins (Supple-
mental Fig. 4A). The insertion of four amino acids between 
residues E468 and E469 in PIK3R1 of the patient’s tumor 
(Supplemental Fig. 5) is consistent with the finding that most 
genetic alterations in PIK3R1 associated with breast cancers 
are clustered between amino acids 456–469. The iSH2 and 
nSH2 domains are conserved across many proteins and are 
essential for protein–protein interactions. In order for p85α 
to inhibit p110α activation, the two long alpha helices of the 
iSH2 domain bind with the ABD, C2, helical, and kinase 
domains of p110α and bring the nSH2 domain into contact 
with the C2 and helical domains of p110α (Supplemental 
Fig. 4B). The iSH2 domain of p85α cannot inhibit p110α 
on its own and acts as a scaffold to bring the nSH2 domain 
into contact with the C2 and helical domains of p110α to 
inhibit p110α through an allosteric mechanism. It is there-
fore reasonable to assume that mutations in the iSH2 domain 
of p85α that are essential for binding to p110α would lead to 
decreased binding affinity for p110α, and hence to increased 
p110α activity. Indeed, it has been shown that mutations 
in the iSH2 domain of p85α lead to p110α hyperactivity 
in breast cancer. Since the PIK3R1 E468_E469insRYLE 
insertion occurs at a region essential for binding of p85α to 

p110α (Supplemental Fig. 4B), we modeled how the inser-
tion might affect the protein structure using the Phyre2 pro-
tein homology modeling server (Supplemental Fig. 4C). The 
Phyre2 server makes predictions of protein secondary struc-
ture based on known structures in the protein data bank. The 
four amino acid insertions in the iSH2 domain of p85α found 
in our patient could either increase the length of the alpha 
helix essential for binding to p110α or induce a disorder kink 
in the alpha helix. The Phyre2 homology server predicts that 
the mutation introduces a disorder kink in the iSH2 alpha 
helix. In either case, a kink in the iSH2 alpha helix or an 
extension of the alpha helix would lead to disruption of the 
key interactions between the p85α iSH2 domain and p110α 
that theoretically allows the nSH2 domain to inhibit p110α, 
causing aberrant kinase activity.

Discussion

PIK3CA is mutated in 30–50% of breast cancers, making 
it the most frequently mutated oncogene in breast cancer. 
Clinical studies have found that PIK3CA mutations are more 
prevalent in circulating tumor DNA of patients with meta-
static breast cancer than in the primary tumors of the same 
patients and patients with mutant PIK3CA respond better to 
PI3K-inhibitors than do patients with wild-type PI3K ctDNA 
[17]. Among breast cancers that do not carry mutations in 
PIK3CA, dysregulation of the PI3K signaling axis can occur 
through mutations in PIK3R1. Mutations in PIK3R1 and 
PIK3CA are mutually exclusive from each other [18]. Drug 
resistance to all therapies eventually occurs in patients with 
metastatic breast cancer and there is a need for additional 

Fig. 6   Inhibitory effect of 
trametinib in cancer cells, 
MDA-MB-468 with downregu-
lated PIK3R1 expression com-
pared to BT474 cells. Values 
normalized to Day 0. Values are 
representation of mean ± SD. 
(n ≥ 3) *p < 0.05
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therapies to overcome resistance. Our results suggest that 
mutations in PIK3R1 sensitize breast cells to inhibition of 
MEK. Taken together, targeting PIK3R1 may offer a new 
approach in breast cancer therapy.

Effective targeted therapies require a priori knowledge of 
actionable biomarkers of response. PIK3R1 is a tumor sup-
pressor gene that is sporadically mutated, with the majority 
of the mutations occurring downstream of the iSH2 domain. 
Moreover, there are several splice variants of PIK3R1, 
which start transcription near the iSH2 domain. Therefore, 
we introduced a nonsense mutation near the iSH2 domain. 
This strategy eliminated all splice variants of PIK3R1. Both 
isolated clones resulted in complete ablation of p85α protein 
expression, as determined by the combination of immunob-
lotting and mass spectrometry. Deletion of p85α resulted in 
elevated levels of phosphorylated MEK and in EGF-inde-
pendence. It is possible that aberrant MEK phosphorylation 
leads to EGF-independence, but this requires further inves-
tigation. This increase in MEK activation was found in our 
MCF-10A KO clones and in other breast cancer cell lines 
that lacked p85α. Loss of p85α sensitized these cells to the 
MEK inhibitor trametinib.

A study by Cheung et al. [10] found that mutations in 
PIK3R1 sensitized endometrial cancer cells to the MEK 
inhibitor PD0325901. However, according to the authors, 
this drug was only effective when the PIK3R1 mutation 
resulted in the production of a truncated protein, where the 
SH2 domain was still partially intact. The resulting pheno-
type of breast cancers carrying mutations in PIK3R1 has 
never been studied. We reasoned that differences in the drug 
properties between PD0325901 and trametinib may account 
for the differences between our studies. Therefore, in addi-
tion to trametinib, we tested PD0325901 in the PIK3R1 KO 
clones. Our results (Supplemental Fig. 3) are in contrast to 
the study by Cheung et al., where endometrial cells were 
only sensitive to MEK inhibition if the mutated transcript 
was able to express a truncated variant of p85α, likely due to 
evading nonsense-mediated decay surveillance [10]. Conse-
quently, they were able to observe the expression of the trun-
cated protein with immunoblotting in the nuclear fraction 
of BaF3 cells that had been transfected with plasmids that 
encoded the truncated version of PIK3R1 E160* or R348*. 
These discordant results in sensitivity observed in breast ver-
sus endometrial cells may be explained by different sites of 
mutation in the breast cancer cell lines we studied versus the 
endometrial cancer cell line they studied. We do not believe 
our results to be a clonal artifact, since MEK sensitivity was 
observed in two, independently derived clones of MCF-10A 
and the breast cancer cell line MDA-MB-468.

PD0325901 has shown activity in melanoma but proved 
too toxic for development [19–21]. Therefore, we explored 
the reversible MEK inhibitor trametinib. The advantages 
of trametinib include less toxicity and FDA approval for 

use in patients with melanomas carrying BRAF mutations 
V600E and V600K. Complete loss of p85α sensitized cells 
to trametinib; therefore, we wondered if the results reported 
by Cheung et al. may be specific to PD0325901. However, in 
our hands, complete knockout of p85α also sensitized MDF-
10A cells to PD0325901 (Supplemental Fig. 3).

The molecular profiling test on our patient’s tumor also 
revealed genetic alterations in PTEN and AKT. The protein 
products of both genes are involved in the PI3K signaling 
pathway. It is possible that concurrent aberrations in mul-
tiple constituents of the PI3K signaling pathway render 
cells resistant to MEK inhibition (our patient was treated 
with trametinib for only 2 weeks before succumbing to her 
disease). This case underscores the complexity of human 
breast cancer, which often has multiple somatic alterations. 
Predicting treatment based on a single alteration may not 
be effective.

Our study confirms earlier reports that mutations in 
PIK3R1 may lead to vulnerability through MEK inhibi-
tion. To the best of our knowledge, this is the first study to 
explore the use of MEK inhibitors in breast cancer cells car-
rying inactivating PIK3R1 mutations. Moreover, we believe 
this to be the first study to explore the FDA-approved MEK 
inhibitor trametinib in a genetically predefined population of 
breast cancer cells. Our results provide evidence that geneti-
cally altered PIK3R1 could be a biomarker for sensitivity 
to trametinib or to other MEK inhibitors in breast cancer 
and warrants exploration in animal models before beginning 
clinical trials.
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