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Sensitivity to targeted therapy differs
between HER2-amplified breast cancer cells
harboring kinase and helical domain
mutations in PIK3CA
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Abstract

Background: HER2-amplified breast cancer is a clinically defined subtype of breast cancer for which there are
multiple viable targeted therapies. Resistance to these targeted therapies is a common problem, but the
mechanisms by which resistance occurs remain incompletely defined. One mechanism that has been proposed is
through mutation of genes in the PI3-kinase pathway. Intracellular signaling from the HER2 pathway can occur
through PI3-kinase, and mutations of the encoding gene PIK3CA are known to be oncogenic. Mutations in PIK3CA
co-occur with HER2-amplification in ~ 20% of cases within the HER2-amplified subtype.

Methods: We generated isogenic knockin mutants of each PIK3CA hotspot mutation in HER2-amplified breast
cancer cells using adeno-associated virus-mediated gene targeting. Isogenic clones were analyzed using a
combinatorial drug screen to determine differential responses to HER2-targeted therapy. Western blot analysis and
immunofluorescence uncovered unique intracellular signaling dynamics in cells resistant to HER2-targeted therapy.
Subsequent combinatorial drug screens were used to explore neuregulin-1-mediated resistance to HER2-targeted
therapy. Finally, results from in vitro experiments were extrapolated to publicly available datasets.

Results: Treatment with HER2-targeted therapy reveals that mutations in the kinase domain (H1047R) but not the
helical domain (E545K) increase resistance to lapatinib. Mechanistically, sustained AKT signaling drives lapatinib
resistance in cells with the kinase domain mutation, as demonstrated by staining for the intracellular product of PI3-
kinase, PIP3. This resistance can be overcome by co-treatment with an inhibitor to the downstream kinase AKT.
Additionally, knockout of the PIP3 phosphatase, PTEN, phenocopies this result. We also show that neuregulin-1, a
ligand for HER-family receptors, confers resistance to cells harboring either hotspot mutation and modulates
response to combinatorial therapy. Finally, we show clinical evidence that the hotspot mutations have distinct
expression profiles related to therapeutic resistance through analysis of TCGA and METABRIC data cohorts.
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Conclusion: Our results demonstrate unique intracellular signaling differences depending on which mutation in
PIK3CA the cell harbors. Only mutations in the kinase domain fully activate the PI3-kinase signaling pathway and
maintain downstream signaling in the presence of HER2 inhibition. Moreover, we show there is potentially clinical
importance in understanding both the PIK3CA mutational status and levels of neuregulin-1 expression in patients
with HER2-amplified breast cancer treated with targeted therapy and that these problems warrant further pre-
clinical and clinical testing.

Introduction
The HER2 oncogene is amplified in nearly 25% of all
primary breast cancers [1] and has been a focus for
targeted therapy development for decades. HER2 is a
member of a family of four single-pass transmembrane
receptor tyrosine kinases (EGFR (HER1), HER2, HER3,
and HER4) that form hetero- and homodimers and
activate diverse signaling pathways including phos-
phatidylinositol 3-kinase (PI3-kinase; reviewed in [2]).
The growth and survival of HER2-amplified tumors is
dependent on HER2 function, so disruption of HER2
signaling is detrimental to these cells [3, 4]. Several
drugs have now been approved that specifically target
HER2 signaling, including antibodies such as trastuzu-
mab [5], pertuzumab [6], and small molecules that target
the tyrosine kinase activity such as lapatinib [7], tucati-
nib [8], and neratinib [9]. Ado-trastuzumab emtansine
has also been approved, but has a distinct mechanism of
action by delivering a cytotoxic agent conjugated to tras-
tuzumab to specifically target HER2-positive cells [10].
HER2-mediated PI3-kinase activation occurs through

the recruitment of a 110-kDa catalytic subunit (encoded
by PIK3CA) via a p85α regulatory subunit (encoded by
PIK3R1) to the cell membrane. This complex activates
signaling via phosphorylation of the membrane lipid
PIP2 (phosphatidylinositol (4,5) bisphosphate) at the 3′
position resulting in phosphatidylinositol (3,4,5) triphos-
phate (PIP3). PIP3 serves as a docking site for proteins
that contain pleckstrin homology (PH) domains, such as
the AKT family of proteins [11]. AKT proteins influence
a variety of processes inside the cell involving cell
growth, regulation of apoptosis, glucose metabolism, and
others [reviewed in [12]].
Importantly, responses to HER2-targeted drugs are

thought to be affected adversely by the co-occurrence of
mutations that influence downstream PI3-kinase signal-
ing [13, 14]. PIK3CA is the most frequently mutated
gene in this pathway with mutations occurring in about
20% of HER2-amplified breast cancers [15]. PIK3CA
mutations occur preferentially in two “hotspot” regions
of the protein. One hotspot region lies in the kinase do-
main (H1047R) and the other in the helical domain of
PIK3CA (E542K and E545K) that binds the p85 regula-
tory subunit of PI3K [16]. Helical and kinase domain
mutations account for about 85% of all mutations seen

in PIK3CA in breast cancer [17]. These mutations are
sometimes combined in clinical outcome association
studies [18, 19] based in part on laboratory studies
showing that overexpression of the two mutation types
in biological models produces similar response pheno-
types [20, 21]. However, they are functionally distinct
with crystallographic studies of p110α showing conform-
ational differences between the two hotspot mutations
[16, 22].
We sought to better understand the impact of helical

(E545K) and kinase (1047R) domain mutations on the
therapeutic response of HER2+ cells to targeted inhibi-
tors. We have previously reported generation of cell lines
in which PIK3CA mutations are overexpressed by con-
ventional transgene expression and that PIK3CA mutant
cell lines show increased resistance to lapatinib [21].
These cells required combination therapy using lapatinib
plus an AKT inhibitor to restore sensitivity to the same
levels as control cells. However, this methodology is lim-
ited because transgenic cells retain two endogenous
wildtype copies of PIK3CA as well as an unknown num-
ber of transgenic mutant alleles. We report here the gen-
eration of isogenic knockin mutants of each PIK3CA
hotspot mutation, which has the major advantage of
maintaining PIK3CA gene expression under control of
the endogenous promoter, resulting in physiological
levels of expression of the mutants. This is distinct from
the majority of studies that have introduced mutations
via transfection or transduction, which result in overex-
pression of the mutants. We report below our findings
of the substantial differences of the impact of kinase ver-
sus helical domain mutations of PIK3CA on signaling
and therapeutic responses to HER2-targeted receptor
tyrosine kinase inhibitors in the HER2-amplified cell
line, SK-BR-3.

Methods
Plasmids and AAV production
Plasmids for adeno-associated virus (AAV) production
containing either E545K or H1047R mutation of
PIK3CA were a generous gift of Dr. Ben Ho Park. AAV
production was done in HEK293T cells and infection of
SK-BR-3 cells with AAV-PIK3CA was performed as pre-
viously described [23]. pSpCas9(BB)-2A-Puro (PX459)
was a gift from Feng Zhang (Addgene plasmid # 48139)
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and the protocol for generating knockout cells has been
described [24]. CRISPR guideRNA sequences to target
PTEN have been designed previously [25].

Cell lines and compounds
All cell lines were purchased from ATCC (Manassas,
VA), cultured in the prescribed medium, and incubated
at 37 °C in 5% CO2. Cell line identity was confirmed by
genotyping, and all cultures were tested to ensure
absence of mycoplasma infection. SK-BR-3 selection
conditions were 0.5 mg/mL for G418 and 0.25μg/mL for
puromycin. Lapatinib, neratinib, the AKT inhibitor
GSK690693, and the MEK inhibitors GSK1120212 and
PD0325901 were purchased from Selleck Chemicals
(Houston, TX).

DNA isolation and sequencing
Genomic DNA was isolated from cells using the Qiagen
(Germantown, MD) DNeasy Blood & Tissue Kit. Primers
for PCR amplification and sequencing are listed (Supple-
mental Table 2). Prior to sequencing, all amplified PCR
products were gel isolated on Invitrogen 2% agarose
(Thermo Fisher Scientific (Waltham, MA)) gels to en-
sure purity.

Cell growth assays
Cells were seeded in Corning (Corning, NY) 96-well
white-walled clear-bottom plates. Drug was added 24 h
after seeding. Within each plate, each drug concentration
was randomly arrayed in triplicate using a liquid-handling
robot as described previously [26]. Cell Titer-Glo
(Promega (Fitchburg, WI)) was used according to the
manufacturer’s recommendations to determine number of
viable cells per well at time zero and after 72 h. Dose-
response curves for each drug were plotted and used for
GR50 and GRmax calculations [27]. Each dose-response
curve was generated on three separate occasions. For
NRG1β-lapatinib response studies, cells were plated in 96-
well black-walled clear-bottom plates (Corning). NRG1β
EGF Domain (R&D Systems (Minneapolis, MN)) was
added 24 h after cell plating, followed immediately by
treatment with vehicle or lapatinib at four different
concentrations (50, 100, 250, or 500 nM). Cells were incu-
bated for 72 h, fixed with paraformaldehyde, stained with
DAPI, imaged on an InCell 6000 (GE (Boston, MA)) in-
strument, segmented, and analyzed for cell counts follow-
ing treatment.

Immunoblot analysis
Cells were harvested in lysis buffer (40 mM HEPES, 75
mM NaCl, 2 mM EDTA, 1% NP-40), spun at 4 °C, and
the supernatant collected. Lysate concentration was
quantified by Pierce BCA Protein Assay (Thermo Fisher
Scientific). Samples were separated by electrophoresis on

4–12% Bis-Tris polyacrylamide gels, transferred to nitro-
cellulose membrane, blocked for 1 h in Li-Cor (Lincoln,
NE) Odyssey buffer, and incubated with primary anti-
body overnight at 4 °C. All antibody information can be
found in Supplemental Table 3. Secondary antibodies
were purchased from LiCor, IRDye® 680RD donkey anti-
mouse (925-68072), and IRDye® 800CW goat anti-rabbit
(925-32211). Membranes were incubated for 1 h with
secondary antibody and imaged on the Odyssey 9120 In-
frared Imaging System (Li-Cor).

PIP3 staining
An antibody for PIP3 staining (Echelon Biosciences (Salt
Lake City, UT)) was used as previously described [28].
SK-BR-3 cells and derivatives were seeded in 12-well
plates with each well containing sterilized glass cover-
slips. Cells were grown for 24 h to allow them to adhere
to the coverslips. After 24 h, drug or vehicle was added
to each well and cells were incubated for an additional
72 h. Cells were fixed in 4% paraformaldehyde for 15
min, washed in PBS with 0.5% Tween for 5 min, perme-
abilized in 2% saponin, and then washed in PBS with
0.5% Tween. Coverslips with adhered cells were blocked
in 10% goat serum for 1 h then washed three times in
PBS with 0.5% Tween. Primary antibody was diluted in
5% goat serum and coverslips were incubated with pri-
mary antibody solution overnight at 4 °C. Coverslips
were then washed three times in PBS with 0.5% Tween
and incubated with Alexa Fluor® 594-conjugated second-
ary antibody (Thermo Fisher Scientific) and DAPI for nu-
clear stain for 1 h at room temperature. Stained coverslips
were mounted on microscope slides with VECTASHIELD
(Vector Laboratories (Burlingame, CA)) and imaged on
the Zeiss 880 confocal microscope. Images were quanti-
fied using CellProfiler as described in Fig. 5B.

Analyses of HER2-enriched samples in public datasets
Two publicly available datasets—one from The Cancer
Genome Atlas (TCGA) and one from the Molecular
Taxonomy of Breast Cancer International Consortium
(METABRIC)—were restricted to samples of the HER2
subtype. For TCGA data, differentially expressed genes
in HER2+ tumors in TCGA samples between mutant
classes were identified using Significance Analysis for
Microarrays (SAM) [29] using the open-source software
Multiple Experiment Viewer. Boxplot analysis of individ-
ual gene expression and protein expression was per-
formed using GraphPad Prism version 5.0.

PTEN RT-PCR
RNA was isolated from cells using the Zymo Research
(Irvine, CA) Direct-zol RNA MiniPrep kit. All samples
were diluted to 20 ng/μL and used with Applied Biosys-
tems OneStep RT-PCR kit (Thermo Fisher Scientific).
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Primers for RT-PCR are listed (Supplemental Table 1).
TATA-binding protein (TBP) was used as internal con-
trol for RT and PCR steps.

Statistical analyses
We calculated GR50 values for three separate lapatinib
dose-response curves for each of the different cell line
mutations. We used standard two-sided t-tests to test if
GR50 values differed significantly between controls and
mutants, with significance at p < 0.05, and also applied t-
tests to identify differential expression of PIP3 following
lapatinib treatment. Significance in TCGA and METAB-
RIC samples was calculated using Mann-Whitney tests to
compare expression between the two different tumor pop-
ulations. We also calculated synergy using the combin-
ation index approach of Chou and Talalay, as described
previously [21]. Synergy was deemed to be significant
when the upper 95% confidence interval of the combin-
ation index was less than 1, as previously described [21].

Results
Generation of PIK3CA E545K and H1047R knockin
mutants
We developed a realistic model of PIK3CA mutation in
the HER2+, luminal subtype breast cancer cell line SK-
BR-3 by using adeno-associated virus (AAV) vectors to
deliver sequences for homology-mediated recombination
at the PIK3CA locus as previously described [23]. We
chose this approach because it puts the mutated PIK3CA
under endogenous promoter control which can reveal
pathological phenotypes that are masked in experiments
using overexpression of the same mutant transgene [30].
After infection, antibiotic selection, and single cell
cloning, we isolated multiple unique SKBR3 clones and
sequenced both genomic DNA and cDNA (Fig. 1A).
Clones designated as “random integrant” are cells that
were infected with the targeting vector, selected under
antibiotic, and single cell diluted but showed only wild-
type sequence at the PIK3CA locus by analysis of both
genomic DNA and cDNA (Fig. 1A) implying that the
targeting vector integrated randomly elsewhere in the
genome. We used Sanger sequencing to estimate allele
frequency in cells (Supplemental Figure 1A). SK-BR-3
cells are nearly triploid throughout the genome and trip-
loid at the genomic locus for PIK3CA. Figure 1A shows
that targeted knockin of these PIK3CA mutations results
in alteration of one of three alleles. We also compared
the knockin cells to SK-BR-3 cells into which we had
previously introduced mutated PIK3CA using retroviral
transduction [21]. We found that these retrovirally
transduced cells had three copies integrated for the
E545K mutant transgene and two copies integrated for
the H1047R mutant transgene and overexpressed mu-
tant PIK3CA at the protein level (Supplemental Figure

1B and 1C). In contrast, our AAV-targeted knockin lines
maintained protein expression levels that were equiva-
lent to wildtype parental cells (Supplemental Figure 1C).

PIK3CA E545K and H1047R knockin mutants respond
differently to lapatinib
We tested the knockin clones for their responses to
lapatinib since our previous work demonstrated that
PIK3CA mutations confer resistance to lapatinib
monotherapy [21]. Cells harboring the knockin
H1047R mutation showed significant resistance to
lapatinib (Fig. 1B). We calculated the normalized
growth rate inhibition (GR50)—a robust metric for cel-
lular growth response to drug which accounts for cell
division rate (Fig. 1C) [27]. The GR50 concentration
for lapatinib in SK-BR-3 non-targeted knockin control
cells lies within the nanomolar range (96.0 ± 13.6 nM),
similar to the parental cells (107.4 ± 6.4 nM), but the
two clones with the knockin H1047R mutation had a
significantly higher GR50 values (217.2 ± 11.7 nM, p <
0.05 compared to control; and 433.0 ± 16.0 nM, p <
0.005 compared to control). Interestingly, clones with
the knockin E545K mutation remained sensitive to
lapatinib and did not show significant differences in re-
sponse compared to control cells (Fig. 1B, C) (knockin
control, GR50 = 140.5 nM ± 25.2 nM; E545K c6 GR50
= 139.7 ± 8.0 nM, p = 0.95; E545K c12 GR50 = 98.2 ±
10.1 nM, p = 0.09). In contrast, cells engineered to
overexpress either the H1047R or E545K mutation of
PIK3CA were highly resistant to lapatinib. The respect-
ive GR50 values for lapatinib in the E545K overex-
pressing cells and H1047R overexpressing cells were
significantly higher than the control SK-BR-3 cells at
368.0 ± 23.9 nM (p < 0.005) and 283.0 ± 45.3 nM (p <
0.05) respectively (Fig. 1C). We further assessed the
growth of mutant clones using continuous live-cell im-
aging for cells exposed to 500 nM lapatinib over a 90-h
period. This dose of lapatinib did not inhibit the
growth of cells overexpressing either of the mutant
PIK3CA transgenes or the H1047R knockin mutants to
the same extent as parental and control cells. However,
E545K knockin mutants were growth inhibited to simi-
lar levels as parental and control cells (Supplemental
Figure 2A). We also assessed the inhibitory effects of
neratinib on the growth of these engineered cell lines.
Neratinib, like lapatinib, is a dual inhibitor of tyrosine
kinase activity of EGFR and HER2 but is much more
potent and can be used at low nanomolar concentra-
tions. The responses of cells treated with neratinib
were similar to those seen with lapatinib (Supplemental
Figure 2B). These results suggest that pharmacological
inhibition of HER2 signaling can be subverted by kinase
domain (H1047R) mutations but by not helical domain
(E545K) mutations in HER2-amplified cells.
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We interrogated cellular signaling pathways via
western blot analysis to identify differences in signaling
associated with each mutation (Supplemental Table 2).
PI3K is primarily activated by HER-family receptor
dimerization and transphosphorylation, particularly be-
tween HER2 and HER3 which form the most potent sig-
naling dimers. Phosphorylation of HER3, EGFR, and
downstream signaling molecules were assessed after 48 h
of treatment with lapatinib in all samples. There was an
observable difference between the helical (E545K) and
kinase (H1047R) domain mutation knockin clones in the
phosphorylation of downstream PI3K pathway proteins.
Specifically, levels of AKT phosphorylation at serine-473
remained high in H1047R mutants but were reduced in
E545K mutants (Fig. 2A, Supplemental Figure 2C). In
addition, the level of p-S6 ribosomal protein was higher

in the H1047R than in the E545K knockins (Fig. 2A, red
boxes), although baseline expression of p-S6 also ap-
peared to be higher in the H1047R mutants. PRAS40
phosphorylation differences were less striking, although
it still appeared that there were slightly higher levels of
p-PRAS40 in the H1047R mutants than the E545K mu-
tants. However, levels of phospho-4E-BP-1, another
downstream target of mTORC1, were not modulated by
treatment with lapatinib (Fig. 2A), consistent with our
previous observations [21]. Importantly, the clones over-
expressing the H1047R and E545K mutants did not
show differences in PI3K signaling following treatment
with lapatinib. These clones expressed high levels of
phospho-AKT, phosphorylation of PRAS40 at serine-
246, and phosphorylation of ribosomal protein S6 at
Ser-235/236 and Ser-240/244 after treatment with

Fig. 1 Gene targeting validation in SKBR3 cells and response of knockin derivative cells to lapatinib treatment. A Targeted Sanger sequencing of
E545K locus (left) and H1047R locus (right) on both genomic DNA (top) and cDNA (bottom) shows correct targeting in two clones for each
mutation (arrows). B Drug response to lapatinib after 72 h shows that overexpression of PIK3CA mutations (top panel) makes cells less sensitive to
lapatinib treatment regardless of which mutation is introduced. Site-specific genome editing reveals that while the E545K mutation does not
confer reduced sensitivity to lapatinib treatment (middle panel) whereas the H1047R mutation does (bottom panel). Error bars represent standard
deviation of triplicate assays. C GR50 calculations for SK-BR-3 parental, control, and mutant clones shows that overexpression clones and H1047R
mutant knockin clones have significantly higher GR50 values than parental and control cells, but that E545K knockin mutant clones do not. Error
bars represent standard deviation of triplicate measurements. * denotes significant difference from control or parental cells by t-test (p < 0.05)
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Fig. 2 Analysis of signaling pathways showing H1047R knockin cells maintain intracellular signaling in presence of lapatinib. A Whole cell lysates
collected after 48 h of exposure to 500 nM lapatinib or vehicle were separated by gel electrophoresis and analyzed for the indicated proteins.
H1047R knockin cells retain high levels of phospho-AKT and downstream substrates phospho-PRAS40 and phospho-S6 (red boxes) whereas
E545K knockin cells do not. B Cells were treated with 500 nM lapatinib for a timecourse of 72 h. Whole cell lysates were collected at the indicated
times and separated by gel electrophoresis and analyzed for the indicated proteins. H1047R knockin cells show recovery of phospho-AKT levels
and persistent phosphorylation of S6 which is not seen in E545K knockin cells

Garay et al. Breast Cancer Research           (2021) 23:81 Page 6 of 17



lapatinib for 48 h, similar to what we observed in the
H1047R knockin clones (Fig. 2A).
Previous reports have shown that HER2-amplified cells

can recover from pharmacological inhibition of HER2
signaling over time even in the presence of drug [31].
Our results after 48 h of treatment are concordant with
previously published data showing that concentrations
of lapatinib above 200 nM are able to completely block
this recovery [31]. However, this observation does not
preclude the possibility that knockin H1047R cells or
overexpression mutants recover faster than their coun-
terparts. Thus, we examined changes in phosphoprotein
levels at multiple times during a 72-h time course treat-
ment with 500 nM lapatinib (Fig. 2B). Cells were replen-
ished with fresh medium and drug every 24 h for the
duration of the experiment, ensuring that effects of drug
half-life in culture were minimized. Unlike untreated
cells which showed strong PI3K signaling activity (see
Fig. 2A), we found that PI3K signaling was suppressed
within the first 12 h of lapatinib treatment in overexpres-
sion clones and in the H1047R knockins. PI3K signaling
re-emerged with increased levels of pAKT and pS6
appearing within the next 12 h in kinase domain mutant
cells. In contrast, suppression of phosphoprotein signal
persisted for much longer in the E545K knockin mu-
tants. In the case of phospho-AKT, this suppression per-
sists for the duration of the timecourse. For phospho-S6,
we observed slight recovery of signal in the E454K
knockins after 36–48 h, but the level of recovery was di-
minished compared to recovery in H1047R knockin
clones. However, this is complicated by the fact that the
baseline levels of phospho-S6 are lower in the E545K
clones than the H1047R clones (see Fig. 2A).

AKT inhibition restores sensitivity to lapatinib in the
PIK3CA H1047R knockin mutants
We assessed the efficacy of AKT inhibition in cells after
treatment with the pan-AKT inhibitor GSK690693.
PIK3CA mutant cell lines, whether overexpression or
knockin, maintained sensitivity to GSK690693 in the mi-
cromolar range by measure of GR50 (Fig. 3 and Supple-
mental Figure 3A). It has been reported that inhibition
of AKT results in a feedback loop that upregulates
phospho-AKT-mediated signaling [32]. All cells treated
with high-dose GSK690693 (500 nM) showed upregula-
tion of phosphorylated AKT at phospho-Thr308 and
phospho-Ser473 sites (Supplemental Figure 3B). This is
expected, as ATP-competitive inhibitors of AKT also
prevent dephosphorylation of AKT [33]. Phosphoryl-
ation of PRAS40 and ribosomal protein S6 also were de-
creased (Supplemental Figure 3C), demonstrating that
GSK690693 as a single agent does inhibit AKT signaling
by blocking propagation of its intracellular signal
through mTORC1 to ribosomal protein S6.

Because H1047R knockin mutant cells exhibit contin-
ual signaling downstream of AKT and treatment with
GSK690693 sufficiently blocks signaling downstream of
AKT, we sought to test the efficacy of lapatinib and
AKT inhibition as a combinatorial therapy. We assayed
our panel of cells with varying equimolar amounts of
these two drugs using the same cell growth assay as with
monotherapy alone. We measured synergistic interac-
tions using combination index measurements, and inter-
actions were deemed significant when the combination
index was less than 0.7 and the upper 95% confidence
interval was less than 1. We found co-treatment of
H1047R mutant cells with both lapatinib and
GSK690693 resulted in significantly lower GR50 com-
pared to either monotherapy alone and a restoration of
sensitivity to lapatinib (Fig. 3), which is manifested as
significant synergy in the H1047R mutant cells. No syn-
ergistic growth inhibition with co-treatment of drugs
was seen in the wild-type cells or for E545K knockin
clones because lapatinib as monotherapy is already
highly effective (Figs. 1B and 3 and Supplemental Figure
4). Importantly, lapatinib and GSK690693 were synergis-
tic in both retrovirally overexpressing E545K and
H1047R mutants, consistent with our previous findings
[21]. We attribute the synergism in the overexpressing
E545K mutant to the supraphysiologic level of PI3-K
signaling in this clone, where the inhibition of AKT
restores sensitivity to lapatinib to the same levels as in
wildtype cells.
It has been reported that cells can bypass AKT

inhibition by utilizing signaling through the Ras-Raf-
MEK-ERK pathway [34, 35], so we further assessed the
possibility that cells bypass lapatinib control by utilizing
ERK signaling. We addressed this by measuring re-
sponses to combined lapatinib and MEK inhibitors. Co-
treatment of cells for 72 h with two separate MEK
inhibitors—PD0325901 and GSK1120212 (Supplemental
Figure 5A)—revealed no synergistic, or even additive, ef-
fects in either wildtype or mutant cells. Whole cell lysate
analysis of cells treated with either MEK inhibitor alone
showed complete loss of phospho-ERK signal after 24 h
demonstrating that these compounds have the desired
target effects in SK-BR-3 cells (Supplemental Figure 5B).
Together, these results imply that these HER2-amplified
cells do not rely on the Ras-Raf-MEK-ERK axis for their
sustained growth under lapatinib monotherapy, consist-
ent with the reported reliance on PI3K signaling in lu-
minal HER2+ cells [36].

PTEN knockout phenocopies the drug response of PIK3CA
H1047R mutants
We further assessed the role of canonical PI3K-AKT sig-
naling on resistance to lapatinib by exploring the role of
PTEN knockout on lapatinib response. PTEN is the
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phosphatase protein responsible for the negative regula-
tion of PI3K activity; it dephosphorylates the substrates
of PI3K, most importantly the dephosphorylation of
PI(3,4,5)P3 to PI(4,5)P2. We used CRISPR-Cas9 and a
previously published guide RNA [25] to knockout PTEN
in SK-BR-3 cells. We isolated two unique clones and

validated loss of PTEN by RT-PCR and western blot
analysis (Supplemental Figure 6A and 6B). In both
clones, sequence analysis of the PTEN locus showed that
CRISPR-Cas9 targeting resulted in deletion of base pairs
from the coding sequence causing a frameshift and
introduction of a premature stop codon (Supplemental

Fig. 3 Response of knockin derivative cells to AKT inhibition alone or in combination with lapatinib. Drug response after 72 h shows minimal
differential sensitivity to AKT inhibition with GSK690693 (red) among all cell lines. Equimolar combination of both GSK690693 and lapatinib
(green) shows synergistic growth inhibition in cells overexpressing PIK3CA mutations or with knockin of the H1047R mutation but not the E545K
mutation. Points at which significant synergistic interactions as measured by the combination index between lapatinib and GSK690693 are
indicated with an *. Lapatinib monotherapy data from Fig. 1B is repeated here in each graph for comparison (blue)
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Figure 6C). As a control, cells were also transfected with
the Cas9 plasmid containing no guide RNA—designated
as “pX459.” Additional targeted sequencing of the top
three off-target genomic sites for the given guide RNA—
as determined by an online CRISPR Design Tool (http://
tools.genome-engineering.org) [24]—shows that all poten-
tial off-target sites remain wildtype (Supplemental Figure
6D). We tested PTEN null cells for response to lapatinib
using the same drug dilution/combinatorial treatment ex-
periment done with the knockin clones. PTEN null cells
showed reduced sensitivity to lapatinib alone, as observed
for the H1047R knockin clones (Fig. 4A, data for knockin
clone 1 from Fig. 3 is repeated here for comparison). In
addition, co-treatment with the AKT inhibitor GSK690693
resulted in restoration of sensitivity, manifested as synergy
between the two compounds. Immunoblot analysis of
whole cell lysates shows that treatment of PTEN null cells

with lapatinib for 48 h inhibited HER3 phosphorylation
(Fig. 4B), as it did in all other tested clones. Treatment of
PTEN null cells with lapatinib reduced phospho-AKT
levels but not to the levels of parental (see Fig. 2A) or con-
trol cells (Fig. 4B). In addition, in the presence of lapatinib,
PTEN null cells did not retain levels of phospho-AKT (spe-
cifically serine-473) as high as H1047R knockin cells and
did not decrease phospho-AKT as dramatically as E545K
knockin cells (Fig. 4B). Analysis of time course lysates
showed that phospho-AKT levels remained steady over 72
h of exposure to lapatinib. More importantly, levels of
phospho-S6 remained high for the duration of lapatinib
treatment implying that AKT signaling persists although
the upstream stimulus is blunted (Fig. 4C). Taken together
with the results from H1047R knockin cells, these data
suggest that increased accumulation of PIP3—whether by
increased kinase activity of PI3-kinase or decreased

Fig. 4 Characterization of PTEN null clones reveals these cells closely phenocopy cells with H1047R mutation. A Combinatorial drug screen using
lapatinib (blue), AKT inhibitor GSK690693 (red), or equimolar combination of both drugs (green) shows that knockout of PTEN makes cells less
sensitive to lapatinib treatment, similar to H1047R knockin cells. B Whole cell lysates collected after 48 h of exposure to 500 nM lapatinib or
vehicle were separated by gel electrophoresis and analyzed for the indicated proteins. C Cells were treated with 500 nM lapatinib for a
timecourse of 72 h. Whole cell lysates were collected at the indicated times and separated by gel electrophoresis and analyzed for the
indicated proteins
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phosphatase activity by PTEN—may be sufficient for cells
to escape the effects of pharmacological inhibition of
HER2 signaling.

Resistance to lapatinib is associated with high levels of
membrane-bound PIP3
We examined levels of PIP3 in all our cells because acti-
vation of AKT necessarily requires recruitment to the
plasma membrane mediated by PIP3 [11]. We hypothe-
sized that levels of PIP3 have to remain high or even be-
come elevated in cells that show resistance to lapatinib.
We used confocal microscopy to quantify membrane-
associated PIP3 in our knockin and overexpression cells
(Fig. 5A). Wildtype SK-BR-3 maintained PIP3 levels after
treatment with lapatinib (Fig. 5B). In contrast, PIP3
levels were significantly elevated after lapatinib treat-
ment in all clones that showed resistance to lapatinib—

that is, in clones overexpressing PIK3CA mutations and
H1047R knockins but not in E545K knockin mutants,
which again maintained PIP3 at the same level as un-
treated cells (Fig. 5A, B). Quantification of these results
shows a significant increase in PIP3 levels only in
H1047R knockin cells and mutant overexpression cells
after lapatinib treatment (Fig. 5B).

Impact of PI3K mutation on response to NRG1β
We recently showed that the growth factor neuregulin-1
beta 1 (NRG1β) confers resistance to lapatinib in lu-
minal HER2+ breast cancer cells including SK-BR-3
[36]. We tested the E545K, and H1047R SK-BR-3
knockin cells with NRG1β by treating with fixed doses
of NRG1β (0, 2, 10, or 50 ng/ml) both in the presence
and absence of four different concentrations of lapatinib.
We saw no difference in response to NRG1β as a result

Fig. 5 PIP3 signaling remains high in H1047R knockin but not E545K knockin cells after lapatinib treatment. A Confocal imaging of cells after 36 h
of treatment with DMSO or lapatinib (500 nM). PIP3 staining can appear in clusters (yellow arrows, top left image). B Quantification of PIP3
staining in cells using CellProfiler. Cell boundary was determined by phalloidin stain (not shown) and PIP3 stain overlapping with phalloidin was
calculated. Sum of pixel intensity of PIP3 divided by the area overlapping with phalloidin was calculated for every cell per image. Average values
across 15 images are shown in the graph. Error bars represent standard deviation. * and ** indicates PIP3 intensity values for lapatinib-treated cells
are significantly higher than untreated matched samples (* indicates p < 0.005 and ** p < 0.001)
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of the introduction of the mutations in the absence of
lapatinib. However, when lapatinib was present, the cells
harboring either mutation were resistant to lapatinib in-
hibition at a lower dose of NRG1β compared to the
wild-type cells (Fig. 6). In the wildtype cells, 2 ng/ml of
NRG1β only gave partial resistance to lapatinib, but in
both the E545K and H1047R mutant cells, 2 ng/ml of
NRG1β conferred complete resistance, even at the very
highest dose of lapatinib (500 nM).

NRG1β interactions with PI3K mutation impact drug
response
We and others have reported that NRG1β-mediated re-
sistance to lapatinib can be countered using drug combi-
nations, including lapatinib plus pertuzumab [36, 37].
We assessed the impact of the two PI3K mutations on

the ability of either pertuzumab or the AKT inhibitor
GSK690693 to overcome resistance when used in com-
bination with lapatinib. We first tested lapatinib in com-
bination with GSK690693. As expected, the addition of
GSK690693 restored sensitivity to lapatinib in the
H1047R mutant cells, resulting in a modest synergistic
interaction between the two drugs, which was absent in
the wildtype, although some synergy was also seen in the
E545K mutant line (Fig. 7A). However, the depth of the
response was greatest in the H1047R mutant cell line in-
dicating that these cells are more dependent on PI3K-
AKT signaling. When NRG1β was present, the drug
combination appeared synergistic in the wildtype and
both mutant lines, with the strongest impact in the
H1047R mutant line (Fig. 7A), although none reached
significance with our stringent measure of synergy. We

Fig. 6 H1047R and E545K knockin cells are hyper-responsive to neuregulin-1 beta 1 (NRG1β) treatment. A Parental SK-BR-3 cells treated with NRG1β
and lapatinib show rescue from lapatinib at high concentrations of NRG1β, but only partial rescue when treated with low doses of NRG1β (2 ng/mL).
B The H1047R cells show complete rescue from lapatinib with all doses of NRG1β, even at the highest dose of lapatinib, suggesting that the mutant
cells are more responsive to ligand stimulation than their wildtype counterparts. C The E545K cells also show complete rescue from lapatinib inhibition
by all doses of NRG1β. Value shown are median cell counts relative to untreated controls. Error bars are ± standard deviation
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next tested pertuzumab in combination with lapatinib in
the parental, E545K, and H1047R SK-BR-3 cells in the
absence of NRG1β. As expected, the mutant cells were
more resistant to lapatinib, and pertuzumab on its own
had little effect. There appeared to be synergy at the
lower end of the concentration curves, but this effect
disappeared at higher doses such that lapatinib alone
was virtually indistinguishable from lapatinib plus pertuzu-
mab (Fig. 7B). Of note, synergy was impossible to calculate
accurately with these treatments, since pertuzumab did not
show the dose-response effect that is required for combin-
ation index calculations. We next tested the combination
when 50 ng/ml NRG1β was present and found again that
the combination was able to reverse NRG1β-mediated

resistance. The synergy appeared strongest in the wildtype
cell line and less significant in the H1047R cell line (Fig.
7B). This suggests that mutation status may also be import-
ant in determining the best drug combinations to use to
counter NRG1β-mediated resistance, as the AKT inhibitor
in combination with lapatinib was more effective in the
H1047R cell line while pertuzumab in combination with
lapatinib was more effective in the wildtype cells.

ERBB2 expression levels in clinical samples are unique
between tumors with helical domain mutations and
kinase domain mutations
We explored the clinical significance of our in vitro
results by interrogating publicly available datasets. In

Fig. 7 Addition of NRG1β de-sensitizes cells to lapatinib, co-treatment with AKT inhibitor or pertuzumab overcomes this effect. A Parental SKBR3 cells
or PIK3CA mutant clones treated with lapatinib, AKT inhibitor GSK690693, or combination of the two drugs at a fixed molar ratio in the absence or
presence of NRG1β for 72 h. Only H1047R knockin mutant cells show decreased sensitivity to lapatinib at baseline, consistent with results shown in Fig.
1. Treatment with NRG1β makes cells more resistant to lapatinib, and response is partially restored by co-treatment with GSK690693. The efficacy of
the combination is greatest in the H1047R mutant cells as measured by the GRmax response. Significant synergistic interactions are marked with an *. B
Parental SKBR3 cells or PIK3CA mutant clones treated with lapatinib, pertuzumab, or combination of the two drugs at a fixed molar ratio in the
absence or presence of NRG1β for 72 h. Combination of drugs resulted in synergistic growth inhibition at low doses in all three cell lines, but offered
no benefit over lapatinib alone at higher doses. Addition of NRG1β-induced resistance to lapatinib in all three cell lines was abrogated with the
addition of pertuzumab. Note that synergy could not be accurately calculated by the combination index method for these curves since it requires
fitting dose-response curves and pertuzumab did not have any effect on the growth of cells as a monotherapy
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particular, we were interested to see if levels of expres-
sion of ERBB2 might change in kinase domain mutants,
since cells harboring these mutations appear to be less
reliant on HER2 to maintain active signaling, and thus
there might be less selective pressure to maintain HER2
amplification to high levels. First, we examined the
HER2-positive cases from TCGA. Samples were sepa-
rated into three groups: samples with wildtype PIK3CA,
samples with mutations in PIK3CA at E542 or E545
(helical), and samples with mutations in PIK3CA at
H1047, and samples with loss of function mutations of
PTEN (kinase+PTENloss)—because our results show
that PTEN loss phenocopies kinase domain mutations of
PIK3CA. In the latter two groups, samples with second-
ary mutations in PIK3CA were removed because our
in vitro system models each point mutation uniquely.
SAM analysis was used to determine genome-wide
changes in gene expression between the wildtype and

each mutant group. Strikingly, ERBB2 and GRB7—chro-
mosomally co-localized with ERBB2 and known to be
frequently co-amplified with it in HER2-amplified breast
cancer [38]—are the two most significantly downregu-
lated genes in the kinase+PTENloss group when com-
pared to wildtype samples (Supplemental Figure 7A).
These two genes are not significantly altered in helical
domain mutant samples compared to wildtype (Supple-
mental Figure 7B). Figure 8A shows the boxplot analysis
of expression levels of these genes individually. Import-
antly, protein expression data from TCGA samples cor-
roborate these results (Fig. 8B). That is, samples with
H1047 mutation in PIK3CA or loss of PTEN have sig-
nificantly lower protein expression of HER2 compared
to wildtype samples, and this is not seen in E542/E545
mutant PIK3CA samples. We also note that protein
levels of pAKT, pPRAS40, and pS6 are not significantly
different between wildtype samples and either the helical

Fig. 8 Kinase domain mutant or PTEN-loss samples have significantly lower expression of ERBB2 and GRB7, by Mann-Whitney analysis. A Boxplots
comparing expression levels of ERBB2 mRNA (top) or GRB7 mRNA (bottom) between wildtype PIK3CA samples and either mutant group in
RNAseq data from TCGA. ***P value < 0.0001. B Boxplots of RPPA data for amount of HER2 protein in wildtype PIK3CA samples and either mutant
group. *P value < 0.001. C Boxplots comparing expression levels of ERBB2 (top) or GRB7 (bottom) between wildtype PIK3CA samples and either
mutant group in RNAseq data from METABRIC. *P value < 0.01

Garay et al. Breast Cancer Research           (2021) 23:81 Page 13 of 17



group or the kinase+PTENloss group (Supplemental
Figure 7C). This underscores the fact that at baseline
there is negligible difference in growth/survival pathway
signaling in H1047 mutant + PTENloss tumors com-
pared to E545K or wild-type tumors. It is only when the
system is perturbed (e.g., blockage of HER2 signaling)
that a measurable growth phenotype emerges for the
H1047 mutant or PTEN loss samples seen in our
in vitro data.
We extended our analysis to the METABRIC dataset

[39]. The same three groupings were applied in this
dataset and the same boxplot analysis performed on
ERBB2 and GRB7 expression levels. As seen in TCGA
samples, only the kinase+PTENloss group showed statis-
tically significant lower expression of both ERBB2 and
GRB7 compared to wildtype samples (Fig. 8C). We
sought to extend this to further datasets but unfortu-
nately only a limited number of published reports have
both RNAseq data and mutational analysis; additionally,
those datasets that have both RNAseq and DNA muta-
tion calls are underpowered in terms of PIK3CA mutant
HER2-enriched samples to perform the same analysis
done here [40, 41]. Altogether, our analysis of clinical
data show that samples with hotspot mutations in the
kinase domain of PIK3CA or functional loss of PTEN
have lower expression of HER2, both at the mRNA level
and protein level.

Discussion
We generated isogenic knockin mutants of each PIK3CA
mutation while maintaining the expression of PIK3CA
under endogenous promoter control to study the impact
of mutation on therapeutic response. While our analyses
of these cell lines confirm that PIK3CA mutations can
confer resistance to HER2-targeted kinase inhibitors
such as lapatinib and neratinib, we find significant differ-
ences in drug response phenotype between the two mu-
tation classes. Specifically, mutation in the helical
domain does not confer resistance to lapatinib while
mutation in the kinase domain does when PIK3CA is
expressed at physiological levels. Our time course ana-
lysis of lapatinib-treated cells shows striking differences
in AKT phosphorylation levels between the different
mutants. Lapatinib does not durably suppress PI3K-AKT
signaling in H1047R knockin mutant cells for much
more than 12 h, but does suppress pAKT in E545K
knockin mutants for at least 72 h. As a result, AKT sig-
naling is maintained in cells carrying H1047R mutations,
allowing the cell to escape apoptosis via canonical sig-
naling through mTORC and ribosomal protein S6. Thus,
the kinase domain mutation confers resistance by caus-
ing sustained AKT signaling and associated high levels
of PIP3 in the presence of HER2 inhibitors. These kinase
domain mutant cells respond synergistically to treatment

with lapatinib and the pan-AKT inhibitor GSK690693.
Cells carrying E545K mutations are not able to maintain
PIP3 signaling in the presence of lapatinib and remain
sensitive to lapatinib, and treatment with GSK690693
does not increase efficacy. Importantly, these results sug-
gest that H1047R mutants are capable of maintaining
signaling independent of signals from the receptor,
whereas E545K mutants are not.
These results are quantitatively different than those

obtained by overexpressing the PIK3CA mutations,
which showed that both mutations increased resistance
to lapatinib. The increased resistance to lapatinib ob-
served in both of the overexpression clones suggests that
introducing oncogenic mutations via overexpression
may mask the true biology seen in cells in which a single
mutant allele is driven from the endogenous promoter—
the genotype that is most commonly seen in mutations
of oncogenes. However, as we found that if we overex-
pressed the E545K mutant using retroviral vectors, we
could achieve the same levels of resistance as observed
in the H1047R mutants; it suggests that if the E545K
mutation is also overexpressed in a tumor, it would
likely cause resistance to therapy. Thus, our findings
support the notion that if cells express the E545K mu-
tants at physiological levels, then they are unlikely to be
resistant to therapy, but overexpression of the same mu-
tant will result in resistance. In contrast, H1047R mu-
tants will result in resistance regardless of the level of
expression.
Cells engineered to carry the H1047R kinase domain

mutation upregulated PIP3 during treatment with high
doses of HER2-targeted therapy such as lapatinib. High
levels of PIP3 maintained high levels of phospho-AKT
and hence activation of ribosomal protein S6. Active S6
combines with other proteins to form the 40S ribosomal
subunit that then carries out translation initiation [42].
Cells carrying the E545K helical domain mutation did
not upregulate high PIP3 levels during lapatinib treat-
ment and remained sensitive to the drug. Although the
mechanism by which this occurs remains unknown, we
speculate that the kinase domain mutation decouples
the PI3K pathway from the receptor, allowing it to func-
tion independently if growth signals from HER2 are re-
moved. Thus, when HER2 is inhibited, the H1047R
mutant of PIK3CA is able to compensate through in-
creased activity, resulting in increased PIP3 levels. In
contrast, the E545K mutant still relies on signal from
HER2 for activity, and thus is unable to increase PIP3 to
maintain signaling in the same manner. We showed that
PI3-kinase is the signaling axis utilized in these cells
since inhibition of the Ras-Raf-MEK-ERK axis had no
effect on cell growth. Changes in other downstream
targets of phospho-AKT signaling such as phosphoryl-
ation levels of 4E-BP-1 were not observed. This is not
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surprising because phosphorylation of 4E- BP-1 at
Thr37/46 is insensitive to rapamycin [43] and so it is
possible that it is also insensitive to other perturbations
of mTORC1 signaling investigated in this study.
We and others have shown previously that NRG1β in-

teracts with the HER2/3 heterodimer to induce resist-
ance to lapatinib and neratinib [36]. We show now that
the E545K and H1047R knockin cells became hypersen-
sitized to NRG1β-mediated resistance to lapatinib, as
lower levels of NRG1β were capable of conferring resist-
ance to lapatinib than in wildtype cells. This potentially
has important implications for patients, since the kinase
domain mutation could impact lapatinib response on
multiple levels—first by making cells more resistant at
baseline, and second by making them more susceptible
to NRG1β-mediated changes in HER2/3 heterodimer
conformation that reduces the binding efficacy of lapati-
nib and neratinib. We previously reported that serum
levels of NRG1β equivalent to the doses used in these
studies can be found in patients [36], suggesting that
these effects are operational in the clinic. Indeed, high
levels of NRG1β in all HER2+ breast cancer patients
were reported to be correlated with higher rates of re-
currence [44], which may be exacerbated by the pres-
ence of PIK3CA mutations.
The differences in response phenotype between the

kinase and helical domain mutants have not been ob-
served before because the vast majority of previous
studies have used traditional transgene overexpression
to study the function of mutations of PIK3CA. Our re-
sults support previous reports showing the value of
knockin techniques to uncover subtle phenotypes that
might otherwise be obfuscated by traditional transgene
overexpression [23, 30]. Slight differences in p110α kin-
ase activity have been previously reported for kinase
and helical domain mutations [20]. However, our report
is the first to show differential response to drug because
of the proposed lower catalytic activity of the E545K
mutation compared to H1047R mutation when both
are expressed at physiological levels. Additionally, our
results provide a functional definition for the term syn-
ergy in this particular case of drug combinations; spe-
cifically, in a lapatinib-resistant cell line, co-treatment
with an AKT inhibitor and lapatinib restores the effect
of drug to what is seen with lapatinib alone seen in
wildtype cells.
Additionally, we show here that unique gene ex-

pression patterns exist depending on the PIK3CA mu-
tation. We speculated that because the H1047R
mutants appear to be less reliant on signaling from
the receptor, there might be less selective pressure to
maintain high levels of HER2. Indeed, we found that
the kinase domain and PTEN mutants had lower
levels of expression of both HER2 and GRB7 in two

large independent public data sets, whereas the helical
domain mutants did not show this difference. Kinase
domain mutant cells may not respond well to HER2-
targeted therapy as there is significant downregulation
of the gene ERBB2 in these clinical samples and con-
comitant lower protein expression of HER2 not seen
in helical mutant samples in addition to the PI3K
mutation; this hypothesis is bolstered by published
evidence that high levels of HER2 expression are pre-
dictive of response to lapatinib and trastuzumab [45].
While it is impossible to know the sequence of gen-
omic alteration in these tumors—that is, whether
HER2 became amplified first or PIK3CA acquired its
mutation first—these findings may suggest a mechan-
ism by which patients acquire resistance even prior to
therapy. Specifically, the genomic locus of HER2 is
amplified which is detected clinically at the DNA
level and informs the clinician to start HER2-targeted
therapy, but PIK3CA also acquires a mutation in the
kinase domain; this kinase mutation renders the pro-
tein constitutively active which circumvents the need
for continuous signaling from HER2, causing down-
regulation of HER2 expression at the mRNA level
and the protein level, thereby making the tumor re-
fractory to HER2-targeted therapy. While this mech-
anism is speculative, the data we present here clearly
show that the two hotspot mutations of PIK3CA re-
spond differently to HER2-targeted therapy in vitro
and that clinical samples of HER2-amplified tumors
with PIK3CA mutation have unique gene expression
patterns which support our results.
Ultimately, the phenotypic disparity between helical

and kinase domain mutations of PIK3CA may have im-
portant clinical implications. It is important to note that
publicly available data [46, 47] demonstrates that ap-
proximately 21% of HER2-amplified cases of breast can-
cer also harbor a mutation at one of the hotspots of
PIK3CA. Our results suggest that HER2+ tumors with
helical domain mutations of PIK3CA will respond to
tyrosine kinase inhibitors such as lapatinib and neratinib
whereas HER2+ tumors with H1047R mutations will
not, although both a hypersensitive to resistance
mediated by NRG1β. Our data and previous studies also
suggest that adding pertuzumab to counter NRG1β-
mediated resistance to lapatinib and neratinib will be
important in HER2+ tumors carrying PIK3CA mutations
of either type. Altogether, we show that important
phenotypic disparities exist between the two hotspot
mutations of PIK3CA. These data raise the intriguing
possibility that patients may one day benefit from differ-
ential treatments based on PIK3CA mutational status.
Our study sets the stage for the necessary pre-clinical
animal studies and follow-up clinical investigations to
validate these findings.
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