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Abstract

While the HER2-targeting agents trastuzumab and lapatinib have improved the survival of patients
with HER2-positive breast cancer, resistance to these targeted therapies is a major challenge. To
investigate mechanisms of acquired lapatinib resistance, we generated acquired lapatinib
resistance cell models by extended exposure of two HER2-positive breast cancer cell lines to
lapatinib. Genomic and proteomic analyses revealed that lapatinib-resistant breast cancer cells
gained additional PI3K activation through activating mutation in PI3K p110a and/or increasing
protein expression of existing mutant p110a. p110a protein up-regulation in lapatinib-resistant
cells occurred through gene amplification or post-transcriptional upregulation. Knockdown of
p110a, but not p110p, the other PI3K catalytic subunit present in epithelial cells, inhibited
proliferation of lapatinib-resistant cells, especially when combined with lapatinib. Lapatinib-
resistant xenograft growth was inhibited persistently by combination treatment with the p110a-
selective PI3K inhibitor BYL719 and lapatinib; the drug combination was also well-tolerated in
mice. Mechanistically, the combination of lapatinib plus BYL719 more effectively inhibited Akt
phosphorylation and, surprisingly, Erk phosphorylation, than either drug alone in the resistance
model. These findings indicate that lapatinib resistance can occur through p110a protein
upregulation-mediated, and/or mutation-induced, PI3K activation. Moreover, a combinatorial
targeted therapy, lapatinib plus BYL719, effectively overcame lapatinib resistance in vivo and
could be further tested in clinical trials. Finally, our findings indicate that p110p may be
dispensable for lapatinib resistance in some cases. This allows the usage of p110a-specific PI3K
inhibitors and thus may spare patients the toxicities of pan-PI3K inhibition to allow maximal
dosage and efficacy.

Introduction

HER2 is a receptor tyrosine kinase (RTK) overexpressed in 25% of breast cancers (1).
HER2 overexpression leads to ligand-independent receptor dimerization and
phosphorylation, including phosphorylation of EGFR, HER2 and HER3 (2,3). This in turn
promotes activation of phosphatidylinositol 3-kinase (PI3K)-Akt and mitogen-activated
protein kinase (MAPK) signaling, among other pathways, to promote cell proliferation and
survival (4). Targeted agents against HER2 (e.qg., lapatinib) have significantly improved
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clinical outcomes in patients having HER2-positive breast cancer (5-7). Yet resistance to the
dual EGFR/HER? kinase inhibitor lapatinib frequently occurs (8). Therapeutic options for
such patients are limited; therefore identifying resistance mechanisms is crucial in order to
develop effective treatments for these patients.

Activating mutations in the p110a catalytic subunit of PI3K (PIK3CA) occur in 25% of
HER2-positive breast cancers (9) and are believed to promote lapatinib (and trastuzumab)
resistance through Akt activation (9-12). However some HER2-positive breast cancers and
cell lines with PI3K mutations are lapatinib-sensitive (13-15). Here we show that such
cancers may acquire resistance to lapatinib by further increasing PI3K signaling output
through either upregulation of an existing PI3K p110a mutant and/or a secondary p110a
mutation event. These findings could help differentiate HER2-positive, PI3K-mutant breast
cancers that are lapatinib-sensitive from those that are lapatinib-resistant. The results suggest
that targeting the PI3K mutation can be an effective strategy to overcome lapatinib
resistance in HER2-positive and PI3K-mutant breast cancers.

Materials and Methods

Parental, lapatinib-resistant, and stable cell lines

BT474.m1 cells (BT474 hereafter) were described previously (16). UACC893 cells were
from ATCC. Lapatinib-resistant (LapR) cells were derived by treating parental cells with
2.1uM lapatinib for >9 months (BT474) or increasing doses until reaching 2.1uM for a total
of >5 months (UACCB893). Cell lines were authenticated by the MD Anderson Characterized
Cell Line Core Facility by short tandem repeat analysis (March 2013). HA-PIK3CA wild-
type and H1047R (Addgene plasmids 12522, 12524) from Dr. Jean Zhao (17) were cloned
into pLVX EFla-IRES-ZsGreen (Clontech). HA-PIK3CA E542K was generated by site-
directed mutagenesis. Following lentiviral infection cells were FACS-sorted to isolate
ZsGreen-expressing cells.

Proliferation assays and siRNA transfection

For MTT proliferation assays, 3,000-10,000 cells per well were plated in 96-well plates,
generally in triplicate for each treatment. siRNA (Sigma), if used, was transfected 1-2 days
later at 10nM using PepMute (SignaGen). Medium was replaced the next day with drug- or
vehicle-containing medium. When siRNA was not used, drug was added 1-2 days after
plating. DMSO concentration was <0.1% and equal between treatments. 3-5 days after drug
addition, 25-50pL/well of 5mg/mL MTT (Sigma) was added. 1-3 hours later, medium was
replaced with 100 DMSO and readings were performed after solubilization. 650 nm
background optical densities (O.D.) were subtracted from 570 nm readings and normalized
to vehicle. For crystal violet staining to visualize proliferation, 300,000 cells per well were
plated in 6-well plates. 1-2 days later, sSiRNA transfection was performed and drugs were
given in fresh medium one day after transfection. After 3-5 days of drug treatment, cells
were fixed with 0.5% crystal violet, 6% glutaraldehyde for 30-60 minutes, followed by wash
and imaging of wells. Lapatinib was withdrawn from LapR cells for =1 week before
experiments.

Whole-exome sequencing

Genomic DNA (gDNA) was isolated using PureLink Genomic DNA Mini Kit (Life
Technologies). Whole-exome sequencing performed by Otogenetics Corporation using
NimbleGen V2 exome enrichment and Illumina HiSeq2000 sequencing was analyzed in
DNA Nexus.
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Reverse phase protein array (RPPA)

Cells were plated and processed per the MD Anderson RPPA Core Facility protocol,
available online. Protein was isolated from cells, adjusted to 1-1.5mg/mL, boiled for 5
minutes after addition of 4x SDS sample buffer, stored at —80 °C, and later submitted to the
MD Anderson RPPA Core Facility.

Western blot analysis

gPCR

LapR cells underwent lapatinib withdrawal for =1 week before experiments and drugs were
given in fresh medium. Protein was isolated from cells and 30pg protein per sample was
analyzed by western blot as we have done previously (16). Antibodies were from GE
Healthcare (secondary antibodies), Sigma (a-tubulin), or Cell Signaling. Films were scanned
into Adobe Photoshop; quantification was performed in ImageJ. For siRNA knockdown
efficiency, cells were harvested for western blot 3 days post-transfection.

RNA isolated with TRIzol (Life Technologies) or RNAzol (Molecular Research Center,
Inc.) was reverse-transcribed using SuperScript 111 (Life Technologies). gDNA was isolated
as with whole-exome sequencing. gPCR was done using SYBR FAST (Kapa Biosystems) or
iQ SYBR Green or iTaq Universal SYBR Green Supermix (Bio-Rad). Primers recognizing
PIK3CA E542K allele were: (forward) 5’-CAATGAATTAAGGGAAAATGACA-3’;
(reverse) 5’-CTTTCTCCTGCTCAGTGATTCT-3". These and other gDNA-specific primers
used (wild-type PIK3CA and LINE1) were described previously (18,19). cDNA-specific
primers were designed using standard techniques.

Cell cycle analysis

After indicated treatments, cells were harvested; fixed in cold 75% ethanol, 25% PBS 40
minutes on ice; washed; stained with 33pg/mL propidium iodide in PBS 20 minutes at 37
°C; and analyzed by flow cytometry. Doublets were gated out.

Xenograft studies

6-8-week-old female Swiss nude mice (MD Anderson Department of Experimental
Radiation Oncology) received mammary fat pad (mfp) injections of 4.5 million BT474
LapR cells in 100p.L 1:1 serum-free medium and growth factor-reduced Matrigel (BD
Biosciences). Two tumors per mouse were injected on opposing middle mfps. Next day
mice were treated with 3119 estrogen intraperitoneally (estradiol cypionate; Pfizer) to
support tumor growth. 7 days later, tumors were measured and mice were randomized to
treatment groups (15 mice each). The next day (day 1) treatments began as follows: lapatinib
(48 mg/kg; GlaxoSmithKline and LC Laboratories), BYL719 (48mg/kg; Novartis), the
combination of both, or vehicle by daily oral gavage. Lapatinib vehicle was 0.5%
hydroxypropylmethylcellulose, 0.1% Tween-20; BYL719 vehicle was 0.5%
methylcellulose. All mice received both vehicles. After apparent muzzle area dryness in
BYL719 or combination-treated mice, each drug was reduced to 36mg/kg on day 6. Dryness
was transient and dose from day 9 onward was 48mg/kg lapatinib and 36mg/kg BYL719.
One week after treatment began, four tumors per treatment group were removed 5 hours
after the daily drug treatment for western blot and immunohistochemistry. Estrogen was
given as before on days 2, 12, 22, 33, and 44. Tumor volume was calculated as (length x
width?) / 2 as measured by calipers on indicated days. Measurements were normalized to the
day 0 mean (=100%) for each group. Animal weight was measured using a scale on
indicated days starting on treatment day 6. Animals were sacrificed when cumulative tumor
diameter became excessive.
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Immunohistochemistry

Statistics

Results

Immunohistochemistry (IHC) was performed using Golden Bridge International kits as we
have done previously (16). Antibodies were from Cell Signaling (p-Akt T308, #4056, 1:100;
p-Erk1/2, #4370, 1:800).

Student’s t-test, ANOVA, or Mann-Whitney tests (as indicated in legends) were performed
in Microsoft Excel or Graphpad Prism. p < 0.05 was considered statistically significant.

PI3K p110a activation is enhanced in lapatinib resistance models

To create models of lapatinib resistance, we treated the HER2-positive human breast cancer
cell lines BT474 and UACCB893 with lapatinib for longer than 5-9 months. The resulting
acquired lapatinib-resistant cell lines (LapR) were highly resistant to lapatinib compared
with parental cells (Fig. 1a).

To identify potential mechanism(s) of acquired lapatinib resistance, we analyzed levels of
>170 proteins or phospho-proteins by reverse phase protein array (RPPA) (20) in parental
versus LapR cells. We identified proteins/phospho-proteins increased at least 20% in either
LapR cell line compared with parental counterparts, and seven were increased in both cell
lines, one of which was PI3K p110a (Fig. 1b). Consistent with our RPPA data, western blot
analysis demonstrated that p110a is increased about 2-fold in both LapR cell lines compared
to parental cells (Fig. 1¢). These data suggest that p110a may be a key player in lapatinib
resistance in both LapR models. Moreover, as both parental cell lines possess p110a
activating mutations (21), we hypothesized that increased expression of the mutant p110a
proteins may further enhance PI3K activation and contribute to lapatinib resistance in these
LapR models.

To assess whether increased p110a mutant proteins in LapR cells further enhanced PI3K
activation, we detected phosphorylation of its downstream target Akt. Indeed, p-Akt T308
was reproducibly enhanced about 3-fold in BT474 LapR cells and about 2-fold in UACC893
LapR cells under lapatinib-treated conditions compared to parental cells (Fig. 1c). These
data demonstrate that PI3K downstream signaling is enhanced in LapR cells compared to
parental cells.

Notably, enhanced PI3K-Akt signaling and lapatinib resistance in LapR cells were not due
to inability of lapatinib to inhibit HER2 (Fig. 1c), or HER3 (Supplementary Figures 1 and
2), the primary activator of PI3K in HER2-positive breast cancer (4,22,23). Thus enhanced
Akt phosphorylation in LapR cells may result from enhanced p110a protein. Notably, basal
phosphorylation of HER2 (Fig. 1c) and HER3 (Supplementary Figure 1) were decreased in
both LapR cell lines. This may be due to enhanced PI3K signaling in LapR cells, as it has
been reported that PI3K inhibition increases HER2 and HER3 phosphorylation by
promoting dimerization (24). Thus, PI3K activation may suppress HER2 and HER3
phosphorylation and activation. Additionally, LapR cells are less dependent on HER2,
which may allow them to tolerate genetic losses or gains that lead to decreased HER2
activation, whereas the HER2-dependent parental cells would not tolerate such changes
well.

Many mechanisms of PI3K activation exist, including mutational activation (12). We
therefore tested whether, in addition to increased p110a protein level, Akt activation in
LapR cells may also result from additional PI3K mutations (or other genetic changes) in
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LapR cell lines by performing whole-exome sequencing on parental and LapR cells. We
identified a heterozygous E542K activating mutation of p110a in BT474 LapR cells (36%
of reads in the relevant position), which is not present in BT474 parental cells (Fig. 1d). This
mutation is highly oncogenic (25,26) and one of three hotspot mutations in p110a (27). Both
BT474 parental and LapR cells possessed the K111N p110a mutation previously reported in
this cell line (21) (data not shown). As the E542K mutation is more oncogenic than K111N
(25), these data suggest that an additional, stronger PI3K-activating mutation may promote
lapatinib resistance in BT474 LapR cells. This may have occurred through selection of a rare
sub-clone (28).

UACC893 parental and LapR cells both possessed the strongly oncogenic p110a H1047R
mutation (27) previously reported in this cell line (21) (data not shown). This may explain
why UACC893 parental cells are more lapatinib-resistant than BT474 parental cells. (See
Fig. 1a; the lapatinib 1C50 is ~50nM versus 200-400nM for BT474 and UACCB893 parental
cells, respectively.) In spite of this PI3K mutation, however, UACC893 parental cells were
still lapatinib-sensitive at doses near 1uM, which is clinically achievable (7) (Fig. 1a). We
did not identify any additional cancer-associated mutations in UACC893 LapR cells
compared to UACC893 parental cells (data not shown). Thus non-genetic mechanisms, such
as p110a up-regulation (Fig. 1b, c), may promote lapatinib resistance in this case.

To summarize, UACCB893 LapR cells have increased levels of p110a H1047R, while BT474
LapR cells not only have increased mutant p110a protein but also gained an additional
p110a E542K activating mutation. These data led us to propose that lapatinib resistance in
these cell lines is a result of increased PI3K-Akt signaling through p110a upregulation and/
or mutation.

Knockdown of p110a sensitizes lapatinib-resistant cells to lapatinib treatment

To test whether p110a plays a critical role in lapatinib resistance of LapR cells, we knocked
down p110a using SiRNA. We also knocked down PI3K p110p, another class 1A PI3K
catalytic subunit (17), as a control for p110a-specific function. Effective knockdown by
each siRNA was confirmed by western blot (Fig. 2a). We compared the proliferation and
lapatinib sensitivity of p110a versus p110p and control nonsilencing siRNA-treated LapR
cells. We found that knockdown of p110a, but not p110p, significantly enhanced lapatinib
sensitivity of BT474 LapR and UACC893 LapR cells by MTT assay (Fig. 2b) and crystal
violet staining of cells (Supplementary Fig. 3). Thus PI3K p110a promotes lapatinib
resistance in these models. We note that p110a knockdown by siRNA was less effective in
UACCB893 LapR than in BT474 LapR cells (Supplementary Fig. 4), which may explain why
p110a siRNA inhibited growth more effectively in BT474 LapR cells compared to
UACC893 LapR cells (Fig. 2b). Although one p110p siRNA (#2) induced a decrease in
proliferation of BT474 LapR cells (Fig. 2b), this is likely due to off-target effects, as BT474
LapR cells treated with p110p siRNA #2 had similar p110p level as p110p siRNA #1-treated
cells (Fig. 2a), which showed no inhibition of proliferation. Moreover, p110p siRNA #2 did
not inhibit the proliferation of UACC893 LapR cells, indicating that p110p siRNA #2’s
effects in BT474 LapR cells were due to off-target effects specific to BT474 LapR cells.

Overexpression of mutant p110a is sufficient to confer lapatinib resistance

Previous studies demonstrated that p110a E545K and H1047R mutations are sufficient to
promote lapatinib resistance in vitro (10). However, the E542K mutation, found in many
breast cancers and in BT474 LapR cells, was not analyzed. Therefore, we investigated
whether p110a E542K confers lapatinib resistance in BT474 parental (lapatinib-sensitive)
cells. We stably infected BT474 parental cells with lentiviruses expressing HA-tagged
p110a wild-type (WT), E542K, or H1047R (as a positive control), and verified ectopic
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expression at a similar level by western blot (Fig. 3a). Next, we measured these stable sub-
lines for lapatinib sensitivity, and found that the E542K mutant, similar to H1047R,
promoted lapatinib resistance in BT474 parental cells (Fig. 3b), whereas WT p110a did not.
WT, E542K, or H1047R p110a transfected BT474 cells had significantly (p < 0.01)
increased proliferation compared to vector controls (Supplementary Fig. 5). Notably, BT474
parental cells have low endogenous p110a compared to the high ectopic p110a levels in the
stable sub-lines (Fig. 3a), likely due to the strong EF1a promoter used. Our data demonstrate
that the E542K and H1047R mutations, but not WT p110aq, are sufficient to confer lapatinib
resistance, at least at high expression levels. On the other hand, the endogenous level of the
H1047R mutant in UACC893 parental cells does not render the cells fully lapatinib-resistant
(Fig. 1a). These findings suggest a dose-dependent effect of mutant PI3K in lapatinib
resistance. Indeed, we observed increased levels of mutant PI3K in both LapR cell lines.

PI3K protein level is increased in lapatinib-resistant cells through diverse mechanisms

p110a protein was increased in both LapR cell lines (Fig. 1c). We tested whether this may
be due to mMRNA increase by gRT-PCR of PIK3CA (p110a) mRNA. BT474 LapR cells
possessed ~2-fold more PIK3CA mRNA than parental cells, while UACC893 LapR cells
had no change (Fig. 4a). To test whether mRNA upregulation in BT474 LapR cells results
from gene amplification, we performed qPCR of genomic DNA using primers recognizing
genomic PIK3CA. BT474 LapR cells had 2-fold amplification of the PIK3CA gene
compared with parental cells (Fig. 4b, left panel); UACC893 LapR cells had a slight
decrease (Fig. 4b, right panel). This indicates that increased p110a protein levels in different
lapatinib-resistant cells can occur through divergent means: DNA amplification in one case
and post-transcriptional mechanisms in another.

To test whether PIK3CA gene amplification in BT474 LapR cells involved the E542K allele,
we performed qPCR of genomic DNA using E542K-specific primers. These primers
preferentially amplify PIK3CA E542K due to stronger base pairing with the mutant
nucleotide (18). We used BT483 breast cancer cells as a control for non-amplified PIK3CA
E542K, as they harbor the E542K mutation (21). BT483 cells possessed similar genomic
PIK3CA level to BT474 parental cells and a strong E542K-specific gPCR signal compared
with parental BT474 cells (Fig. 4c), confirming that these cells harbored non-amplified
E542K. Remarkably, gPCR signals of both total genomic PIK3CA and PIK3CA E542K in
BT474 LapR cells were double that of BT483 cells (Fig. 4c), indicating that BT474 LapR
cells possess amplification of the PIK3CA E542K allele. This raises an interesting
possibility that the E542K mutant at a non-amplified level is insufficient to confer maximal
lapatinib resistance in BT474 LapR cells and that amplification is necessary for a strong
resistance phenotype. gPCR of gDNA from BT474 parental cell with E542K-specific
primers did not yield amplification signals as did in BT474 LapR and BT483 cells until up
to eight cycles later, consistent with lack of E542K mutation in BT474 parental cells (Fig.
4c, see double asterisk).

The pl110a-selective PI3K inhibitor BYL719 overcomes lapatinib resistance in vitro

Lapatinib resistance in our models was dependent on the p110a, but not p110p, PI3K
subunit (Fig. 2a). Therefore, we hypothesized that a p110a-selective PI3K inhibitor may
overcome lapatinib resistance. BYL719 is a p110a-selective PI3K inhibitor (29,30) showing
encouraging results in clinical trials (31). Moreover, p110a-specific inhibition may be better
than pan-PI3K inhibition in p110a-dependent malignancy due to decreased toxicity and thus
better therapeutic index (32).

We treated LapR cells with BYL719 alone or combined with lapatinib and analyzed
proliferation. We found that BYL719 effectively overcomes lapatinib resistance in a dose-
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dependent manner (Fig. 5a). The combination inhibited proliferation synergistically in
UACCB893 LapR cells, but not in BT474 LapR cells (Supplementary Fig. 6). The
combination also more effectively blocked Akt phosphorylation in LapR cells than either
drug alone (Fig. 5b). Although BYL719 alone increased phosphorylation of HER2 and
HERS3, consistent with other PI3K inhibitors (24,33), lapatinib plus BYL719 effectively
inhibited HER2 and HER3 phosphorylation (Fig. 5b, Supplementary Fig. 7).

To test whether lapatinib plus BYL719 functioned by inhibiting proliferation, inducing cell
death, or both, we performed cell cycle analysis of drug-treated LapR cells. After 3 days of
treatment we performed propidium iodide staining to analyze DNA content (Fig. 5c). In
BT474 LapR cells, neither drug alone substantially altered the cell cycle profile (see Fig. 5d
quantification; note that sub-G1 cells are excluded in this quantification). However, in
combination-treated cells the sub-G1 population, indicative of dead or dying cell bodies with
less DNA, was increased from less than 1.0% in vehicle-treated cells to 19.0% in
combination-treated cells (see bars, Fig. 5¢). Moreover, entrance into G2/M was inhibited in
combination-treated cells, as indicated by the lower 4N DNA peak (22.1% of cells in DMSO
versus 12.6% in combination; Fig. 5c, d), while the S phase population increased (5.2% in
DMSO versus 17.2% in combination). The G1 phase was not affected by combination
treatment. Together, these data suggest that the combination slowed S phase progression,
leading to accumulation in S phase, and/or killed cells during G2/M. Thus the combination
treatment both induces cell death and inhibits cell cycle progression in BT474 LapR cells.

In UACCB893 LapR cells, the combination treatment increased the sub-G1 population from
11.7% in vehicle-treated cells to 41.2% and was superior to either drug alone (Fig. 5¢). As
with BT474 LapR cells, the combination increased the S phase population (from 8.2% in
DMSO to 14.9% in combination; Fig. 5d). G1 phase cells decreased from 65.3% in DMSO-
treated cells to 55.8% in combination treatment, suggesting that entrance into S phase was
inhibited by the combination. There was no significant difference in G2/M population
between DMSO and combination treatment (26.5% and 29.2%, respectively). Thus the
combination treatment moderately inhibits G1 entry into S phase, and slows S phase
progression to G2/M in UACC893 LapR cells. These cell cycle-inhibitory effects appear
secondary, however, to the more dramatic cytotoxic effects of the combination in these cells.

BYL719 combined with lapatinib overcomes lapatinib resistance in vivo

We next performed pre-clinical testing to see whether lapatinib plus BYL719 might be a
clinically applicable combination for overcoming lapatinib resistance. We established
BT474 LapR xenografts in mammary fat pads (mfps) of nude mice with two xenografts per
animal (third thoracic mfps). (UACCB893 LapR cells were not efficiently tumorigenic in
mice.) We then treated mice daily with lapatinib, BYL719, lapatinib plus BYL719, or
vehicle control and measured tumor growth. Remarkably, tumor growth was completely
inhibited by combination treatment, whereas tumor growth continued with either drug alone
(Fig. 6a). Although lapatinib plus BYL719 effectively inhibited tumor growth, the residual
tumors from this combination treatment maintained malignant morphology similar to other
treatment groups (data not shown). Lapatinib plus BYL719 did not induce weight loss in
mice (Supplementary Fig. 8). One out of 11 animals developed a skin rash and hunched
posture and two others became slightly hunched under treatment (not shown); these three
mice were reduced to intermittent half-dosing, which maintained tumor stasis and revealed
that the toxicity was largely reversible. BYL719 alone did not induce significant weight loss
when comparing the first measurement (day 6) to later measurements by one-way ANOVA.
However, one-way ANOVA with post-test for linear trend indicated a statistically
significant negative slope of weight over time in BYL719-treated mice (p = 0.015),
consistent with loss of appetite in BYL719-treated cancer patients (31). Interestingly, this
occurred in the BYL719-alone but not combination-treated mice.

Mol Cancer Ther. Author manuscript; available in PMC 2015 January 01.
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To analyze target inhibition in vivo by each treatment, BT474 LapR xenografts were
analyzed by western blot and IHC after one week of treatment (Fig. 6b, and Supplementary
Fig. 9). Compared with vehicle-treated mice, lapatinib alone did not inhibit phosphorylation
of HER family members, nor their downstream signals (Erk and Akt) in the LapR tumors,
consistent with previous reports in BT474 xenografts (34). BYL719, however, effectively
inhibited Akt phosphorylation, alone or combined with lapatinib (Fig. 6b; Supplementary
Fig. 9). Similar to other PI3K inhibitors (24,33), BYL719 alone or combined with lapatinib
induced phosphorylation of HER family members (Fig. 6b). Combination treatment
demonstrated the most effective inhibition of Akt and Erk phosphorylation (Fig. 6b;
Supplementary Fig. 9) even without inhibiting phosphorylation of their upstream activators
EGFR, HER2, and HER3 (see Discussion). Diminished Erk phosphorylation upon
combination treatment was unexpected, as PI3K inhibition was reported to enhance Erk
activation through feedback mechanisms (24) (see Discussion). Together, our data
demonstrate that BYL719 combined with lapatinib effectively overcomes acquired lapatinib
resistance in vivo, potentially through inhibition of the Akt and Erk pathways.

Discussion

We have identified PI3K activation by p110a protein upregulation and/or additional
mutation as a mechanism of acquired lapatinib resistance. Ectopic expression of PI3K
mutants has been shown to promote lapatinib resistance in vitro (10). However, this study is
the first report that lapatinib resistance in PI3K-mutant, HER2-positive breast cancers can
result from enhanced PI3K p110a protein levels, as we have observed in two lapatinib
resistance models. This suggests a possible threshold effect of mutant PI3K: low levels of
mutant PI3K may not be sufficient to confer lapatinib resistance in breast cancer cells, while
increased levels of mutant PI3K can make cancer cells resistant to lapatinib. As seen in our
BT474 LapR cells, PIK3CA has been reported to be mutated and amplified simultaneously
in breast tumors from some patients (35), which demonstrates that the expression levels of
PI3K mutants varies between breast cancers. The up-regulation of p110a in BT474 LapR
cells was apparently due to gene amplification. However, in UACCB893 LapR cells, p110a
up-regulation was not associated with increased gene copy number or mRNA. The p110a
protein upregulation could result from increased protein stability and/or translation in
UACC893 LapR cells.

It will be important to determine whether the resistance mechanism identified can be
detected in lapatinib-treated patients’ tumor samples when tissues from lapatinib-treated
patients become available. It should be noted that the approximately 2-fold increase in
p110a protein in BT474 LapR versus parental cell xenografts detected by western blot was
not discernible by IHC (not shown), indicating that we need to develop better strategies to
detect the differences in p110a protein level in patient tissues.

Importantly, we have found that the lapatinib plus BYL719 combination can overcome
acquired lapatinib resistance of breast cancer cells with simultaneous PIK3CA mutation and
amplification. This suggests this combination may bring clinical benefit to patients. Another
option may be to modify the current regimen of lapatinib treatment followed by
trastuzumab/taxane therapy (13) by adding BYL719 to the lapatinib phase, especially, if
patients tumors possess PIK3CA mutations.

Lapatinib failed to inhibit HER family member phosphorylation and their downstream
effectors Akt and Erk in the BT474 LapR xenografts, which is consistent with previous
findings in BT474 xenografts (34). The same study revealed effective tumor inhibition upon
lapatinib treatment in spite of lack of HER2 phosphorylation inhibition. Similar to the
findings from animal studies, lapatinib also fails to inhibit HER2 phosphorylation in a

Mol Cancer Ther. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brady et al.

Page 9

significant proportion of lapatinib-treated breast cancer patients, yet this does not preclude
clinical response (36). The reasons for this efficacy of lapatinib in spite of maintenance of
receptor phosphorylation in these studies, and in our lapatinib plus BYL719 regimen,
remains unclear and is very interesting.

The finding that lapatinib plus BYL719 inhibits Erk phosphorylation is unexpected, as
others have shown that PI3K inhibition actually enhances Erk activation in BT474 cells
(24). On the other hand, one group has reported that mutant PI3K induces Erk
phosphorylation under serum-starved conditions (12). As our BT474 LapR xenograft model
harbored a PI3K activating mutation, this may enhance Erk activation in this model. This
may explain why both lapatinib and BYL719 are necessary to inhibit Erk phosphorylation,
as the combination may allow more effective inhibition by inhibiting both HER2- and PI3K-
induced Erk activation (Fig. 6B). Erk inhibition by the combination therapy could also be
due to off-target effects of the drugs used. For example, lapatinib may have modest
inhibitory effects on ATM, ATR, DNAPK, mTOR, JNK1, and CSNK1AL1L kinases (37).
Although lapatinib may inhibit EGFR/HER2 more effectively than these other kinases, the
high level of amplification of HER2 in BT474 cells (10-fold or higher (38)) may make
targeting these non-amplified targets easier than targeting HER2. Indeed, genetically
amplified oncogenes are much harder to inhibit than non-amplified targets (39-41).
Although the cause of lapatinib plus BYL719-induced Erk inhibition is unclear in our
system, it is plausible that Erk inhibition contributes to the antitumor function of the
combination treatment. We also observed that BYL719 induced phosphorylation of EGFR,
HER2, and HER3 (as seen with other PI3K inhibitors (24,33)). Thus it will be interesting to
see whether addition of trastuzumab to the combination regimen may further enhance
therapeutic efficacy in future studies.

As the catalog of resistance mechanisms to various targeted therapies grows, it is
encouraging to find some common patterns repeated in various resistance settings, such as
PI3K- and Ras-induced resistance to RTK inhibitors (10,40,42-44), as well as activation of
alternative RTKSs (28,45-47). Indeed, with some targeted therapies, the majority of drug-
resistant relapses can be classified by a known, identifiable (and often actionable) resistance
mechanism (40,46,48,49). Therefore, it may soon be possible to define a “compendium” of
resistance mechanisms for a given drug, along with a therapeutic means to overcome each
one. This is a highly desirable goal that may fulfill the potential of targeted therapy to
significantly reduce cancer mortality in this decade.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lapatinib-resistant cells feature enhanced PI3K p110a activation. (a) BT474 and UACC893
parental (Par) and LapR cells were treated for 4 days (BT474) or 3 days (UACCB893) as
shown followed by MTT assay. (O.D., optical density, is an indicator of cell number.)
Results are representative of two independent experiments. Error bars, s.e.m. (b) Reverse
phase protein array (RPPA) analysis was performed on BT474 and UACCB893 parental and
LapR cells. Proteins increased =20% in LapR versus parental cells are shown. (c) Cells were
treated 4.5 hours (BT474) or 4 hours (UACC893) with DMSO or 1M lapatinib, followed
by western blot. (d) Whole-exome sequencing was performed on genomic DNA and percent
of WT and mutant reads at position corresponding to codon 542 in p110a (PIK3CA gene)
were compared in BT474 parental versus LapR cells.
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Figure2.

Knockdown of p110a enhances lapatinib sensitivity of lapatinib-resistant cells. (a) BT474
LapR cells were transfected with siRNA followed by western blot 3 days later. (b) BT474
and UACCB893 LapR cells were transfected with p110a or p110p siRNA and given DMSO
or 1uM lapatinib the next day. MTT assay was performed 3 days later. Error bars, s.e.m. (*p
< 0.01 by one-way ANOVA of lapatinib-treated groups.)
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Figure 3.

p110a hotspot mutations promote lapatinib resistance. (a) BT474 parental (Par) cells were
infected with wild-type (WT) HA-tagged p110a, indicated mutants, or vector (Vec)
followed by western blot. (b) Cells from (a) were treated 4 days as shown, followed by MTT
assay. O.D. readings were normalized to each transductant’s DMSO-treated reading
(=100%). Error bars, s.e.m. (*p < 0.001 by one-way ANOVA of lapatinib-treated groups.)
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Figure4.

p110a is increased through diverse mechanisms in lapatinib-resistant cells. (a) gRT-PCR
was performed using primers for PIK3CA and ACTB (B-actin) for normalization. (b) gPCR
of genomic DNA was performed using primers recognizing genomic PIK3CA. LINE1 was
used for normalization. (c) gPCR of genomic DNA was performed as in (b) with allele-
specific primers to PIK3CA E542K. BT474 parental (Par) gDNA was defined as 1.0 for total
PIK3CA primers and BT483 gDNA was defined as 1.0 for E542K-specific primers. Results
are the average from two independent experiments. (Error bars, s.e.m. *p < 0.01 by student’s
t-test (panels (a),(b), and right section of (c)) or one-way ANOVA (panel (c), left section);
n.s., not significant. The double asterisk (**) indicates that the data were not reliably
measured for gPCR of BT474 Par gDNA with PIK3CA E542K-specific primers.)
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The p110a-specific PI3K inhibitor BYL719 overcomes lapatinib resistance in vitro. (a)
LapR cells were treated as shown for 4 days followed by MTT assay. Error bars, s.e.m. BYL
and Lap. indicate BYL719 and lapatinib, respectively. (b) LapR cells were treated as shown
for 3 hours followed by western blot. (c) LapR cells were treated as shown for 3 days
followed by propidium iodide staining and flow cytometric cell cycle analysis. (d)
Quantification of cell cycle analysis in (c). Comb indicates lapatinib plus BYL719
combination. Sub-G1 and super-G2 cells were excluded. (p < 0.0001 in panel (a) is by one-
way ANOVA of lapatinib-treated groups with post-test for linear trend to analyze dose-

dependent effect.)
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Figure®6.

BYL719 combined with lapatinib overcomes lapatinib resistance in BT474 LapR
xenografts. (a) Mice with BT474 LapR xenografts were treated with 48 mg/kg lapatinib, 36
mg/kg BYL719, both drugs, or vehicle by oral gavage daily (see Materials and Methods).
Tumors were measured on indicated days and volumes were normalized to day 0. Mice were
sacrificed once tumor burden exceeded institutional euthanasia requirements. Error bars,
s.e.m. (b) Xenografts from (a) were harvested for western blot on treatment day 7, ~5 hours
after daily drug treatment. Four tumors (two mice) per group were analyzed. L, left mfp
tumor; R, right. Gaps in HERS3 blots result from accidental skipping of one lane; side-by-
side HER3 images are from the same blot. p-Erk1/2 antibody recognizes p-Erkl (T202/
Y204 or T202 only; upper band) and p-Erk2 (T185/Y187 or T185 only; lower band). (*p <
0.05 by Kruskal-Wallis one-way ANOVA of lapatinib+BYL719 versus vehicle or lapatinib
alone; **p < 0.05 for lapatinib+BYL719 versus all groups; ***p < 0.0001 by Mann-
Whitney test comparing lapatinib+BYL719 versus BYL719 alone.)
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