Cancer Therapy: Preclinical

Sustained Inhibition of HER3 and EGFR Is

Clinical
Cancer
Research

Necessary to Induce Regression of HER2-
Amplified Gastrointestinal Carcinomas

Simonetta M. Leto"?, Francesco Sassi?, Irene Catalano'?, Valter Torri®, Giorgia Migliardi'?,
Eugenia R. Zanella"?, Mark Throsby*, Andrea Bertotti"?°, and Livio Trusolino"?

Abstract

Purpose: Preclinical studies in HER2-amplified gastrointestinal
cancer models have shown that cotargeting HER2 with a mono-
clonal antibody and a small molecule is superior to monotherapy
with either inhibitor, but the underlying cooperative mechanisms
remain unexplored. We investigated the molecular underpin-
nings of this synergy to identify key vulnerabilities susceptible
to alternative therapeutic opportunities.

Experimental Design: The phosphorylation/activation of
HER2, HER3, EGFR (HER receptors), and downstream transducers
was evaluated in HER2-overexpressing colorectal and gastric cancer
cell lines by Western blotting and/or multiplex phosphoproteo-
mics. The in vivo outcome of antibody-mediated HER2 blockade by
trastuzumab, reversible HER2 inhibition by lapatinib, and irrevers-
ible HER?2 inhibition by afatinib was assessed in patient-derived
tumorgrafts and cell-line xenografts by monitoring tumor growth
curves and by using antibody-based proximity assays.

Introduction

Amplification of the HER2/ERBB2 gene leads to overexpres-
sion and constitutive activation of the encoded tyrosine
kinase receptor in a subset of breast, gastric, and colorectal
carcinomas (1). The arsenal of HER2 antagonists includes
clinically approved monoclonal antibodies (trastuzumab and
pertuzumab) and reversible ATP-mimetics (lapatinib; ref. 2).
Irreversible inhibitors, such as afatinib and neratinib, have
received preclinical attention and are now being evaluated in
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Results: Trastuzumab monotherapy reduced HER3 phosphor-
ylation, with minor consequences on downstream transducers.
Lapatinib alone acutely inhibited all HER receptors and effectors
but led to delayed rephosphorylation of HER3 and EGFR and
partial restoration of ERK and AKT activity. When combined with
lapatinib, trastuzumab prevented HER3/EGFR reactivation and
caused prolonged inhibition of ERK/AKT. Afatinib alone was also
very effective in counteracting the reinstatement of HER3, EGFR,
and downstream signaling activation. In vivo, the combination of
trastuzumab and lapatinib—or, importantly, monotherapy with
afatinib—resulted in overt tumor shrinkage.

Conclusions: Only prolonged inhibition of HER3 and EGFR,
achievable by dual blockade with trastuzumab and lapatinib
or irreversible HER2 inhibition by single-agent afatinib, led
to regression of HER2-amplified gastrointestinal carcinomas.
Clin Cancer Res; 21(24); 5519-31. ©2015 AACR.

clinical trials (3). In mammary tumors, trastuzumab is recom-
mended in the adjuvant setting, following potentially curative
surgical treatment (4). In the context of combination therapy,
HER2 inhibition by trastuzumab and lapatinib produces
higher rates of pathological complete response (in the neoad-
juvant setting) and increased progression-free and overall
survival (in the metastatic setting) compared with lapatinib
alone (5, 6).

Results in HER2-positive gastric cancer are less satisfactory
(7-9). Although trastuzumab has been approved for gastric
cancer treatment because it has been shown to provide statis-
tically significant advantage when added to standard-of-care
chemotherapy (10), the margins of benefit remain limited (9);
on a worse note, the combination of lapatinib with cytotoxics
failed to determine any survival improvement (11). One reason
for these shortcomings can be ascribed to the adoption of loose
criteria for patient selection, with inclusion of cases harboring
low or heterogeneous HER2 copy-number gains that likely
diluted the enrichment for potential responders (12). This
notwithstanding, the modest or null superiority of trastuzumab
and lapatinib, respectively, over the chemotherapy backbone
suggests that more powerful neutralization of HER2 signals by
combinatorial or alternative approaches may be warranted to
improve response (13). Indeed, preliminary evidence in HER2-
amplified gastric cancer cell lines indicates that the association
of trastuzumab and lapatinib exerts greater antitumor efficacy
than either drug alone (14). We and others have recently
demonstrated that HER2 amplification is also the hallmark
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Translational Relevance

About 20% of gastric cancers and 5% of KRAS wild-type
colorectal carcinomas harbor HER2 amplification. Similar
to evidence in mammary tumors, initial preclinical inves-
tigation has shown that HER2-amplified gastrointestinal
(GI) carcinomas are more effectively contrasted by dual
HER2 blockade with antibody-small molecule combina-
tions than by single-agent therapy; however, a mechanistic
appraisal of how such treatments impact HER2 signaling in
GI cancer is lacking. We found that the major differential
outcome of combination therapy with trastuzumab and
lapatinib compared with either inhibitor was prolonged
dephosphorylation of HER3 and EGFR, which resulted in
more powerful and sustained neutralization of downstream
signals. These effects were essentially mirrored by irrevers-
ible EGFR/HER?2 inhibition by afatinib, which, alone, was
sufficient to induce tumor shrinkage in vivo. These findings
point to HER3 and EGFR as crucial coextinction targets in
HER2-amplified GI tumors and propose monotherapy with
irreversible HER2 inhibitors as a viable alternative to dual
HER2 blockade.

of a subset (5%-10%) of metastatic colorectal carcinomas
(mCRC) refractory to EGFR blockade (15-17). Preclinical find-
ings suggest that anti-HER2 monotherapy may also be poorly
effective in this tumor setting (15).

The rationale for dual HER2 blockade in gastrointestinal
(GI) carcinomas is rooted in previous experience with breast
cancer, but remains substantially empirical. Here, we examine
the signaling and biologic consequences of trastuzumab and
lapatinib treatments (alone and in combination) to identify key
liabilities that, once inhibited, induce manifest tumor regression.

Materials and Methods

Cell cultures, reagents, vectors, and viral infection
NCI-H508, NCI-N87, and BT-474 cells were purchased from
the ATCC and cultured in RPMI. OE-19 were purchased from
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Figure 1.

Sigma and cultured in RPMI. DiFi cells (fromJ. Baselga, Memorial
Sloan Kettering Cancer Center, New York, NY) were cultured in
F12. HDC-142, originally described in ref. (18), were a gift from
A. Bardelli (Candiolo Cancer Institute, Candiolo, Torino, Italy)
and were cultured in DMEM/F12. The genetic identity of cell
lines was authenticated by short tandem repeat profiling
(Cell ID; Promega). Primary antibodies included: mouse
anti-phosphotyrosine, mouse anti-HER3 (Millipore); rabbit
anti-phospho-Tyr1068-EGFR (Abcam); rabbit anti-EGFR, rabbit
anti-phospho-Tyr1248-HER2, rabbit anti-phospho-Tyr1289-
HER3, rabbit anti-phospho-Ser473-AKT, rabbit anti-AKT, rabbit
anti-phospho-Thr202/Tyr204-ERK, rabbit anti-ERK (Cell Signal-
ing Technology); mouse anti-HER2, goat anti-actin (Santa Cruz);
mouse anti-vinculin (Sigma Aldrich). The wild-type HER2 cDNA
was subcloned into the pLVX-IRES-puro lentiviral vector
(PT4063-5; Clontech). The HER3 lentiviral pLKO.1-puro shRNA
vectors (for NCI-N87) and pLKO.1-neo shRNA vectors (for NCI-
H508-HER2), as well as the nontargeting control vector, were
purchased from Sigma (target sequences: shRNA_1-pLKO.1-puro
and shRNA_1-pLKO.1-neo, CCGGAGGTTAGGAGTAGATATT-
GACTCGAGTCAATATCTACTCCTAACCTCTTTITG;  shRNA_2
pLKO.1-puro, CCGGCITCGTCATGTTGAACTATAACTCGAGT-
TATAGTTCAACATGACGAAGTTTTTTG; shRNA_2-pLKO.1-neo,
CCGGAATTCTCTACTCTACCATTGCTCGAGCAATGGTAGAG-
TAGAGAATTCTTTTTG). Lentiviral particles were produced by
LipofectAMINE 2000 (Invitrogen)-mediated transfection of
293T cells. HER2-transduced cells were kept in culture in the
presence of 20 pg/mL of cetuximab to avoid the potential
emergence of HER2-negative subclones.

Biologic assays

Short-term proliferative responses were assessed with an ATP
content assay, as previously reported (19). For long-term prolif-
eration assays, cells were seeded in 24-well plates (2 x 10* cells/
well), cultured in the absence or presence of 20 pug/mL of cetux-
imab for 15 days, fixed, stained with crystal violet, and photo-
graphed. For soft-agar assays, 10,000 cells were resuspended in
complete medium containing 0.5% Seaplaque agar and seeded
onto 24-well plates containing a 1% agar underlay. Colonies were
stained by incorporation of tetrazolium salts 2 weeks after seeding
and quantitated using ImageJ. Lapatinib and trastuzumab were
given at the indicated concentrations once weekly.
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Effect of anti-HER2 therapies in HER2-amplified patient-derived colorectal cancer tumorgrafts and gastric cancer cell-line xenografts. A and B, growth curves
of M051 patient-derived mCRC tumorgrafts (A) and NCI-N87 gastric cancer cell-line xenografts (B) treated with the indicated modalities. n = 6 (MO51) or 5
(NCI-N87) for each treatment arm. Error bars, SEM. Veh, vehicle (saline); Tras, trastuzumab; Lap, lapatinib; Combo, trastuzumab plus lapatinib. ***, P < 0.0007;
** P < 0.003 by repeated measures ANOVA.
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Immunoprecipitation and immunoblot analysis and protease inhibitors. HER2 immunoprecipitation was per-

Proteins were extracted with cold EB buffer (50 mmol/L Hepes formed by incubating protein extracts with trastuzumab (Roche)
pH 7.4, 150 mmol/L NaCl, 1% Triton X-100, 10% glycerol, 5 and Protein A sepharose beads (GE Healthcare) for 1 hourat 4°C.
mmol/L EDTA, 5 mmol/L EGTA) in the presence of phosphatase =~ Immunoprecipitated or total proteins were electrophoresed on
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Figure 2.

Biologic characterization of HER2-overexpressing NCI-H508 and NCI-N87 cells. A, ectopic HER2 overexpression and constitutive phosphorylation in NCI-H508. Cells
were stably transduced with a HER2-encoding lentiviral vector or the empty vector (mock). Lysates were subjected to anti-HER2 immunoprecipitation (IP) followed
by Western blot using anti-phosphotyrosine (P-Tyr) or anti-total HER2 antibody. Actin was used as a loading control. B, short-term response of mock-transduced and
HER2-overexpressing NCI-H508 cells to increasing doses of cetuximab. Viable cells were measured after 96 hours of treatment using ATP content as a proxy
of cell numbers. Data were plotted relative to untreated controls. Results are the means 4+ SEM of five independent experiments, each performed in three biologic
replicates. C, effect of long-term treatment with cetuximab in mock-transduced and HER2-overexpressing NCI-H508 cells. D and E, tumor growth curves of mock-
transduced and HER2-overexpressing NCI-H508 xenografts treated with cetuximab (D) or the indicated anti-HER2 agents (E). n = 6 for each treatment arm.
Error barsindicate SEM. *, P= 0.0224 by repeated measures ANOVA. F and G, anchorage-independent growth of NCI-H508-HER2 (F) and NCI-N87 (G) treated with
the indicated modalities. Results are the means + SD of two independent experiments, each performed in three biologic replicates. NS, not significant;

*, P <0.05; ***, P < 0.001 by the two-tailed Student ¢ test. NT, not treated; Veh, vehicle (saline); CET, cetuximab; Tras, trastuzumab; Lap, lapatinib; Combo,
trastuzumab plus lapatinib.
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precasted SDS-polyacrylamide gels (BioRad) and transferred onto
nitrocellulose membranes (GE Healthcare). Nitrocellulose-
bound antibodies were detected by the enhanced chemilumines-
cence system (Promega).

Phosphoproteomics

Phospho-ERK (Thr202/Tyr204; Thr185/Tyr187), phospho-
p70S6K (Thr421/Ser424), phospho-GSK-3B (Ser9), and phos-
pho-Akt (Ser473) were measured by Meso Scale Discovery (MSD)
assays (kits K15115D and K15107D). MSD is a solid-phase
multiarray technology in which multiple capture antibodies are
immobilized onto single microplate wells. After incubation with
protein extracts, detection is performed by quantitative electro-
chemiluminescence with reporter antibodies coupled with
SULFO-TAG, an amine-reactive, N-hydroxysuccinimide ester that
emits light upon electrochemical stimulation. HER2-HER3 het-
erodimers, total HER3, and phospho-HER3 (Tyr1289) were mea-
sured in formalin-fixed, paraffin-embedded specimens from end-
of-treatment patient-derived tumorgrafts using a fluorescent anti-
body-based proximity assay (VeraTag; Monogram Biosciences;
refs. 20-22).

Patient-derived tumorgrafts and cell-line xenografts

Tumor implantation and expansion were performed as
previously described (15, 23, 24). For cell-line xenografts,
5 x 10° NCI-N87 cells or 3,5 x 10° NCI-H508 cells in 30%
Matrigel were injected subcutaneously into the right flank of
6-week-old NOD/SCID mice. Established tumors (average
volume 400 mm?>) were treated with the following regimens,
either single-agent or in combination: cetuximab (Merck), 20
mg/kg, twice weekly (vehicle: physiological saline); lapatinib
(Sequoia Research Products) 100 mg/kg, daily (vehicle, 0.5%
methylcellulose, 0.2% Tween-80); trastuzumab (Roche),
30 mg/kg once weekly (vehicle: physiological saline); afatinib
(Sequoia Research Products) 20 mg/kg, daily (vehicle: 2%
hydroxypropyl beta cyclodestrin, 0.5% natrosol, 0.5% acetic
acid). Tumor size was evaluated once weekly by caliper mea-
surements, and the approximate volume of the mass was
calculated using the formula 4/3n-(d/2)?-D/2, where d is the
minor tumor axis and D is the major tumor axis. All values for
tumor growth curves were recorded blindly. Animal procedures

HER3-EGFR Blockade in HER2-Amplified Gastrointestinal Cancer

were approved by the Ethical Commission of the Candiolo
Cancer Institute and by the Italian Ministry of Health.

Real-time RT-PCR

Total RNA was extracted with the RNeasy Mini Kit (Qiagen)
and reverse-transcribed using High-Capacity cDNA reverse tran-
scription (Life Technologies). Results were normalized to the
average of one or two housekeeper genes. The Tagman probes
(Life Technologies) were the following: Hs00176538_m1
(HER3), Hs02800695_m1 (HPRT1); Hs00942570_gl
(CEIN2); Hs00427621_m1 (TBP).

Statistical analysis

Statistical analyses for cell-line experiments were performed
by a two-tailed Student ¢ test or two-way ANOVA. For in vivo
assays in xenografts or patient-derived tumorgrafts, statistical
analyses were performed by repeated measures ANOVA. The
latter analysis was performed after log transformation of each
individual tumor volume measurement at each time point. To
standardize the effect by baseline value, the difference between
tumor volume at treatment initiation and the volume at each
time point along treatment was used. A generalized linear
model procedure accounting for repeated measures was then
used to estimate the coefficient and relative standard error of
treatment time and the interaction between therapies and time.
The estimates of the effect were than back transformed onto
original scale. For all tests, the level of statistical significance
was set at P < 0.05.

Results

Combination therapy with trastuzumab and lapatinib is
superior to single-agent treatment in HER2-amplified
gastrointestinal tumors in vivo

We have previously demonstrated that HER2-amplified
patient-derived mCRC tumorgrafts shrink when treated with
the anti-EGFR antibodies cetuximab or pertuzumab together
with lapatinib (15). Because these combinations are not
approved for clinical use and knowledge of their toxicity
profiles is limited, we decided to test M051, the first HER2-
amplified mCRC tumorgraft identified during systematic col-
lection of consecutive mCRC samples, with lapatinib and

Figure 3.

Signaling consequences of treatment with trastuzumab, lapatinib and their combination in HER2-positive colorectal and gastric cancer. A, activation status/

phosphorylation of HER receptors and downstream transducers in NCI-H508-HER2 and NCI-N87 cells in dose-response experiments. Cells were treated with the
indicated concentrations of trastuzumab, lapatinib, or the combination of both for 2 hours. Cell extracts were immunoblotted with the indicated antibodies (top) or
analyzed for pAKT/pp70S6K/pGSK-3B and pERKI/2 by MSD multiarrays (bottom). Phosphoprotein response for downstream transducers was reported as a
heatmap. The color scale represents relative protein phosphorylation changes calculated as log; ratio (treated/untreated) of the median of three independent
experiments. Each cell position in the rows corresponds to the experimental conditions of the above blots. Two-way ANOVA statistics for MSD results indicate that
the effects of lapatinib versus those of trastuzumab plus lapatinib were not significantly different in either NCI-H508 or NCI-N87. B, activation status/phosphorylation
of HER receptors and downstream transducers in NCI-H508-HER2 and NCI-N87 cells in time-course experiments. Trastuzumab, lapatinib, or the combination
of both were added to cells at the beginning of the experiment at the indicated concentrations. Cells were incubated in the presence of the inhibitor(s) for the
indicated times and lysates subjected to Western blot analysis (top) or to MSD multiarrays (bottom). Relative phosphoprotein modulations for downstream
transducers were calculated as described in A. Two-way ANOVA statistics for MSD results: lapatinib versus trastuzumab plus lapatinib in NCI-H508-HER2: phospho-
AKT, P < 0.05; phospho-p70S6K, P < 0.01; phospho-ERK, P < 0.05; phospho-GSK-3p, not significant. Lapatinib versus trastuzumab plus lapatinib in NCI-N87:
phospho-AKT, P < 0.05; other signals, not significant. In A and B Western blot experiments, vinculin was used as a loading control. Western blots for total proteins
were run with the same lysates as those used for antiphosphoprotein detection but on different gels. All Western blots are representative of two experiments on
independent biologic replicates (Supplementary Fig. S3). Representative Western blots for ERK and AKT are shown in Supplementary Fig. S4. C, VeraTag assessment
of HER2/HER3 heterodimers and phospho/total HER3 quantitation in patient-derived mCRC tumorgrafts (MO51) after 6 weeks of treatment with lapatinib or
trastuzumab plus lapatinib. Formalin-fixed paraffin-embedded tumor sections were analyzed by VeraTag assays. Results were reported as log; ratio (treated/
untreated) of the median of three (vehicle and lapatinib) or two (trastuzumab plus lapatinib) biologic replicates. Veh, vehicle (saline); Tras, trastuzumab; Lap,
lapatinib; T+L, trastuzumab plus lapatinib.
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trastuzumab, a dual treatment modality that is used investi-
gationally in HER2-positive breast cancer (4). Similar to
findings with cetuximab or pertuzumab monotherapy (15),
trastuzumab alone proved to be completely ineffective, result-
ing in rampant tumor growth with kinetics that almost over-
lapped those of the placebo arm. Single-agent lapatinib
induced disease stabilization, which tended to turn into tumor
progression over time. Notably, the combination of trastuzu-
mab and lapatinib induced rapid and long-lasting tumor
regression (Fig. 1A). Albeit less evident than in MO051, a
stronger antitumor activity for the combination was observed
in three other patient-derived tumorgrafts that were estab-
lished more recently from independent HER2-amplified
mCRCs (M091, M147, and M155; Supplementary Fig. S1).
These findings are consistent with initial clinical observations:
according to interim results from an ongoing clinical trial,
dual blockade of HER2 by trastuzumab and lapatinib resulted
in a 35% objective response rate and 78% disease control rate
in heavily pretreated chemorefractory patients with HER2-
amplified mCRC (25).

As a comparison, the same therapies were applied to mice
bearing xenografts of the HER2-amplified gastric cancer cell-line
NCI-N87. Again, and in agreement with previous observations
(14), tumor shrinkage was achieved by combined trastuzumab
and lapatinib, whereas monotherapy with either agent simply
blocked tumor growth (Fig. 1B). The stronger effect of trastuzu-
mab alone in NCI-N87 xenografts, when compared with the
MO051 tumorgrafts, was likely due to the higher extent of HER2
amplification (34-fold in NCI-N87 vs. 24-fold in M051, as
assessed by genomic qPCR).

In the absence of existing information on the mechanisms
underlying the therapeutic cooperation of trastuzumab and
lapatinib in GI tumors, we sought to investigate the signaling
consequences of HER2 blockade by such inhibitors, alone and
in combination, in molecularly pertinent cellular models.

HER2-overexpressing colorectal carcinoma cell lines are
resistant to cetuximab and sensitive to the combination of
trastuzumab and lapatinib

None of 151 immortalized colorectal carcinoma cell lines
screened for HER2 gene amplification was found to be positive.
We therefore generated HER2-overexpressing cell models by
lentiviral transduction of HER2 into three colorectal carcinoma
cell lines (NCI-H508, DiFi, and HDC-142) reported to be sensi-
tive to anti-EGFR antibodies (refs. 19,26; Fig. 2A; Supplementary
Fig. S2A).

In line with results in patients and patient-derived tumorgrafts
(15-17), all HER2 overexpressors proved to be resistant to cetux-
imab in short-term viability assays (Fig. 2B; Supplementary Fig.
S2B). In long-term clonogenic assays, HER2 overexpressors were
positively selected by continuous exposure to cetuximab (Fig. 2C;
Supplementary Fig. S2C).

NCI-H508-HER2 cells were chosen for further studies thanks
to their amenability to successful xenografting in immunocom-
promised mice. Consistent with the in vitro findings, NCI-
H508-HER2 xenografts displayed overt resistance to cetuximab
(Fig. 2D). Importantly, when challenged with HER2-targeted
therapies, NCI-H508-HER2 xenografts exhibited tumor
responses strictly in line with those observed in mCRC tumor-
grafts featuring endogenous HER2 amplification/overexpres-
sion: the strongest effect was obtained by the combination of

5524 Clin Cancer Res; 21(24) December 15, 2015

trastuzumab and lapatinib; trastuzumab monotherapy was
ineffective; and lapatinib alone induced initial disease stabili-
zation followed by resumption of tumor growth (Fig. 2E).
These in vivo results were recapitulated in soft-agar assays, with
higher growth-inhibitory activity exerted by the combination
therapy in both NCI-H508-HER2 (Fig. 2F) and NCI-N87
(Fig. 2G).

Lapatinib monotherapy leads to delayed reactivation of HER3
and EGFR, which is prevented by trastuzumab

To get new insight into the molecular mechanisms underlying
the enhanced antitumor activity of dual trastuzumab-lapatinib
therapy, we evaluated the activation status of HER receptors
(HER2, HER3, and EGFR) upon treatment of NCI-H508-HER2
cells with increasing concentrations of the single agents or their
combination. Trastuzumab monotherapy was unable to appre-
ciably affect HER2 and EGFR phosphorylation (with only
minor effects on HER2 at high antibody concentration), but
dose-dependently decreased HER3 activation. On the contrary,
lapatinib alone or in combination with trastuzumab potently
inhibited phosphorylation of all HER receptors (Fig. 3A; Supple-
mentary Fig. S3A and Table S1).

To obtain quantitative data amenable to statistical analysis,
we gauged the activation status of canonical HER downstream
transducers by antibody-based phosphoproteomics. In partic-
ular, we assessed the phosphorylation levels of ERK1/2 (as a
proxy of RAS pathway activity) and AKT, p70S6K and GSK-38
(as readouts of PI3K-dependent signals) using the MSD plat-
form, a technology that enables multiplex analysis of phos-
phoprotein changes by quantitative electrochemiluminescence
detection. In agreement with results on HER receptors, trastu-
zumab alone did not substantially affect the baseline levels
of transducers' activation, with only minor reductions in AKT
phosphorylation and no discernible effects on the other
signals (Fig. 3A; Supplementary Table S1). Conversely, lapati-
nib potently impaired the activity of ERK and AKT and (slight-
ly) decreased the phosphorylation of p70S6K and GSK-3f3 (Fig.
3A; Supplementary Table S1). Again in coherence with data on
receptors, the combination therapy was not superior to lapa-
tinib alone in inducing downstream signal neutralization (Fig.
3A; Supplementary Table S1). Partially analogous results were
obtained in NCI-N87 cells: on the one hand, trastuzumab
specifically impaired HER3 phosphorylation, with no activity
against EGFR, paradoxical hyperphosphorylation of HER2, and
negligible repercussions on downstream signals; on the other
hand, lapatinib and combo similarly depressed all HER recep-
tors and transducers (Fig. 3A; Supplementary Fig. S3A and
Supplementary Table S1). MSD data were independently
confirmed in both cell lines by Western blot analysis of phos-
pho-ERK and phospho-AKT levels (Supplementary Fig. S4A).

Dose-response assays after 2 hours of treatment did not
reveal marked differences in HER-based signaling pathways
that could account for the stronger effect of the combination
therapy. We therefore carried out time-course experiments in
NCI-H508-HER2 cells to assess potential variations in signal
kinetics. Consistent with results in dose-response curves, the
main effect of trastuzumab monotherapy was immediate and
persistent mitigation of HER3 phosphorylation, whereas acti-
vation of HER2 and EGFR was dampened exclusively at late
time points (Fig. 3B; Supplementary Fig. S3B and Supplemen-
tary Table S1). Of note, treatment with lapatinib acutely
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Figure 4.

Signaling consequences of afatinib monotherapy and comparison with lapatinib. A, activation status/phosphorylation of HER receptors and downstream
transducers in NCI-H508-HER2, NCI-N87, and BT-474 treated with lapatinib or afatinib in time-course experiments. The compounds were added to cells at the
beginning of the experiment at the indicated concentrations. Cells were incubated in the presence of the inhibitor for the indicated times and lysates subjected to
Western blot analysis (top) or to MSD multiarrays (bottom). Representative Western blots for ERK and AKT are shown in Supplementary Fig. S6. Two-way ANOVA
statistics for MSD results: lapatinib versus afatinib in NCI-H508-HER2: phospho-AKT; P < 0.001; phospho-p70S6K, P < 0.001; phospho-ERK, P < 0.01; phospho-GSK-
3B, not significant. Lapatinib versus afatinib in NCI-N87: phospho-GSK-3, P < 0.05; other signals, not significant. Lapatinib versus afatinib in BT-474: phospho-AKT,
P < 0.01; phospho-p70S6K, P < 0.01; phospho-GSK-38, P < 0.01; phospho-ERK, P < 0.05. B, activation status/phosphorylation of HER receptors in DiFi-HER2
colorectal cancer cells and OE-19 gastric cancer cells treated with lapatinib or afatinib in time-course experiments. For Western blot experiments, vinculin was used as
aloading control. Western blots for total proteins were run with the same lysates as those used for antiphosphoprotein detection but on different gels. All Western
blots are representative of two experiments on independent biologic replicates (Supplementary Fig. S5). Lap, lapatinib; Afat, afatinib.

reduced phosphorylation of all HER receptors but caused a  S3B and Supplementary Table S1). HER3 rephosphorylation
delayed recovery in the phosphorylation of HER3 and EGFR  was accompanied by increased protein expression (Fig. 3B;
and, to a lesser extent, HER2 itself (Fig. 3B; Supplementary Fig.  Supplementary Fig. S3B). In this extended temporal window,
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the advantage of the trastuzumab-lapatinib association was
evident: when added to lapatinib, trastuzumab prevented lapa-
tinib-induced rephosphorylation of HER receptors, in particu-
lar, that of HER3 and EGFR (Fig. 3B; Supplementary Fig. S3B
and Supplementary Table S1).

Importantly, the therapy-induced changes in HER3 expression
and phosphorylation observed in NCI-H508-HER2 cells were
confirmed in mCRC patient-derived tumorgrafts (M051) in vivo.
Antibody-based proximity assays, performed with the VeraTag
technology on end-of-treatment material, revealed increased
HER3 content and higher representation of HER2/HER3 hetero-
dimers following treatment with lapatinib alone, with no reduc-
tion in HER3 phosphorylation. The addition of trastuzumab to
lapatinib counteracted the formation of HER2/HER3 heterodi-
mers and potently depressed HER3 phosphorylation (Fig. 3C;
Supplementary Table S1).

At the level of downstream signals, evaluated by both MSD-
based phosphoproteomics (Fig. 3B; Supplementary Table S1)
and conventional Western blot analysis (Supplementary
Fig. S4B), trastuzumab exerted overall minor responses
and lapatinib caused a short-lived neutralization of the RAS/ERK
and PI3K/AKT pathways, which was followed by partial restora-
tion of signal activity paralleling receptors' rephosphorylation
(Fig. 3B; Supplementary Fig. S4B and Supplementary Table S1).
Again, the combination therapy counteracted the deferred
resumption of ERK and AKT phosphorylation and induced dura-
ble signal abrogation, mainly for the AKT pathway (Fig. 3B;
Supplementary Fig. S4B; Supplementary Table S1).

Prolonged exposure to lapatinib led to protein upregulation
of HER3, rephosphorylation of HER receptors, and partial
reactivation of ERK and AKT also in NCI-N87 (Fig. 3B; Sup-
plementary Figs. S3B and S4B; Supplementary Table S1). In
accordance with results in NCI-H508-HER2, cotreatment of
NCI-N87 with trastuzumab blunted lapatinib-induced HER3
and EGFR rephosphorylation and induced a more sustained
inhibition of downstream effectors, in particular AKT (Fig. 3B;
Supplementary Figs. S3B and S4B; Supplementary Table S1).
Curiously, NCI-N87 cells featured delayed rephosphorylation
of HER3 and EGFR not only in response to lapatinib but also
following treatment with trastuzumab (Fig. 3B; Supplementary
Fig. S3B; Supplementary Table S1). We did not further explore
this issue.

Altogether, these findings point to reactivation of HER3 and
EGFR, with the ensuing restoration of downstream transducers,
as a mechanism that could limit the efficacy of anti-HER2
monotherapy in GI tumors and suggest that higher therapeutic
benefit may be achieved by prolonged inhibition of HER
receptors.

HER3-EGFR Blockade in HER2-Amplified Gastrointestinal Cancer

Delayed reactivation of EGFR and HER3 can be prevented by
EGFR/HER2 irreversible inhibition

Phosphorylation of HER2 resumed after prolonged exposure to
lapatinib (Fig. 3B; Supplementary Fig. S3B). This suggests that the
compound did not maintain full inhibitory activity over time,
leading to rephosphorylation of HER3 (encouraged by HER3
overexpression) and EGFR. Importantly, different from catalyti-
cally inert HER3, reactivated EGFR could reciprocally contribute
to HER2 and HERS3 signaling by actively triggering their transpho-
sphorylation (27-30). We reasoned that long-lasting blockade
of HER2 and EGFR by irreversible inhibitors might prevent
HER3 reactivation. We therefore used Western blots and MSD
to analyze the consequences of afatinib (an irreversible inhibitor
of HER2 and EGEFR, with stronger activity on EGFR) versus
lapatinib (which reversibly inactivates both receptors at equimo-
lar concentrations) in time-course experiments. As expected, in
both NCI-H508-HER2 and NCI-N87, lapatinib was unable to
maintain durable inhibition of HER receptors and downstream
signals (Fig. 4A; Supplementary Figs. S5A and S6; Supplementary
Table S1). Conversely, afatinib induced protracted receptor
dephosphorylation and more sustained inhibition of down-
stream transducers in the face of higher HER3 levels (Fig. 4A;
Supplementary Figs. S5A and S6; Supplementary Table S1).

As a proof of concept for generalizing these observations, we
extended the comparative evaluation of lapatinib versus afatinib
in BT-474, a prototypical breast cancer cell line with HER2
amplification. Also in this setting, afatinib frustrated the deferred
rephosphorylation of EGFR and HER3 observed in the presence of
lapatinib (Fig. 4A; Supplementary Fig. S5A; Supplementary Table
S1). MSD and Western blot analysis revealed that, similar to the
trastuzumab-lapatinib combination, afatinib monotherapy
proved to be more efficient than lapatinib alone in achieving
durable inhibition of downstream effectors (Fig. 4A; Supplemen-
tary Fig. S6; Supplementary Table S1). Prolonged neutralization
of HER2, HER3, and EGFR by afatinib was also observed in
another HER2-overexpressing colorectal carcinoma cell line
(DiFi-HER2; Fig. 4B; Supplementary Fig. S5B; Supplementary
Table S1) and in HER2-positive OE-19 gastric cancer cells (Fig.
4B; Supplementary Fig. S5B; Supplementary Table S1).

HER3 overexpression is recapitulated by PI3K blockade, and
HER3 knockdown exacerbates the inhibitory effects of
lapatinib on cancer cell growth

Both lapatinib and afatinib caused increased expression of
HERS3 in all cell lines tested and both compounds were particu-
larly effective in abrogating (transiently for lapatinib and durably
for afatinib) downstream activation of AKT and ERK. In HER2-
positive breast cancer, lapatinib-induced inhibition of AKT is

Figure 5.

Effects of PI3K or MEK blockade on HER3 overexpression and consequences of HER3 knockdown on sensitivity to lapatinib. A and B, RT-gPCR to evaluate the
transcript expression of HER3 in NCI-H508-HER2, NCI-N87 and BT-474 cells treated with lapatinib (A), afatinib (A), the dual PI3K/mTOR inhibitor BEZ235 (B)
or the MEK inhibitor AZD6244 (B) in time-course experiments. Results are the means of one experiment performed in three technical replicates (A) or the
means + range of two independent experiments, each performed in three technical replicates (B). C, expression of HER3 transcript in NCI-H508-HER2 (top)
and NCI-N87 (bottom) transduced with two different shRNA lentiviral vectors targeting HER3 (shRNA_1and shRNA_2). Results are the means of one experiment
performed in three technical replicates, relative to HER3 transcript expression in cells transduced with a control, nontargeting shRNA (scramble). D, expression
of HER3 protein under basal conditions and following lapatinib treatment for the indicated times in NCI-H508-HER2 (top) and NCI-N87 (bottom) transduced
with control (scramble), HER3 shRNA_1, or HER3 shRNA_2. E and F, anchorage-independent growth of NCI-H508-HER2 (E) and NCI-N87 (F) transduced with control
(scramble), HER3 shRNA_1, or HER3 shRNA_2, treated with the indicated modalities. Results are the means 4 SD of 1 (NCI-H508-HER2) or two (NCI-N87)
experiments, each performed in three biologic replicates. *, P< 0.05; **, P< 0.01; ***, P< 0.001 by the two-tailed Student t test. NT, not treated; Lap, lapatinib; Afat,

afatinib; BEZ, BEZ235; AZD, AZD6244.
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Antitumor activity of afatinib monotherapy in HER2-amplified patient-derived colorectal cancer tumorgrafts and gastric cancer cell-line xenografts. A and B,
growth curves of MO51 patient-derived mCRC tumorgrafts (A) and NCI-N87 gastric cancer cell-line xenografts (B) treated with the indicated modalities.
n = 6 for each treatment arm. Error bars indicate SEM. Veh, vehicle (saline); Lap, lapatinib; T+L, trastuzumab plus lapatinib; Afat, afatinib. ***, P < 0.0001 (MO5T1)

and P = 0.0003 (NCI-N87, Afat vs. Lap) by repeated measures ANOVA.

known to relieve feedback suppression of HER3 expression by
FOXO-mediated transactivation of the HER3 promoter (31). In
colorectal cancer, inhibition of the MEK-ERK axis impedes tran-
scriptional repression of HER3 by MYC (32). To dissect the
contribution of either pathway to the regulation of HER3 expres-
sion in our models, we treated NCI-H508-HER2, NCI-N87, and
BT-474 cells with lapatinib, afatinib, the PI3K-mTOR inhibitor
BEZ235, or the MEK inhibitor AZD6244 and analyzed HER3
transcript level by RT-qPCR in time-course experiments. As
expected, treatment with lapatinib or afatinib upregulated HER3
mRNA levels in all cell lines (Fig. 5A). HER3 upregulation was also
observed in the presence of BEZ235, whereas the effect of
AZD6244 was negligible (in NCI-H508-HER2 and NCI-N87) or
absent (in BT-474; Fig. 5B). This indicates that modulation of
HERS3 expression by lapatinib and afatinib mainly depends on the
PI3K/AKT pathway in both GI and breast tumors.

Rephosphorylation of HER3 and EGFR as a consequence
of lapatinib treatment was likely due to increased HER3
expression, which is expected to facilitate formation of HER
heterodimers and EGFR transphosphorylation. As an addi-
tional means to achieve permanent HER3 neutralization,
we silenced HER3 expression by two different shRNA vectors
(Fig. 5C and D) and tested HER3-deficient cells in soft-agar
assays in the absence or presence of lapatinib. In agreement
with the assumption that selective blockade of HER3 signaling
is expected to increase the efficacy of lapatinib, silencing of
HER3 in NCI-H508-HER2 sensitized to lapatinib treatment
(Fig. 5E). In NCI-N87, HER3 knockdown potently impaired
anchorage-independent growth under basal conditions and
enhanced the inhibitory activity of lapatinib (Fig. 5F). Col-
lectively, these results indicate that HER3 activity causally
attenuates responsiveness to lapatinib in colorectal cancer
and has a more general role in sustaining the transformed
phenotype of gastric tumors.

Afatinib monotherapy induces tumor regression in vivo

If durable abrogation of HER3 and EGFR phosphorylation is
the mechanistic basis for the enhanced therapeutic activity of
the trastuzumab-lapatinib association, then afatinib mono-
therapy—which also leads to persistent inhibition of HER
receptors—is expected to induce regression of HER2-amplified

5528 Clin Cancer Res; 21(24) December 15, 2015

tumors. We therefore treated the M051 colorectal carcinoma
tumorgraft model and the NCI-N87 cell-line xenografts with
lapatinib alone, the trastuzumab-lapatinib combination, and
afatinib alone. In accordance with initial results (see Fig. 1),
lapatinib inhibited tumor growth and trastuzumab plus lapa-
tinib prompted tumor shrinkage (Fig. 6A and B). Notably,
tumors underwent regression also when treated with afatinib
monotherapy (Fig. 6A and B).

In conclusion, all these findings indicate that (i) the poor
response to trastuzumab alone is likely due to inefficient
inactivation of HER2 and EGFR, with consequent negligible
output on downstream signaling; (ii) the modest antitumor
effects of lapatinib monotherapy can be ascribed to regained
HER3 and EGFR activation/phosphorylation over time; (iii)
sustained targeting of HER3 and EGFR by irreversible or dual
blockade of HER2/EGFR is required to achieve overt tumor
regression.

Discussion

Preclinical results in HER2-positive gastric cancer cell-line
xenografts, confirmed in the present study, indicate that tras-
tuzumab and lapatinib have higher antitumor activity than
either treatment alone (14). In the case of colorectal carcinoma,
we have previously found that regression of HER2-amplified
patient-derived tumorgrafts occurs only when lapatinib is
administered together with antibodies against EGFR (cetuxi-
mab) or the EGFR/HER2 heterodimer (pertuzumab; ref. 15).
Using HER2-amplified patient-derived tumorgrafts, we show
here that a similar effect on tumor shrinkage could be also
obtained by combining lapatinib and trastuzumab. On the
basis of these in vivo data, we thoroughly investigated the
signaling consequences of HER2 blockade by trastuzumab
and/or lapatinib to identify limitations in their mechanism of
action as single agents and to analyze cooperative modalities
that might explain the higher therapeutic efficacy of the two
inhibitors when given together.

We found that trastuzumab monotherapy durably blunted the
phosphorylation levels of HER3, with negligible effects on the
activation of HER2. On the other hand, lapatinib prompted
immediate and potent inhibition of HER2 but also upregulation
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and rephosphorylation of HER3 after initial transient blockade.
Hence, each of the two agents could rectify the inadequacy of the
other. Lapatinib-driven upregulation of HER3 was mimicked by
blockade of the PI3K/AKT pathway, indicating that HER3 expres-
sion in GI tumors is negatively regulated by active signaling
downstream from HER2. Analogous results have been observed
in HER2-positive breast cancer cell lines treated with lapatinib
(30) and in other cancer cell lines treated with PI3K or AKT
inhibitors (33, 34).

The ability of trastuzumab to prevent lapatinib-driven
reactivation of HER3 is conceivably due to trastuzumab-
mediated perturbation of HER receptor clustering at the cell
surface, given the established mechanism of action of tras-
tuzumab through disruption of ligand-independent HER het-
erodimers (35). Further pointing to the biologic and clinical
relevance of these findings, we observed heightened expres-
sion of HER3, higher representation of HER2/HER3 hetero-
dimers, and lack of HER3 inhibition in patient-derived colo-
rectal carcinoma tumorgrafts after lapatinib treatment; con-
versely, the trastuzumab-lapatinib combination reduced the
ratio of HER2/HER3 heterodimers and suppressed HER3
phosphorylation. This mechanism is expected to complement
an independent mode of therapeutic cooperation that relies
on the ability of lapatinib to induce accumulation of HER2 at
the cell surface, which enhances immune-mediated trastuzu-
mab-dependent cytotoxicity (36, 37).

The inhibitory effect of lapatinib on HER2 phosphorylation
tended to dissipate after prolonged treatment. Therefore, the
fact that lapatinib prompted not only HER3 protein upregula-
tion but also its rephosphorylation can be explained by com-
pound exhaustion over time and the ensuing restoration of
residual HER2 kinase function, which reverberates on over-
expressed HER3. Indeed, it has been demonstrated that a
suprapharmacological dose of 5 umol/L of lapatinib (which
likely limits long-term drug consumption by granting higher
inhibitor availability) abrogates recovery of phosphorylated
HER3 in HER2-positive breast cancer cell lines (31, 38). Inhib-
itor consumption, together with greater density of HER hetero-
dimers favored by HER3 overexpression, is likely to also
account for EGFR rephosphorylation following lapatinib treat-
ment, although this rescue did not appear to be associated with
increased protein expression.

EGFR/HER?2 irreversible inhibitors, such as afatinib and ner-
atinib, have been demonstrated to be more potent and to protract
target inhibition compared with lapatinib (39). We therefore
reasoned that the use of irreversible EGFR/HER2 inhibitors would
avoid HER3 and EGFR rephosphorylation produced by lapatinib.
Indeed, a new notable finding of our study is that irreversible
HER?2 inhibition by single-agent afatinib could substitute for dual
blockade by trastuzumab and lapatinib for induction of sustained
inhibition of HER3 and EGFR. In keeping with the notion that
such persistent blockade is instrumental to enhancing the anti-
tumor activity of HER2 inhibition, afatinib alone prompted
regression of HER2-amplified GI carcinomas, similar to the tras-
tuzumab-lapatinib combination. It should be noted that, while
lapatinib is equipotent toward HER2 and EGFR (40), afatinib is
more active against EGFR (41). Therefore, afatinib higher thera-
peutic efficacy is also likely to rely on more drastic neutralization
of EGFR-driven transphosphorylation of HER2 and HER3. This
preferential activity toward EGFR might be particularly important
in colorectal cancers, in which EGFR signaling plays a major
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proliferative role in the absence of mutations along the RAS
pathway (42).

Our observation that afatinib was more effective than lapatinib
in inducing shrinkage of HER2-amplified GI tumors has some
clinical correlates. Monotherapy with the irreversible HER2 inhib-
itor neratinib in HER2-positive breast cancer showed consider-
able clinical activity, with 56% objective response rates in tras-
tuzumab-naive patients (43). Similarly, afatinib could overcome
trastuzumab resistance in heavily pretreated HER2-amplified
mammary tumors (44). According to information available on
the Web, a clinical trial with afatinib and trastuzumab in trastu-
zumab-resistant, HER2-positive gastroesophageal tumors is cur-
rently recruiting participants (NCT01522768). It will be interest-
ing to analyze whether the good efficacy of irreversible HER2
inhibition in mammary tumors will be confirmed clinically in
gastric cancer. Finally, HER3-neutralizing antibodies have dem-
onstrated to synergize with trastuzumab and lapatinib in HER2-
amplified breast tumors (21) and are now being tested in phase I
first-in-human studies. Again, it will be interesting to explore the
value of HER3-targeted therapies in HER2-amplified tumors of
different origin.

Disclosure of Potential Conflicts of Interest
L. Trusolino reports receiving a commercial research grant from Merus B.V.
No potential conflicts of interest were disclosed by the other authors.

Authors’' Contributions

Conception and design: S.M. Leto, A. Bertotti, L. Trusolino

Development of methodology: S.M. Leto, F. Sassi

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S.M. Leto, F. Sassi, I. Catalano, G. Migliardi,
E.R. Zanella, M. Throsby

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S.M. Leto, F. Sassi, I. Catalano, V. Torri, E.R. Zanella,
M. Throsby, A. Bertotti, L. Trusolino

Writing, review, and/or revision of the manuscript: S.M. Leto, F. Sassi,
A. Bertotti, L. Trusolino

Study supervision: A. Bertotti, L. Trusolino

Acknowledgments

The authors thank their friends at the Laboratory of Translational Cancer
Medicine for help with experiments and discussion; Guido Serini for insightful
comments; Alberto Bardelli and Carlotta Cancelliere for sharing HDC-142 cells;
and Antonella Cignetto, Daniela Gramaglia and Francesca Natale for secretarial
assistance. Andrea Bertotti and Livio Trusolino are members of the EurOPDX
Consortium. Francesco Sassi was the recipient of a "Fondazione Umberto
Veronesi Fellowship."

Grant Support

This study was financially supported by AIRC (Associazione Italiana per la
Ricerca sul Cancro) Investigator Grant, projects 14205 (L. Trusolino) and
15571 (A. Bertotti). AIRC 2010 Special Program Molecular Clinical Oncol-
ogy 5x1000, project 9970 (L. Trusolino). 2012 Fight Colorectal Cancer-
AACR (American Association for Cancer Research), Career Development
Award in memory of Lisa Dubow, grant number 12-20-16-BERT (A. Ber-
totti). FPRC (Fondazione Piemontese per la Ricerca sul Cancro-ONLUS),
5x1000 grant from the Italian Ministry of Health 2011 (L. Trusolino).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received December 2, 2014; revised July 22, 2015; accepted August 13, 2015;
published OnlineFirst August 21, 2015.

Clin Cancer Res; 21(24) December 15, 2015

220z snbny pz uo 3senb Aq ypd 61.55/€¥28202/6 L SS/¥2/ | Z/Pd-sjoile/sa.soueduld/Bio sjeunolioee//:dyy woly papeojumoq

5529



Leto et al.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Stern HM. Improving treatment of HER2-positive cancers: opportunities
and challenges. Sci Transl Med 2012;4:1271v2.

Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and
discovering ERBB3. Nat Rev Cancer 2009;9:463-75.

. Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to basic

science to mechanism-based cancer therapeutics. Cancer Cell 2014;25:
282-303.

. Arteaga CL, Sliwkowski MX, Osborne CK, Perez EA, Puglisi F, Gianni L.

Treatment of HER2-positive breast cancer: current status and future per-
spectives. Nat Rev Clin Oncol 2012;9:16-32.

Baselga J, Bradbury I, Eidtmann H, Di Cosimo S, de Azambuja E, Aura C,
et al. Lapatinib with trastuzumab for HER2-positive early breast cancer
(NeoALTTO): a randomised, open-label, multicentre, phase 3 trial. Lancet
2012;379:633-40.

Blackwell KL, Burstein HJ, Storniolo AM, Rugo HS, Sledge G, Aktan G, et al.
Overall survival benefit with lapatinib in combination with trastuzumab
for patients with human epidermal growth factor receptor 2-positive
metastatic breast cancer: final results from the EGF104900 Study. J Clin
Oncol 2012;30:2585-92.

Okines A, Cunningham D, Chau I. Targeting the human EGFR family in
esophagogastric cancer. Nat Rev Clin Oncol 2011;8:492-503.

. WadhwaR, Songs§, LeeJS, Yao Y, Wei Q, Ajani JA. Gastric cancer-molecular

and clinical dimensions. Nat Rev Clin Oncol 2013;10:643-55.

. Shimoyama S. Unraveling trastuzumab and lapatinib inefficiency in gastric

cancer: future steps (Review). Mol Clin Oncol 2014;2:175-81.

Bang Y], Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, et al.
Trastuzumab in combination with chemotherapy versus chemotherapy
alone for treatment of HER2-positive advanced gastric or gastro-oesopha-
geal junction cancer (ToGA): a phase 3, open-label, randomised controlled
trial. Lancet 2010;376:687-97.

Satoh T, Xu RH, Chung HC, Sun GP, Doi T, Xu JM, et al. Lapatinib plus
paclitaxel versus paclitaxel alone in the second-line treatment of HER2-
amplified advanced gastric cancer in Asian populations: TyTAN-a ran-
domized, phase III study. J Clin Oncol 2014;32:2039-49.

Scaltriti M, Nuciforo P, Bradbury I, Sperinde J, Agbor-Tarh D, Campbell C,
et al. High HER2 expression correlates with response to the combination of
lapatinib and trastuzumab. Clin Cancer Res 2015;21:569-76.

Tebbutt N, Pedersen MW, Johns TG. Targeting the ERBB family in cancer:
couples therapy. Nat Rev Cancer 2013;13:663-73.

Wainberg ZA, Anghel A, Desai AJ, Ayala R, Luo T, Safran B, et al. Lapatinib, a
dual EGFR and HER? kinase inhibitor, selectively inhibits HER2-amplified
human gastric cancer cells and is synergistic with trastuzumab in vitro and
in vivo. Clin Cancer Res 2010;16:1509-19.

Bertotti A, Migliardi G, Galimi F, Sassi F, Torti D, Isella C, et al. A
molecularly annotated platform of patient-derived xenografts ("xenopa-
tients") identifies HER2 as an effective therapeutic target in cetuximab-
resistant colorectal cancer. Cancer Discov 2011;1:508-23.

Yonesaka K, Zejnullahu K, Okamoto I, Satoh T, Cappuzzo F, Souglakos J,
et al. Activation of ERBB2 signaling causes resistance to the EGFR-directed
therapeutic antibody cetuximab. Sci Transl Med 2011;3:99ra86.
MartinV, Landi L, Molinari F, Fountzilas G, Geva R, Riva A, etal. HER2 gene
copy number status may influence clinical efficacy to anti-EGFR mono-
clonal antibodies in metastatic colorectal cancer patients. Br J Cancer
2013;108:668-75.

Briiderlein S, van der Bosch K, Schlag P, Schwab M. Cytogenetics and DNA
amplification in colorectal cancers. Genes Chromosomes Cancer 1990;
2:63-70.

Zanella ER, Galimi F, Sassi F, Migliardi G, Cottino F, Leto SM, etal. IGF2 is
an actionable target that identifies a distinct subpopulation of colorectal
cancer patients with marginal response to anti-EGFR therapies. Sci Transl
Med 2015;7:272ra12.

ShiY, Huang W, TanY, Jin X, Dua R, Penuel E, et al. A novel proximity assay
for the detection of proteins and protein complexes: quantitation of HER1
and HER2 total protein expression and homodimerization in formalin-
fixed, paraffin-embedded cell lines and breast cancer tissue. Diagn Mol
Pathol 2009;18:11-21.

Garrett JT, Sutton CR, Kurupi R, Bialucha CU, Ettenberg SA, Collins SD,
et al. Combination of antibody that inhibits ligand-independent HER3
dimerization and a p110« inhibitor potently blocks PI3K signaling and
growth of HER2 +breast cancers. Cancer Res 2013;73:6013-23.

5530 Clin Cancer Res; 21(24) December 15, 2015

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mukherjee A, Badal Y, Nguyen XT, Miller J, Chenna A, Tahir H, et al.
Profiling the HER3/PI3K pathway in breast tumors using proximity-direct-
ed assays identifies correlations between protein complexes and phospho-
proteins. PLoS One 2011;6:e16443.

Galimi F, Torti D, Sassi F, Isella C, Cora D, Gastaldi S, et al. Genetic and
expression analysis of MET, MACC1, and HGF in metastatic colorectal
cancer: response to met inhibition in patient xenografts and pathologic
correlations. Clin Cancer Res 2011;17:3146-56.

Migliardi G, Sassi F, Torti D, Galimi F, Zanella ER, Buscarino M, et al.
Inhibition of MEK and PI3K/mTOR suppresses tumor growth but does not
cause tumor regression in patient-derived xenografts of RAS-mutant colo-
rectal carcinomas. Clin Cancer Res 2012;18:2515-25.

Siena S, Sartore-Bianchi A, Lonardi S, Trusolino L, Martino C, Bencardino
K, et al. Trastuzumab and lapatinib in HER2-amplified metastatic colo-
rectal cancer patients (mCRC): the HERACLES trial. J Clin Oncol 2015;33
(Suppl; abstr 3508).

Bardelli A, Corso S, Bertotti A, Hobor S, Valtorta E, Siravegna G, et al.
Amplification of the MET receptor drives resistance to anti-EGFR therapies
in colorectal cancer. Cancer Discov 2013;3:658-73.

Moasser MM, Basso A, Averbuch SD, Rosen N. The tyrosine kinase inhibitor
ZD1839 ("Iressa") inhibits HER2-driven signaling and suppresses the
growth of HER2-overexpressing tumor cells. Cancer Res 2001;61:7184-8.
Moulder SL, Yakes FM, Muthuswamy SK, Bianco R, Simpson JF, Arteaga CL.
Epidermal growth factor receptor (HER1) tyrosine kinase inhibitor
ZD1839 (Iressa) inhibits HER2/neu (erbB2)-overexpressing breast cancer
cells in vitro and in vivo. Cancer Res 2001;61:8887-95.

Anderson NG, Ahmad T, Chan K, Dobson R, Bundred NJ. ZD1839 (Iressa),
anovel epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor,
potently inhibits the growth of EGFR-positive cancer cell lines with or
without erbB2 overexpression. Int ] Cancer 2001;94:774-82.

Anido J, Matar P, Albanell J, Guzman M, Rojo F, Arribas J, et al. ZD1839, a
specific epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor,
induces the formation of inactive EGFR/HER2 and EGFR/HER3 hetero-
dimers and prevents heregulin signaling in HER2-overexpressing breast
cancer cells. Clin Cancer Res 2003;9:1274-83.

Garrett JT, Olivares MG, Rinehart C, Granja-Ingram ND, Sanchez V,
Chakrabarty A, et al. Transcriptional and posttranslational up-regulation
of HER3 (ErbB3) compensates for inhibition of the HER2 tyrosine kinase.
Proc Natl Acad Sci USA 2011;108:5021-6.

Sun C, Hobor S, Bertotti A, Zecchin D, Huang S, Galimi F, et al. Intrinsic
resistance to MEK inhibition in KRAS mutant lung and colon cancer
through transcriptional induction of ERBB3. Cell Rep 2014;7:86-93.
Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, Grbovic-
Huezo O, Serra V, et al. AKT inhibition relieves feedback suppression of
receptor tyrosine kinase expression and activity. Cancer Cell 2011;19:
58-71.

Chakrabarty A, Sanchez V, Kuba MG, Rinehart C, Arteaga CL. Feedback
upregulation of HER3 (ErbB3) expression and activity attenuates antitu-
mor effect of PI3K inhibitors. Proc Natl Acad Sci USA 2012;109:2718-23.
Junttila TT, Akita RW, Parsons K, Fields C, Lewis Phillips GD, Friedman LS,
et al. Ligand-independent HER2/HER3/PI3K complex is disrupted by
trastuzumab and is effectively inhibited by the PI3K inhibitor GDC-
0941. Cancer Cell 2009;15:429-40.

Scaltriti M, Verma C, Guzman M, Jimenez J, Parra JL, Pedersen K, et al.
Lapatinib, a HER2 tyrosine kinase inhibitor, induces stabilization and
accumulation of HER2 and potentiates trastuzumab-dependent cell cyto-
toxicity. Oncogene 2009;28:803-14.

Shiraishi K, Mimura K, Izawa S, Inoue A, Shiba S, Maruyama T, et al.
Lapatinib acts on gastric cancer through both antiproliferative function and
augmentation of trastuzumab-mediated antibody-dependent cellular
cytotoxicity. Gastric Cancer 2013;16:571-80.

Amin DN, Sergina N, Ahuja D, McMahon M, Blair JA, Wang D, et al.
Resiliency and vulnerability in the HER2-HER3 tumorigenic driver. Sci
Transl Med 2010;2:16ra7.

Ocana A, Amir E. Irreversible pan-ErbB tyrosine kinase inhibitors and
breast cancer: current status and future directions. Cancer Treat Rev
2009;35:685-91.

Rusnak DW, Lackey K, Affleck K, Wood ER, Alligood KJ, Rhodes N, etal. The
effects of the novel, reversible epidermal growth factor receptor/ErbB-2
tyrosine kinase inhibitor, GW2016, on the growth of human normal and

Clinical Cancer Research

220z snbny pz uo 3senb Aq ypd 61.55/€¥28202/6 L SS/¥2/ | Z/Pd-sjoile/sa.soueduld/Bio sjeunolioee//:dyy woly papeojumoq



41.

42.

tumor-derived cell lines in vitro and in vivo. Mol Cancer Ther 2001;1:
85-94.

Solca F, Dahl G, Zoephel A, Bader G, Sanderson M, Klein C, et al. Target
binding properties and cellular activity of afatinib (BIBW 2992), an
irreversible ErbB family blocker. ] Pharmacol Exp Ther 2012;343:342-50.
Misale S, Di Nicolantonio F, Sartore-Bianchi A, Siena S, Bardelli A.
Resistance to anti-EGFR therapy in colorectal cancer: from heterogeneity
to convergent evolution. Cancer Discov 2014;4:1269-80.

www.aacrjournals.org

43.

44.

HER3-EGFR Blockade in HER2-Amplified Gastrointestinal Cancer

Burstein HJ, Sun Y, Dirix LY, Jiang Z, Paridaens R, Tan AR, et al.
Neratinib, an irreversible ErbB receptor tyrosine kinase inhibitor, in
patients with advanced ErbB2-positive breast cancer. J Clin Oncol
2010;28:1301-7.

Lin NU, Winer EP, Wheatley D, Carey LA, Houston S, Mendelson D, etal. A
phase II study of afatinib (BIBW 2992), an irreversible ErbB family blocker,
in patients with HER2-positive metastatic breast cancer progressing after
trastuzumab. Breast Cancer Res Treat 2012;133:1057-65.

Clin Cancer Res; 21(24) December 15, 2015

5531

220z snbny pz uo 3senb Aq ypd 61.55/€¥28202/6 L SS/¥2/ | Z/Pd-sjoile/sa.soueduld/Bio sjeunolioee//:dyy woly papeojumoq



