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ABSTRACT
◥

Purpose: EGFR-tyrosine kinase inhibitor (TKI) is a standard
first-line therapy for activated EGFR-mutated non–small cell lung
cancer (NSCLC). Treatment options for patients with acquired
EGFR-TKI resistance are limited. HER3 mediates EGFR-TKI resis-
tance. Clinical trials of the HER3-targeting antibody–drug conju-
gate patritumab deruxtecan (HER3-DXd) demonstrated its anti-
cancer activity inEGFR-mutatedNSCLC; however, themechanisms
that regulate HER3 expression are unknown. This study was con-
ducted with the aim to clarify the mechanisms underlying HER3
regulation in EGFR-mutated NSCLC tumors and explored the
strategy for enhancing the anticancer activity of HER3-DXd in
EGFR-mutated NSCLC.

ExperimentalDesign:Paired tumor sampleswere obtained from
48 patients with EGFR-mutated NSCLC treated with EGFR-TKI(s).
HER3 expression was immunohistochemically quantified with
H-score, and genomic alteration and transcriptomic signature were

tested in tumors from pretreatment to post-EGFR-TKI resistance
acquisition. The anticancer efficacy of HER3-DXd and osimertinib
was evaluated in EGFR-mutated NSCLC cells.

Results: We showed augmented HER3 expression in EGFR-
mutated tumors with acquired EGFR-TKI resistance compared
with paired pretreatment samples. RNA sequencing revealed that
repressed PI3K/AKT/mTOR signaling was associated with HER3
augmentation, especially in tumors from patients who received
continuous EGFR-TKI therapy. An in vitro study also showed that
EGFR-TKI increased HER3 expression, repressed AKT phosphor-
ylation in multiple EGFR-mutated cancers, and enhanced the
anticancer activity of HER3-DXd.

Conclusions:Our findings help clarify the mechanisms of HER3
regulation in EGFR-mutated NSCLC tumors and highlight a ratio-
nale for combination therapy with HER3-DXd and EGFR-TKI in
EGFR-mutated NSCLC.

Introduction
EGFR-tyrosine kinase inhibitor (TKI) constitutes a standard first-

line therapy for patients with non–small cell lung cancer (NSCLC)
harboring an EGFR-activating mutation (1–3). EGFR-TKI induces

substantial tumor regression in patients with EGFR-mutated NSCLC;
however, all tumors eventually acquire resistance to EGFR-TKIs (4).
Among the various mechanisms underlying EGFR-TKI resistance,
EGFR secondary mutations, including T790M missense mutation,
induce resistance in approximately 50% of first- and second-
generation EGFR-TKIs; C797S mutation accounts for approximately
15% of the resistance to the third-generation EGFR-TKI osimerti-
nib (5–7). These mutations cause an amino acid substitution that
prevents EGFR-TKI from binding to the EGFR-kinase domain (5, 7).
Alternatively, the aberrant MET-mediated or HER2 activation–
mediated bypassing-cell signaling causes EGFR-TKI resistance in
MET- or HER2-amplified NSCLCs (8, 9). Multiple strategies to
conquer the limitations of EGFR-TKI therapy are in different
clinical development stages (4, 10). Next-generation EGFR-TKIs
may overcome secondary EGFR mutation–mediated resistance,
whereas MET inhibitors may counter MET alteration–mediated
resistance (11–13). In a limited subpopulation, MET amplification
occurred in 10%–20% of patients with EGFR-TKI resistance, and
they can benefit from MET inhibitor therapy, whereas the remain-
ing 80%–90% of patients will require further evidence-based treat-
ment optimization (11–13).

HER3 is a member of the HER family and aberrant HER3
expression is associated with poor prognosis in various cancers,
including NSCLC (14, 15). HER3, with its impaired kinase activity,
cannot be autophosphorylated, but can be transphosphorylated by
coupling with other receptor tyrosine kinases (RTK; e.g., EGFR,
HER2, or MET; ref. 16). Activated HER3 provides multiple docking
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sites for PI3K and amplifies signaling in the PI3K/AKT/mTOR
pathway for cell survival (17). HER3 plays an essential role in
EGFR-TKI resistance in EGFR-mutated NSCLC; for example, aber-
rant METs due toMET amplification when coupled with HER3s can
lead to PI3K/AKT/mTOR signaling in tumors during EGFR-TKI
therapy (8). Moreover, the HER3 ligand heregulin induces HER2/
HER3 coupling and signaling for cancer cell survival independently
from the EGFR (18). Therefore, HER3 is considered to be one of the
targets for anticancer treatment, especially in EGFR-mutated
NSCLC (14, 16).

Currently, antibody–drug conjugates (ADC) have demonstrated
significant anticancer activity against cancers that are refractory to
anticancer treatment (19–21). ADC, on binding to the cell-surface
antigen, is internalized into the cytoplasm and subsequently releases its
payload to damage DNA or induce other effects (19). The HER3-
targeting ADC patritumab deruxtecan (HER3-DXd) demonstrated
anticancer activity based on HER3 expression for several cancer types,
including EGFR-mutated NSCLC (22–24). In a phase I clinical trial,
HER3-DXd demonstrated durable tumor regression in patients with
EGFR-mutated NSCLCs despite heavy pretreatment with EGFR-TKIs
and chemotherapy (25). Although theHER3 expression level tended to
correlate with HER3-DXd efficacy in the trial, there is limited evidence
of HER3 expression being influenced by EGFR inhibition and the
underlying mechanism that regulates HER3 expression in EGFR-
mutated tumors (26).

This study was conducted with the aim to clarify the mechanisms
underlying HER3 regulation in EGFR-mutated NSCLC tumors
through genomic and transcriptome analysis using 48 paired tissue
samples that were obtained from patients with EGFR-mutated NSCLC
who acquired resistance to EGFR-TKI.

Materials and Methods
Study design

This retrospective study involved HER3 protein expression, a
genomic and transcriptome analysis of 48 paired tissue samples that
were obtained from patients with EGFR-mutated NSCLC with
acquired resistance to EGFR-TKI.

Tumor samples and clinical data
Specimens were obtained from archived formalin-fixed paraffin-

embedded (FFPE) histological sections of 48 paired tumors from 48
patients with EGFR-mutated NSCLC who were treated at the Kindai
Hospital, Kishiwada Hospital, and Izumi Hospital (Osaka, Japan)
between 2018 and 2020. Most of the tumor samples were obtained from
the lung via a bronchoscopic diagnostic biopsy or surgical resection. The
samples before EGFR-TKI treatment were paired to samples obtained at
the time when acquired resistance to EGFR-TKI was detected. Clinical
datawere collected from themedical records of eachpatient. This study is
conducted in accordance with the Declaration of Helsinki, and was
approved by the respective Institutional Review Boards of Kindai
Hospital, Kishiwada Hospital, and Izumi Hospital (Osaka, Japan).
Written informed consent was obtained from all participants after an
opportunity for optout from this study was provided.

IHC staining
HER3 expression in the membranous tumor was evaluated by IHC

in EGFR-mutated NSCLC tumoral tissues using previously reported
methods (26). Sections (thickness, 4 mmol/L) were immunologically
stained for HER3 with an anti-HER3 mouse mAb (Cell Signaling
Technology, Inc.; diluted 1.0 mg/mL) using an automated slide stainer,
DAKO Link48 (Agilent Technologies, Inc.). The IHC expression of
HER3 in the membranes of cancer cells was interpreted by two pulmo-
nary pathologists (O. Maenishi and E. Enoki) who were blinded to the
study group allocation. The HER3 staining was scored on a continuous
scale of 0–300, based on the percentage of cells with different staining
intensities. Membrane staining was scored according to four categories: 0
for “no staining,” 1 þ for “light staining visible only at high magnifi-
cation,” 2 þ for “intermediate staining,” and 3 þ for “dark staining of
linear membrane, visible even at low magnification.” The percentage of
cells at different staining intensities was determined by visual assessment,
and the score was calculated using the following formula:

Score¼ 1 � (% of 1 þ cells) þ 2 � (% of 2 þ cells) þ 3 � (% of
3 þ cells).

Cells and reagents
The EGFR-mutated NSCLC cell lines PC9, H1975, HCC4006,

and HCC827 were obtained from the ATCC, and EGFR-TKI
gefitinib-resistant HCC827GR5 cells from Dana-Farber Cancer
Institute (Boston, MA). The authenticity of the cells was regularly
tested by short tandem repeat. All of the above mentioned cell lines
were characterized previously (8, 18). Cells were maintained in a
humidified atmosphere of 5% CO2 at 37�C in RPMI1640 medium
(Sigma-Aldrich) supplemented with 10% FBS and 1% penicillin–
streptomycin. Osimertinib, buparlisib, and ipatasertib were obtained
from Selleck. Patritumab deruxtecan (HER3-DXd) was provided by
Daiichi Sankyo Co., Ltd.

DNA and RNA extraction
The FFPE specimens underwent histologic examination, and only

specimens which contained sufficient tumor cells (≥50% for RNA,
≥30% for DNA), as ascertained on hematoxylin and eosin staining,
were subjected to nucleic acid extraction. DNA and RNAwere purified
using FormaPure (BeckmanCoulter Inc.) or AllprepDNA/RNAFFPE
kit (Qiagen) according to the manufacturer’s instructions. The quality
and quantity of the DNA and RNA were verified using 4200 TapeSta-
tion (Agilent Technologies Inc.) and Qubit (Thermo Fisher Scientific
Inc.), respectively. The extractedDNA/RNAwas stored at�80�Cuntil
the analysis.

Translational Relevance

EGFR-tyrosine kinase inhibitor (TKI) is a standard therapy for
activated EGFR-mutated non–small cell lung cancer (NSCLC).
However, treatment options are limited for tumors acquiring a
resistance to EGFR-TKIs. In this study, we showed augmented
HER3 expression in EGFR-mutated tumors with acquired EGFR-
TKI resistance compared with paired pretreatment samples.
Repressed PI3K/AKT/mTOR signaling was associated with HER3
augmentation, especially in tumors from patients who received
continuous EGFR-TKI therapy beyond tumor progression. An
in vitro study showed that EGFR-TKI increased HER3 expression
in multiple EGFR-mutated cancers, and enhanced the anticancer
activity of the HER3-targeting antibody–drug conjugates patritu-
mab deruxtecan (HER3-DXd). Our findings highlight a rationale
for combination therapy with HER3-DXd and EGFR-TKI in
EGFR-mutated NSCLC that is currently being evaluated in a
clinical trial for patients with EGFR-mutated NSCLC tumors, not
only with regard to an acquired resistance to EGFR-TKI but also in
EGFR-TKI–na€�ve tumors (NCT04676477).
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DNA panel sequencing
Library preparation was performed using Illumina TruSight

Oncology 500 Kit (TSO500, Illumina Inc.) according to the man-
ufacturer’s instructions. We used a DNA input of 110 ng for library
preparation; however, if the DNA amount was not sufficient, the
maximum DNA input was used (details of the number of samples
are shown in Supplementary Fig. S8). For optimal library prepa-
ration, the quality of DNA was assessed with Illumina FFPE QC
Assay (Illumina, Inc.). We mixed 2 ng DNA with a QC Primer
Reagent and 2 units of qPCR Master Mix (PowerUp SYBR Green
Master Mix, Thermo Fisher Scientific Inc.), and qPCR was per-
formed using the QuantStudio 12K Flex Real-Time PCR System
(Thermo Fisher Scientific Inc.) according to the manufacturer’s
instructions. To fragment the DNA strands into 90–250 bp, the
DNA of each sample was sheared using the Covaris E220 (Covaris,
Inc.) using the following protocol: peak incident power, 75 W; duty
factor, 15%; cycles per burst, 1,000; and treatment time, 180
seconds. The prepared libraries were quantified using the Qubit,
and then normalized using Library Normalization Beads according
to the manufacturer’s instructions. The normalized libraries were
sequenced using the NextSeq500 (Illumina, Inc.), 100 bp long from
both ends (2 � 100 bp). The sequencing reads were aligned to
human (hg19), and mutation call [single-nucleotide variant (SNV)
and insertion/deletion] analysis was performed using the TSO500
analysis software (v1.3.1) and annotated using Variant Effect
Predictor (VEP, release_98.3). The tumor mutation burden (TMB)
and copy-number variation analyses were also performed using the
TSO500 analysis software versions 1.3.1 and 2.1, respectively.
Samples with a low library concentration (<3 ng/mL) were exclud-
ed, along with SNVs with low mutant allele count (<5). Further-
more, known germline mutations in the Human Genetic Variation
Database were excluded.

RNA panel sequencing
Library preparation was performed using TSO500 according to

the manufacturer’s instructions. We used an RNA input of 170 ng
for library preparation; however, if the RNA amount was not
sufficient, the maximum RNA input was used (details of the number
of samples are shown Supplementary Fig. S8). The prepared librar-
ies were quantified using the Qubit and then normalized using the
Library Normalization Beads according to the manufacturer’s
instructions. The normalized libraries were sequenced using the
NextSeq500 or NextSeq550 (Illumina, Inc.), 100 bp long from both
ends (2 � 100 bp). The sequencing reads were aligned to human
(hg19). Fusion and splice variant calls were performed using
TST170 analysis software (v2.0.0). Samples with a low library
concentration (<3 ng/mL) were excluded.

Transcriptional profiling
RNA was extracted from FFPE tumors that contained >50% cancer

cells. The cDNA library for RNA sequencing (RNA-seq) was prepared
for the directional sequencing method with the ribosomal RNA
depletion and the unique-dual indexes using the following kits and
reagents: QIAseq FastSelect (Qiagen Inc.), NEBNext Ultra II Direc-
tional RNA Library Prep Kit for Illumina (New England Biolabs, Inc.),
and NEBNext Multiplex Oligos for Illumina (New England Biolabs,
Inc.).We used anRNA input of 20 ng for library preparation; however,
in case the RNA amount was not enough, the maximum RNA input
was used (details of the number of samples are shown Supplementary
Fig. S8). The quantity of the prepared library was evaluated by 4200
TapeStation. The prepared libraries were pooled in one tube and

sequenced on one flow cell at 1.5 nmol/L using the NovaSeq6000
(Illumina, Inc.), with 75 bp from both ends (2 � 75 bp). The
sequencing reads were aligned with STAR software (2.5.3a) to human
genome reference (GRCh38). The transcripts permillion and expected
count in each gene were estimated by RNA-seq using an expectation
maximization (RSEM) software (1.3.0). Samples with non-cancer cells
or low sum of expected counts were excluded and were normalized
with the trimmed mean of M values normalization method. For the
data analysis, samples with <50% within a species or total reads of
<50M were excluded.

The Cancer Genome Atlas dataset
The Cancer Genome Atlas (TCGA) data on lung adenocarcinoma

(LUAD) protein expression were used to evaluate HER3 and E-
cadherin protein expression, which was measured by reverse phase
protein array technology. These data have been normalized by the
replicate-base normalization method. TCGA LUAD gene expression
ascertained byRNA-seqwas used to evaluateHER3, ZEB1/2, SNAI1/2,
and TWIST1 mRNA expression, which were measured using Illumi-
naHiSeq_RNASeqV2 and normalized by RSEM.

Immunoblotting
Cells were seeded at a density of 3� 106 on 90-mm Prime Surface

plates (Sumitomo Bakelite Co., Ltd.), incubated overnight in
RPMI1640 medium containing 2% FBS, and harvested. Western
blotting was performed as described previously. Proteins were
probed using antibodies that were specific for phospho-EGFR
(#2234, 1:1,000 dilution), phospho-AKT (#9271, 1:1,000 dilution),
AKT (#9272, 1:1,000 dilution), cleaved PARP (#9541, 1:1,000
dilution), phospho-S6 (#4857, 1:1,000 dilution), S6 (#2217,
1:1,000 dilution), N-cadherin (#4061, 1:1,000 dilution), and vimen-
tin (#3390, 1:1,000 dilution; all from Cell Signaling Technology);
phospho-Histone H2A.X (#05-636, 1:2,000 dilution); Histone H2A.
X (#11175, 1:10,000 dilution; Abcam); actin (#A5441, 1:7500 dilu-
tion; Sigma-Aldrich); and EGFR (#03, 1:200 dilution) and HER3
(#285, 1:1,000 dilution; Santa Cruz Biotechnology).

Colony formation assay
HCC827 and HCC827GR5 cells were seeded at a density of

3.0� 104 per well in 6-well plates. After 24 hours, these cells were
treated with 3 mg/mL of HER3-DXd alone, 0.1 mmol/L osimertinib
alone, or both of these drugs in combination. The medium containing
each drug was changed every 3 days. The cells were fixed with 10%
buffered formalin phosphate for 5minutes, and then stained with 0.2%
crystal violet for 3 hours. After 14 days of incubation, the plates
were gently washed with PBS and fixed with fixation solution (acetic
acid/methanol 1:7) for 5 minutes. The plates were rinsed again with
PBS and the colonies were stained with 0.5% crystal violet at room
temperature for 2 hours. After staining, the plates were immersed in
tap water to rinse off excess stain. The percentage colony area was
automatically calculated using ImageJ 1.52a (NIH, Bethesda, MD)
after image acquisition.

siRNA transfection
siRNA against AKT was purchased (no. 443508; Nippon Gene). It

consisted of 21-nucleotide sense and antisense strands. Non-targeting
siRNA (siMock) was used as the nonspecific control. HCC827 cells
were seeded at 50% confluence in 6-well plates, incubated for 24 hours
in RPMI1640 medium supplemented with 0.5% FBS, and transfected
with siRNAs using Lipofectamine RNAiMax (Invitrogen). After
48 hours, cells were harvested for Western blotting.
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Reverse transcription and real-time PCR
Total RNA was isolated from PC9 cells using the RNeasy Mini Kit

(Qiagen) according to the manufacturer’s instructions. cDNA was
synthesized using the high-capacity RNA-to-cDNA kit (Applied
Biosystems) and used in RT-PCR to quantitate HER3 expression.
GAPDH was used as the internal control. Expression levels were
determined using a standard method with an ABI 7900 HT system
and SDS software (Applied Biosystems).

Statistical analysis
Statistical analyses were performed using SPSS version 22.0 (IBM

Corp.). Linear regression analysis was performed to investigate wheth-
er a factor, including EGFR-TKI administration, affected cell-surface
HER3 expression. Pearson correlation coefficients (r) were calculated
to explore the relationships between HER3 expression level and other
genomic expression in the tumors. Differences in genomic expression
were compared by the mean differences. Graphical depictions of data
were obtained using GraphPad Prism 5.0 for Windows (GraphPad
Software, Inc.).

Results
HER3 expression in EGFR-mutated NSCLC tumors

In total, 48 paired samples were obtained before EGFR-TKI treat-
ment and after the acquisition of EGFR-TKI resistance, designated as
the “pretreatment sample” and “posttreatment sample,” respectively,
from patients with EGFR-mutated NSCLC whose tumors had initially
responded to EGFR-TKI (Fig. 1A). Their cell-surface HER3 expres-
sion levels were immunohistochemically evaluated as the H-score
(Fig. 1B and C); 81% of pretreatment samples (39/48) and 90% of
posttreatment samples (43/48) expressed HER3 to various degrees
(Fig. 1C). Cell-surface HER3 expression levels weakly correlated with
HER3 mRNA levels in the pretreatment samples (Pearson r ¼ 0.420,
n ¼ 28; Fig. 1D). Consistent with our observation, the HER3 protein
expression level weakly correlated with the HER3 mRNA expression
level in the lung adenocarcinoma cohort obtained from TCGA data-
base (Pearson r ¼ 0.438, n ¼ 360; Fig. 1E) and the EGFR-mutant
cohort (Pearson r ¼ 0.635, n ¼ 26; Supplementary Fig. S1; ref. 27).

Next, we explored the clinical or genomic backgrounds that cor-
relatedwith cell-surfaceHER3 expression in the pretreatment samples.
There was no significant relationship between the clinical character-
istics, including smoking history, sex, and age, and the HER3 expres-
sion level (Fig. 1C; Pearson r ¼ �0.014, �0.165, and �0.002,
respectively). According to the variances of EGFR, the type of
EGFR-activating mutations did not correlate with the HER3 expres-
sion level (Fig. 1C; Pearson r ¼ �0.009), whereas the EGFR copy-
number gain (CNG; ≥4 copies as the cut-off point) correlated with the
HER3 level [mean value 115.8 and 53.5 for samples without EGFR-
CNG (n¼ 37) and those with EGFR-CNG (n¼ 10), respectively (t test
P ¼ 0.042; Fig. 1C and F)]. In agreement with our observation, the
HER3 protein expression level was lower in EGFR-amplified tumors
than in tumors with diploid EGFR in the lung adenocarcinoma cohort
from TCGA database [difference between means (95% confidence
interval)¼�0.230 (�0.435 to�0.024), t test, P¼ 0.029; Fig. 1G] (27).
The other concomitant variants, mutated MYCN, RB1, p53, and
amplifiedMYC (frequencies: 7.1%, 9.5%, 50%, and 11.9%, respective-
ly), showed no obvious relationship with HER3 expression in the
pretreatment samples (Pearson r ¼ 0.038, �0.195, 0.047,
0.096; Fig. 1C). The TMB had no obvious relationship with HER3
expression (Pearson r¼ 0.111; Fig. 1C). In the posttreatment samples,
the cell-surface HER3 expression was significantly increased as com-

pared with that in the pretreatment samples (mean value 100.8 vs.
155.9, paired t testP¼ 0.0007;Fig. 1C andH). HER3 copy numberwas
not different between pre samples and post samples (mean value
2.07 vs. 2.17, paired t test P ¼ 0.3215; Supplementary Fig. S2).

Relationship between HER3 expression and epithelial-to-
mesenchymal transition transcription factors

Gene set enrichment analysis (GSEA) was performed using pre-
treatment samples to screen for a relationship between the HER3
expression and the transcriptome profile of EGFR-TKI–na€�ve
tumors (28). Thirty-two quantified samples were assigned to low and
high cell-surface HER3 expression subgroups based on a median H-
score of 70, and each subgroup was compared by the gene expression
signature. The low HER3 expression group tended to have enriched
genes that were related to the epithelial-to-mesenchymal transition
(EMT), especiallyWnt/b-catenin signaling, as compared with the high
HER3 expression group (Fig. 2A). Therefore, we examined the
relationship between the HER3 mRNA expression level and the
expression level of the core EMT transcription factors (TF), such as
mRNA including Zeb1/2, Twist1, and Snai1/2 (29). The EMT-TFs
were inversely associated with the HER3 mRNA expression in the
study cohort (Fig. 2B and D; Supplementary Fig. S3) as well as in
TCGA lung adenocarcinoma cohort (Fig. 2C and D; Supplementary
Fig. S3). In addition, the HER3 protein expression level positively
correlated with the protein expression of the epithelial marker E-
cadherin in TCGA lung adenocarcinoma cohort (Pearson, r¼ 0.4068,
P < 0.001, n ¼ 706; Fig. 2E). We treated EGFR-mutated NSCLC PC9
cells with 4 ng/mL TGFb for 10 days to determine whether the
acquisition of mesenchymal features could alter the HER3 expression
level. TGFb increased the expression of the mesenchymal markers N-
cadherin and vimentin, whereas E-cadherin and the HER3 expression
level decreased (Fig. 2F). These results suggested that HER3 expres-
sion partially correlated with EMT, as reported previously (30); how-
ever, in tumors with EGFR-CNG, EMT-TF levels, except SNAI1, did
not demonstrate augmentation despite the low HER3 expression
compared with that in tumors without EGFR-CNG (Supplementary
Fig. S4). Furthermore, GSEA could not detect an enrichment of gene
sets related to EMT in tumors with EGFR-CNG compared with those
without EGFR-CNG (Supplementary Fig. S5). Therefore, the augmen-
tation of HER3 expression in tumors with EGFR mutation and CNG
could be independent of the EMT process.

HER3 augmentation after acquisition of EGFR-TKI resistance
We focused on the significant augmentation of HER3 expression in

posttreatment samples compared with the pretreatment samples
(Fig. 1H). We compared the clinical or genomic background between
tumors with and without HER3 augmentation to identify the cause of
HER3 augmentation; 56.2% (27/48) of all tumors showed an increased
cell-surface HER3 expression in posttreatment samples compared
with the pretreatment samples, and we divide tumor pairs into two
groups: HER3 augmented group (n ¼ 27) and HER3 non-augmented
group (n¼ 21; Fig. 3A). Regardless of the causes of resistance, such as
EGFR T790Mmutation,MET amplification,HER2 amplification, and
histologically small cell lung cancer conversion, etc., HER3 augmen-
tation was observed in the posttreatment samples (Fig. 3A andB). The
HER3 augmentation did not obviously correlate with the type of
EGFR-activating mutation (Pearson r ¼ �0.007, P ¼ 0.961), EGFR
CNG in the posttreatment specimens (Pearson r¼�0.057,P¼ 0.706),
or the EGFR T790Mmutation (Pearson r¼ 0.112, P¼ 0.45; Fig. 3A).
The HER3 augmentation did not obviously correlate with clinical
characteristics, such as smoking history, sex, type of EGFR-TKI
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treatment, age, and beyond progressive disease (PD) treatment with
EGFR-TKI (Pearson r¼�0.116, P¼ 0.439 for smoking history; 0.139,
0.345 for males;�0.085, 0.565 for second- or third-generation EGFR-
TKI; 0.178, 0.226 for age; 0.174, 0.237 for beyond PD treatment with
EGFR-KTI; Fig. 3A). Multiple genomic alterations, including RTK

variances, PI3K/AKT/mTOR variances, RAF/MEK/ERK variances,
CDK4/6 variances, and p53mutation, in the posttreatment specimens
had no obviously significant correlation with changes in HER3
expression (Pearson r ¼ 0.066, P ¼ 0.661 for RTK; �0.012, 0.934 for
PI3K/AKT/mTOR; 0.052, 0.751 for RAF/MEK/ERK; 0.091, 0.566 for

Figure 1.

HER3 expression in EGFR-mutated NSCLC treated with EGFR-TKIs. A, Schema of sampling at pretreatment (n ¼ 48) as the “Pretreatment sample” and
post-acquisition of EGFR-TKI (n ¼ 48) as the “Posttreatment sample.” B, Representative HER3 immunohistochemically staining with the H-score. C, HER3
H-scores of individual pretreatment and posttreatment samples are shown in a bar graph. Clinical characteristics, variances of EGFR, other genomic variances, and
TMB (≥10mut/Mb) in the pretreatment sample are shown.D, Scattered plot analysis showing the relationship between HER3mRNA (RNA-seq RSEM, TMM-normalized)
expression and the HER3 protein level (H-score) in the current dataset. E, Scattered plot analysis showing the relationship between HER3 mRNA (RNA-seq RSEM,
norm countþ1) expression and HER3 protein level (RBM-normalized RPPA value) in TCGA lung adenocarcinoma dataset. F, Box-and-whisker plot of HER3 H-scores
in EGFR non-CNG samples and in CNG samples in the current cohort. G, Box-and-whisker plot of HER3 H-scores in samples with EGFR diploid and those with
EGFR amplification in TCGA lung adenocarcinoma cohort.H, Box-and-whisker plot of HER3 H-scores in pretreatment and posttreatment samples in the current cohort.
� , P < 0.05. TCGA, The Cancer Genome Atlas; EGFR-TKI, epidermal growth factor receptor-tyrosine kinase inhibitor.
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CDK4/6; 0.019, 0.909 for p53; Fig. 3A). In addition, the TMB in the
posttreatment specimens showed no obvious correlation with altered
HER3 expression levels (Pearson r ¼ �0.153, P ¼ 0.299; Fig. 3A).

HER3 augmentation depending on PI3K/AKT/mTOR signaling
To clarify the mechanisms underlying HER3 regulation in EGFR-

mutated NSCLCs, we compared the transcriptomic features between
HER3 augmented expression and HER3 non-augmented expression

groups. In the pretreatment specimens, there was no significant
between-group difference in the hallmarks of the transcriptome
(Supplementary Table S1). In the posttreatment specimens, gene sets
related to EMT, such as TGFb signaling andWnt/b-catenin signaling,
tended to be enriched in the HER3 augmented expression group
compared with the HER3 non-augmented expression group (Supple-
mentary Table S2). However, when we compared the expression level
of EMT-TF mRNA, there was no significant difference between the

Figure 2.

Relationship between HER3 expression and core EMT-TFs in EGFR-mutated NSCLC. A,A table of the hallmarks of gene sets observed in pretreatment samples with
low HER3 expression compared to samples with high HER3 expression. Scatter plot analysis showing the relationship between HER3 mRNA and ZEB1/2 mRNA
expression level in the current cohort (B, RNA-seq RSEM, TMM-normalized) or in TCGA lung adenocarcinoma dataset (C, RNA-seq RSEM, norm countþ1).
D, Relationship between HER3 mRNA and EMT-TFs mRNA including SNAI1/2, ZEB1/2, and TWIST1 mRNA expression level in the current cohort or TCGA lung
adenocarcinoma cohort. E, Scatter plot analysis showing the relationship between HER3 protein expression and E-cadherin protein expression levels in TCGA lung
adenocarcinoma dataset. Unit; RBM-normalized RPPA value. F, Immunoblotting analysis of indicated proteins from EGFR-mutated PC9 cells treatedwith 4 ng/mL of
TGFb for 10 days.NES, normalized enrichment score;NOMp-value, nominal p-value; FDR, false discovery rate; TCGA, TheCancerGenomeAtlas; EGFR-TKI, epidermal
growth factor receptor-tyrosine kinase inhibitor.
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pretreatment and posttreatment specimens in any of the participants
and even in the subpopulation with augmented HER3 expression
(Supplementary Fig. S6). Therefore, the augmentation of HER3
expression after the acquisition of resistance to EGFR-TKIs seems to
be independent of the EMT.

Finally, we compared transcriptomic features between the pretreat-
ment and posttreatment specimens. In the HER3 augmented expres-

sion group, the hallmark of the Wnt/b-catenin signaling-related gene
set was significantly repressed, whereas the hallmark of the EMT-
related gene set or the mRNA expression of EMT-TFs was not
significantly altered in the posttreatment samples as compared with
the pretreatment specimens (Table 1; Supplementary Fig. S6). How-
ever, gene sets of PI3K/AKT/mTOR signaling andMTORC1 signaling
were repressed in the posttreatment specimens, compared with the

Figure 3.

Cell-surface HER3 augmentation in EGFR-mutated NSCLC treated with EGFR-TKIs.A, Alteration of the HER3 H-score in individual cases between pretreatment and
posttreatment samples is shown in a bar graph. Clinical characteristics, variances of EGFR, variances of RTK, variances of the PI3K/AKT/mTOR pathway, variances of
the RAF/MEK/ERK pathway, variances of CDK4/6, other genomic variances, histologic conversion, and TMB (≥10 mut/Mb) in the posttreatment sample are
presented. B, Representative HER3 IHC staining, H-score, and genomic alterations causing EGFR-TKI resistance are shown for subjects #5, #12, and #39. EGFR-TKI,
epidermal growth factor receptor-tyrosine kinase inhibitor; PD, progressive disease; CNG, copy-number gain; mut, mutation; SCLC, small cell lung cancer.
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pretreatment specimens, of the HER3 augmented expression group
despite the fact that the tumors acquired resistance to EGFR-TKIs
(Table 1; Fig. 4A). In contrast to the HER3-upregulated group, these
gene sets were enriched in the posttreatment specimens, compared
with the pretreatment specimens, of the HER3 non-augmented group
(Table 1,Fig. 4B).We hypothesized that cell-surfaceHER3 expression
could be regulated by PI3K/AKT/mTOR signaling and, therefore, we
treated EGFR-mutated PC9 cells with the PI3K inhibitor buparlisib.
Buparlisib decreased the phosphorylation of AKT and S6 but inversely
increased HER3 expression in a dose-dependent manner (Fig. 4C).

Similarly, the AKT inhibitor ipatasertib decreased S6 phosphorylation
but increased HER3 expression in a concentration-dependent manner
(Fig. 4D). Furthermore, siRNA to specifically knockdown AKT
expression increased HER3 protein expression in EGFR-mutated
HCC827 cells compared with the siMock control (Fig. 4E). Given
that PI3K/AKT/mTOR signaling activity influencedHER3 expression,
there were several clinical or genomic factors, including the generation
of EGFR-TKIs, EGFR secondary T790M mutations in posttreatment
specimens, HER3 expression in the pretreatment specimens, type of
EGFR-activating mutation, age, sex, and beyond PD treatment with

Table 1. Hallmarks in pre- and posttreatment samples.

A. Posttreatment HER3 augmented samples, Posttreatment samples [vs. Pretreatment samples]
RANK HALLMRKs SIZE NES NOM p-val FDR q-val
1 HALLMARK_WNT_BETA_CATENIN_SIGNALING 42 �1.87 0.000 0.003
2 HALLMARK_UNFOLDED_PROTEIN_RESPONSE 107 �1.84 0.000 0.003
3 HALLMARK_PEROXISOME 104 �1.82 0.002 0.004
4 HALLMARK_ADIPOGENESIS 192 �1.81 0.000 0.004
5 HALLMARK_OXIDATIVE_PHOSPHORYLATION 184 �1.80 0.002 0.005
6 HALLMARK_PI3K_AKT_MTOR_SIGNALING 104 �1.78 0.004 0.006
7 HALLMARK_XENOBIOTIC_METABOLISM 198 �1.78 0.002 0.006
8 HALLMARK_DNA_REPAIR 147 �1.77 0.002 0.007
9 HALLMARK_FATTY_ACID_METABOLISM 156 �1.76 0.004 0.007
10 HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 47 �1.75 0.002 0.007
11 HALLMARK_MTORC1_SIGNALING 195 �1.74 0.006 0.008
12 HALLMARK_ANDROGEN_RESPONSE 96 �1.72 0.004 0.009
13 HALLMARK_MITOTIC_SPINDLE 198 �1.72 0.008 0.008
14 HALLMARK_NOTCH_SIGNALING 32 �1.71 0.013 0.009
15 HALLMARK_ESTROGEN_RESPONSE_EARLY 196 �1.71 0.002 0.008
16 HALLMARK_ESTROGEN_RESPONSE_LATE 196 �1.71 0.002 0.008
17 HALLMARK_PROTEIN_SECRETION 95 �1.69 0.017 0.011
18 HALLMARK_GLYCOLYSIS 197 �1.67 0.010 0.014
19 HALLMARK_P53_PATHWAY 193 �1.66 0.006 0.016
20 HALLMARK_APICAL_JUNCTION 194 �1.66 0.019 0.015
B. Posttreatment HER3-augmented samples, Pretreatment samples [vs. Posttreatment samples]
RANK HALLMRKs SIZE NES NOM p-val FDR q-val
� There is no gene set enriched. � � � �
C. Posttreatment HER3-non-augmented samples, Posttreatment samples [vs. Pretreatment samples]
RANK HALLMRKs SIZE NES NOM p-val FDR q-val
1 HALLMARK_HEME_METABOLISM 194 1.83 0.002 0.015
2 HALLMARK_CHOLESTEROL_HOMEOSTASIS 73 1.69 0.006 0.100
3 HALLMARK_COMPLEMENT 200 1.62 0.008 0.147
4 HALLMARK_DNA_REPAIR 147 1.59 0.040 0.153
5 HALLMARK_IL6_JAK_STAT3_SIGNALING 87 1.58 0.016 0.137
6 HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 47 1.57 0.041 0.122
7 HALLMARK_P53_PATHWAY 193 1.54 0.032 0.140
8 HALLMARK_INFLAMMATORY_RESPONSE 199 1.54 0.018 0.123
9 HALLMARK_MTORC1_SIGNALING 195 1.52 0.082 0.136
10 HALLMARK_WNT_BETA_CATENIN_SIGNALING 42 1.52 0.032 0.122
11 HALLMARK_MITOTIC_SPINDLE 198 1.51 0.060 0.117
12 HALLMARK_PI3K_AKT_MTOR_SIGNALING 104 1.51 0.034 0.112
13 HALLMARK_UV_RESPONSE_UP 154 1.49 0.065 0.119
14 HALLMARK_GLYCOLYSIS 197 1.46 0.086 0.138
15 HALLMARK_OXIDATIVE_PHOSPHORYLATION 184 1.43 0.108 0.154
16 HALLMARK_IL2_STAT5_SIGNALING 195 1.40 0.060 0.176
17 HALLMARK_ALLOGRAFT_REJECTION 195 1.40 0.119 0.171
18 HALLMARK_ADIPOGENESIS 192 1.40 0.128 0.162
19 HALLMARK_PEROXISOME 104 1.39 0.098 0.159
20 HALLMARK_E2F_TARGETS 195 1.38 0.176 0.162
D. Posttreatment HER3-non-augmented samples, Pretreatment samples [vs. Posttreatment samples
RANK HALLMRKs SIZE NES NOM p-val FDR q-val
1 HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 198 -0.90 0.554 0.969
2 HALLMARK_UV_RESPONSE_DN 139 -0.68 0.911 0.836

Abbreviations: FDR, false discovery rate; NES, normalized enrichment score; NOM p-value, nominal p-value.
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EGFR-TKI, that potentially influenced PI3K/AKT/mTOR signaling
activity. Multivariable regression analysis of HER3 augmentation
using these factors revealed that rebiopsy under EGFR-TKI treatment
independently effected HER3 augmentation (Fig. 4F). Twenty-eight
patients continued to receive EGFR-TKIs to prevent a disease flare
even after radiological confirmation of tumor progression, whereas 20

patients had discontinued EGFR-TKI treatment due to its toxicity and
switched to other anticancer drugs (31). The HER3 H-score of the
posttreatment specimen obtained from patients receiving EGFR-TKI
treatment after PDwas approximately 1.8 times greater than that of the
pretreatment specimen (mean H-score 93.9 vs. 166, n ¼ 26, paired
t test P ¼ 0.0028; Fig. 4G). The HER3 H-score of the posttreatment

Figure 4.

Relationship between HER3 augmentation and PI3K/AKT/mTOR signaling in tumors. A and B, Representative GSEA plots of the MTORC1 signaling and PI3K/AKT/
mTOR signaling gene signatures in the posttreatment HER3 augmented samples compared with the pretreatment samples (A), and in posttreatment HER3 non-
augmented samples comparedwith pretreatment samples (B). Immunoblot analysis of indicated proteins fromPC9 cells treatedwith the indicated concentrations of
buparlisib (C) or ipatasertib (D) for 24 hours. E, Immunoblot analysis of several proteins from HCC827 cells transfected with siRNA against AKT or a non-targeting
siRNA (siMock control). F, Multivariable regression analysis for HER3 augmentation with indicated variances. G, Box-and-whisker plot of the HER3 H-scores in
pretreatment and posttreatment samples from subjects who were continuously treated with EGFR-TKI beyond PD. H, Representative GSEA plots of PI3K/AKT/
mTOR signaling gene signature in posttreatment samples obtained from subjects with/without beyond PD treatment with EGFR-TKI compared with pretreatment
samples. I, A table of the hallmarks of MTORC1 and PI3K/AKT/mTOR signaling obtained by GSEA in posttreatment samples harboring a T790M secondary EGFR
mutationwas obtained fromparticipantswith/without EGFR-TKI treatment beyond PDcomparedwith that in the pretreatment samples. � ,P<0.05, NES, normalized
enrichment score; NOM p-value, nominal p-value; FDR, false discovery rate; PD, progressive disease.
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specimen frompatients who did not receive EGFR-TKI treatment after
PD was approximately 1.3 times greater than that of the pretreatment
specimen (mean H-score 109.1 vs. 144.1, n ¼ 22, paired t test P ¼
0.1029). According to the transcriptional hallmark of posttreatment
specimens obtained during EGFR-TKI treatment, gene sets related to
MTORC1 or PI3K/AKT/mTOR signaling were significantly less
enriched than those of pretreatment specimens, whereas posttreat-
ment specimens free from EGFR-TKI treatment showed enrichment
of these gene sets compared with pretreatment specimens (Fig. 4H).
Furthermore, in a subpopulation with an acquired T790M secondary
EGFRmutation, GSEA indicated thatMTORC1 or PI3K/AKT/mTOR
signaling was not active in posttreatment specimens obtained during
EGFR-TKI therapy compared with that in pretreatment specimens;
however, this signaling was activated in posttreatment specimens free
from EGFR-TKI therapy compared with that in pretreatment speci-
mens (Fig. 4I).

HER3 augmentation via blockade of EGFR/AKT signaling
enhancing the anticancer activity of HER3-DXd

To test whether an EGFR-TKI treatment could augment HER3
expression, EGFR-mutated NSCLC cells were treated with the EGFR-
TKI osimertinib and the HER3 expression was evaluated in vitro. Five
EGFR-mutated NSCLC lineage cells, including PC9, H1975, HCC827,
HCC4006, andHCC827GR5 cells, showed increasedHER3 expression
during osimertinib treatment after 24 hours of treatment initiation
regardless of the type of EGFRmutation, ex19 del, L858R, T790M, or
concomitant MET amplification (Fig. 5A and B). Osimertinib inhib-
ited EGFRphosphorylation and its downstreamAKTphosphorylation
in PC9 cells 3 hours after treatment (Fig. 5C). Moreover, other lineage
cells showed decreased phosphorylation of EGFR and AKT 3 hours
after osimertinib treatment (Fig. 5D). In addition to HER3 protein
augmentation in whole cell lysates, HER3 mRNA level also increased
in PC9 cells 24 hours after osimertinib treatment (Fig. 5E).

Here, we theorized that HER3 augmentation by EGFR-TKIs could
enhance the anticancer activity ofHER3-DXd; therefore, we tested this
hypothesis using EGFR-mutated HCC827 cells and their clonal MET-
amplified HCC827GR5 cells. The colony formation assay of HCC827
cells revealed amoderate anticancer activity of HER3-DXd and strong,
but incomplete, activity of osimertinib (Fig. 5F). However, combina-
tion therapy with both HER3-DXd and osimertinib demonstrated
near-complete anticancer activity in these cells (Fig. 5F). Furthermore,
in HCC827GR5 cells, either HER3-DXd or osimertinib showed a
moderate anticancer activity, but a combination of both drugs dem-
onstrated significantly more potent activity than either drug alone
(Fig. 5G). To elucidate the mechanism underlying the synergistic
anticancer activity, we performed an immunoblotting assay using
HCC827GR5 cells treated with HER3-DXd, osimertinib, and a com-
bination of both drugs. HER3-DXd alone degraded HER3 and
increased the phosphorylation of Histone H2A.X, a marker of DNA
damage, leading to moderate PARP cleavage (Fig. 5H). However,
combined treatment with HER3-DXd and osimertinib demonstrated
greater phosphorylation of Histone H2A.X compared with HER3-
DXd monotherapy (Fig. 5H). Finally, the combination of HER3-DXd
and osimertinib resulted in more PARP cleavage than HER3-DXd or
osimertinib monotherapy (Fig. 5H).

Discussion
Here, we showed that EGFR-TKI treatment augmented the

cell-surface HER3 expression in EGFR-mutated NSCLC tumors.
Transcriptome analysis of tumors suggested that AKT inhibition by

EGFR-TKI caused a feedback-based HER3 augmentation that was
validated in an in vitro study. Although HER3-DXd alone and the
EGFR-TKI osimertinib alone had limited anticancer activity in
MET-amplified and EGFR-mutated HCC827GR5 cells, exposure to
osimertinib augmented the HER3 expression and thereby enhanced
the anticancer activity of the HER3-DXd that was concomitantly
administered. Our findings provide insights into mechanisms of
HER3 regulation in EGFR-mutated NSCLC tumors and highlight the
rationale for a combination therapy that is currently being evaluated in
a clinical trial for patients with EGFR-mutated NSCLC tumors, not
only with regard to an acquired resistance to EGFR-TKI but also in
EGFR-TKI–na€�ve tumors (NCT04676477; ref. 32).

HER3 was previously known to be frequently expressed in some
kinds of cancer, including EGFR-mutated NSCLC, whereas HER3
augmentation was not evident in tumors treated with EGFR-
TKIs (14, 16). However, the findings from an in vitro study for breast
cancer suggested that HER3 expression could be potentially augment-
ed by anticancer treatments through signaling blockade (33). Thus,
Sergina and colleagues reported that TKIs acted against the HER
family to increase the cell-membraneHER3 expression that was driven
by the cessation of AKT-mediated negative-feedback signaling in
HER2-positive breast cancer cells (33). Those authors suggested that
HER3 was largely pooled within intracellular compartments in these
cells, whereas HER3 relocalized to the cell membrane after a TKI
exposure and was phosphorylated by a residual HER2 kinase activity,
which led to an escape from the proapoptotic effects of TKIs (33, 34). In
addition, our previous study using osimertinib-resistant EGFR-
mutated NSCLC PC9AZDR7 cells showed an increased HER3 expres-
sion on the cell membrane whereas there was a decreased HER3
expression in the cell nucleus when compared to observations in the
parent PC9 cells (23). Considering these results, EGFR-mutated
tumors could carry abundant intracellular HER3 proteins that relo-
calize to the cell surface after the inhibition of AKT signaling by EGFR-
TKI treatment. However, it is difficult for EGFR-TKI to completely
extinguish EGFR kinase activity in tumors, presumably due to intra-
tumoral heterogeneity and as HER3 could be phosphorylated by
residual EGFR activity in tumors treated with EGFR-TKI (35). Indeed,
Haikala and colleagues reported that HER3 coupled with EGFR was
augmented in EGFR-mutated cancer cells treated with EGFR-TKIs in
in vitro and in vivo studies (36). Alternatively, HER3 could be
phosphorylated dependently on ligands, especially heregulin, which
induced coupling with HER2 (18, 37). Paracrine heregulin production
by stromal cells or autocrine production by cancer cells was reported to
play a role in the activation of HER3 in tumors (38). Collectively, cell-
surface HER3 augmentation and its assumed phosphorylation by
residual EGFR activity or by HER2 potentially contributed to the
tumor’s tolerance to EGFR-TKIs in tumors that were treated previ-
ously with EGFR-TKIs. Inversely, EGFR genomic amplification could
potentially lead to excessively activated EGFR-AKT signaling and, in
turn, repress cell-surface HER3 expression in EGFR-mutated NSCLC
tumors. By establishing a balance between HER3 and activated EGFR
expression for maintaining AKT signaling, EGFR-mutated tumors
could maintain anti-apoptosis in varying environments or under an
EGFR-TKI treatment.

Alternatively, HER3 expression might be regulated in an MYC-
dependent transcriptional manner even in EGFR-mutated NSCLC. A
human core promoter microarray identified 1,469 MYC direct-
binding target genes; HER3 was included in these genes, which
suggested that it could be regulated by MYC (39). In addition,
knockdown of MYC induced the expression of several receptors
including HER3, suggesting that MYC potentially represses HER3
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Figure 5.

HER3 augmentation induced by EGFR-TKI that enhanced the anticancer activity of HER3-DXd.A and B, Immunoblot analysis of HER3 and actin from EGFR-mutated
NSCLC cells treated with 100 nmol/L osimertinib for the indicated duration. The level of HER3 expression was measured and quantified using Image J (B). Y-axis,
fold changes compared with the untreated control of an individual cell. Immunoblot analysis of indicated proteins from EGFR-mutated NSCLC cells treated with
100 nmol/L osimertinib for the indicated duration (C) or 3 hours (D).E,HER3mRNAexpressionwas quantitatively analyzed byPCRwithGAPDHnormalization in PC9
cells treated with 100 nmol/L osimertinib for 24 hours (mean� SD of four independent experiments). F andG, Clonogenic assay for EGFR-mutated HCC827 (E) and
its clonalMET-amplifiedHCC827GR5cells (F) treatedwith/without 3mg/mLHER3-DXd, 100nmol/L osimertinib alone, or a combination of both drugs for 10days. The
colony formation area was measured and quantified using Image J, and the measurement was repeated three times. Y-axis, fold changes compared with the
untreated control. H, Immunoblot analysis of the indicated proteins from HCC827GR5 cells treated with/without 3 mg/mL HER3-DXd, 100 nmol/L osimertinib alone,
or a combination of both drugs for 5 days. � , P < 0.05, unpaired t test; �� , P < 0.05, Dunnett multiple comparison test. Both A and C show the same actin blot because
they were from the same samples.
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expression (40). GSEA showed that samples with EGFR CNG had a
gene signature of MYC activation, suggesting that HER3 might be
repressed in a MYC-dependent manner (Supplementary Fig. S5).
Inversely, EGFR-TKI treatment inactivated the MYC pathway in
posttreatment specimens compared with pretreatment specimens
(Supplementary Table S3). According to previous reports, MYC could
be regulated by multiple pathways and, indeed, EGFR-mutated
NSCLC tumors revealed altered Wnt/b-catenin signaling, TGFb
signaling, and PI3K/AKT/mTOR signaling following EGFR-TKI
treatment, which may have induced MYC-dependent HER3 augmen-
tation (Supplementary Table S3; ref. 41). In addition, multiple and
putative pathways, including FOXOs, CTBP1/CTBP2, and miRNAs,
were reported to regulate HER3 expression in in vitro studies (42–45).
However, the current study could not identify a significant relationship
of these gene expressions with HER3 expression, or conceivably
implied that HER3 augmentation might be regulated via multiple
pathways in EGFR-mutated NSCLC tumors, in contrast to the mech-
anism identified in in vitro studies. Previous studies have indicated that
the maintenance of PI3K signaling was critical for survival in EGFR-
mutated NSCLC cells, especially by inducing resistance to EGFR-
TKIs (8, 46). Until the development of secondary mutations, such as
EGFR, PIK3CA, and MET amplification, HER3 augmentation that is
mediated by multiple pathways was assumed to temporally direct cells
toward acquiring EGFR-TKI tolerance through activatedHER3/PI3K/
AKT signaling.

HER3 augmentation after the acquisition of EGFR-TKI resistance
was observed in EGFR-mutated NSCLC tumors regardless of the type
of mechanisms underlying the EGFR-TKI resistance, such as EGFR
T790Mmutation, MET amplification, and HER2 amplification. Espe-
cially in tumors that acquired a resistance to EGFR-TKI based on
EGFR T790M, the AKT signals were inhibited by EGFR-TKI, whereby
HER3 could be augmented. These results suggested that some tumors
depend on EGFR for maintaining AKT signaling even after acquiring
resistance to EGFR-TKIs. In clinical practice, a rapid tumor progres-
sion would occasionally occur after the cessation of EGFR-TKI
treatment—the so-called disease flare (31). Chaft and colleagues
reported that 14 of 61 patients (23%) experienced a disease flare after
the cessation of EGFR-TKI treatment (31). In addition, their inves-
tigation showed no association between disease flare and the presence
of T790M at the time of acquired resistance (31). When considering
the results of Chaft and colleagueswith the results of our study, we infer
that AKT inhibition by EGFR-TKI maintains the proapoptotic capa-
bility of EGFR-mutated tumors despite clinical or radiological pro-
gression. Furthermore, the elimination of AKT inhibition by stopping
EGFR-TKI treatment potentially induces a disease flare. Our results
support the advantage of EGFR-TKI beyond PD therapy or its
combination with other agents, especially HER3-DXd. Alternatively,
the EGFR-TKI resistance could be achieved via other signaling path-
ways, such as RAF/MEK/ERK signaling or EMT (47). Ercan and
colleagues reported that resistance to EGFR inhibitors can also arise
through persistent or reactivated ERK1/2 signaling (47). Some HER3-
augmented tumors had genomic mutations in the RAF/MEK/ERK
pathway, and DUSP1 expression decreased by approximately 50% in
posttreatment specimens compared with pretreatment specimens
(mean value 160.0 vs. 81.8, unpaired t test P ¼ 0.018), which might
be related to ERK-mediated resistance.

Previous HER3-targeting strategies were predominantly dependent
on signaling blockade of the HER3/PI3K/AKT axis but could not
necessarily provide significant efficacy in clinical trials of
NSCLC (18, 48, 49). One reason for this limitation is the insufficient
anticancer activity induced by cell signaling blockade alone or a

technically incomplete blockade of HER3 signaling (18). HER3-DXd
resolved this limitation by selective drug delivery and potent DNA
damage (19, 22, 23). Indeed, HER3-DXd demonstrated superior
anticancer activity in early-phase clinical trials although the subjects
were heavily pretreated with EGFR-TKIs and other chemothera-
pies (25). The anticancer activity of ADCs partly depends on the
expression level of the antigen and, indeed, the HER2-targeting ADC
trastuzumab deruxtecan, which possesses the same linker-payload
system as HER3-DXd, demonstrated excellent anticancer activity,
especially forHER2-amplified cancers (19). Alternatively, an increased
dosage might provide more potent anticancer efficacy but simulta-
neously induce more toxicity. Therefore, cell-surface HER3 augmen-
tation in tumors could be a critical solution for enhancing the
anticancer activity of HER3-DXd without inducing toxicity. In this
context, the results of our study suggested that combination therapy
with EGFR-TKI and HER3-DXd might be superior to HER3-DXd
monotherapy for treating EGFR-mutated NSCLC. In addition, this
strategy might resolve not only the limitation of second-line therapy
for an acquired resistance to EGFR-TKI but also supplement a weak
advantage with first-line EGFR-TKI therapy in EGFR-mutated
NSCLC. Thus, the third-generation EGFR-TKI osimertinib demon-
strated superior anticancer efficacy than first-generation EGFR-TKIs,
whereas tumor heterogeneity induced resistance to osimertinib and
limited the duration of its efficacy (3). This study revealed an HER3
augmentation across multiple tumors after the acquisition of EGFR-
TKI resistance regardless of the causes of resistance. Therefore, a
concomitant HER3-targeting strategy with HER3-DXd and EGFR-
TKI might resolve the limitations of first-line EGFR-TKI therapy. In
accordance with this strategy, a clinical trial is ongoing to evaluate
combination therapy with osimertinib and HER3-DXd in EGFR-
mutated NSCLC not only in participants with acquired resistance to
EGFR-TKI but also in those who are EGFR-TKI na€�ve (32).

Thus, EGFR-TKI can inhibit pathways such as MAPK or STAT3;
the status of these pathways may influence HER3 expression.
However, the gene set of MEK activation was not significantly
repressed in tumors with HER3 augmentation (normalized enrich-
ment scores ¼ �1.27, nominal P ¼ 0.15). Moreover, the MEK
inhibitor trametinib did not alter HER3 expression in EGFR-
mutated NSCLC PC9 cells, although the decrease in ERK phos-
phorylation was dependent on drug concentration (Supplementary
Fig. S7). In addition, the levels of PTEN protein expression may
influence AKT activity and HER3 expression, which may influence
HER3-DXd activity. The limited cell line panel used in this study or
previously (23) could not recapitulate the full spectrum of NSCLC
phenotypes harboring the mutated EGFR, particularly those with
sensitivity to HER3-DXd; therefore, our novel hypothesis requires
further examination in clinical studies involving HER3-DXd
that explore the optimal biomarkers for EGFR-mutated NSCLC.
In conclusion, HER3 expression was further augmented in post-
treatment EGFR-mutated NSCLC tumor specimens than in pre-
treatment specimens; this augmentation was likely mediated by
PI3K/AKT/mTOR signaling. Thus, HER3 augmentation may
enhance the anticancer activity of HER3-DXd.
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