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ARTICLE INFO ABSTRACT

Keywords: Introduction: Human epidermal growth factor receptor 2 (HER2) forms homodimers and is retained at the surface
ErbB receptors of cancer cells positive for HER2 amplification. The dimerization, internalization, and intracellular trafficking of
Dimerization HER2 in cancer cells without HER2 amplification have remained uncharacterized, however.

E;‘:(;’S?;;‘:;S Materials and methods: HER2 homodimers and heterodimers were detected in various cell lines with the use of an

in situ proximity ligation assay. The effects of wild-type or mutant forms of epidermal growth factor receptor
(EGFR) on intracellular trafficking of HER2 were examined by live-cell imaging. The sensitivity of cell lines
without HER2 amplification to ado-trastuzumab emtansine (T-DM1), an anti-HER2 (trastuzumab)-cytotoxic drug
conjugate (ADC) was also investigated.

Results: HER2 preferentially formed heterodimers with EGFR rather than homodimers and was rapidly inter-
nalized together with EGFR in cells without HER2 amplification. HER2-EGFR heterodimers were more abundant
and HER2 was more efficiently transferred to lysosomes in such cells with than in those without EGFR activating
mutations. T-DM1 showed a high cytotoxic efficacy in the cells with EGFR mutations, suggesting that mutant
forms of EGFR promote the transfer of HER2-bound T-DM1 to lysosomes through efficient formation of HER2-
EGFR heterodimers.

Conclusion: Our findings reveal that HER2 trafficking is affected by EGFR, especially by mutant forms of the
receptor, and they provide a rationale for the use of HER2-targeting ADCs in the treatment of EGFR-mutated lung
cancer.

Lung neoplasms

1. Introduction

The human epidermal growth factor receptor (HER) family of re-
ceptor tyrosine kinases includes the epidermal growth factor receptor
(EGFR, also known as HER1 or ErbB1), HER2 (ErbB2 or Neu), HER3
(ErbB3), and HER4 (ErbB4), each of which forms homodimers or het-
erodimers with other family members [1,2]. Such dimerization results in
receptor autophosphorylation by the intracellular tyrosine kinase
domain of EGFR, HER2, or HER4 and activation of downstream
signaling including that mediated by phosphatidylinositol 3-kinase

(PI3K)-Akt and Ras-Raf-MEK-ERK pathways, with such signaling
contributing to the regulation of cell motility, invasion, and progression
in various types of cancer [3-5].

Although no natural ligand has been identified for HER2, the protein
exists in a constitutively extended conformation and is thus a preferred
partner for heterodimer formation by other HER family receptors [6].
On the other hand, although HER2 forms homodimers in cells with
HER2 amplification, such homodimerization appears to be infrequent in
cells without HER2 amplification because the extracellular domain of
HER2 is highly negatively charged and interferes with homodimer
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formation [7-9]. Most non-small cell lung cancer (NSCLC) tumors ex-
press EGFR at a high level and do not manifest HER2 amplification, but
whether EGFR is a preferred partner for heterodimer formation by HER2
in such tumor cells has remained unknown.

Dimers of HER family receptors are internalized into the cytoplasm
within the endosomal compartment and are sorted either to lysosomes
for degradation or to recycling endosomes for return to the cell surface.
Most internalized HER2 has been shown to be recycled back to the cell
membrane and to be retained at the cell surface in cells with HER2
amplification [10-12]. The trafficking of HER2, including its internali-
zation and transfer to lysosomes, as well as the effects of EGFR on such
trafficking in cells without HER2 amplification have not been charac-
terized, however.

Activating mutations of EGFR, including in-frame deletions in exon
19 (del19) and an L858R point mutation in exon 21, are present in ~ 15
% and ~ 40 % of individuals with NSCLC in the United States and
Europe and in Asia, respectively [13]. These mutations are oncogenic
drivers because they induce autophosphorylation of EGFR and consti-
tutive activation of downstream signaling [14-17]. Although such mu-
tations promote ligand-independent homodimerization of EGFR
[17,18], it has remained unclear whether they also facilitate the for-
mation of heterodimers with HER2 or affect the internalization and
intracellular trafficking of HER2.

We here applied an in situ proximity ligation assay (PLA) to detect
HER2 homodimers and heterodimers in various cell lines. We also
examined the effects of wild-type (WT) or mutant forms of EGFR on
intracellular trafficking of HER2 with the use of live-cell imaging.
Furthermore, we evaluated the sensitivity of cell lines without HER2
amplification to ado-trastuzumab emtansine (T-DM1), an anti-
body-cytotoxic drug conjugate (ADC) that targets HER2.

2. Materials and methods
2.1. Cell lines and reagents

Six NSCLC cell lines with EGFR activating mutations (PC-9 [ECACC
#90071810], II-18 [RIKEN BioResource Research Center, Tsukuba,
Japan; #RCB2093], HCC4006 [ATCC #CRL-2871], HCC827 [ATCC
#CRL-2868], H1975 [ATCC #CRL-5908], and H1650 [ATCC #CRL-
5883]), four NSCLC cell lines WT for EGFR (Calu-3 [ATCC #HTB-55],
A549 [ATCC #CCL-185], H1299 [ATCC #CRL-5803], and H1437
[ATCC #CRL-5872]), and five breast cancer cell lines WT for EGFR (BT-
474 [ATCC #HTB-20], HCC1954 [ATCC #CRL-2338], T-47D [ATCC
#HTB-133], MDA-MB-436 [ATCC #HTB-130], and MCF7 [ECACC
#86012803]) were used in the present study. Details for each cell line
including HER2 amplification and EGFR mutation status are provided in
Table S1. PC-9, II-18, HCC4006, HCC827, H1975, H1650, H1299,
H1437, BT-474, HCC1954, and T-47D cells were cultured in RPMI 1640
(Gibco, Carlsbad, CA, USA); A549, MDA-MB-436, and MCF7 cells in
Dulbecco’s modified Eagle’s medium (Gibco); and Calu-3 cells in Eagle’s
minimum essential medium (Nacalai Tesque, Kyoto, Japan). Each me-
dium was supplemented with 10 % fetal bovine serum and 1 % pen-
icillin-streptomycin (Gibco). All cells were maintained under a
humidified atmosphere of 5 % COy at 37 °C. Chloroquine (Tokyo
Chemical Industry, Tokyo, Japan) and osimertinib (ChemScene, Mon-
mouth Junction, NJ, USA) were dissolved in water or dimethyl sulfoxide
(Fujifilm Wako Pure Chemical Industries, Osaka, Japan) and stored at
-80 °C or -20 °C, respectively. Trastuzumab (Chugai Pharmaceutical,
Tokyo, Japan), cetuximab (Merck Biopharma, Tokyo, Japan), and T-
DM1 (Chugai Pharmaceutical) were stored at 4 °C. For the in situ PLA
and immunofluorescence analysis, cells were grown to 70 % confluence
on 12-mm-diameter coverslips (Matsunami, Osaka, Japan) placed in 24-
well plates (Corning, Corning, NY, USA).
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2.2. Establishment of osimertinib-resistant cell lines

Osimertinib-resistant cell lines were established by two different
methods. Parental cells were thus cultured with stepwise increases in the
concentration of osimertinib from 10 nM to 2 uM (PC-9_OR1 cells and
HCC827_OR cells), with the medium being changed every 3 days, and
the osimertinib-treated cells were maintained for 3 months. Alterna-
tively, parental cells were exposed to N-nitroso-N-ethylurea (Sigma-
Aldrich, St. Louis, MO, USA) at 50 ug/ml for 24 h and then cultured with
stepwise escalation of osimertinib concentration from 200 nM to 1 uM
(PC-9_OR2 cells).

2.3. Retrovirus transduction for generation of stable cell lines

For establishment of MCF7 cells stably expressing WT or mutant
forms of EGFR, pBABE vectors for the WT protein (#11011; Addgene,
Cambridge, MA, USA) or for dell9 (#32062, Addgene) or L858R
(#11012, Addgene) mutants were first introduced into HEK293T cells
(ATCC #CRL-1573) with the use of a Retrovirus Packaging Kit Ampho
(Takara Bio, Shiga, Japan) and the Lipofectamine 3000 reagent (Invi-
trogen, Carlsbad, CA, USA). Culture supernatants were passed through a
0.45-um filter, and the filtrate was incubated overnight at 4 °C with
retro-X Concentrator (Clontech, Shiga, Japan) and then centrifuged at
1500 x g for 45 min at 4 °C for isolation of retrovirus pellets. MCF7 cells
were infected with the retroviruses for 24 h in the presence of polybrene
(Nacalai Tesque) at 8 ug/ml and were then cultured in growth medium
for an additional 24 h before selection by culture in the presence of
puromycin (Invitrogen) at 1 pg/ml.

2.4. Flow cytometric analysis

Cells were incubated for 30 min at 4 °C with a 1:200 dilution of either
fluorescein isothiocyanate (FITC)-conjugated antibodies to HER2
(#324404; BioLegend, San Diego, CA, USA), FITC-conjugated anti-
bodies to HER3 (#10201-MMO3-F; Sino Biological, Kanagawa, Japan),
or FITC-conjugated isotype control antibodies (BioLegend #400109) for
flow cytometric analysis with a FACSVerse instrument (BD Biosciences,
Franklin Lakes, NJ, USA) in order to evaluate the expression level of
HER2 at the cell surface. Cell lines other than HCC827 were incubated
with a 1:200 dilution and HCC827 cells with a 1:2000 dilution of either
allophycocyanin-conjugated antibodies to EGFR (BioLegend #352906)
or allophycocyanin-conjugated isotype control antibodies (BioLegend
#400121) to evaluate the expression level of EGFR at the cell surface.
The relative mean fluorescence intensity (MFI) ratio of HER2, HER3, or
EGFR was determined as the corresponding MFI divided by that of the
isotype control.

2.5. Immunoblot analysis

Cultured cells were lysed in RIPA buffer (Thermo Fisher Scientific,
Waltham, MA, USA), the lysates were fractionated by SDS—polyacryla-
mide gel electrophoresis, and the separated proteins were transferred to
a polyvinylidene difluoride membrane. The membrane was incubated
overnight at 4 °C with primary antibodies to phosphorylated EGFR
(#3777, diluted 1:1000; Cell Signaling Technology, Danvers, MA, USA),
to EGFR (#4267, diluted 1:1000; Cell Signaling Technology), to HER2
(#ab134182, diluted 1:1000; Abcam, Cambridge, MA, USA), to HER3
(#sc-81455, diluted 1:200; Santa Cruz Biotechnology, Dallas, TX, USA),
and to B-actin (#4970, diluted 1:1000; Cell Signaling Technology). Im-
mune complexes were detected with horseradish peroxidase-conjugated
goat antibodies to rabbit (#NA9340V, diluted 1:10,000; GE Healthcare
UK, Amersham, UK) or mouse (#NA931VS, diluted 1:10,000; GE
Healthcare UK) immunoglobulin G, Pierce Western Blotting Substrate
Plus (Thermo Fisher Scientific), and the ChemiDoc XRS + system (Bio-
Rad, Hercules, CA, USA).
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2.6. Microscopy analysis

All images were obtained with an all-in-one fluorescence microscope
(BZ-X800; Keyence, Osaka, Japan) equipped with a Plan Apochromat
100 x objective (numerical aperture of 1.45; BZ-PA100, Keyence).
Optical sectioning was applied to capture cross-sectional images of
specimens at the focused depth so as to avoid blurred, out-of-focus im-
ages [19,20]. Optical sectioning images of cells were obtained from z-
stacking acquired from top to bottom of each cell at 0.6-um intervals
with the use of a sectioning module (BZ-H3XF, Keyence). Images for z-
projection were obtained with the use of a Multi Stack Module (BZ-
H4XD, Keyence).

2.7. In situ PLA

The in situ PLA technique, which can detect interaction of protein
molecules in close proximity [18,21], was adopted to identify HER2
homodimers or heterodimers. In brief, cells were fixed for 15 min with 4
% paraformaldehyde in phosphate-buffered saline (PBS), permeabilized
for 10 min with 0.3 % Triton X-100 in PBS, and incubated overnight at
4 °C with 1:500 dilutions of rabbit antibodies to HER2 (Abcam
#ab134182) and mouse antibodies to HER2 (Thermo Fisher Scientific
#MAS5-13675) for detection of HER2 homodimers; the mouse antibodies
to HER2 and rabbit antibodies to EGFR (Abcam #ab32077) for detection
of HER2-EGFR heterodimers; and the rabbit antibodies to HER2 and
mouse antibodies to HER3 (Santa Cruz Biotechnology #sc-81455) for
detection of HER2-HER3 heterodimers. HER2 homodimers and HER2
heterodimers with EGFR or HER3 were detected with the use of Duolink
PLA Fluorescence Kits (Sigma-Aldrich #DU092002, —92004, and
92014, respectively). Images of PLA signals were obtained with the BZ-
X800 all-in-one fluorescence microscope (Keyence). The number of PLA
signals was quantified in 50 cells for each cell line with the use of BZ-X
Analyzer software (BZ-H4A, Keyence). Optical sectioning images of
HER2-EGFR heterodimers in multiple cells acquired from top to bottom
of each cell were combined into a z-projection image with the use of full-
focus imaging (BZ-H4A, Keyence).

2.8. Preparation of fluorescently labeled trastuzumab and cetuximab

Trastuzumab and cetuximab were fluorescently labeled with the use
of a HiLyte Fluor 555 Labeling Kit-NH2 (LK14; Dojindo, Kumamoto,
Japan) and HiLyte Fluor 647 Labeling Kit-NH2 (LK15, Dojindo),
yielding HiLyte Fluor 555-conjugated trastuzumab (Tz-555) and HiLyte
Fluor 647-conjugated cetuximab (Cmab-647), respectively. The kits
label amino acid residues of the antibodies with 3 to 7 dye molecules per
antibody molecule. Tz-555 and Cmab-647 were applied for analysis of
the trafficking of HER2 and EGFR, respectively.

2.9. Live-cell imaging

Cells were transferred to p-Slide eight-well plates (Ibidi, Grafelfing,
Germany) at a density of 2 x 10 cells per well in a volume of 300 pl.
After culture for 24 h, the cells were incubated for 30 min at 4 °C with a
1:500 dilution of Tz-555 with or without a 1:500 dilution of Cmab-647.
They were then washed three times with ice-cold PBS to remove un-
bound Tz-555 or Cmab-647 before the addition of warmed culture me-
dium and incubation at 37 °C under 5 % CO3 in the stage-top chamber of
the BZ-X800 all-in-one fluorescence microscope (Keyence). Images were
captured every 10 min and edited to generate a time-lapse movie and to
quantify the percentage area of internalized Tz-555 signals with the use
of BZ-X Analyzer software (BZ-H4A, Keyence).

2.10. Immunofluorescence analysis for evaluation of colocalization of
HER?2 with either early endosomes or lysosomes

For the detection of colocalization of HER2 and early endosomes,
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cells were incubated for 30 min at 4 °C with a 1:500 dilution of Tz-555,
washed three times with ice-cold PBS to remove unbound Tz-555, and
then incubated for 30 min at 37 °C under 5 % CO,. The cells were fixed
for 15 min with 4 % paraformaldehyde, permeabilized for 10 min with
0.3 % Triton X-100, exposed to Block Ace (KAC, Kyoto, Japan) for 1 h at
room temperature, and then incubated first overnight at 4 °C with a
1:100 dilution of antibodies to EEA1 (#3288, Cell Signaling Technol-
ogy) in 10 % Block Ace and then for 1 h at room temperature with a
1:500 dilution of Alexa Fluor 488-conjugated goat antibodies to rabbit
immunoglobulin G (GE Healthcare UK) in 10 % Block Ace. For the
detection of colocalization of HER2 and lysosomes, cells were exposed to
medium containing chloroquine (50 pM) for 24 h, incubated for 30 min
at 4 °C with a 1:500 dilution of Tz-555, washed three times with ice-cold
PBS to remove unbound Tz-555, and then incubated for 2 h at 37 °C
under 5 % CO; in medium containing chloroquine (50 pM). The cells
were fixed for 15 min with 4 % paraformaldehyde and permeabilized for
10 min with 0.3 % Triton X-100 before exposure to Block Ace for 1 h at
room temperature and incubation overnight at 4 °C with a 1:1000
dilution of Alexa Fluor 488-conjugated antibodies to LAMP1 (#328610,
BioLegend) in 10 % Block Ace. Images were obtained with the BZ-X800
all-in-one fluorescence microscope (Keyence), and the area of fluores-
cence signals was quantified in nine images for each cell line with the
use of BZ-X Analyzer software (BZ-H4A, Keyence) to determine the
percentage of trastuzumab colocalizing with LAMP1.

2.11. Cell viability assay

Cells were plated in 96-well plates (5 x 103 cells/well) and cultured
for 24 h before the addition of T-DM1 or osimertinib at various con-
centrations and incubation for an additional 72 h. Cell viability was then
determined with the use of a Cell Counting Kit-8 (Dojindo).

2.12. Statistical analysis

Data were compared with the unpaired Student’s t test, one-way
analysis of variance (ANOVA), the Mann-Whitney test, or Spearman
correlation analysis as performed with GraphPad Prism 8 software. A p
value of < 0.05 was considered statistically significant.

3. Results

3.1. HER?2 preferentially forms heterodimers with EGFR in cell lines
without HER2 amplification

The expression level of HER2 as detected by flow cytometry and
immunoblot analysis was much higher in cancer cell lines with HER2
amplification than in those without such amplification, regardless of
EGFR activating mutation status or cancer type (lung cancer or breast
cancer) (Fig. S1A, C). To examine the dimerization partners of HER2 in
such cells, we applied a PLA to detect HER2 homodimers or hetero-
dimers with EGFR or HER3. Optical sectioning of cells showed that
HER2 homodimers are abundant in cell lines with HER2 amplification,
with such homodimers being detected mostly at the cell surface in these
cell lines (Fig. 1A). In cell lines without HER2 amplification, however,
HER2 homodimers were rarely detected, irrespective of the expression
level of HER2 (Fig. 1B, C), consistent with the previous finding that
HER2 homodimerization is infrequent in cells negative for HER2
amplification [7-9]. In the cell lines without HER2 amplification, EGFR
was the predominant dimerization partner of HER2, with HER2-EGFR
heterodimers being detected in the cytoplasm (Fig. 1B, C). These find-
ings suggested that HER2 dimerizes preferentially with EGFR and lo-
calizes to the cytoplasm together with EGFR in lung and breast cancer
cell lines without HER2 amplification.
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HER2 amp(-) / EGFR mutant
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(lung)

1I-18

(lung)

(lung)

(lung)
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Fig. 1. Detection of HER2 homodimers and heterodimers with an in situ PLA in cancer cell lines. Lung or breast cancer cell lines positive for HER2 amplification
(amp) and WT for EGFR (A) as well as those without HER2 amplification and either negative (B) or positive (C) for EGFR activating mutations were subjected to a PLA
(green signals) for detection of HER2 homodimers or HER2-EGFR or HER2-HER3 heterodimers. The representative images were obtained by optical sectioning.
Nuclei (blue signals) were stained with 4’,6-diamidino-2-phenylindole (DAPI). Scale bars, 20 um.

3.2. HER2-EGFR heterodimers are more abundant in cell lines with than
in those without EGFR activating mutations

without HER2 amplification, we constructed digital images in which
multiple optical sectioning images are combined in a z-projection
(Fig. 2A, B). Quantification of the PLA signals showed that the number of

To evaluate all PLA signals for HER2-EGFR heterodimers in cell lines HER2-EGFR heterodimers per cell was significantly higher for cell lines
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Fig. 2. EGFR activating mutations promote HER2-EGFR heterodimerization in cancer cell lines without HER2 amplification. (A) z-Projection images were con-
structed by combination of optical sectioning images of multiple cells obtained by z-stacking. (B) Representative z-projection images obtained with an in situ PLA for
HER2-EGFR heterodimers (green signals) in lung or breast cancer cell lines negative for HER2 amplification and either negative or positive for EGFR activating
mutations. Nuclei (blue signals) were stained with DAPI. Scale bars, 20 um. (C) Quantification of the number of HER2-EGFR heterodimers per cell from images as in
(B). Data are means + SEM (left, n = 50 cells) or means + SD (right, n = 6 cell lines). *p < 0.05 (unpaired Student’s t test). (D) Immunoblot analysis of HER2 and
EGFR in lung and breast cancer cell lines. p-actin was examined as a loading control. (E) Relative MFI ratios for expression of HER2 and EGFR at the cell surface
determined by flow cytometric analysis. Data are means + SD from three independent experiments. (F) Representative z-projection images obtained with an in situ
PLA performed as in (B) for HER2-EGFR heterodimers in MCF7 cells infected with retroviruses encoding WT or mutant (del19 or L858R) forms of EGFR. (G) Number
of HER2-EGFR heterodimers per cell for cells as in (F). Data are means + SEM (n = 50 cells). ****p < 0.0001 (one-way ANOVA). All data are representative of or from
three independent experiments.
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with EGFR activating mutations than for those WT for EGFR (Fig. 2C).
The number of HER2-EGFR heterodimers did not appear to be affected
by the expression level of EGFR or HER2 as assessed by immunoblot
analysis or flow cytometry (Fig. 2D, E; Figs. S1 and S2). The number of
HER2-EGFR heterodimers per cell was also significantly higher in MCF7
cells infected with retroviruses encoding mutant (del19 or L858R) forms
of EGFR than in those infected with a virus encoding the WT protein
(Fig. 2F, G; Fig. S3). These results indicated that EGFR activating mu-
tations promote the formation of HER2-EGFR heterodimers in cancer
cells without HER2 amplification.

3.3. HERZ is rapidly internalized in cells negative for HER2 amplification
regardless of EGFR activating mutation status

To investigate whether EGFR activating mutations affect the inter-
nalization of HER2, we monitored HER2 by live-cell imaging in cell lines
with or without such mutations. HER2 at the cell surface was labeled
with Tz-555 (HiLyte Fluor 555-conjugated trastuzumab) at 4 °C, and
receptor internalization was then induced by incubation of the cells at
37 °C. Live-cell imaging showed that HER2 internalization began within
30 min and increased with time in NSCLC cell lines without HER2
amplification regardless of EGFR activating mutation status (Fig. 3A,
Fig. S4A, and Movie S1A-D). By contrast, in Calu-3 and BT-474 cells,
which are positive for HER2 amplification, most HER2 remained at the
cell surface for at least 60 min, with intracellular HER2 being finally
apparent after 4 h (Fig. 3B, Fig. S4B, and Movie S1E, F), consistent with
previous findings [13]. Rapid internalization of HER2 was also observed
in MCF?7 cells infected with retroviruses encoding WT or mutant (del19
or L858R) forms of EGFR (Fig. 3C, Fig. S4C, and Movie S1G-I). These
results suggested that HER2 is rapidly internalized in cell lines without
HER2 amplification regardless of EGFR activating mutation status
compared with those with HER2 amplification.

3.4. HER2 is internalized together with EGFR in HER2
amplification-negative cells

On the basis of our findings that HER2 preferentially forms hetero-
dimers with EGFR in cells negative for HER2 amplification and is rapidly
internalized in such cells, we investigated whether HER2 internalization
might occur concomitantly with that of EGFR. PC-9 and A549 were
examined as representative cell lines that express mutant or WT forms of
EGFR, respectively, and in which the expression levels of HER2 and
EGFR are each similar (Fig. 2D, Fig. S1). Cells were exposed to Tz-555
and to Cmab-647 (HiLyte Fluor 647—conjugated cetuximab) at 4 °C in
order to monitor trafficking of HER2 and EGFR, respectively, by live-cell
imaging. In both PC-9 and A549 cells, internalization of Cmab-647, like
that of Tz-555, was observed at 30 min after the onset of incubation at
37 °C. Of note, almost all Tz-555 signals colocalized with Cmab-647
signals during the internalization of EGFR (Fig. 4, Movie S2). These
findings suggested that the rapid internalization of HER2 in cell lines
without HER2 amplification is associated with the dimerization of HER2
with EGFR.

3.5. HER2 is more efficiently transferred to lysosomes in cell lines with
EGFR activating mutations

To investigate the trafficking of HER2 to early endosomes or lyso-
somes, we performed immunofluorescence analysis with antibodies to
the early endosome marker EEA1 and to the lysosome marker LAMP1,
respectively. Tz-555 colocalized with EEA1 in both A549 and PC-9 cells
at 30 min, suggesting that HER2 is initially present in early endosomes
after the onset of internalization (Fig. S5). Cells were also exposed to
chloroquine to inhibit the degradation of HER2 and EGFR by lysosomes
and were allowed to internalize Tz-555 for 2 h at 37 °C. We then
quantified the colocalization of Tz-555 signals with LAMP1 signals in
PC-9 and A549 cells. The extent of Tz-555 colocalization with LAMP1
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was significantly greater in PC-9 cells than in A549 cells, with the former
cells also showing enlarged LAMP1-positive structures (Fig. 5A, B). In
both cell lines, HER2 was found to retain its association with EGFR even
after 2 h of incubation at 37 °C (Fig. S6), suggesting that HER2 was
transferred to lysosomes as a heterodimer with EGFR. MCF7 cells forc-
ibly expressing mutant (del19 or L858R) forms of EGFR also manifested
more enlarged LAMP1-positive structures and a significantly greater
extent of Tz-555 colocalization with LAMP1 compared with those stably
expressing the WT protein (Fig. 5C, D). These findings indicated that
activating mutations of EGFR promote the transfer of HER2 to
lysosomes.

3.6. EGFR activating mutation-positive cells are sensitive to T-DM1

We found that HER2 formed more HER2-EGFR heterodimers and
was more efficiently transferred to lysosomes in cells with EGFR acti-
vating mutations compared with those without such mutations. Given
that T-DM1 selectively binds to HER2 at the cell surface and is then
internalized into the cytoplasm and transferred to lysosomes, resulting
in release of the cytotoxic drug, we examined the cytotoxicity of T-DM1
in cells with EGFR activating mutations. Although sensitivity to T-DM1
appeared to be related to HER2 expression level at the cell surface for
most cell lines without EGFR mutations, several EGFR activating muta-
tion—positive cell lines—including PC-9, II-18, HCC4006, and
HCC827—that express HER2 at a low level were as sensitive to T-DM1 as
were cell lines positive for HER2 amplification (Fig. 6A). MCF7 cells
stably expressing mutant forms of EGFR were also more sensitive to T-
DM1 than were those expressing the WT protein (Fig. 6B), confirming
that EGFR activating mutations increase cell sensitivity to T-DM1.

Finally, we tested whether such high sensitivity to T-DM1 was
retained in EGFR activating mutation—positive cells that acquire resis-
tance to the EGFR tyrosine kinase inhibitor (TKI) osimertinib. We
established two osimertinib-resistant PC-9 cell lines—PC-9_OR1 and PC-
9 OR2 (Fig. S7A)—in which neither HER2 amplification (Fig. S7B), an
increase in the number of HER2-EGFR heterodimers (Fig. S7C, D), nor
the C797S point mutation of EGFR (data not shown) was detected as a
potential resistance mechanism. The two osimertinib-resistant cell lines
retained high sensitivity to T-DM1, with median inhibitory concentra-
tion (ICsp) values of 2.6, 7.8, and 1.0 ug/ml for parental PC-9, PC-9_OR1,
and PC-9_OR2 cells, respectively (Fig. S7E). Similar results were ob-
tained with parental and osimertinib-resistant (HCC827_OR) HCC827
cells (Fig. S8). These findings thus suggested that T-DM1 is effective for
cells with EGFR activating mutations regardless of whether these cells
have acquired resistance to EGFR-TKIs or not.

4. Discussion

Amplification of HER2 is associated with cancer progression, and
various HER2-targeted drugs have been developed for several types of
cancer with this genetic alteration. HER2 forms homodimers and is
retained at the cell surface in cancer cells with HER2 amplification
[10-12]. However, the dimerization pattern and trafficking of HER2 in
cancer cells without HER2 amplification have remained unknown.

We have now applied an in situ PLA to investigate the dimerization
pattern of HER2. Although HER2 homodimers were predominant in
cancer cell lines with HER2 amplification, HER2 preferentially formed
heterodimers with EGFR in those negative for HER2 amplification. The
number of HER2-EGFR heterodimers was higher in HER2 amplifica-
tion-negative cell lines with EGFR activating mutations than in those
WT for EGFR. We previously showed that EGFR homodimers are more
abundant in cell lines positive for EGFR activating mutations than in
those negative for such mutations [18]. Together, our results thus sug-
gest that conformational changes of EGFR associated with activating
mutations result in ligand-independent formation of EGFR homodimers
or HER2-EGFR heterodimers.

HER?2 is internalized slowly and is mostly recycled back to the cell
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A Yellow: Tz-555 (HER2)
EGFRWT EGFR mutant
0 min 30 min 60 min 0 min 30 min 60 min

A549

H1299

B
Yellow: Tz-555 (HER2) 0 min 30 min 60 min 240 min
Calu-3
BT-474
C

Yellow: Tz-555 (HER2)
WT

del19

Fig. 3. HER2 is rapidly internalized in cancer cell lines negative for HER2 amplification. HER2 amplification-negative lung cancer cell lines (A), HER2 amplifi-
cation—positive cell lines (B), and MCF7 cells infected with retroviruses encoding WT or mutant (del19 or L858R) forms of EGFR (C) were exposed to Tz-555 at 4 °C

for 30 min, washed, and incubated at 37 °C beginning at time 0 min for live-cell imaging of Tz-555-labeled HER2 (yellow). Data are representative of two inde-
pendent experiments. Scale bars, 10 pm.
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Cell line: A549 (EGFR WT)

0 min

Tz-555
(HER2)

Cmab-647
(EGFR)

Merge

Lung Cancer 175 (2023) 101-111

Cell line: PC-9 (EGFR mutant)

30 min 60 min

0 min

Fig. 4. HER2 is internalized together with EGFR in HER2 amplification-negative cancer cell lines. A549 and PC-9 cells were exposed to Tz-555 and Cmab-647 at 4 °C
for 30 min, washed, and incubated at 37 °C beginning at time 0 min for live-cell imaging of Tz-555-labeled HER2 (yellow) and Cmab-647-labeled EGFR (purple).
Colocalization of Tz-555 and Cmab-647 signals is indicated in white in the merged images, with the boxed regions of the upper merged panels being shown at higher
magnification in the lower panels. Data are representative of two independent experiments. Scale bars, 10 pm.

surface in cell lines with HER2 amplification [10-12]. On the other
hand, EGFR is internalized rapidly and mostly transferred to lysosomes
for degradation [22,23]. We have now shown that most HER2 is rapidly
internalized into the cytoplasm together with EGFR in lung cancer cell
lines negative for HER2 amplification. In addition, whereas most PLA
signals for HER2 homodimers were located at the cell surface of cell lines
with HER2 amplification, those for HER2-EGFR heterodimers were
distributed in the cytoplasm of those without such amplification. These
findings suggest that the active trafficking of EGFR facilitates the
internalization of HER2 in the form of HER2-EGFR heterodimers.

We found enlarged structures positive for the lysosome marker
LAMP1 as well as an increased colocalization of HER2 with LAMP1 in
cells positive for EGFR activating mutations compared with those
negative for such mutations. Such enlarged LAMP1-positive structures
have previously been associated with rapid transfer of HER2 from the
cell surface to lysosomes [24]. Given that activation of Akt signaling has
been found to be important for the transition of EGFR from early
endosomes to late endosomes [25], our findings suggest that constitu-
tive activation of Akt signaling induced by autophosphorylation of
mutant EGFR might prompt the transfer of HER2 to lysosomes mediated
by formation of HER2-EGFR heterodimers.

We also found that cells with EGFR activating mutations tend to be
more sensitive to T-DM1 than do those without such mutations. Given
that the internalization and lysosomal degradation of T-DM1 are
essential for its efficacy [26,27], the increased ability of mutant EGFR to
form HER2-EGFR heterodimers and the consequent increased internal-
ization of such heterodimers and their efficient transfer to lysosomes
likely explain the increased T-DM1 sensitivity of cell lines with EGFR
activating mutations.
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There are several limitations of the present study. First, although we
evaluated the internalization of HER2 and its transfer to lysosomes with
the use of the HER2-targeted antibody trastuzumab, we did not examine
the dynamics of T-DM1 and their relation to HER2-EGFR heterodimers
or the expression level of HER2. Second, we found that two EGFR
mutation—positive cell lines, H1975 and H1650, were less sensitive to T-
DM1 than were the other such cell lines examined (Fig. 6A). This dif-
ference might be explained by the relatively low number of HER2-EGFR
heterodimers in these two cell lines compared with the other cell lines
with EGFR activating mutations that were sensitive to T-DM1 (Fig. 2C).
Alternatively, H1650 cells do not express the tumor suppressor protein
PTEN (phosphatase and tensin homolog); given that the loss of PTEN has
been shown to delay EGFR trafficking from late endosomes to lysosomes
[28], T-DM1 might not be efficiently degraded in lysosomes of H1650
cells. These findings suggest that collaboration between Akt and PTEN in
regulation of intracellular EGFR trafficking might affect the efficacy of
T-DM1.

Although EGFR-TKIs have shown excellent efficacy for EGFR acti-
vating mutation-positive NSCLC and have improved the survival of in-
dividuals with this disease, resistance to these drugs inevitably develops
[29-31]. Amplification of HER2 or HER3 has been implicated in the
acquisition of resistance to EGFR-TKIs [32,33]. Several ADCs that target
HER2 or HER3 are currently under investigation for their ability to
overcome EGFR-TKI resistance [34-36]. Patritumab-deruxtecan is thus
an anti-HER3 ADC whose development is based on the upregulation of
HERS3 associated with acquired resistance to EGFR-TKIs [34,37]. We
here showed that the high sensitivity of EGFR-mutated cells to T-DM1
was retained even after the development of resistance to the EGFR-TKI
osimertinib by a mechanism other than HER2 amplification,
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Fig. 5. Internalized HER2 is efficiently transferred to lysosomes in EGFR mutation-positive cancer cells. (A) A549 and PC-9 cells were exposed to chloroquine,
labeled with Tz-555 for 30 min at 4 °C, and then incubated for 2 h at 37 °C in the presence of chloroquine, after which they were stained with antibodies to LAMP1
and both Tz-555 (yellow) and LAMP1 (purple) signals were detected by fluorescence microscopy. Colocalization of Tz-555 and LAMP1 signals is indicated in white in
the merged panels. Dashed lines indicate cell boundaries. Scale bars, 10 um. (B) Quantification of Tz-555 colocalization with LAMP1 in cells as in (A). (C) MCF7 cells
stably expressing WT or mutant (del19 or L858R) forms of EGFR were analyzed as in (A). Scale bars, 10 um. (D) Quantification of Tz-555 colocalization with LAMP1
in cells as in (C). The representative images in (A) and (C) were obtained by optical sectioning. The quantitative data (n = 9 fields) in (B) and (D) are presented as box
plots, with the boxes representing the median and 25th and 75th percentiles and the whiskers extending to maximum and minimum values. *p < 0.05, ***p < 0.001

(Mann-Whitney test); ****p < 0.0001 (unpaired Student’s t test). All data are representative of three independent experiments.
A 140 u HER2 amp(+) | EGFR WT B Fig. 6. EGFR activating mutations increase cell
e HER2 amp(-) / EGFRWT sensitivity to T-DM1. (A) Relation between the rela-
120+ oH18%0 o HER2 amp(-) / EGFR mutant = tive MFI ratio for HER2 at the cell surface and the
100 11200 80 ——— median inhibitory concentration (ICso) value for
E = cytotoxicity of T-DM1 for cancer cell lines classified
5_': AS49 T 60- according to HER2 amplification and EGFR activating
g 40- :H::_;;ar s mutation status. Data for MCF7 cells are not shown
o = because the ICsy value was > 500 pg/ml. Data are
p ﬁ 407 means of triplicates from one experiment and are
Q ; representative of three independent experiments. (B)
204 oMDA-MB.-:;gD 3 20+ Percentage cell viability for MCF7 cells stably
ngcgeﬂ mCalud expressing WT or mutant (del19 or L858R) forms of
%1.8 cciesd 04 EGFR and exposed to T-DM1 (100 ug/ml) for 72 h.
04 HCC4008 - 4‘\ 2 & Data are means + SEM (n = 3 triplicates from one
1 10 100 1000 \ V"}’ experiment, with the data being representative of

Cell surface HER2 (relative MFI ratio)

suggesting that HER2-targeting ADCs have the potential to overcome
osimertinib resistance even if HER2 amplification is not responsible for
the development of such resistance. Given that the efficacy of

three independent experiments). **p < 0.01, ***p <
0.001 (one-way ANOVA).

trastuzumab is not dependent on its internalization but rather on
antibody-dependent cellular cytotoxicity [38], anti-HER2 ADCs are
thought to have a greater cytotoxic potential than trastuzumab for
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EGFR-mutated lung cancer. Our finding of increased sensitivity to T-
DM1 mediated by efficient formation of HER2-EGFR heterodimers in
EGFR-mutated cells may provide the rationale for a treatment strategy
based on the administration of such ADCs to overcome resistance to
EGFR-TKIs.

5. Conclusion

In conclusion, we found that HER2 preferentially forms heterodimers
with EGFR rather than homodimers in cell lines without HER2 ampli-
fication, and that such heterodimer formation occurs to a greater extent
in cells with EGFR activating mutations. We also found that HER2
trafficking is affected by EGFR as a result of HER2-EGFR heterodimer
formation in cells without HER2 amplification, with HER2 being effi-
ciently transferred to lysosomes in cells with EGFR activating mutations.
These findings suggest the potential of HER2-targeting ADCs for the
treatment of EGFR-mutated lung cancer.
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