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A B S T R A C T   

Objectives: The epidermal growth factor receptor (EGFR, also known as Her1) is a member of the human 
epidermal growth factor receptor (HER) family of proteins and a target of tyrosine kinase inhibitors (TKIs) in the 
treatment of non–small cell lung cancer (NSCLC) positive for activating mutations ofEGFR. Signal transduction 
by HER family proteins is dependent on their homo- or heterodimerization, but little is known of the relation 
between the relative proportions of such dimers of Her1 and sensitivity to EGFR-TKIs. We here investigated the 
feasibility of assessing this relation with the in situ proximity ligation assay (PLA) technique, which is able to 
detect the interaction of two proteins of interest when they are in close proximity. 
Materials and methods: In situ PLA was applied to detect Her1 homodimers and Her1 heterodimers in NSCLC cell 
lines and tissue specimens positive for EGFR activating mutations. 
Results: In situ PLA allowed visualization and quantitative assessment of Her1 homodimers as well as of Her1 
heterodimers with Her2, Her3, or Her4 not only in NSCLC cell lines but also in NSCLC tissue specimens obtained 
from various anatomic sites and by different collection methods. Treatment of NSCLC cell lines with EGFR-TKIs 
resulted in a decrease in the number of Her1 dimers, with the effect on homodimers being greater than that on 
heterodimers. A high ratio of Her1 heterodimers to homodimers was associated with poor progression-free 
survival in NSCLC patients treated with osimertinib. 
Conclusion: In situ PLA allows the detection of HER family dimers in NSCLC tissue, and quantitative assessment of 
Her1 homo- and heterodimers may prove informative for prediction of the response of NSCLC patients to EGFR- 
TKI treatment.   

1. Introduction 

The human epidermal growth factor receptor (HER) family of re
ceptor tyrosine kinases comprises Her1 (also known as EGFR or ErbB1), 
Her2 (Neu, ErbB2), Her3 (ErbB3), and Her4 (ErbB4) [1]. Signal trans
duction by HER family proteins is dependent on receptor dimerization 
[2], with such dimers including both homodimers and heterodimers [3]. 

Dimer formation induces receptor autophosphorylation as well as the 
activation of downstream signaling molecules including those of the 
Raf-MEK-MAPK and PI3K-Akt pathways that regulate cell proliferation, 
differentiation, and migration as well as epithelial-mesenchymal tran
sition and angiogenesis [4–6]. Members of the HER family are 
frequently overexpressed in human carcinomas. High expression levels 
of mutant forms of the epidermal growth factor receptor (EGFR) have 

* Corresponding author at: Research Institute for Diseases of the Chest, Graduate School of Medical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku, 
Fukuoka, 812-8582, Japan. 

E-mail address: oota-k@kokyu.med.kyushu-u.ac.jp (K. Ota).  

Contents lists available at ScienceDirect 

Lung Cancer 

journal homepage: www.elsevier.com/locate/lungcan 

https://doi.org/10.1016/j.lungcan.2021.05.023 
Received 22 February 2021; Received in revised form 12 May 2021; Accepted 20 May 2021   

mailto:oota-k@kokyu.med.kyushu-u.ac.jp
www.sciencedirect.com/science/journal/01695002
https://www.elsevier.com/locate/lungcan
https://doi.org/10.1016/j.lungcan.2021.05.023
https://doi.org/10.1016/j.lungcan.2021.05.023
https://doi.org/10.1016/j.lungcan.2021.05.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lungcan.2021.05.023&domain=pdf


Lung Cancer 158 (2021) 156–161

157

been associated with a longer progression-free survival (PFS) in in
dividuals with non–small cell lung cancer (NSCLC) [7]; those of EGFR, 
Her3, or Her4 are independent predictors of poor PFS and overall sur
vival in osteosarcoma [8]; and homodimers or heterodimers of Her2 are 
related to a shorter relapse-free survival and overall survival in women 
with breast cancer [9]. 

Activating mutations of EGFR in individuals with NSCLC tend to 
cluster in the region spanning exons 18–21 [10]. The most common such 
mutations are exon-19 deletions and an L858R point mutation in exon 
21 [11], with these mutations having been found to serve as biomarkers 
for a high response rate to treatment with EGFR tyrosine kinase in
hibitors (TKIs) [12]. First- or third-generation EGFR-TKIs such as erlo
tinib and osimertinib specifically block EGFR-induced activation of 
downstream signaling as a result of reversible or irreversible binding to 
the ATP binding site of EGFR, respectively. By contrast, 
second-generation EGFR-TKIs such as afatinib, dacomitinib, poziotinib, 
and pyrotinib are highly potent inhibitors not only of EGFR but also of 
Her2 and Her4 as a result of their irreversible covalent binding to the 
ATP binding site of these HER family members, and they show clinically 
relevant efficacy for NSCLC positive for HER2 alterations [13–15]. Pa
tients with activating EGFR mutations treated with first- or 
second-generation EGFR-TKIs inevitably develop resistance to these 
drugs [16–18]. A secondary T790 M point mutation in exon 20 of EGFR 
is the cause of acquired resistance to EGFR-TKI therapy in ~60 % of such 
treated patients with EGFR-mutated NSCLC [19,20]. The 
third-generation EGFR-TKI osimertinib is highly selective for forms of 
the receptor harboring both activating mutations and T790M and has 
therefore been administered for the treatment of NSCLC patients with 
acquired resistance to first- or second-generation EGFR-TKIs due to the 
development of T790M [21,22]. 

The in situ proximity ligation assay (PLA) technique extends the 
capability of traditional immunostaining to directly detect proteins, 
protein-protein interactions, and protein modifications with high spec
ificity and sensitivity [23]. The proteins of interest are recognized by 
primary antibodies and subsequently by two PLA probes that are con
jugated to specific oligonucleotides. If the proteins and bound oligonu
cleotides are separated by a distance of <40 nm, the oligonucleotides 
are ligated, subjected to rolling-circle amplification, and detected with 
fluorescent complementary oligonucleotides [24]. We previously 
showed that EGFR (Her1) homodimers could be visualized and quanti
tated in both NSCLC cell lines and tissue specimens by in situ PLA [25]. 
We have now applied this approach to the detection of other HER family 
dimers in NSCLC cell lines and clinical specimens with EGFR mutations. 
In addition, we evaluated the relation between the abundance of HER 
family dimers and PFS in NSCLC patients positive for the T790M mu
tation of EGFR who received second-line treatment with osimertinib. 

2. Materials and methods 

2.1. Cell culture and reagents 

The human NSCLC cell lines HCC827 and H4006 were obtained from 
American Type Culture Collection (Manassas, VA, USA), whereas 11_18 
and PC9 cells were obtained as previously described [26]. The cells were 
maintained under an atmosphere of 5 % CO2 at 37 ◦C in RPMI 1640 
medium (Gibco, Carlsbad, CA, USA) supplemented with 10 % 
heat-inactivated fetal bovine serum and 1 % penicillin-streptomycin. 
Afatinib (LKT Laboratories, St. Paul, MN, USA), erlotinib (LKT Labora
tories), and osimertinib (ChemScene, Monmouth Junction, NJ, USA) 
were dissolved in dimethyl sulfoxide (Fujifilm Wako Pure Chemical In
dustries, Osaka, Japan) and stored at − 20◦ or − 80 ◦C for up to 2 weeks. 
For in situ PLA, cells were grown to 70 % confluence on 12-mm-diameter 
coverslips (Matsunami, Osaka, Japan) placed in 24-well plates (Corning, 
Corning, NY, USA). 

2.2. Patients and specimen collection 

Tumor specimens positive for the T790M mutation of EGFR were 
obtained from 26 NSCLC patients who had undergone surgical resection, 
transbronchial lung biopsy (TBLB), bone biopsy, lymph node biopsy, or 
endobronchial ultrasound-guided transbronchial needle aspiration 
(EBUS-TBNA) after first-line treatment with erlotinib or afatinib and 
before second-line treatment with osimertinib. The specimens were 
collected between June 2014 and March 2019 at Kyushu University 
Hospital. Activating EGFR mutations in these patients included an exon- 
19 deletion in 17 individuals and the L858R point mutation in nine. 
Tissue specimens were fixed with 10 % neutral buffered formalin, 
embedded in paraffin, sectioned, and processed for PLA analysis. The 
study conformed to the tenets of the Declaration of Helsinki and was 
approved by the Institutional Review Board of Kyushu University Hos
pital. All patients provided written informed consent. 

2.3. Cell viability assay 

Cells were seeded in 96-well plates at a density of 5000 per well and 
were cultured for 24 h before the addition of erlotinib, afatinib, or osi
mertinib at various concentrations (0.5–5000 nM) and incubation for an 
additional 72 h. Cell viability was then determined with a Cell Counting 
Kit-8 (Dojindo, Osaka, Japan). 

2.4. In situ PLA with cells and tissue samples 

Cells were fixed for 20 min with 4 % paraformaldehyde in 
phosphate-buffered saline (PBS) and then permeabilized for 10 min with 
0.2 % Triton X-100 in PBS. Paraffin-embedded tumor sections were 
depleted of paraffin, rehydrated, and washed with PBS. Tissue speci
mens were subjected to antigen retrieval with the use of ImmunoSaver 
(Wako). Detection of HER family dimers was performed with mouse 
antibodies to Her1 (1:50 dilution; Santa Cruz Biotechnology, Dallas, TX, 
USA), rabbit anti-Her1 (1:500; Abcam, Cambridge, MA, USA), mouse 
anti-Her2 (1:500, Abcam), mouse anti-Her3 (1:50, Santa Cruz Biotech
nology), and mouse anti-Her4 (1:100, Abcam). PLA was conducted with 
pairs of primary antibodies as described in the Duolink PLA Technology 
protocol (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated with 
the PLA probes in a humidified chamber for 1 h at 37 ◦C. Hybridization, 
ligation, amplification, and detection were performed as per the man
ufacturer’s instructions. Samples were incubated for 15 min with Duo
link in situ Mounting Medium (Sigma-Aldrich) for staining of nuclei 
before the detection of PLA signals with a fluorescence microscope (BZ- 
X700; Keyence, Osaka, Japan). Images were obtained from at least nine 
randomly selected fields for each coverslip. BZ-X analyzer software 
(Keyence) was applied to draw regions of interest around cells and to 
quantify the number of PLA signals per cell above a specified signal 
threshold. All quantification and analysis were performed on unen
hanced data. 

2.5. Statistical analysis 

All experiments were performed at least three times. Correlation 
analysis was performed with Pearson’s test. Kaplan-Meier curves were 
generated to calculate PFS for the study patients. A P value of <0.05 was 
considered statistically significant. All statistical analysis was performed 
with GraphPad Prism 7.0. 

3. Results 

3.1. Detection of HER family dimers in NSCLC cell lines and tissue 

We first investigated the heterodimerization of HER family proteins 
by in situ PLA in NSCLC cell lines. For detection of Her1:Her2 hetero
dimers, the cells were exposed simultaneously to primary antibodies to 
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Her1 and those to Her2 (Fig. 1A). We confirmed that the primary anti
bodies to both proteins were necessary for heterodimer signal detection. 
We then attempted to detect homodimers and heterodimers of HER 
family proteins in NSCLC cell lines and tumor specimens positive for 
EGFR activating mutations. We detected Her1 (EGFR) homodimers as 
well as heterodimers of Her1 and Her2 both in the 11_18 cell line and in 
NSCLC tissue obtained by TBLB or surgical resection (Fig. 1B). 
Furthermore, Her1:Her2 heterodimer signals were similarly detected in 
NSCLC tissue obtained by bone biopsy, lymph node biopsy, or EBUS- 
TBNA (Fig. 1C). Whereas we previously described the visualization of 
Her1 homodimer signals by in situ PLA [25], our present results thus 
showed that PLA technology is also able to detect heterodimers of the 
HER family both in cell lines and in tumor tissue obtained from different 
anatomic sites and by different techniques. 

3.2. Relation between the effect of EGFR-TKIs on cell viability and the 
number of Her1 dimer signals in NSCLC cell lines 

The median inhibitory concentration (IC50) was determined for the 
EGFR-TKIs erlotinib, afatinib, and osimertinib in four NSCLC cell lines 
(11_18, HCC827, HCC4006, and PC9) positive for EGFR activating mu
tations. Each drug attenuated the viability of each cell line in a 
concentration-dependent manner (Fig. 2A), with the drug sensitivity of 
each cell line decreasing in the rank order of afati
nib > osimertinib > erlotinib. We then quantitated Her1 homodimers 
and Her1 heterodimers (Her1:Her2, Her1:Her3, and Her1:Her4) in these 
four cell lines before and after exposure to erlotinib, afatinib, or osi
mertinib at the corresponding IC50 for 24 h (Fig. 2B, Supplementary 
Figs. S1 and S2). The numbers of Her1 homodimers and Her1 hetero
dimers in each cell line were reduced after treatment with each EGFR- 
TKI compared with those apparent in control cells (Fig. 2C). The num
ber of homodimers tended to be reduced to a greater extent than the 
number of heterodimers in the cells exposed to EGFR-TKIs. The effect of 
afatinib on the number of Her1 heterodimers in each cell line was 
greater than that of osimertinib, which in turn was greater than that of 
erlotinib, with the rank order of these effects being the same as that for 
drug cytotoxicity. 

To examine further the relation between the numbers of Her1 
homodimers and heterodimers and EGFR-TKI sensitivity, we analyzed 
the potential correlation between the ratio of heterodimers to homo
dimers after EGFR-TKI treatment and the IC50 of EGFR-TKIs in the four 
NSCLC cell lines (Fig. 2D). The ratio of heterodimers to homodimers was 
indeed found to show a significant positive correlation with the IC50 of 
EGFR-TKIs (P < 0.05), suggesting that this ratio is a potential predictor 

of EGFR-TKI sensitivity. 

3.3. Relation between the Her1 heterodimer/homodimer ratio and PFS in 
osimertinib-treated NSCLC patients with EGFR mutations 

To test whether the ratio of Her1 heterodimers to Her1 homodimers 
might serve as a predictive marker for EGFR-TKI treatment in patients 
with EGFR mutation–positive NSCLC, we collected tissue specimens 
from 26 such patients after they had developed T790M-associated drug 
resistance during first-line treatment with erlotinib or afatinib and 
before they underwent second-line treatment with osimertinib. The 
Her1 heterodimer/homodimer ratio was successfully determined for all 
of these patients by in situ PLA (Table 1) and was classified as high 
(n = 13) or low (n = 13) according to the median value of 4.79. Kaplan- 
Meier analysis revealed that PFS during osimertinib treatment was 
shorter for patients with a high Her1 heterodimer/homodimer ratio than 
for those with a low one (Fig. 3), suggesting that this ratio may be a 
predictive marker for EGFR-TKI treatment in patients with EGFR- 
mutated NSCLC. 

4. Discussion 

The in situ PLA technique has been applied to the study of protein- 
protein interactions in a variety of solid tumors. We here demon
strated the detection of homodimers and heterodimers of the HER family 
with this technique in both NSCLC cell lines and formalin-fixed NSCLC 
tissue positive for EGFR activating mutations. We further showed that it 
was possible to quantify HER family dimers in tumor specimens derived 
from different anatomic sites and obtained by different methods. Pre
vious studies have described application of the PLA method to the 
analysis of HER family dimers in fixed tumor tissue from patients with 
breast cancer, esophageal cancer, or glioblastoma [9,27,28]. Further
more, we previously detected PLA signals for the EML4-ALK fusion 
protein in NSCLC cells harboring the corresponding fusion oncogene 
[25]. In situ PLA thus appears to be widely applicable to such analysis in 
cancer patients. 

Overexpression or activation of EGFR occurs frequently in NSCLC 
[29]. EGFR (Her1) activates intracellular signaling pathways through 
formation of homodimers or of heterodimers with other members of the 
HER family [30]. Such signaling is blocked as a result of the interaction 
of EGFR-TKIs with the ATP binding pocket of the receptor [31]. We here 
focused on the formation of homodimers and heterodimers by Her1, and 
we found that the numbers of both types of dimer decreased in EGFR 
mutation–positive NSCLC cell lines treated with EGFR-TKIs, with the 

Fig. 1. Detection of HER family dimers by in situ PLA in a NSCLC cell line and NSCLC tissue. (A) Analysis of 11_18 cells performed with anti-Her1 and anti-Her2 
antibodies. Dimer signals are initially represented by red dots (Texas red), and nuclei are stained blue with 4’,6-diamidino-2-phenylindole (DAPI). The dimer sig
nals are shown as white dots in the merged images on the right for clarity. (B) Her1 homodimer and Her1:Her2 heterodimer signals in 11_18 cells and in NSCLC tissue 
obtained by TBLB or surgical resection. (C) Her1:Her2 heterodimer signals in NSCLC tissue obtained by bone biopsy, lymph node biopsy, or EBUS-TBNA. All scale 
bars, 50 μm. 
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number of homodimers tending to show a more pronounced response. A 
recent study found that protein dimerization is related to the antitumor 
activity of targeted inhibitors [14]. We also found that the ratio of Her1 

heterodimers to homodimers in NSCLC cells treated with EGFR-TKIs 
correlated with the IC50 of these drugs, suggesting that the relative 
proportions of heterodimers and homodimers of the HER family as 

Fig. 2. Relation of Her1 dimer abundance to the sensitivity of NSCLC cell lines to EGFR-TKIs. (A) Cell viability assays for 11_18, HCC827, HCC4006, and PC9 cells 
exposed to the indicated concentrations of erlotinib, afatinib, or osimertinib for 72 h. The IC50 values of each drug for each cell line are also shown. Data are means of 
triplicates from representative experiments. (B) In situ PLA for the detection of Her1 homodimers and Her1:Her2, Her1:Her3, and Her1:Her4 heterodimers in 11_18 
cells that had been incubated in the absence or presence of EGFR-TKIs at the respective IC50 values for 24 h. Images are presented as in Fig. 1. Scale bars, 50 μm. (C) 
Quantitative analysis of Her1 dimer signals per cell in NSCLC cell lines as determined from images similar to those in Fig. 2B and Supplementary Fig. S1. Data are 
means + SEM from three independent experiments. (D) Correlation analysis for the ratio of Her1 heterodimers to Her1 homodimers in 11_18, HCC827, HCC4006, 
and PC9 cells after EGFR-TKI treatment as in (B) and the corresponding IC50 values of erlotinib, afatinib, and osimertinib. 

Table 1 
Quantitation of Her1 homodimers and Her1 heterodimers by in situ PLA in tumor specimens as well as PFS during osimertinib treatment for the EGFR mutation–
positive NSCLC patients of the study cohort.  

Patient Sample site Homodimers (/cell) Heterodimers (/cell) Heterodimers/homodimers PFS (days) 

1 Lung lobe 1.16 23.42 20.19 385 
2 Bone 3.35 31.95 9.54 311 
3 Mediastinum 2.00 18.76 9.38 389 
4 Lung lobe 2.54 21.45 8.45 531 
5 Lung lobe 1.55 12.41 8.00 400 
6 Lung lobe 2.90 22.64 7.79 256 
7 Bone 4.15 30.85 7.44 526 
8 Lung lobe 3.62 26.33 7.27 379 
9 Lung lobe 4.37 23.00 5.27 591 
10 Bone 4.85 15.50 5.25 478 
11 Lymph node 2.43 12.66 5.20 1962 
12 Lung lobe 5.52 27.13 4.91 979 
13 Lung lobe 5.98 29.04 4.86 157 
14 Lung lobe 7.81 36.76 4.71 974 
15 Lung lobe 5.10 22.98 4.51 591 
16 Lung lobe 1.96 8.46 4.30 289 
17 Pleura 8.00 32.20 4.03 182 
18 Lung lobe 3.22 11.43 3.55 1263 
19 Lung lobe 7.81 24.96 3.20 490 
20 Lung lobe 12.16 38.67 3.18 1802 
21 Lung lobe 3.91 11.24 2.87 672 
22 Lymph node 16.00 40.48 2.53 343 
23 Lung lobe 13.14 29.23 2.22 1801 
24 Lymph node 9.47 20.44 2.16 490 
25 Lung lobe 17.19 25.40 1.48 487 
26 Lung lobe 13.11 17.49 1.33 203  
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determined by in situ PLA may reflect sensitivity to EGFR-TKIs. 
Sensitivity to EGFR-TKIs is strongly associated with the presence of 

EGFR activating mutations in individuals with NSCLC. Furthermore, 
NSCLC patients positive for the TKI resistance–conferring T790M mu
tation of EGFR have been shown to benefit from osimertinib as a second- 
line treatment [22,32]. We examined the relation between the Her1 
heterodimer/homodimer ratio in tumor specimens and PFS during osi
mertinib treatment for NSCLC patients positive for the T790M mutation 
after first-line treatment with erlotinib or afatinib. A previous study of 
breast cancer patients revealed that a high level of Her2 homodimers or 
Her2:Her3 heterodimers was associated with a reduced relapse-free 
survival and overall survival [9]. We found that NSCLC patients with 
a high ratio of Her1 heterodimers to Her1 homodimers had a shorter PFS 
compared with those with a low ratio, suggesting that measurement of 
HER family dimerization may provide prognostic information for pa
tients with EGFR-mutated NSCLC who receive second-line treatment 
with osimertinib. 

There are several limitations to the present study. Given the small 
number of patients, the association between the Her1 heterodimer/ 
homodimer ratio and benefit from EGFR-TKI therapy with regard to 
second-line treatment with osimertinib will require further confirma
tion. In addition, given that the T790M mutation accounts for EGFR-TKI 
resistance in only ~60 % of patients and that osimertinib as well as pan- 
HER inhibitors such as afatinib and dacomitinib are now administered as 
a first-line treatment for NSCLC patients with EGFR mutations, further 
detailed characterization of the relation between Her1 dimers and 
EGFR-TKI efficacy is warranted. Moreover, given that heterodimers, 
such as Her2:Her3 [33], form between members of the HER family other 
than Her1, further studies are needed to evaluate the relation of such 
heterodimers to prognosis in NSCLC patients. Finally, we performed 
only the PLA technique for visualization and quantitative evaluation of 
homodimers and heterodimers of the HER family. Given that the PLA 
technique in this setting depends on the affinity between HER family 
proteins and the corresponding antibodies and that other techniques 
such as fluorescence resonance energy transfer (FRET) and biolumi
nescence resonance energy transfer (BRET) for identification of sets of 
proteins that act in close proximity have emerged [34], comparison of 
these various techniques for potential clinical application is warranted. 

In conclusion, we have shown that the in situ PLA technique allows 
quantitative assessment of HER family dimers not only in NSCLC cell 
lines but also in clinical NSCLC specimens obtained from different 
anatomic sites and by different procedures. Furthermore, NSCLC pa
tients with a high Her1 heterodimer/homodimer ratio had a shorter PFS 
during second-line treatment with osimertinib than did those with a low 
ratio. Assessment of HER family dimers may thus provide a predictive 
marker for the response to EGFR-TKI treatment. 
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