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ABSTRACT
Ligand-induced formation of signaling platforms composed of homo- and/or heterodimers of receptor tyrosine kinases is con-
sidered essential for their activation and consequential contribution to the progression of many cancers. Epidermal Growth 
Factor Receptor (EGFR) acts as a signal receiver upon EGF binding and produces mitogenic input for many cells also through 
receptor-heterodimerization with its ligandless partner, Human Epidermal growth factor Receptor 2 (HER2). Ligand-driven 
transactivation is a key step leading to changes in the cell surface pattern of EGFR and HER2; their interaction plays a key role in 
various malignancies, especially when HER2 molecules are overexpressed. Our clinically relevant model system is the SK-BR-3 
breast tumor cell line, overexpressing HER2 and moderately expressing EGFR. This cell line shows significant dependency on 
EGF-driven HER2 signaling. We studied changes in the interaction between EGFR and HER2 in the cell membrane upon EGF 
binding, applying various biophysical approaches with different time scales. Changes in molecular proximity were characterized 
by fluorescence lifetime imaging microscopy (FLIM) techniques assessing Förster resonance energy transfer (FRET), which 
confirmed the ligand-enhanced interaction of EGFR and HER2, followed by an increase in HER2 homoassociation. EGF bind-
ing and transactivation were reflected in the phosphorylation of both receptor types as well. At the same time, superresolution 
Airyscan microscopy and fluorescence correlation and cross-correlation spectroscopy (FCS/FCCS), sensitive to changes in the 
size of stationary and diffusing aggregates, respectively, have revealed cyclic increases in the aggregation and stable co-diffusion 
of membrane-localized HER2, possibly caused by internalization and recycling, eventually leading to a new equilibrium. Such 
dynamic fluctuation of receptor interaction may open a window for the binding of therapeutic antibodies that are aimed at inhib-
iting heterodimerization, such as pertuzumab. The complementary array of state-of-the-art imaging cytometry approaches thus 
demonstrates a spatiotemporal pattern of spontaneous and induced receptor aggregation states that could provide mechanistic 
insights into the potential success of targeted therapies directed at the HER family of receptor tyrosine kinases.
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1   |   Introduction

One of the best-studied families of transmembrane receptor ty-
rosine kinases (RTKs) is the family of human epidermal growth 
factor receptors (HER, or ErbB (Erythroblastosis B) family). It 
includes the epidermal growth factor receptor EGFR (HER1), 
HER2, which has no known physiological ligand, HER3, whose 
kinase activity is impaired, and HER4. The differentiation, sur-
vival, and proliferation signals from these members are essential 
for normal and cancer cells [1–5]. Their mechanism of action 
involves homo- and heteroassociation, forming active dimers 
through dimerization domains. Dimerization of the extracellular 
domains is followed by conformational coupling across the mem-
brane, promoting the formation of catalytically active asymmet-
ric kinase dimers that trans-phosphorylate the C-terminal tails, 
which serve as docking sites for proteins containing SH2/PTB 
domains and initiate downstream signaling [6, 7].

The expression levels of HER family members, their homo- and 
heteroassociations, spatiotemporal interaction, phosphorylation 
pattern, and localizations on the cell surface or inside the cells 
yield diverse biological functions [8, 9]. The ligandless HER2 is 
a frequent heterodimerization partner for the EGFR, and their 
interaction is implicated in various human cancers [10]. The im-
portance of HER2 is highlighted by the fact that whenever HER2 
is involved in the heterodimer formation, the mitogenic poten-
tial is increased. Gene amplifications leading to overexpression 
as well as mutations of the kinase domain resulting in increased 
activity have been described for both EGFR and HER2 [11–14]. 
Importantly, the dimerization arm in the EGFR ectodomain is 
autoinhibited by its own structure without ligand binding. This 
regulation by ligand-dependent conformational changes seems 
to be ubiquitous in the HER family, excepting the case of HER2, 
which renders HER2 constitutively active [15–19].

In parallel with in  vitro observations, early literature data on 
HER2 expression patterns and their connection to clinical con-
sequences about therapy resistance also support the prominent 
role of HER2 [20]. While EGFR is most often connected to 
non-small cell lung cancer and colorectal cancer [21], HER2 is 
frequent in gastric, bladder, and breast cancers [22]. When the 
two are co-expressed, EGFR may serve as an essential signal-
antenna for the ligandless HER2 in their heterodimers: their 
over- and co-expression in bladder cancer was reported for the 
majority of the tumors and metastases [23]. Furthermore, 20% 
of breast cancer cases are characterized by a moderate expres-
sion level of EGFR together with the overexpression of HER2. In 
addition to intratumor heterogeneity of expression [24, 25], the 
interaction of these two kinases may be related to progression 
[26] and metastatic ability [27] of these tumors even when hu-
manized antibodies such as trastuzumab [28], its maytansinoid 
conjugate, TDM-1 [29], or pertuzumab [30] are employed as spe-
cific HER2-targeting therapy.

Intermolecular interactions of EGFR and HER2 have been 
investigated by applying Förster Resonance Energy Transfer 
(FRET). FRET-related methods and techniques are based on 
a photophysical phenomenon taking place between donor and 
acceptor fluorescent dyes [31]. As FRET efficiency shows high 
distance dependence in the range of 1–10 nm, measuring FRET 
reveals molecular distances far beyond the resolution afforded 

by diffraction-limited conventional optical microscopy [32]. The 
approaches exploiting FRET include monitoring changes in in-
tensities of donor and acceptor emission signals, excited state 
lifetime, or just considering donor intensity changes, donor or ac-
ceptor depletion kinetics, or anisotropy [33–40]. Of these, time-
domain and frequency-domain fluorescence lifetime imaging 
(FLIM-FRET) techniques are the most direct ways to measure 
FRET, having several advantages compared to methods based 
on intensities or intensity ratios [41]. They are relatively insen-
sitive to local fluorophore concentrations, sufficiently sensitive 
even at low concentrations of fluorescence species when used 
with appropriate donor-acceptor pairs, need to be measured 
only for the donor dye, and require minimal corrections [42]. 
However, all techniques also have their restrictions. In the ma-
jority of time-domain measurements, which employ raster scan-
ning of a single focal point, relatively long acquisition times limit 
application to the examination of fixed samples [43, 44]. On the 
other hand, since most frequency-domain lifetime microscopes 
operate in widefield mode, the simplest measurement with these 
done at a single modulation frequency optimized for the excited 
state lifetime of the fluorophore is fast enough to allow the in-
vestigation of living cells [45]. However, if the fluorophore has 
more than one lifetime component, or there is spectral spillover 
from the acceptor dye or considerable auto-fluorescence, then a 
multi-frequency approach is needed to increase accuracy, which 
reduces the time resolution of monitoring events in living cells.

Another useful method for analyzing molecular interactions 
in  situ in cells is fluorescence correlation spectroscopy (FCS) 
which can assess fluorescence fluctuations originating from 
the movement of small molecular ensembles in a subfemtoliter 
volume and combines sensitivity and low background with high 
statistical confidence [46], even in biological systems and cells 
[47–51]. In FCS, an autocorrelation function is generated, which 
can distinguish smaller and larger molecular aggregates if their 
diffusion constants are sufficiently different to be represented 
by distinguishable diffusion correlation times in the function. 
This in practice means a factor of at least two, generally requir-
ing differences in molecular weights by a factor of four to eight. 
While this allows sensitive detection of smaller species bind-
ing to molecules that are at least an order of magnitude larger 
[52], the potentially continuous spectrum of the level of recep-
tor aggregation and/or lower degrees of oligomerization (e.g., 
dimerization) is not well resolved. Viable strategies for such 
cases are the calculation of the average molecular brightness 
of the diffusing species [51] or the generation of photon count 
histograms from the fluctuation traces [53] when using a single 
optical channel. By introducing two spectrally well-separated 
channels, fluorescence cross-correlation spectroscopy (FCCS) 
also obviates these limitations while still affording the assess-
ment of diffusion constants [54, 55]. With its inherent sensitiv-
ity for synchronous events, it allows detection of co-diffusion of 
receptors labeled with different fluorescence species that could 
reflect obvious interactions, which are stable at least during the 
time that the particles dwell in the observation volume [56, 57].

In the present work, we have explored EGFR and HER2 in-
teractions and clustering on the cell surface in relationship to 
EGF stimulation. Our model system was the SK-BR-3 breast 
tumor cell line, which overexpresses HER2 [58] and moder-
ately expresses EGFR [59]. It is moderately sensitive to the 
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HER2-targeted therapeutic antibody trastuzumab (Herceptin) 
[60]. We found using FLIM-FRET that EGF induced an in-
crease in the heteroassociation of EGFR and HER2 and ho-
moassociation of HER2 within minutes, which was followed 
by increased phosphorylation of EGFR and HER2 on the 
same time scale. EGF stimulation also increased the size of 
HER2 clusters, as revealed by Airyscan superresolution mi-
croscopy and FCS. FCCS showed that EGF also enhanced 
stable HER2 co-diffusion. The stimulus-induced molecular 
aggregation showed a cyclic change until a new equilibrium 
was reached, indicating the role of receptor internalization 
and recycling and hinting that this spatiotemporal dynamics 
could influence the binding ability of therapeutic antibodies 
and the effect of other targeted therapies that interfere with 
dimerization-based receptor activation.

2   |   Materials and Methods

All materials were from Sigma-Aldrich (MilliporeSigma, 
Burlington, MA, USA) unless otherwise indicated. Thermo 
Fisher denotes Thermo Fisher Scientific, Waltham, MA, USA 
throughout.

2.1   |   Cell Culture

The SK-BR-3 cell line was obtained from the American Type 
Culture Collection (ATCC, Rockville, MD, USA) and cultured 
according to specifications in a humidified atmosphere with 
5% CO2 at 37°C in Dulbecco's Minimal Essential Medium 
supplemented with 10% fetal calf serum and antibiotics. 
Expression of EGFR (100,000 molecules per cell) and HER2 
(800,000 molecules per cell) was confirmed using a Qifikit 
(Dako, Glostrup, Denmark) standard. Cells were propagated 
every 2 to 3 days, seeded 36–48 h before use into ibidi μ-Slide 
8 well chambers (ibidi GmbH, Gräfelfing, Germany) for live 
cell measurements, onto coverslips for time-domain lifetime 
imaging, or into cell culture grade Petri dishes (Eppendorf 
AG, Wien, Austria) for Western blotting, and allowed to grow 
to 75%–80% confluence. Prior to measurements, cells were 
kept in serum-free HEPES buffer (20 mM HEPES, 123 mM 
NaCl, 5 mM KCl, 1.5 mM MgCl2, 1 mM CaCl2, 10 mM glucose, 
pH 7.2) supplemented with 10 mM glucose for 2 h. Human re-
combinant EGF was used for stimulation at a final concentra-
tion of 100 nM.

2.2   |   Immunofluorescent Labeling

EGFR was labeled with the ab-11 mouse monoclonal antibody 
(ThermoFisher); HER2 was labeled with the Fab fragment of 
Mab76.5. The hybridoma line producing 76.5 was a kind gift 
from Yosef Yarden, Weizmann Inst. of Science, Rehovot, Israel. 
Antibody purification and Fab fragment preparation were per-
formed according to standard protocols. Antibodies and Fab 
fragments were conjugated with Alexa Fluor 488 (AF488), 
Alexa Fluor 546 (AF546), Alexa Fluor 647 (AF 647), or Cy3 
NHS succinimidyl ester (Invitrogen, ThermoFisher) according 
to the manufacturer's protocol. Cells were then labeled for the 
times indicated for each measurement type using a saturating 

antibody concentration of 5 μg/mL determined from dose titra-
tion. For samples that were fixed after labeling, all washing and 
labeling steps were carried out on an ice-cold surface and in 
HEPES buffer. For live cell measurements, labeling was done 
at 37°C, and the HEPES buffer used was supplemented with 
10 mM glucose. Labeling of cells was terminated with a wash in 
excess HEPES buffer.

2.3   |   Time-Domain FLIM-FRET Measurement

Cells on coverslips were stimulated with EGF for 2, 3, 5, 10, or 
15 min at 37°C. A wash with ice-cold HEPES buffer was used 
to stop further reaction. EGFR and HER2 were then labeled on 
ice for 15 min with AF546-conjugated ab-11 as FRET donor and 
AF647-conjugated 76.5 Fab as FRET acceptor. Labeled cells were 
fixed with ice-cold formaldehyde (2%) for 10 min and allowed 
to warm to room temperature for another 10 min before rinsing 
and mounting in Mowiol antifade comprising 0.1 M TrisHCl, 
pH 8.5, 25% (w/v) glycerol, and 10% Mowiol 4–88 (Polysciences, 
Warrington, PA, USA).

Donor fluorescence-lifetime imaging (FLIM) was done in 
the time-domain by time-correlated single photon counting 
(TCSPC) on confocal membrane slices of the fixed cells using 
a Nikon Eclipse T12 confocal microscope with a C-Apochromat 
63x/1.2 NA water immersion objective (Nikon Solutions Co. 
Ltd., Tokio, Japan). Donor and acceptor images were taken in-
termittently and analyzed with PicoQuant SymPhoTime-64 
(PicoQuant, Berlin, Germany). Acquisition parameters were as 
follows: excitation: 560 nm, 8 μW, 20 MHz repetition rate; emis-
sion: 595/50 nm bandpass filter, TCSPC integration time was 
5 min for Nyquist-sampled 512 × 512 pixel images, with a cumu-
lative pixel dwell time of 1.144 ms. A single component τ lifetime 
model with iterative fit provided accurate fitting, further one or 
two components did not improve the χ2 parameter. For all fit 
models, the �AvAmp amplitude-weighted average lifetime was cal-
culated after Instrument Response Function calibration:

The average E FRET efficiency was calculated for each cell la-
beled with both donor and acceptor using all pixels of the cell's 
membrane that showed �AvAmp lifetimes in the range of 0.5–
10 ns as:

where �D was average �AvAmp for the samples labeled with donor 
only and [] represents averaging.

2.4   |   Frequency-Domain FLIM-FRET 
Measurement

For following in real time HER2 homodimerization in live 
cells, SK-BR-3 cells were labeled with AF488-conjugated 76.5 
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Fab fragments (donor only reference sample) or also with Cy3-
conjugated 76.5 Fab antibody fragments (donor + acceptor 
FRET sample) for 5 min. A Lambert Instruments (Groningen, 
The Netherlands) LIFA device using the modulated Multi-LED 
light source, mounted on an Olympus IX81 microscope with an 
Olympus PlanSApo 60x; NA: 1.2 W objective, was used for wide-
field imaging. For 25 mins, two lifetime images per minute were 
acquired, each based on 12 phase images in random sequence, 
at a 40 MHz modulation frequency, and a resolution of 640 × 528 
pixels with 2 × 2 binning. For excitation, the 470–490 nm LED 
was used, and emission was detected through a 530/40 nm band-
pass filter. Cells were stimulated with EGF after taking a 5-min 
baseline. To determine FRET efficiency, it was considered that 
for the donor only sample, intensity after a pulse excitation de-
cays as:

Whereas if in the same pixel acceptor molecules are present and 
FRET occurs, the emission decay is modified asfollows:

where �D, �DA are amplitudes representing donor with and 
without FRET acceptors, respectively, and �D, �DA are the 
actual lifetimes of the donor in the absence and presence of 
FRET. The average FRET efficiency for any set of pixels is cal-
culated as:

where ⟨�obsD⟩ is the observed lifetime averaged from several 
donor-only samples, and ⟨�obsDA⟩ is the average observed life-
time in the region of interest of the sample labeled both with 
donor and acceptor. ROIs were gated for above-background 
donor intensity and the 95% confidence interval of the lifetime 
histograms. Analysis was done with the LI-FLIM 1.1.24 pro-
gram (Lambert Instruments) and observed lifetimes presented 
are based on the phase shift of emission.

2.5   |   Fit-Free Phasor Representation 
of Frequency-Domain Fluorescence Lifetime 
Measurement (fd-FLIM)

The phasor approach to fd-FLIM-FRET could markedly reduce 
analysis complexity and could provide a powerful visualization 
of the data content [61]. Fit-free representation in a phasor plot 
contains information on many thousands of pixels. Data ob-
tained from each pixel were converted to phasor plot points by 
the following transformation [61–64]:

and

Where mi,j and �i,j are the modulation and phase shift of the emis-
sion signal, respectively, at pixel i, j, � is the angular frequency of 

excitation and the g and s coordinates are the projections of the 
polar coordinates in the coordinate axes. In the case of a single 
exponential decay, transformed phasor co-ordinates can also be 
expressed as follows:

and

where �obs is the observed donor lifetime, and consequently

which implies that all single exponential lifetimes will fall on 
a semicircle of radius 1/2 and center (1/2; 0): shorter lifetimes 
are localized closer to the point (1, 0) (which corresponds to 
τ = 0); whereas longer lifetimes are closer to (0, 0) (correspond-
ing to τ = ∞). As phasors follow the rule of linear addition, 
in a heterogeneous sample where a single pixel comprises a 
mixture of non-FRET-ting and FRET-ting fluorescence spe-
cies, it has a position inside the universal circle: the higher the 
FRET efficiency, the more inside and closer to the right corner 
the point will be. Phasor plots were prepared in the LI-FLIM 
1.1.24 program.

2.6   |   Measuring HER2 Oligomerization With 
Airyscan Superresolution Microscopy

Cells were labeled with AF647-conjugated 76.5 Fab fragments 
(5 μg/mL, 37°C, 5 min). Airyscan images from 600 nm optical 
slices of the apical membrane surface were acquired immedi-
ately (starting point) and 5, 10, 15, and 35 min after EGF ligand 
stimulus using an LSM 880 confocal laser scanning micro-
scope (Carl Zeiss AG, Oberkochen, Germany) equipped with 
a water immersion objective (C-Apochromat 40×, NA 1.2) and 
an Airyscan detection unit. Excitation was with a 633 nm He-
Ne laser, and emission was detected through a 488/543/633 
triple beam splitter and a 640 nm longpass filter. ZEN Blue 
2.1 software was used to process each of the 32 Airy detector 
channels separately by performing filtering, deconvolution, 
and pixel reassignment. Wiener filter deconvolution with a 2D 
reconstruction algorithm was applied. The size distribution 
of receptor clusters was determined in ImageJ/Fiji by apply-
ing a common stack threshold to each time series and using 
the built-in analyze particles function. Pixel size distributions 
were plotted on a logarithmic scale and were compared with 
the χ2 test.

2.7   |   Fluorescence Correlation 
and Cross-Correlation Spectroscopy (FCS and FCCS)

To determine the diffusion characteristics of membrane HER2 
molecules, live cells were labeled with 1 μg/mL of AF488 and/

(3)I(t) = �e−t∕�D ,

(4)I(t) = �De
−t∕�D

+ �DAe
−t∕�DA ;

(5)E = 1 −
⟨�obsDA⟩

⟨�obsD⟩

(6)gi,j(�) = mi,jcos
(

�i,j

)

(7)si,j(�) = mi,jsin
(

�i,j

)

(8)gi,j(�) =
1

1 +
(

��obs

)2
,

(9)si,j(�) =
��obs

1 +
(
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)2
,
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(

g2i,j−
1

2

)2

=

1

4
,

 15524930, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cyto.a.24922 by G

yorgy V
ereb - U

niversity O
f D

ebrecen , W
iley O

nline L
ibrary on [13/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 16

or AF647 conjugated 76.5 Fab fragments for 5 min at 37°C and 
washed twice. The concentration of Fab fragments was titrated 
for optimal brightness while avoiding internalization during 
the observation time range. Using the Zeiss LSM 880 (described 
under 2.6), a fast confocal Z-stack was acquired first to locate the 
apical membrane sections distal from the bottom of the cham-
ber and to set the subfemtoliter excitation volume overlapping 
with the membrane. A 5 s pre-bleaching of the immobile frac-
tion of fluorophores was followed by FCS/FCCS data collection. 
Excitation was with the 488 nm (13 μW) and 633 nm (19 μW) 
laser lines, detection through a 488/543/633 triple beam splitter 
on the 32-element GaAsP array in the 495–548 and 642–695 nm 
ranges in photon counting mode.

FCS data collection time period of one confocal volume on one 
cell was 10 s repeated 10 times [65] before moving to another cell 
in the same well. This allowed acquiring the necessary data from 
any given cell in every 2–3 min. Owing to this time constraint, 
cellular data from independent experiments were pooled into the 
best matching 5-min-long time slots. EGF stimulation was done 
after obtaining a few control traces in ~15 min.

The fluctuation of fluorescence intensity produced by the diffu-
sion of labeled membrane-HER2 in the sub-femtoliter volume 
was measured, and an autocorrelation function was generated:

where t indicates any time point during acquisition, and τ the 
various time delays for which correlation was computed. The op-
erator ⟨ ⟩ indicates averaging over the whole range of data. In 
the case of cross-correlation analysis (FCCS), HER2 molecules 
in the membrane were labeled with a 1:1 mixture of 76.5 Fab 
fragments conjugated exclusively with either AF488 or AF647. 
Verifying strong co-localization of the labels on confocal images 
was followed by the collection of intensity fluctuation time traces 
in both channels. From these fluctuations, autocorrelation and 
cross-correlation functions were generated:

Here, the variables matching those in the autocorrelation func-
tion, except the I intensity in one spectral channel (gr for green 
emission in our case) is correlated with the signal in the other 
channel (r for red emission in our case) at various τ delays. For 
a thorough analysis, the cross-correlation in the other direc-
tion, using 

⟨

Ir(t)Igr(t+�)
⟩

 in the numerator was also calculated.

For fitting the autocorrelation and cross-correlation func-
tions, the 10 curves from the same spot were averaged. Three 
diffusing components were fitted; the quick 3D diffusion of 
unbound fluorescently conjugated Fab fragments was fitted 
with a free 3D model (1), while the fast membrane diffusion 
of labeled monomers/dimers (2) slow membrane diffusion of 
higher aggregates (3) were both fitted with an anomalous 2D 
model. Triplet transition was also accounted for, yielding the 
overall model of

where

and

where �i is the fractional intensity of the ith component; �d,i 
is the diffusional correlation time of the ith component, that 
is, the characteristic time the particle spends in the confo-
cal volume—the longer it is, the slower the diffusion is; S is 
a structural parameter relating the z axis of the observation 
volume to the x/y axes (~ 7 in our case); and �i is an anomaly 
parameter for describing anomalous (hindered or facilitated) 
diffusion, which in our case was unity, indicating free diffu-
sion. The average number of diffusing/co-diffusing species in 
the observation volume was calculated as 1/Ganomal 2D(τ). To 
characterize the tendency of stable association manifested in 
co-diffusion, the average number of co-diffusing species was 
normalized to the number of total diffusing species, using 
both spectral channels and comparing the two results. For 
evaluating cross-correlation, the triplet and free antibody 
components were omitted, as these are not expected to cross-
correlate. Analysis was done with Zen Black 2.1 software 
(Carl Zeiss AG, Oberkochen, Germany).

2.8   |   Generation of the Photon Count Histogram 
(PCH)

The average photon count ⟨k⟩, that is brightness of the fluores-
cence species (where a monomer or a large aggregate equally 
counts as a single species) was calculated as:

where �, the molecular brightness, is defined as

Here VPSF is the illumination volume; V0 is the sample volume; T 
is the integration time increment; �w is the detection efficiency; 
I0 is the maximum excitation when the fluorophore is at the cen-
ter of the illuminated volume; and � is a constant incorporat-
ing excitation probability, quantum yield, and instrument bias. 
Analysis was done with Zen Black 2.1 software.

2.9   |   Western Blotting

Cells were stimulated with EGF for 0, 2, 5, or 10 min; then, 
after a quick wash, were harvested with a rubber policeman 

(11)GI(�) =

⟨

I
(t)I(t+�)
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⟨
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⟩2
,
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�d1

1
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) +

3
∑
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(
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�

�di

)
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)
.

(16)⟨k⟩ = �
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,

(17)� = IN0 ��wT.
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into ice-cold lysis buffer comprising 20 mM Tris, 1% NP-40, 
137 mM NaCl, 2 mM EDTA, 10% glycerol, pH 8.0, freshly added 
2 mM Na-ortho-Vanadate, 1 mM PMSF, dithiothreitol, and 
protease inhibitor cocktail (cOmplete Mini Tablets, Roche, 
Basel, Switzerland). Lysates, mixed and boiled with sample 
buffer, were separated electrophoretically on SDS gel (8%, ap-
proximately 1.5 h, 120 V). A Bio-Rad (Bio-Rad Hungary Ltd., 
Budapest, Hungary) wet blotting system was used to trans-
fer proteins onto PVDF-Immobilon P membranes (Millipore, 
Burlington, MA, USA). Membranes were blocked in TRIS buffer 
with 0.1% Tween 20 (TBS) supplemented with 5% non-fat milk 
powder for 1 h at room temperature. Primary antibodies anti-
HER2 (cneuAB3/OP15), anti-pHER2 (cerbB2 Ab18—PN2A, 
ThermoFisher), anti-EGFR (MAP clone F4, ThermoFisher) and 
anti-pEGFR (1H12, Cellsignalling, Danvers, MA, USA) were 
used at 1 μg/mL in TBS with 1% milk powder overnight. The 
solvent was used to wash the membranes 3 times and to apply 
the peroxidase-conjugated anti-mouse secondary antibody 
(Jackson ImmunoResearch Europe, Ely, UK) at 1 μg/mL for 2 h 
at room temperature. Immunostaining was detected using en-
hanced chemiluminescence (ECL) reagent (Supersignal West 
Pico, ThermoFisher) and captured with a Multilmage III, Alpha 
(Innotech Corp., San Leandro, CA, USA). Quantitation was 
done in ImageJ/Fiji.

2.10   |   Statistical Evaluation of Data

For comparison, either an unpaired t test or one-way ANOVA 
together with Dunnett's or Tukey's post hoc analysis was per-
formed depending on the number of groups. Distributions 
were compared with the χ2 test. For statistical analysis, Systat 
SigmaStat 3.5 was used. Plotting was done with MS Excel 2016, 
Graphpad Prism 5.03, Systat TableCurve 2D 5.01, or Systat 
SigmaPlot 10.0. Nonsignificant “p” values (> 0.05) are indicated 
by the abbreviation “N.S.,” whereas “p” values < 0.05, < 0.01, and 
< 0.001 are denoted with asterisks, *, **, and ***, respectively.

3   |   Results

3.1   |   EGF Enhances Molecular Interaction 
Between EGFR and HER2

Since HER2 activation is enhanced by EGF-bound EGFR, the 
molecular interaction underlying this transactivation was in-
vestigated by time-domain fluorescence lifetime imaging-based 
Förster resonance energy transfer (td-FLIM-FRET) in confocal 
microscopy. SK-BR-3 cells were fixed and then labeled at 0, 2, 3, 
5, 10, and 15 min after the addition of EGF. In the case of control 
cells (0 min stimulus), the FRET efficiency value was 7.9%, indi-
cating that a significant portion of EGFR was in close molecular 
proximity to HER2 even in unstimulated cells. FRET efficiency 
was significantly increased by stimulating the cells with EGF: 
the efficiency went up to 17.3% at 3 min post-stimulation time 
(p ≤ 0.01). This transiently enhanced interaction was gradually 
decreased from 5 min after stimulation, as indicated by the de-
crease in FRET efficiency, back to the initial baseline by 10 min, 
then tendentiously increased again, albeit this increase was not 
mathematically significant (Figure 1).

3.2   |   HER2 Cluster Size Distribution Reveals 
Large-Scale Aggregation Enhanced by EGF

Next, we wanted to investigate how EGF stimulation influ-
ences the cluster formation of HER2 molecules. Toward this 
end, Airyscan confocal images were acquired on live SK-BR-3 
cells from the top membrane slices labeled with fluorescent 
dye conjugated 76.5 Fab antibody fragments (Figure 2A). (In 
control experiments, Fab fragments were tested and showed 
no interference with dimerization, signaling, transactivation 
and aggregation.) In the presented experiments, the same 
membrane slices for each cell were monitored at several time 
points before and after the addition of EGF. The distribution of 
HER2 cluster size (measured by the number of pixels in each 
segmented cluster) is plotted on a logarithmic scale for the 
control and at 5 min after the EGF stimulus in Figure 2B. The 
increase in the size of HER2 clusters was significant at 5 min, 
as evidenced by a χ2 test. As post-labeling time increased, the 
larger clusters slowly disappeared from the cell membrane, 
and after 15 min, the median cluster size returned to baseline. 
Notably, by 25 min, the larger clusters became more abun-
dant again, followed by a new decline in median cluster size 
(Figure 2C). During the observed time interval, the cluster size 
distribution of HER2 on control (non-stimulated) cells did not 
change significantly.

3.3   |   HER2-HER2 Molecular Interaction Increased 
by Ligand-Activated EGFR

HER2-HER2 molecular proximity was monitored by frequency-
domain fluorescence lifetime imaging microscopy (fd-FLIM-
FRET). We have chosen the fd-FLIM FRET because we wanted 
to follow the dynamics of homoassociation of HER2 in live cells. 
The average lifetime was 3.4 ns for donor-only samples, 3.2 ns 
for samples labeled with both donor and acceptor, and this de-
creased to 2.9 ns upon EGF stimulus within 5 min (Figure 3A). 
Phasor plots for the same samples are displayed in Figure 3B. 
The stepwise shift of the cluster of pixels to the right and in-
wards from the universal semicircle upon introducing the accep-
tor (middle frame) and further upon EGF stimulus (rightmost 
frame) indicates that in addition to maintaining donor-labeled 
receptors with no molecular proximity to acceptor-labeled re-
ceptors, an increasing number of donors undergo FRET and 
consequential shortening of their lifetime. Calculated FRET 
values are presented in Figure 3C. The first panel shows that the 
mean of FRET E from thresholded cellular averages increases to 
14% from the baseline of 11% in 5 min after EGF stimulation and 
steadily increases up to 17% by 20 min.

3.4   |   EGF Induced Dynamic Redistribution 
of HER2 Membrane Clusters Characterized by 
Fluorescence Correlation Spectroscopy (FCS)

The extracellular domain of HER2 was labeled with AF647 
conjugated 76.5 Fab fragments to observe signal fluctuations 
(Figure 4A) originating from the diffusion of receptors in and 
out of the observation volume. The autocorrelation curves gen-
erated from thesefluctuations (Figure 4B, solid black trace) were 
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fit to a model function incorporating three diffusing compo-
nents and a triplet transition. The time derivative of the autocor-
relation function (Figure 4B inset) helps identify the diffusing 
components, which in our case were the following: There was 
a very fast, 3D diffusion component that was attributed to free 
fluorescent Fab fragments that dissociate from the target HER2 
during the measurement. The τ1 diffusion correlation time of 
this component was corroborated in experiments with the la-
beling antibody solution (Figure  4B, dashed trace). In labeled 
cells, there were at least two 2-dimensional membrane compo-
nents, of which the faster was attributed to monomers or smaller 
oligomers, while the slower one was attributed to larger oligo-
mers. This fraction could be occasionally split into a faster and a 
slower sub-fraction, as demonstrated in the inset, but these were 
not incorporated into the model to avoid overfitting, and a single 
τ3 diffusion correlation time and Φ3 diffusing fraction were de-
termined for each fitted curve.

The time dependence of the τ3 diffusion correlation time is 
plotted in Figure 5A. This diffusion component, characteristic 
of higher aggregates, increased and then fluctuated consider-
ably in EGF-stimulated cells as compared to mock-stimulated 
controls (543, 328, 276 and 412 ms vs. 182, 241, 184 and 224 ms 
at 5, 10, 15 and 20 min post stimulus, respectively). Coherent 
with the model, the τ1 and τ2 diffusion correlation times de-
scribing the free label and the smallest diffusing HER2 unit 
did not change; only their relative fractions varied as a func-
tion of cell state.

Based on these data, we assumed a continuous redistribution 
of membrane-HER2, which was enhanced and shifted toward 
oligomerization/aggregation by EGF. This assumption was 
further supported by data pooled from the first 5, the first 25, 
and beyond 25 min post-stimulus time intervals indicated as 
B/1, B/2, and B/3 and plotted in the corresponding panels of 

FIGURE 1    |    EGFR-HER2 transient interaction induced by EGF. (A) Acquired donor intensity images of EGFR. EGFR was labeled with AF546 
conjugated ab-11 (donor), HER2 with AF647 conjugated 76.5 Fab (acceptor). The panels show the donor only, donor + acceptor, and the donor + 
acceptor in the presence of EGF samples. (B) Donor lifetime images of labeled EGFR thresholded by donor intensities. (C) Cell-based average FRET 
efficiencies (mean ± SEM) were plotted before adding EGF (control) and at 2, 3, 5, 10, and 15 min after adding EGF (first panel). For each time point, 
12–21 cells were averaged from three independent experiments. FRET E was significantly enhanced at 3 min (ANOVA with Dunnett's post hoc 
test, **: 0.001 < p < 0.01). FRET image maps corresponding to the lifetime images above them are shown on the second and third panels. Scalebar: 
10 μm. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure  5 as diffusing fraction Φ versus diffusion correlation 
time τ. The following correlation times (and relative fractions) 
were observed. Baseline (black circles recurring in all pan-
els): 2.9 ms (8.6%), 68.6 ms (65%), and 216.2 ms (26.3%). Early 
EGF response, within 5 min of stimulation (Figure  5B/1): 
3.8 ms (13%), 58.6 ms (59.8%), and 579 ms (26.5%). Here, the 
most relevant change is the significant lengthening of the dif-
fusion time of slow HER2 clusters indicating rapid aggregation 
in the membrane. This aggregation is strongly supported by the 
increase of the median brightness of diffusing units from 3 to 6 
and the shifting of the photon counting histogram to the right 
(Figure 5C). Long-term initial EGF response within 25 min of 
stimulation (Figure  5B/2) yielded 1.6 ms (12%), 61 ms (69%), 
and 390 ms (19%). Here, the fraction of basic HER2 diffusion 
units (monomers/dimers) increases compared to the initial 
5 min, while the fraction of higher aggregates decreases, which 
can be explained by EGF-induced internalization followed by 
recycling of HER2 basic diffusion units. The internalization of 
the larger aggregates also reduces their average diffusion time, 
but this is still elongated compared to baseline. From 25 min 
post-EGF stimulation and beyond, the correlation times and the 
corresponding diffusing fractions reach a new equilibrium sim-
ilar to that of the unstimulated condition (Figure 5B/3): 1.8 ms 
(22%), 62 ms (32%), and 227 ms (46%). The increased fraction of 
shed labels (22%) is explained by the longer time spent under 
observation, while the increased fraction of larger HER2 aggre-
gates is probably present at the cost of the decreased fraction of 
basic diffusing HER2 units, and more time would be needed to 
reach baseline again.

3.5   |   Fluorescence Cross-Correlation Spectroscopy 
(FCCS) Reveals Enhanced Stable Co-Diffusion 
of HER2 in EGF-Stimulated Cells

The relative fractions, diffusion properties, and stability of 
co-diffusing di- and oligomers were monitored by dual-color 
fluorescence cross-correlation spectroscopy (FCCS). For this 
purpose, membrane-localized HER2 was mixed with a mix-
ture of AF488 or AF647 conjugated Fab 76.5 so that each 
HER2 molecule was either labeled with AF488 or AF647. This 
allowed the detection of correlated fluctuations in the two 
spectral channels for cases when two distinctly labeled species 
entered and exited the confocal volume together (Figure 6A). 
Such correlation was readily detected after the addition of EGF 
when plotting the count rate of the AF647 channel against 
that of the AF488 channel for each time point along the fluc-
tuation curve (Figure  6B). For control, the number of stably 
co-diffusing species in the observation volume was calculated 
in two ways, relating both 488 nm-excited emission to 633 nm-
excited emission at various τ intervals (488 vs. 633) and vice 
versa (633 vs. 488, see at Equation 12). These numbers were 
then normalized to the number of diffusing species excited at 
488 nm, and, for control, also to the number of those excited at 
633 nm. For all four of the obtained values, one expects similar 
results, which are slightly influenced by the diverse quantum 
efficiencies and detection efficacies and could be biased by the 
non-perfect overlap of 488 nm- and 633 nm-excited confocal 
volumes. Figure  6C shows these values as mean ± SEM for 
the mock-stimulated and the EGF-stimulated cells inside the 

FIGURE 2    |    Large scale aggregation dynamics of transactivated HER2. Airyscan superresolution images were acquired from the top membrane 
slice of cells and processed to determine the cluster size distribution of HER2 molecules labeled with Cy3 conjugated 76.5 Fab. (A) Two pairs of rep-
resentative images, before and 5 min after adding EGF. Scalebar: 20 μm. (B) Pixel-size distributions of HER2 containing clusters before (black line) 
and 5 min after EGF stimulation (gray line). χ2 test; ***: p < 0.001. (C) Medians of cluster sizes of EGF-stimulated cells normalized at each time point 
to mock stimulated controls. Distributions are pooled from 9 treated and 6 control cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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5 min interval after the stimulus. The addition of EGF causes 
a significant increase in the relative fractions of co-diffusing 
species, supporting the previous notion that transactivation 
enhances HER2 homo-aggregation and establishing that this 
interaction is stable for at least the time span of the diffusion 
correlation time.

3.6   |   EGF Stimulus Evokes Phosphorylation 
of EGFR and HER2

As a functional correlate of EGF-evoked transactivation, recep-
tor phosphorylation was monitored by Western blotting. For 
reference, both total and phospho-receptors were analyzed, and 
relative phosphorylation was also calculated from the ECL im-
ages. Both the native images and their quantitative analysis cor-
roborate EGF-induced EGFR (Figure 7A) and HER2 (Figure 7B) 
phosphorylation without major changes in total receptor 

numbers on the 10-min timescale, which verifies transactiva-
tion and the functional connection between EGFR and HER2 
in SK-BR-3 cells.

4   |   Discussion

In early studies, spontaneous dimerization of HER2 was as-
sumed in receptor-overexpressing cells [66, 67]. In transfected 
cells, homo- and heteroassociation of membrane-HER2 may 
exist ligand-independently [68]. Also, with recent modern tech-
niques, data of assumed spontaneous HER2 homodimers have 
been continuously gathered on fixed cells [69–71]. According to 
literature data, dynamic equilibria may exist among monomer, 
dimer, and oligomer states of EGFR [8]. Several previous stud-
ies [72] proved that EGFR is partly in dimeric/oligomeric states 
even without stimulus [73–77]. Induced dimer-tetramer state 
transition has also been proposed [78].

FIGURE 3    |    HER2-HER2 molecular interaction monitored by fd-FLIM-FRET. HER2-HER2 molecular proximity and EGF-induced increase in 
homoassociation were investigated by monitoring FRET efficiency calculated from the shortening of donor lifetime (τ) in the presence of acceptor. 
Images were taken in a widefield frequency-domain fluorescence lifetime imaging microscope (fd-FLIM FRET). HER2 was labeled with a mixture 
of Fab antibody fragments targeted to the same epitope and conjugated with either AF488 (serving as donor) or Cy3 (serving as acceptor). (A) Panels 
show representative images of the observed donor lifetime based on the phase shift of emission: Donor only, donor + acceptor control, donor + ac-
ceptor sample 5 min after EGF treatment. The color-coded bars on the left side of the panels indicate pixelwise donor lifetime values. Scalebar: 20 μm. 
(B) Phasor plot representations of donor lifetime calculated from phase-shift/modulation-depth changes showing significantly increased interaction 
between HER2 molecules upon EGF binding. The color code represents pixel numbers at each coordinate of the plot. (C) The time dependence of 
average cellular FRET efficiency values is plotted in the first panel as mean ± SD for 9 cells (1–3 cells measured in each of four independent experi-
ments). The last two panels show the FRET E distribution maps calculated from the respective donor lifetime images shown above them in (A). The 
color-coded bar on the right represents FRET efficiency scale. [Colour figure can be viewed at wileyonlinelibrary.com]

 15524930, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cyto.a.24922 by G

yorgy V
ereb - U

niversity O
f D

ebrecen , W
iley O

nline L
ibrary on [13/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com


10 of 16 Cytometry Part A, 2025

It is believed that oligomerization promotes EGFR kinase activa-
tion and trans-phosphorylation [68, 77–80]. Ligand-dependent 
and independent aggregation may ensue owing to different por-
tions of the extracellular, transmembrane, and kinase domains 
and may yield different types and degrees of kinase activity of 

EGFR [81]. Localization of consequential signaling platforms 
may also have a significant effect on receptor sequestration, re-
cycling, degradation, and the binding of effectors and adapters 

FIGURE 4    |    Co-existing membrane HER2-subpopulations with 
different diffusion characteristics revealed by FCS. (A) Fluorescence 
species of labeled HER2 enter into and exit from the subfemtoliter ex-
citation/detection volume positioned in the upper cell membrane (sol-
id black line). EGF causes formation of HER2 oligomers and higher-
order aggregates increasing the amplitude and altering the pattern of 
fluorescence fluctuation (gray line). (B) The autocorrelation function 
of the free, fluorescently conjugated Fabs is represented by the dashed 
line. On autocorrelation curves from labeled cell membranes, in ad-
dition to the free Fabs, the membrane localized HER2 appears in the 
right-shifted part of the curve (solid black line). The inflection points 
of this curve indicate the various characteristic diffusion times of the 
various labeled molecular species. The insert shows a Savietzky-Golay 
filtered time-derivative of the black autocorrelation curve, where the lo-
cal minima correspond to the inflection points and help visually iden-
tify the potential characteristic diffusion times of various components. 
Applying this approach, the distinguishable co-existing fractions were 
the following: (1) a quick, 3D diffusion, attributed to free fluorescently 
conjugated Fab antibody fragments in the solution (dashed line), and 
corresponding to the dissociated labels in cellular samples (solid black 
line, arrow 1, τ1). (2) A fast-membrane fraction diffusing in 2D, corre-
sponding to labeled monomers/smaller oligomers (arrow 2, τ2) and (3) a 
slow-membrane fraction diffusing in 2D corresponding to larger oligo-
mers/mobile aggregates (arrow 3, τ3).

FIGURE 5    |     Legend on next page.
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[2, 9]. Importantly, similar mechanisms regulate not only all 
HER homodimers but also their heterodimers [75].

HER2 is a preferred heterodimerization partner of all HER fam-
ily members, including EGFR [2]. Their interaction is crucial in 
cancer development. While HER2 overexpression alone may not 
lead to hyper-autophosphorylation, the presence of other HERs 
can alter signaling patterns. Particularly, the EGFR-HER2 inter-
action could lead to sustained HER signaling [10].

However, the details of EGFR-HER2 interaction, primarily the 
dynamics and stoichiometry of ligand-driven aggregation and 
signaling in  situ in living cells, are still not fully understood. 
Here, we performed a systematic investigation with various 
fluorescence-based techniques in order to reveal the interrelated 
time courses of hetero- and homoassociations, oligomerization, 
and cluster formation of HER2 on SK-BR-3, a clinically highly 
relevant breast cancer cell line that expresses not only HER2 at 
high levels but also EGFR at moderate levels [58, 59].

To decipher the spatiotemporal relationships of EGFR-HER2 
interactions, first we investigated the basal and EGF-induced 
heteroassociations between EGFR and HER2 molecules using 
time-domain fluorescence lifetime imaging microscopy (td-
FLIM) and determined the FRET efficiency between the 
donor and acceptor labeled monoclonal antibodies tagging the 
membrane-embedded receptors. The measured FRET efficiency 
between EGFR and HER2 revealed a basal level of communica-
tion between them, which was further increased by EGF stim-
ulation within 2 and 3 min. Later, the EGF-induced transiently 
enhanced interaction of EGFR and HER2 was gradually de-
creased to baseline by 10 min (Figures 1C and 8). The functional 
outcomes of EGF-induced transactivation included the phos-
phorylation of both receptors (Figures  7 and 8). Interestingly, 
the phosphorylation event seems to have a faster kinetics than 
the increase in FRET efficiency, suggesting that the “ignition” of 
enhanced phosphorylation can be achieved by a smaller number 
of heteroassociations between EGFR and HER2. Western Blot 
analysis also revealed that significant HER2 autophosphoryla-
tion was also present on SK-BR-3 without EGF. This observation 
suggests that overexpressed HER2 does in fact induce basal sig-
naling without transactivation in cancers. This renders the use 
of HER2 kinase inhibitors such as tucatinib, neratinib, and lapa-
tinib [82] relevant as an adjuvant, even for cases where by target-
ing HER2 with antibodies such as trastuzumab or pertuzumab, 

the major effect is expected through ADCC [83, 84], or when 
using antibody-drug conjugates such as T-DM1 or trastuzumab 
deruxtecan, through tumor-selective cytotoxicity [82].

EGF induced EGFR-HER2 interaction was almost concomi-
tantly followed by enhanced interaction of HER2 molecules with 
each other. This was manifested on multiple scales. At the level 
of individual receptors, their increased homoassociation was 

FIGURE 5    |    Redistribution of co-existing membrane fractions of 
HER2 after EGF stimulation. (A) Diffusion correlation times of the 
slow HER2 component (τ3) as a function of time upon EGF stimulation. 
Fitted data were pooled into 5 min intervals, t = 0 marking the time of 
stimulation. Maximum increase at 5 min after stimulus is 543 ± 81 ms. 
(B) Distribution of diffusion correlation times and their relative frations 
in control (black circles, n > 11 per time point) and stimulated (gray di-
amonds, n > 8 per time point) as mean ± SEM. (B/1) The first 5 min in-
terval is pooled after EGF treatment. (B/2) Data pooled during the first 
25 min of EGF-response. (B/3) Data from 25 min post-EGF and beyond. 
(C) Representative photon count histograms from mock stimulated 
(black line) and EGF stimulated cells at the 5 min time point.

FIGURE 6    |     Legend on next page.
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revealed by frequency domain FLIM measurements (Figures 3C 
and 8A). Since SK-BR-3 cells express about 800,000 HER2 on 
the cell surface, frequency domain FLIM FRET could be used to 
monitor the time course of HER2 homoassociation in live cells 
for up to 25 min. While heteroassociation between EGFR and 
HER2 returned to the basal level within 10 min, the increased 
HER2 homoassociation was steady for at least 20 min. This ap-
parently different dynamics for HER2-HER2 interaction is ex-
plained by the fact that the fd-FLIM measurements were done 
in widefield mode, encompassing not only the cell membrane 
but also the intracellular space, and thus reporting about inter-
actions also in internalized membrane vesicles. In fact, using 
Airyscan superresolution microscopy, which was restricted to 
a thin slice of the cell membrane, revealed that submicron scale 
aggregation of membrane-localized HER2 first increases, just 
as FRET efficiency between HER2 molecules (Figures  2C vs. 
3C, and 8), but then fluctuates to decrease and increase again, 
similarly to EGFR-HER2 FRET measured exclusively in the 
cell membrane with confocal td-FLIM (Figures  1C and 8). It 
should be noted that this measurement only assesses correctly 
the clusters that have sizes over the resolution limit and thus 
overestimates the average cluster size. However, it is still useful 
for revealing changes in higher order meso-scale receptor aggre-
gation which is not accessible by dynamic methods such as cor-
relation spectroscopy. While this latter approach is insensitive to 
stationary or slowly moving clusters, it excels in characterizing 
diffusible entities and their mobile aggregates.

Thus, to gain coherent information on both the molecular level 
associations and the higher level aggregation of HER2 in the cell 
membrane, we have also applied fluorescence correlation and 
cross-correlation spectroscopy (FCS/FCCS). FCS and FCCS are 
a sensitive tools for monitoring altered diffusion properties of 
fluorescently labeled molecules entering and exiting a confocal 
volume. This volume can be positioned so that its intersection 
with the cell membrane selects a defined area for quantifying 
mobility, aggregation, and absolute concentration of membrane 
proteins in a single measurement [47]. In our cellular model, 
the time-derivative of the autocorrelation function hinted at a 
the presence of a basic diffusion unit of HER2 and at least one 

aggregated component even in unstimulated cells, in addition 
to the detached Fab labels and the unavoidable triplet transi-
tion of the dyes (Figure 4). The slow diffusion correlation time 

FIGURE 6    |    Stable co-diffusion of HER2 molecules is enhanced 
upon EGF stimulation. Fluctuation of fluorescence signals from mem-
brane HER2 labeled with a mixture AF488 and AF647 conjugated 76.5 
monoclonal Fab was analyzed for crosscorrelation. (A) Diffusion of dis-
tinctly labeled fluorescent species across the confocal volume can give 
rise to both correlated and uncorrelated emission depending on the sta-
bility of interaction between the diffusing molecules. (B) Plotting the 
count rate of the two distinct fluorescent signals for each time point 
on a color dot-plot reveals enhanced correlation between them after 
EGF stimulation, a result of stabilized interaction between the labeled 
species. (C) The number of slowly co-diffusing species was calculat-
ed both from using channel 1 (488 nm excitation, dark gray columns) 
and channel 2 (633 nm excitation, light gray columns) as reference (see 
Equation 12). These were normalized to the number of diffusing AF488 
labeled species (top graph) or to the AF637 labeled species (bottom 
graph). Data from control (n = 18) and stimulated (n = 8) cells acquired 
within 5 min of EGF stimulation are plotted as mean ± SEM. *: p < 0.05. 
[Colour figure can be viewed at wileyonlinelibrary.com] FIGURE 7    |    Functional consequences of EGF-induced transactiva-

tion as revealed by Western blotting. Total and phosphorylated EGFR 
(panel A) and HER2 (panel B) were detected by ECL after Western blot-
ting of cell lysates prepared at the indicated 2, 5, and 10 min after adding 
EGF and compared to unstimulated control. Signal from each lumines-
cent spot was measured and integrated in ImageJ/FIJI, and the ratio of 
phosphorylated to total receptor signal was plotted for each time point 
of both pairs of the blot images.

FIGURE 8    |    Temporal pattern of EGF-induced HER protein 
hetero- and homoassociations, phosphorylation, and oligomer forma-
tion. The most prominent time-wise changes presented in figures the 
results EGFR-HER2 FRET were measured with time-domain FLIM 
in confocal membrane slices of cells fixed at different time points af-
ter stimulus. HER2-HER2 FRET was assessed in live cells using wide-
field frequency-domain FLIM encompassing the whole cell. EGFR and 
HER2 phosphorylation were measured in Western blot images. The 
diffusion correlation time of HER2 aggregates in the membrane (slow 
τ3) was quantified in 5-min time windows after stimulus with fluores-
cence correlation spectroscopy. Stationary and extremely slow-moving 
large HER2 membrane clusters were measured by Airyscan superreso-
lution microscopy. Phosphorylated receptor levels were normalized to 
total receptor levels; all other parameters were normalized to the corre-
sponding untreated control at the same time point. [Colour figure can 
be viewed at wileyonlinelibrary.com]
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characterizing the aggregated mobile clusters of HER2 has ex-
hibited an EGF-induced lengthening reaching its first peak at 
5 min, then showing cyclic increases and decreases reaching a 
new equilibrium over some 40 min (Figures 5 and 8). These cy-
clic changes, paralleled by similar ones in the size of stationary 
large clusters (Figures 2 and 8) could be attributed to internal-
ization and partial recycling of HER2, as hinted by the long-
term reduction of the fraction of basic HER2 diffusion units 
(Figure 5B/3).

Importantly, the highest level of HER2 aggregation at 5 min after 
EGF stimulus, in addition to the drastic dwindling of diffusion 
speed, has been corroborated by two other techniques. First, 
photon count histograms constructed from fluctuation signals 
revealed that both the mode and the maximum of the size dis-
tribution of diffusing units doubled upon stimulus (Figure 5C). 
Second, fluorescence cross-correlation spectroscopy (FCCS) has 
demonstrated that the fraction of HER2 molecules that stably in-
teract and co-diffuse for at least the duration of time spent in the 
confocal observation volume significantly increased (Figure 6). 
The FCCS approach was particularly valuable here as, in con-
trast to FRET measurements that serve a snapshot of interact-
ing molecules without evaluating time-wise stability, it supplied 
evidence of the longer-term binding between HER2 molecules 
during the phase of most extensive aggregation. This implies 
a prolonged inaccessibility to the therapeutic pertuzumab 
(Perjeta), designed to inhibit HER2 dimerization and activation 
by binding to the receptor's dimerization arm [85].

Overall, the complementary array of state-of-the-art imaging cy-
tometry approaches thus demonstrates a spatiotemporal pattern 
of spontaneous and induced aggregation states of HER2 modu-
lated by the presence of ligand-bound EGFR, which could pro-
vide mechanistic insights into the potential success of targeted 
therapies directed to the HER family of receptor tyrosine kinases. 
Of particular significance, the time course of both EGFR-HER2 
heteroassociation and the degree of HER2 homoclustering sug-
gests that in the case of EGFR-triggered HER2 transactivation 
there may be time-windows when the therapeutic antibody per-
tuzumab can more efficiently bind to its target and exert its ef-
fect. This may be highly relevant to the clinic as until now it has 
not been investigated how the expression of EGFR influences 
the therapeutic outcome in HER2-positive tumors. However, 
when translating these results to preclinical models, the com-
plexity of the in vivo tumor microenvironment would also need 
to be taken into account. The time-dependent changes of the 
local concentration of EGFR ligands, including variations of in-
trans presented juxtacrine stimuli [86], the effect of membrane 
cholesterol content on the rate of EGFR internalization [87], the 
density of membrane-anchored sialomucins modulating HER2 
activation [88] and the presence of other members of the HER 
family and their specific ligands [1, 2] may all modulate the dy-
namics of EGFR and HER2 homo- and heteroassociations.
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