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The single-molecule tracking of transmembrane receptors in living cells has

provided significant insights into signaling mechanisms, such as mobility and
clustering upon their activation/inactivation, making it a potential screening
method for drug discovery. Here we show that single-molecule tracking-based
screening can be used to explore compounds both detectable and undetect-

able by conventional methods for disease-related receptors. Using an auto-
mated system for a fast large-scale single-molecule analysis, we screen for
epidermal growth factor receptor (EGFR) from 1134 of FDA approved drugs.
The 18 hit compounds include all EGFR-targeted tyrosine kinase inhibitors
(TKIs) in the library that suppress any phosphorylation-dependent mobility
shift of EGFR, proving the concept of this approach. The remaining hit com-
pounds are not reported as EGFR-targeted drugs and do not inhibit EGF-
induced EGFR phosphorylation. These non-TKI compounds affect the mobility
and/or clustering of EGFR without EGF and induce EGFR internalization,

to impede EGFR-dependent cell growth. Thus, single-molecule tracking
provides an alternative modality for discovering therapeutics on various
receptor functions with previously untargeted mechanisms.

Transmembrane receptors trigger signal transduction to induce cel-
lular responses. Since the downstream signaling depends on the
functional properties of receptors, various diseases are often attrib-
uted to receptor dysfunction. In drug discovery, the largest number of
target molecules are membrane receptors (>50% of total), such as
receptor tyrosine kinases (RTKs), G protein-coupled receptors
(GPCRs), and immune receptors, followed by nuclear receptors
(<20%)'>. Epidermal growth factor receptor (EGFR), an RTK, mediates
signal transduction for cell proliferation, differentiation, migration,
and apoptosis, and is a primary target molecule in drug exploration
because its overexpression and/or mutations are found in various
types of cancer cells*”. Many small-molecule drugs against a well-
known EGFR-related cancer, non-small cell lung cancer (NSCLC), have
been developed: gefitinib, erlotinib, and icotinib as first-generation
tyrosine kinase inhibitors (TKIs); afatinib and dacomitinib as second-

generation TKIs; and osimertinib as third-generation®. These drugs
have been evaluated by their inhibitory effects on tyrosine kinase
activity’, but EGFR undergoes multiple signaling processes including
tyrosine phosphorylation, oligomerization, coupling with adapter
molecules, and internalization on the membrane of living cells'. Dis-
turbing these processes can affect the signaling activity of the mole-
cule, providing a potential mechanistic target for drug discovery. In
general, assays for drug discovery focus on a particular step in the
signaling pathway exhibited by the targeted molecules. However,
assays that select for compounds that have effects on multiple steps in
the signaling pathway are of interest because of their different
mechanisms of action on the same target".

Single-molecule imaging analysis has been used to visualize and
measure the location and brightness of individual membrane receptor
molecules in cells” ™, These measurements provide information on
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the lateral diffusion and oligomerization/clustering of receptors on the
membrane of living cells. In the case of EGFR, the behavioral transition
on the membrane, which is described by EGFR mobility and clustering
dynamics, has been shown to correlate to the signaling process”:
EGF triggers tyrosine phosphorylation, leading to the translocation of
EGFR along the membrane to a specific region where the mobility of
EGFR is confined and the clusters responsible for downstream signal-
ing are formed, followed by internalization into endosomes. Single-
molecule imaging has also revealed other processes during EGFR sig-
naling, such as ligand-receptor binding kinetics, molecular structure
transitions depending on membrane components, and colocalization
with receptors for different signaling pathways. That is, single-
molecule imaging has the potential to elucidate the effects of phar-
macological compounds on multiple events during a series of EGFR
signaling processes. In particular, this technique can detect changes in
the physical properties of the target receptor, which include the lateral
diffusion and the statistical distribution of receptor clusters, both of
which are difficult to detect using biochemical methods. However, the
low throughput of single-molecule imaging for data acquisition, which
arises from its expertize- and manual-dependent workflow, prevents
this method from being employed for large-scale single-molecule
analysis. As a solution, we previously achieved a fully automated, in-
cell single-molecule imaging system equipped with robotics and
machine learning (AiSIS)***' that has a 100-fold higher throughput than
standard single-molecule analysis techniques. High-throughput ana-
lysis by AiSIS enables the evaluation of numerous compounds by
detecting their effect on molecular mobility and clustering during the
signaling process, which provides a form of molecular-targeted drug
screening.

Here, we report a single-molecule tracking-based technique for
the screening of compounds targeting transmembrane receptors. The
successful selection of all TKIs for EGFR from a library consisting of
1134 FDA-approved compounds provides the proof of concept of this
approach. The other hit compounds exhibit effects on the clustering,
internalization, and expression level of EGFR without strong inhibition
of the tyrosine kinase activity upon EGF stimulation. Unlike screening
methods that focus on a single event in the molecular process, our
method can assess various physical events at the single-molecule level
occurring during the signal transduction of the target molecule.

Results

EGFR mobility-based screening

AiSIS allows for a large-scale, single-molecule analysis of plasma
membrane receptors using 96-well plates (Fig. 1a). Cells in each well
were treated with a compound, and single-molecule imaging using
total internal reflection fluorescence microscopy (TIRFM) was auto-
matically executed well by well. Autofocusing mechanism (Fig. 1b and
Supplementary Fig. 1) kept the in-focus position precise to acquire
high magnification images of living cells with clear single fluorescence
spots of the target molecules on the membrane by TIRFM. The fields of
view suitable for the single-molecule analysis were determined by
machine learning-based automated cell searching (Supplementary
Movie 1). During the imaging, autofocusing was continuously running,
and the ligand was dispensed at desired times by robotics. In the case
of measuring 20 cells under one measurement condition, as described
later, 480 different measurement conditions for ligand/compound
concentrations, time of the addition, and duration of the treatment
could be examined on demand in a single assay in one day. By obser-
ving individual cells under uniform fluorescence excitation at high
magnification, quantitative analysis of the position as well as the
fluorescence intensity of the fluorescent spots is possible, which allows
the characterization of not only the lateral mobility of the target
molecule but also the cluster formation of the target molecule. Fig-
ure 1c and Supplementary Movie 2a show a single EGFR-mEGFP com-
plex expressed in CHO-K1 cells, which lack endogenous EGFR. From

the images acquired under optimized conditions, trajectory data,
including the positions and brightness of fluorescent EGFR, were
obtained by single-molecule tracking (Fig. 1d) and used to quantify the
mobility of EGFR with diffusion coefficients and mean square dis-
placements (MSD) (Fig. 1e). The mobility decreased with EGF addition,
as shown by the MSD (Fig. 1f), consistent with a previous study®. This
EGF-induced mobility shift was recovered by treatment with a TKI
(gefitinib; Fig. 1e, bottom, and Supplementary Movie 2b), which con-
firmed EGFR mobility tightly correlated with EGF-activated kinase
function. As shown in Fig. 1f, a linear relationship was found between
the MSD for 500 ms (MSDsgoms) and EGFR phosphorylation under
various EGF concentrations. Both data were obtained approximately
2 min after EGF addition, a time that represents the early phase of EGFR
signaling just after reaching maximum EGFR phosphorylation. The
inhibitory effect of gefitinib on the EGF-induced decrease of MSDs5ooms
is shown in Fig. 1g (top). Because TKI itself seems to have little effect on
the mobility in our data, the MSD ratio (MSD with EGF to MSD without
EGF) was used to evaluate the compounds en bloc. As shown in Fig. 1g
(bottom), when the EGF concentration was 30 nM, the ratio was
approximately 0.2 for TKI-untreated cells but approached 1 for treated
cells due to suppression of the EGF-induced decrease of EGFR mobility.

We extended the single-molecule tracking-based assay to drug
screening. First, we optimized the conditions of the image acquisition
(Supplementary Fig. 2), and the suitability of this approach as a
screening method was assessed using the indices calculated from
MSDs00ms, With the positive control being cells treated with gefitinib
and EGF and the negative control being cells treated only with EGF
(Fig. 2a). The coefficient of variation (CV), signal/background (S/B),
and Z'-factor were respectively defined as the ratio of the standard
deviation (SD) and average of the controls, the ratio between the
averages of the positive (signal) and negative (background) controls,
and the following equation:

Z'=1- (3 X SDpositiue +3x SDnegatiue) / (Angositive - AUgnegatiue) (1)

where SDpositiuer SDnegatiuer Angositiuev and AUgnegatiue represent the
SD and average for the positive and negative controls, respectively.
The obtained indices for our system were 6% for CV, 6.2 for S/B, and
0.69 for Z'-factor. All these values were shown to satisfy the
thresholds of < 10% for CV, 22 for SB, and = 0.50 for Z’-factor for
drug screening (Supplementary Table 1). Next, we carried out the
screening using a library of 1134 FDA-approved compounds whose
target proteins are responsible for broad functions such as
receptors, channels, kinases, enzymes, transporters, and so on
(Fig. 2b, Supplementary Table 2, and Supplementary Data 1). This
library includes 7 marketed drugs that act as TKI for EGFR (afatinib,
erlotinib, OSI-420 (the active metabolite of erlotinib), gefitinib,
lapatinib, lapatinib ditosylate (another form of lapatinib), and
vandetanib). To explore compounds significantly affecting EGFR
mobility, the screening procedure was designed as follows: 1)
cultured cells in each well of a 96-well plate were pretreated with
100 pL of 10 uM compound solution at 37°C for 1h, 2) single-
molecule imaging was automatically done on 20 different cells, 3)
100 pL of 120nM EGF solution was added by the automatic
dispenser so that the final concentration of EGF was 60 nM, and 4)
another 20 cells were imaged 2 min after the EGF addition. During
the screening, the Z'-factor was calculated for every assay plate
from positive- and negative control wells (20 cells in each well) to
evaluate the screening quality and images acquired from the plates
passing the quality inspection were used in the following analysis
(Supplementary Fig. 3a). To achieve a highly accurate screening,
MSD,, was determined for every plate with the time duration (At)
that provides the highest Z’-factor. For each compound, when the
MSD,, ratio was beyond the average +3 SD of the MSDy, ratio for the
negative control, the compound was regarded as causing a
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significant MSD change of EGFR and identified as a hit compound.
Figure 2c shows the selected 53 compounds with MSD,, ratios for
compounds normalized to the negative control ratio. One of the
marketed EGFR-targeted drugs, genistein, which is a flavonoid and
known to inhibit tyrosine kinases including EGFR, was excluded due
to its ICso (50% inhibitory concentration) being above 10 pM, which
was beyond our experimental condition.

gefitinib (uM)

For amore detailed assessment of the selected 53 compounds, we
measured the dose-dependent effects of the compounds on EGFR
mobility with and without EGF (Supplementary Fig. 4 and Supple-
mentary Data 2). Compounds with significantly different MSD values at
the minimum and maximum concentrations were selected. When half
of the difference between the MSD (averaged over -30 cells) at the two
concentrations exceeded the sum of their SD, the compound was

Nature Communications | (2024)15:8975


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53432-w

Fig. 1| Large-scale single-molecule imaging analysis of fluorescently labeled
EGFR for drug screening. a Schematic flow of single-molecule imaging using AiSIS
for drug screening. b Optics of the autofocus device. Slit images, which reflect
deviation from the in-focus position of the objective lens, are generated with
switching illumination and used for feedback control. ¢ Automated single-molecule
tracking. Left, representative images of EGFR-mEGFP observed with AiSIS. Scale
bar, 5 um. Middle left, time series images of the squared region in the left panel.
Scale bar, 2 pm. Representative images obtained by single-molecule imaging are
displayed. Middle right, trajectories of EGFR (>8 frames). Right, time series of step
length (top) and brightness (bottom) of a spot in the left panels. d Heatmaps of
diffusion coefficients and brightness measured before and 5 min after the EGF
addition. The average distributions over the cells are shown at the bottom. Black
and red lines with shaded areas indicate the average with SD before and after EGF
addition, respectively. e Time development of MSDs (mean square displacements)

for either untreated or gefitinib-treated (10 uM for 1 hour) cells without (black) and
with EGF (300 nM, red). The acquisition of single-molecule images began 1 min
after the EGF addition. Data are from 60 cells for each condition (Supplementary
Table 3). f Relative changes in MSDsooms and fold changes of phosphorylation
obtained from western blotting (bottom) against different EGF concentrations.
Single-molecule imaging and the phosphorylation assay began 1 and 2 min after the
EGF addition, respectively. Data of MSD and phosphorylation are from 140 cells and
7 independent experiments, respectively, for each EGF concentration. M indicates
molecular weight marker. g Dose-dependency of gefitinib on MSD. Top, MSD
versus gefitinib concentration. Bottom, ratios between MSD with and without EGF.
Colored curves correspond to the indicated EGF concentrations. Single-molecule
imaging began 1 min after the EGF addition. Data are from 33 cells for each con-
centration. Shaded areas (d, e, and g) and error bars (f) indicate the SD and SE
around the mean, respectively. Source data are provided as a Source Data file.

regarded as a hit compound. As a result, 18 compounds were obtained,
but one of them, auranofin, was excluded from further analysis due to
its cytotoxicity (cell death) during the treatment. Although these
compounds showed similarly high MSD ratios, we found two types of
effects on the MSD: one changed the receptor mobility primarily after
the EGF addition (Fig. 2d), and the other before the addition (Fig. 2e).
Among the 17 compounds, 10 compounds corresponded to the former
case and suppressed the EGF-dependent decrease in a dose-dependent
manner (Fig. 2d). These 10 were all kinase inhibitors: afatinib, erlotinib,
0SI-420, gefitinib, lapatinib, and lapatinib ditosylate are known as
EGFR-TKIs®**; ponatinib and vandetanib are pan-TKIs*’; and dasatinib
and ibrutinib have been reported as Bruton’s tyrosine kinase
inhibitors** and can interfere with EGFR phosphorylation. All these
EGFR-TKIs in the library were hit compounds (Supplementary Data 1),
proving that our method was valid for exploring drugs targeting tyr-
osine phosphorylation of the receptor.

The other 7 hit compounds did not affect the EGF-induced
decrease in mobility of EGFR but did affect the mobility without EGF
stimulation (Fig. 2e). The reported drug actions and approved
applicable symptoms are not apparently concerned with EGFR tyr-
osine kinases: broxyquinoline is an anti-infective-agent; daunorubicin
is an anthracycline antibiotic used for chemotherapeutic agents
against cancer by inhibiting DNA topoisomerase II*’; eltrombopag is
used to treat severe aplastic anemia and activates thrombopoietin
receptor (TPOR) to facilitate platelet production®; glafenine is a non-
steroidal anti-inflammatory drug (NSAID) that inhibits cycloox-
ygenase-2/prostaglandin E2 (COX-2/PGE2) signaling”; nilotinib and
sorafenib are not EGFR-TKI but TKI that largely inhibit EGFR-
independent pathways and used respectively to treat primary kidney
cancer®® and chronic myeloid leukemia®; and, finally, curcumin inter-
feres with tyrosine kinases including EGFR and is approved as a food
additive. Because these compounds induced EGFR mobility changes
without EGF, they are suggested to interact directly or indirectly with
EGFR by some actions other than the inhibition of tyrosine kinase. The
effects of these compounds on EGFR are described in more
detail below.

EGFR clustering-based screening

Single-molecule tracking can obtain the brightness of each EGFR-
mEGFP fluorescent spot, which reflects the number of fluorescent
GFP involved. Uniform illumination was required to quantify the
brightness. AiSIS achieved uniform TIR illumination over 3000 pm?.
Because CHO-K1 cells express no endogenous EGFR, their bright-
ness typically reflects the oligomer/clustering size. The EGF con-
centration correlated with the brightness (Fig. 3a and b), indicating
that monomers/dimers were relatively reduced with increasing
concentration, and larger size clusters were gained. The formation
of clusters with integrating monomers/dimers has been suggested
to correlate with the activation of downstream signaling through
interactions with adapter molecules®. Thus, the increase in

brightness could be used as a screening index to assess signal
transduction.

For the obtained single-molecule tracking data, we compared the
probability density distributions of the spot brightness before and
after compound treatment without EGF. The Kullback-Leibler diver-
gence (KLD) was used to quantify the similarity of the histogram
profiles. In this case, Z"-factors were calculated using KLD before and
after the EGF addition (without any compound) as respective negative
and positive controls. The observed Z-factors did not satisfy the
threshold of 0.5 due to the broad SD (Supplementary Fig. 3b). Never-
theless, the highest KLD value among the compounds (Fig. 3c) was
obviously different from the KLD calculated for the negative control.
This compound, verteporfin, diminished the number of brighter spots
in a dose-dependent manner (Fig. 3d-f), suggesting that larger clusters
of EGFR decreased on the plasma membrane. Verteporfin reduced
EGFR diffusion in a dose-dependent manner without EGF, although it
was not selected from the mobility-based screen due to its modest
effects (Fig. 3g). Verteporfin is a photosensitizing drug for age-related
macular degeneration®. As described in more detail below, the effect
of this compound on EGFR was due to EGFR internalization and not to
any photophysical effect.

Characterization of hit compounds on EGFR dynamics, signal
transduction, and cell viability

To determine whether these non-EGFR-TKI compounds affect EGFR-
dependent signaling in CHO-K1 cells expressing EGFR, which were
used in the screening, we examined the activation and expression
levels of both EGFR and the downstream signaling protein ERK
(Fig. 4a—-c). Treatment with any of five non-EGFR-TKI compounds
(broxyquinoline, daunorubicin, eltrombopag, sorafenib, and verte-
porfin) caused no significant inhibition of EGFR phosphorylation upon
EGF stimulation in comparison with the control (compound-
untreated) condition (Fig. 4a and b, left), a finding consistent with
these compounds not being EGFR-TKIs. In the subsequent signaling,
the phosphorylation of ERK fell upon treatment with any of the five
compounds, especially eltrombopag, sorafenib, and verteporfin,
although the expression levels of ERK were not affected, indicating an
inhibition of EGFR-dependent signaling (Fig. 4a and b, right). The total
amount of EGFR was decreased by treatment with the five compounds
(Fig. 4c) regardless of EGF stimulation, indicating the destabilization of
EGFR. Furthermore, EGFR was internalized in the cells treated with the
five compounds without EGF, as shown in timelapse TIRF images
(Fig. 4d and Supplementary movie 3) and by quantification (Fig. 4e). In
the case of verteporfin, the photoreactive damage of GFP induced by
repetitive laser irradiation was observed because of the photo-
sensitizing effect of verteporfin (Supplementary Fig. 5a). Further
observations of EGFR-mEGFP at the condition minimizing the photo-
physical effects suggested EGFR internalization (Fig. 4d, e, and Sup-
plementary Fig. 5b, c¢). The examination by immunofluorescence
microscopy of verteporfin supported EGFR internalization, as
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described later. In contrast with these five non-EGFR-TKI compounds,
when treated with the other two compounds, glafenine and nilotinib,
the cells exhibited no reduction of EGF-induced EGFR phosphorylation
or downstream ERK (Fig. 4b) and showed no obvious internalization or
degradation of EGFR (Fig. 4c and e). Thus, the five non-EGFR-TKI
compounds (broxyquinoline, daunorubicin, eltrombopag, sorafenib,
and verteporfin) caused the downregulation of EGFR-related signal

transduction with internalization, even though EGFR phosphorylation
was unchanged. That is, compounds that can alter EGFR signaling
outside tyrosine phosphorylation were successfully selected by the
single-molecule tracking-based screening method.

We next evaluated the effects of the hit compounds on EGFR-
dependent cellular viability by utilizing various cell types that express
EGFR because they are expected to depend on EGFR signaling for their
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Fig. 2 | EGFR mobility-based screening for compounds in an FDA-approved
library. a Evaluation of single-molecule tracking as a screening method. MSDsooms
ratios of EGFR were calculated with and without gefitinib as positive and negative
controls, respectively. Red-shaded regions indicate the MSDsooms ratio obtained
from wells treated with 30 nM EGF and gefitinib (positive control), and the blue-
shaded region indicates wells treated with only EGF (negative control). Single-
molecule imaging began 1 minute after EGF addition. b Target proteins of FDA-
approved compounds in the library. c Effects of compounds on EGFR mobility were
evaluated using the MSDy, ratio in which At provided optimal duration to obtain
the best Z'-factor value in each well plate (Supplementary Fig. 3a). Ratios for

compound-treated cells were normalized to that for untreated cells. Blue lines
denote upper and lower thresholds. The 53 hit compounds beyond the upper
threshold are indicated by the colored and white circles. After further evaluation,
the selected 18 compounds were denoted by colored circles, in which the colors
indicate the type of target protein. d, e The dose-dependency was further evaluated
by referring MSD67ms against a series of compound concentrations. Red and black
circles denote MSD values with and without EGF, respectively. 10 compounds
(except auranofin) suppressed the EGF-dependent decrease in MSD (d), and 7
compounds reduced MSD regardless of the EGF concentration (e). Source data are
provided as a Source Data file.
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survival: A431 and Hela cells, which express endogenous EGFR, and
EGFR-transfected Ba/F3 cells. We also utilized Ba/F3 and CHO-K1 cells,
which do not express EGFR, as controls. Viability assays were carried
out under 10 uM of compound for 72 h. The left panel in Fig. 5a shows
that all hit EGFR-TKIs (i.e., afatinib, erlotinib, gefitinib, lapatinib,
ponatinib, vandetanib, dasatinib and ibrutinib) reduced the viability of
A431 cells and EGFR-transfected Ba/F3 cells, consistent with a depen-
dency on EGFR activity for their survival®*2. Hela cells, which
expressed EGFR 10-fold less than A431 cells®, also exhibited less via-
bility with EGFR-TKI treatment, although they were somehow resistant
to erlotinib and gefitinib, consistent with previous reports* ¢, Similar
to the effects of most EGFR-TKISs, the five non-EGFR-TKI compounds
(broxyquinoline, daunorubicin, eltrombopag, sorafenib, and verte-
porfin) suppressed the viability of the three EGFR-expressing cell
types, while the other two non-EGFR-TKIs (glafenine and nilotinib)
caused higher viability. In the right panel in Fig. 5a, the viability of CHO-
K1and Ba/F3 cells was not significantly suppressed by EGFR-TKIs or the
five non-EGFR-TKI compounds. These observations indicate that the
five non-EGFR-TKI compounds suppress EGFR-dependent cell survival.

The viability of CHO-K1 cells lacking EGFR expression was sensitive to
ponatinib and dasatinib, possibly due to these compounds acting as
TKiIs for other tyrosine kinases as well as EGFR.

We further evaluated the effects of the five non-EGFR-TKI com-
pounds on EGFR signaling in the various cell lines. The EGF-induced
phosphorylation of EGFR was observed with the non-EGFR-TKI com-
pounds in A431, Hela, and EGFR-transfected Ba/F3 cells (Fig. 5b and
Supplementary Fig. 6), although at varying degrees, especially for
verteporfin. The expression level of EGFR tended to be reduced
slightly by the five compounds in A431 and EGFR-transfected Ba/F3
cells but rarely in HeLa cells (Fig. 5¢). Verteporfin, in particular, caused
EGFR-destabilization in EGFR-transfected Ba/F3 cells, which can
explain the reduced EGF-induced EGFR phosphorylation (Fig. 5b).

The stability and internalization of EGFR were further examined in
the EGFR-expressing cell lines by immunofluorescence microscopy, in
which the photophysical effect of verteporfin need not be considered.
Treatment with any of the five non-EGFR-TKI compounds caused a
decrease in EGFR localization on the membrane in A431, Hela, and
EGFR-transfected Ba/F3 cells compared to untreated cell lines (Fig. 5d).
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In particular, eltrombopag, sorafenib, and verteporfin tended to
decrease the total expression level of EGFR, suggesting the inter-
nalization and degradation of EGFR. Figure 5e shows the ratio of EGFR
localization on the plasma membrane and in the cytoplasm of the
EGFR-positive cell lines treated with the non-EGFR-TKI compounds,
revealing the five compounds enhanced the internalization of EGFR. In
contrast, the other two compounds (glafenine and nilotinib) did not
alter EGFR-dependent cell viability (Fig. 5a), EGF-induced EGFR phos-
phorylation (Fig. 5b), the expression level of EGFR (Fig. 5c), or the
membrane localization of EGFR (Fig. 5d and e), indicating no effects on
EGFR-dependent signaling or cell survival, although these compounds
affected EGFR mobility (Fig. 2e). Thus, the hit compounds, which were

glafenine

nilotinib

>
'S
e |
=

selected using EGFR-expressing CHO-K1 cells, were confirmed to
robustly exert inhibitory effects on the EGFR-dependent cell viability
by inducing the internalization and degradation of EGFR in various cell
types including A431, EGFR-transfected Ba/F3, and Hela cells, albeit to
varying degrees.

Overall, the hit EGFR-TKIs that inhibited the phosphorylation-
dependent mobility shift of EGFR reduced the EGFR-dependent via-
bility. The five non-EGFR-TKI compounds (broxyquinoline, daunor-
ubicin, eltrombopag, sorafenib, and verteporfin) that decreased EGFR
diffusion or clusters without EGF, reduced EGFR-dependent cell via-
bility by downregulating EGFR. In contrast, the other two non-EGFR-
TKI compounds (glafenine and nilotinib) that affected EGFR mobility
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Fig. 5 | Effects of compounds on different cell lines. a Viabilities of cell lines
treated with the hit compounds including EGFR-TKIs. Left, EGFR-expressing cell
lines: A431 (red), EGFR-transfected Ba/F3 (light blue), and HeLa (green). Right, non-
EGFR-expressing cell lines: CHO-K1 (gray) and Ba/F3 (orange). Viabilities were
normalized to those of compound-untreated control cells. Asterisks indicate sig-
nificant differences from control (*p < 0.01; two-sided Welch’s t-test, Supplemen-
tary Table 4). b, ¢ Phosphorylation of EGFR (b), which was normalized by that in
cells after EGF stimulation, and EGFR protein expression (c), which was normalized
by that in cells before the stimulation. Compound treatment was carried out with
the indicated compounds for 1 h (dashed bar), and cells were subsequently sti-
mulated with EGF for 2 min (filled bar). Gray lines indicate phosphorylation and
expression levels in compound-untreated cells. Asterisks indicate significant dif-
ferences from control (*p < 0.01; two-sided Welch’s t-test, Supplementary Table 4).
d Immuno-fluorescent images of EGFR in A431, Ba/F3 expressing EGFR, and HeLa
cells acquired at 1 h after the compound treatment. Each cell was recognized by its

nucleus. Because daunorubicin has an auto-fluorescence in the nucleus at 488 nm
excitation, EGFR was observed using a second antibody at 640 nm excitation. For
the other compounds, EGFR was observed at 488 nm excitation (see “Methods”).
Scale bar, 100 pm. Representative images from 6 independent experiments are
displayed. e Internalization was quantified using the average fluorescence inten-
sities of the plasma membrane and cytoplasm regions (& fnem/ Ieyt, S€€ “Methods”).
Values were normalized to that of untreated cells (gray lines). The box-and-whisker
plots show the median as horizontal lines, the first and third quartiles as box ends,
and the whiskers as minimum and maximum values. Data for broxyquinoline,
daunorubicin, eltrombopag, sorafenib, verteporfin, glafenine, and nilotinib were
respectively acquired from 332, 326, 177, 402, 476, 282, 454, and 363 A431 cells;
562,406,322,422,446, 564, and 506 BaF3 cells expressing EGFR; and 466, 321, 220,
353,302, 363, 643, and 496 Hela cells. Source data are provided as a Source
Data file.
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reducing both EGFR mobility and clustering induce EGFR internalization. ¢ The
internalization of EGFR was not observed in cells treated with compounds that
reduced EGFR mobility but not cell viability (glafenine and nilotinib).

without EGF stimulation did not affect the EGFR-dependent signaling
needed for cell survival.

Discussion

Here, we demonstrated single-molecule tracking-based drug screening
to explore compounds effective against EGFR. In addition to the
methods used in previous single-molecule screening for nuclear
receptors®, AiSIS enabled highly precise auto-focusing on the plasma
membrane receptor and uniform TIR illumination for the quantifica-
tion of fluorescence brightness. Our method observed changes in
EGFR mobility and clustering instead of focusing on a specific process
of the signaling, allowing it to detect changes in multiple processes
dependent on the ligand. Because changes in the mobility and cluster
distribution of the target molecule can hardly be measured by bio-
chemical methods but can be observed by single-molecule imaging as
signaling processes, our single-molecule tracking-based screening has
the potential to detect compounds that cannot be detected by con-
ventional methods. Screening by assessing several treatment condi-
tions of ligand/compound led to a wide selection of compounds
affecting EGFR functions that are related or unrelated to EGF stimu-
lation (Fig. 2). Among the hit compounds, those suppressing the EGF-
induced mobility shift of EGFR were identified as EGFR-TKIs, proving
the reliability of the method for drug screening. One of the possible
reasons why EGFR-targeted TKIs can be detected by mobility-based

screening is described in Fig. 6a. Accumulating evidence shows that
EGFR undergoes structural changes during its phosphorylation upon
EGF stimulation and then translocates to a confined membrane region
via interactions with membrane components (lipid, proteins, etc.),
leading to slower receptor mobility”. Changes in the MSD of EGFR
were proven to couple tightly with the phosphorylation in a dose-
dependent manner (Fig. 1f). The competitive docking of TKI to the
ATP-binding pocket of EGFR prevents the receptor from subsequent
structural changes during phosphorylation, which thus suppresses the
decrease in mobility and subsequent signaling processes.

In addition to the detection of EGFR-TKIs, our screening detected
non-EGFR-TKI compounds (i.e., broxyquinoline, daunorubicin,
eltrombopag, sorafenib, verteporfin, glafenine, and nilotinib), none of
which are known to act on EGFR directly. Figure 6b illustrates a scheme
for the broxyquinoline, daunorubicin, eltrombopag, sorafenib, and
verteporfin effects; these compounds commonly reduced mobility,
induced internalization, decreased the expression levels of EGFR, and
affected EGFR-dependent signaling and viability. We assume that these
compounds force EGFR to a specific membrane subdomain where
receptor mobility is lower. EGFR in the membrane subdomains may
internalize via caveolin-mediated endocytosis***. The internalization
exerts a harmful effect on cell viability by suppressing EGFR signaling
for proliferation and survival*®. For example, oxidative processes in
cells are induced by various compounds (e.g., broxyquinoline) and
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have been suggested to affect EGFR signaling®. Previous studies have
shown that broxyquinoline stabilizes hypoxia-inducible factor (HIF)
-1*? to accumulate caveolin-1 in the lipid raft to constitute caveolae®,
which directly interacts with EGFR, suggesting the confined mobility
and internalization of the protein complex including EGFR. In fact, we
confirmed that broxyquinoline increased HIF-1 and the internalization
of EGFR with caveolin in EGFR-transfected CHO-KI1 cells (Supplemen-
tary Fig. 7). Furthermore, some compounds may induce complex for-
mation including EGFR, thereby promoting the internalization and
degradation of EGFR****** In addition, some compounds are reported
to interact with the plasma membrane to possibly alter EGFR
mobility*®*’. Figure 6c¢ illustrates the case of glafenine and nilotinib. No
significant change was observed in the EGFR-dependent viability of
cells treated by these two compounds (Fig. 5). Additionally, the
phosphorylation of downstream proteins was not suppressed, and no
internalization/reduction of EGFR expression occurred (Figs. 4 and 5),
indicating no downregulation of EGFR signaling by these two
compounds.

As described above, the hit compounds obtained in the present
study were categorized into three types based on the observed EGFR
behavior and cell responses, with each type suggested to depend on a
different mechanism of action. The scheme in Fig. 6a, which illustrates
that EGFR-TKIs can be obtained by the mobility-based screening, is
useful for searching for effective TKIs if EGFR mutants resistant to
existing TKIls appear to change their motility upon EGF-stimulated
activation*®, The scheme in Fig. 6b, which was suggested from the five
non-EGFR-TKI compounds, is effective for removing pathogenic cells
that excessively express EGFR, a common phenotype of various can-
cers, by inducing cell death following EGFR internalization. Therefore,
drug repositioning for EGFR drugs may be possible using compounds
that exhibit this scheme. In Fig. 6¢, compounds that do not sig-
nificantly affect cell viability but exert an effect on receptor mobility
might be drug seeds with little cytotoxicity. Besides EGFR, various
types of receptors on the plasma membrane have been reported to
change their mobility according to their activation and the cluster
formation to propagate downstream signaling™*"*°, suggesting that
single-molecule tracking-based drug screening is applicable to a wide
variety of membrane receptors.

Methods

Cell preparation

CHO-K1, A431, and HeLa cells (RIKEN BRC through the National Bio-
Resource Project of the MEXT, Japan) were grown at 37 °Cin Ham’s F-12
medium (CHO-K1) or Dulbecco’s modified Eagle’s medium (A431,
HeLa; DMEM, FUJIFILM Wako Pure Chemical, Japan); both media were
supplemented with 10% fetal bovine serum (FBS). Ba/F3 cells (RIKEN
BRC) and Ba/F3 cells expressing EGFR***' (a kind gift from Dr. Ryo
Iwamoto and Dr. Eisuke Mekata, Osaka University) were cultured at
37°C in RPMI medium supplemented with 10% FBS and 4 ng/mL
mouse IL3 (091-03971, Fuji-Wako, Japan). In the case of Ba/F3 cells
expressing EGFR, 20 ng/mL EGF (315-09, PeproTech, USA) was added
to the medium. The culture medium was replaced with DMEM minus
phenol red or FBS for starvation two hours before single-molecule
imaging when the medium was changed to DMEM containing 5 mM
PIPES. The cells were cultured until 90% confluence and observed in 60
wells of a 96-well plate (GP96000, Matsunami Glass, Japan); the per-
ipheral wells were excluded to avoid interference between the
microscope stage and the objective lens.

A stable CHO-K1 cell line expressing EGFR-mEGFP with an
appropriate molecular density (1-3 pm™) on the basal membrane was
established for single-molecule tracking. A DNA construct linking the
cDNA of human EGFR (Supplementary Data 3, provided by Akihiko
Yoshimura, Keio University) to the pEGFP-C1 vector (Clontech, Japan)
was transfected to parental CHO-K1 cells with 80% confluencyina 6 cm
dish using FUGENE HD (Promega, USA) with 2 g of the construct

mixed with 500 uL of OptiMEM (31985-062, Gibco, USA). A fraction of
cells expressing EGFR-mEGFP was collected using a SH800S cell sorter
(Sony, Japan) 2-3 days after the transfection. By sorting with a 488 nm
laser, cells exhibiting a higher fluorescence intensity than the auto-
fluorescence measured beforehand were selected and isolated. Cell
cloning was carried out using the limiting dilution method, and the
expression level of EGFR-mEGFP was confirmed for each clone using
TIRFM by determining if individual fluorescent spots were distin-
guishable. When the expression level of EGFR-mEGFP was considerably
increased during the passage, the cell sorting and cloning process were
executed again to supply the appropriate cells to single-molecule
imaging. Al-aided cell-searching was applied to the imaging to acquire
images of cells with a suitable molecular density of 0.76 + 0.55 pm™.

Automated in-cell single-molecule imaging system (AiSIS)

AiSIS consists of an automated microscope for single-molecule ima-
ging and robotics for liquid dispensing. Total internal reflection (TIR)
illumination was configurable with a high-magnification objective,
PlanApo 60X NA 1.49 (Nikon, Japan), to acquire single-molecule ima-
ges at the basal cell surface under an inverted microscope (Ti2-E,
Nikon, Japan). Auto Imaging System (ZIDO Corp., Japan), including an
autofocus device and Al-aided cell searching applications, was equip-
ped to automatically obtain in-focus images of the cells with a suitable
density of fluorescent spots for single-molecule analysis. Lasers at
wavelengths of 488 nm (OBIS 488LS, Coherent, USA) were used to
excite GFP fused with EGFR. The dichroic mirror/emission filter set was
DM495/BA500-545 (Nikon, Japan). The images were acquired at a
frame rate of 33 ms for 25 frames using a sSCMOS camera (ORCA-
Flash4.0 V2, Hamamatsu, Japan). A liquid-handling robot (Cavro Omni
Robot, Tecan, USA) automatically sucked 100 pL of two-fold the final
concentration of EGF solution from the well in the storage plate and
dispensed the solution into the target well of the cell culture plate with
100 pL of observation medium.

Autofocus device

The device consists of a light source, magnifier optics, a slit located at
the plane optically conjugated to the basal cell surface, a CCD camera
for acquiring the slit image, and a control unit that feedback-controls
the position of the objective lens (Fig. 1b). An 830 nm laser is used as
the light source, and its incident angle is switched between two values
using a Galvano mirror with a frequency of 10 Hz. The slit image on the
CCD is moved according to the position of the objective lens. When the
objective is located at an under- or over-focus position, the image is
seen at the opposite side across the center, where it is formed by the
objective at the in-focus position (Supplementary Fig. 1a). The center
can be identified quickly as the middle point between two different slit
images obtained by switching the incident angle of the laser 180
degrees. The side of the image corresponds to the z-direction of the
shift of the objective from the in-focus position. The calculated
deviation from the center is transmitted to a control unit to feedback-
control the objective position. The gap difference between the in-focus
positions determined by the device and human eyes can be adjusted
by setting an offset value. Supplementary Fig. 1b shows the flow of the
autofocusing process. This method, using two images with light from
exactly opposite directions, is robust for variations in the sample
condition (e.g., refractive index) that affect the optical path at the
sample-coverslip interface and cause inaccurate focusing by conven-
tional methods. The device can also be applied to normal microscopy,
especially with high magnification. In Supplementary Fig. 1c, another
method for switching the laser direction is introduced. A circular
transparent plate with a thin circular coating (e.g., aluminum) forms
thin light-nontransparent regions inside and outside each half of the
circle. The laser illumination goes through the circles; therefore, when
the plate rotates, the optical path is switched according to the rota-
tional frequency, enabling illumination from opposite directions.
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Single-molecule tracking

Single-molecule tracking was carried out on the acquired images to
obtain the positions and brightness of fluorescent EGFR-mEGFP using
commercial software (Auto Analysis Software, AAS, ZIDO, Japan). The
first process of the tracking was to determine bright spots in the image
by selecting square regions with 11 x 11 pixels beyond a threshold for
cross-correlation between pixel values and the two-dimensional
Gaussian distribution. Then, the spot region was fitted with the fol-
lowing function:

o —x)*+ (¥ -y,
I(x,y:, lo,Xg, ¥4, 04,0, b, Iback) =lyexp {—gz(,zg
A

+(1<X—Xg> +b(y _yg) +Iback'
2

where x and y denote the pixel positions. The distribution of the pixel
values was expressed as a Gaussian function with a peak intensity of /,
at the centroid, (xg, ;) and a variance of o7, plus a background with an
inclination described by a and b above the offset intensity /pgcr. A
single-molecule trajectory was generated by connecting the spots as
follows: all possible connections between two spots at times tand ¢ -1
with a center-to-center distance below 6 pixels were listed, and the
shortest connection was selected. Trajectories outside the cell region
determined by the Al-aided cell search algorithm were removed.

Molecular mobility analysis

The mobility of lateral diffusion was analyzed with the MSD calculated
from the positions of the fluorescent spots with the following equa-
tion:

MSD(nAt) = {{xi(nAH mAt) — xi(mAt)}2 +{yi(nAt + mAt) —y,-(mAt)}Z}

im

3)
Here, x; and y; represent the single-molecule position in the i-th track, n
and m denote the frame number, At is the time interval between frames
(33 ms), and [];,, denotes the average over i tracks and m frames. For
Fig. 1f and g, MSD at At=500 ms was used. The dose-response curve
(Fig. 1f) was plotted as the MSD ratio and fitted using the following
equation to calculate the ECso:

MSD 0 — MSD i

MSD = MSD g — o <EC50)h ' (4)

max

1]

where MSD .4, and MSD,,;, are the MSD ratios of the upper and lower
boundaries, respectively, [L] is the ligand (EGF) concentration, and h is
the Hill coefficient. To display the dose-response curve in comparison
with the phosphorylation level, the MSD ratio was converted as
follows:

MSD,, — MSD

MSD onperted = MSD.—.. — MSD—.
max min

&)

Compounds

The library of FDA-approved compounds (Selleck Chemicals, USA) was
provided in 96-well plates from the Center for Supporting Drug Dis-
covery and Life Science Research, Osaka University, in 2021. 3 pL of
1mM compound in DMSO was dispensed in each well and diluted to
10 pM with DMEM before screening. The medium in 60 wells of the 96-
well plate with cultured cells was replaced to the compound solution
and incubated at 37 °C for 1h. Both sides of the compound-treated
wells (total 2 x 6 wells) were used for the positive and negative controls
(with and without 10 pM gefitinib), respectively.

Single-molecule screening

For the compound screening, single-molecule imaging was executed
on 20 cells before and 20 cells after EGF stimulation. 100 pL of 120 nM
EGF was added to every well (final concentration, 60 nM). The MSD
ratio was used to confirm the quality of the screening and select the hit
compounds. For each plate, we calculated the Z’-factor using the MSD
ratios of the wells with the positive (10 uM gefitinib in DMSO) and
negative (DMSO only) controls. The MSD at At that provided the best
Z'-factor in each well plate was used for Fig. 2c and at 167 ms for Fig. 2d
and e. The average and SD of the MSD ratio of positive and negative
controls were used to calculate the Z'-factor.

3% SDpnsitiue) + (3 x SDnegative)
AUg positive — AUg negative

z’=1—( ©)

Here, Avug and SD respectively represent the averages and SD of the
MSD for the positive and negative controls. In Fig. 2¢c, the MSD ratio for
each compound was normalized to that of the negative control, and
any compound with a ratio greater than the sum of the average and
three-fold SD of the negative control was defined as a hit compound.
For the compound-dose dependent assay shown in Fig. 2d and e, cells
were treated with 100 pL of 10 uM, 1M, 0.1 uM, 0.01 uM, and 0.001 uM
compound solution for 1 h before single-molecule imaging. Regardless
of the EGF addition, when the MSD value was larger than half the
difference of the MSD at the minimum and maximum compound
concentration plus their SD, the compound was recognized as
effective for EGFR.

Cell viability assay

A431, Hela, Ba/F3 with and without EGFR expression, and CHO-K1 cells
in 96-well plates (1860-096, Iwaki, Japan) were incubated in 10 pM
compound solution at 37 °C for 72 h. Compound solutions for the
A431, Hela, and CHO-K1 cells were prepared by diluting stock solu-
tions of compounds in HBSS. The solutions additionally contained EGF
but no IL-3 for Ba/F3 cells expressing EGFR and only IL-3 for Ba/F3 cells
not expressing EGFR. Then, the medium was replaced with 10 pL of
Cell Counting Kit —8 (Dojindo, Japan) diluted in 100 pL HBSS. After 2 h
of incubation, absorption of the medium was measured for each well
with a wavelength of 450 nm using a plate reader (Infinite FSO Plus,
Tecan, USA).

Western blotting

After the compound and/or EGF treatment, the cells were lyzed in SDS
sample buffer. The lysate was electrophoresed on a 10% SDS-
polyacrylamide precast gel (192-14961, SuperSep Ace, 10%, 17well,
FUJIFILM Wako Pure Chemical, Japan) Then, the proteins were trans-
ferred to a 0.45um pore PVDF membrane (034-25663, ClearTrans
PVDF Membrane, Hydrophobic, 0.45um, FUJIFILM Wako Pure Che-
mical, Japan) and reacted with antibodies against the following targets:
EGFR (#4267, Cell signaling technology (CST), USA), phospho-EGFR
(Tyr1068, #4267, CST, USA), AKT (#9272, CST, USA), phospho-AKT
(Ser473, #4060, CST, USA), ERK1/2 (#9107, CST, USA), and phospho-
ERK1/2 (Thr202/Try204, #9106, CST, USA). For chemiluminescent
antibody detection, HRP-linked anti-rabbit IgG (#7074, CST, USA) and
HRP-linked anti-mouse IgG (#7076, CST, USA) were used with ECL
prime reagent (Cytiva, USA). The loading control containing proteins
ranging from 37 to 250 kDa was obtained from the SDS gel stained with
CBB. Quantification of the band densities was carried out using ImageJ
software (NIH). Two squares were set such that one square was placed
in the band and another square was far away from the band, and the
difference in the average intensities of these regions was defined as the
band intensity. The intensity of the anti-phosphorylated antibody was
normalized to that of the anti-protein antibody. The phosphorylation
level was calculated by dividing the normalized intensity of the
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phosphorylated protein for each condition by that for 30 nM EGF
without compound. The EGF dose-response curve was fitted with the
Hill equation as follows:

phosphorylation= min — Mmax — min . )

h
ECsy
1+< 0 )

Here, h indicates the Hill coefficient, max, and min denote upper and
lower bounds, respectively, and [L] is the concentration of the ligand,
EGF. The protein expression amount was calculated by normalizing the
intensity of the protein for each condition by that of the loading
control.

Internalization assay

For quantification of the internalization (Fig. 4d and e), CHO-K1 cells
expressing EGFR-mEGFP in a 96-well plate were treated in compound
solution for 1 h. The compound solutions were the same as those used
in the experiment above. After the compound treatment, timelapse
single-molecule images (Fig. 4d) were acquired by AiSIS at the same
positions in a well every 10 min. For verteporfin, which showed rapid
photobleaching of EGFR-mEGFP as a photophysical effect induced by
repetitive laser irradiation, the images were obtained at the same
positions at only two-time points (O min and 20, 40, 60, or 80 min) to
minimize the effect. In the obtained images, the average brightness
was measured for circled regions of interest (ROI) within a cell and
outside the cell (background). The difference in the brightness
between these regions was calculated for each time point and nor-
malized to the value at time O (Fig. 4e). To consider the effect of
fluorescence bleaching caused by repetitive irradiation by the laser,
timelapse images of the cells without compound treatment were
acquired and analyzed by the same method.

Immunofluorescence microscopy

The compound treatment of A431 and HelLa cells cultured in 24-well
plates was carried out in 10 pM solutions for 1 hour at 37°C after the
cells were incubated in DMEM without FBS for 6 hours. Subse-
quently, the compounds were washed out with HBSS, and the cells
were fixed with 4% PFA for 30 min at 4 °C and solubilized with 0.5%
Triton X100 in HBSS at room temperature, followed by washing with
HBSS three times and left at 4 °C overnight. After the blocking
process with HBSS containing 2% BSA for 15 min, 1:300-diluted anti-
EGFR antibody (#4267, CST, USA) or 1:10,000-diluted anti-caveolin
antibody (#3267 T, CST, USA) was added as the primary antibody for
1hour at room temperature. The cells were washed with HBSS three
times and labeled with 1:1000 anti-IgG antibody conjugated with
Alexa 488 or Alexa 647 (#A-11034 or #A-21244, respectively, Invi-
trogen, USA) for 1 h at room temperature. The nucleus was fluores-
cently labeled with 0.05% NucSpot Live 650 (Biotium, USA) for
30 min at room temperature. Observation of the samples was done
by confocal microscopy (Nikon Al) with a 20X objective lens (Nikon
PalnApo) operated with NIS elements software (Nikon). The pre-
paration process for EGFR-transfected Ba/F3 cells was almost the
same as that for other cells, except that floating cells in Eppendorf
tubes were centrifuged with 800 x g for 2 min to replace the super-
natant after every step. For the observation, the cells were sus-
pended in HBSS in a 96-well plate. The obtained images were
analyzed by quantifying the fluorescence intensity of the plasma
membrane and cytoplasm to calculate the ratio of EGFR in these
regions. The regions of the plasma membrane and cytoplasm were
identified as the area within 5 pixels inside the cell boundary, which
was determined with Cellpose 3.0, and the other pixels within the
cell, respectively. The average fluorescence intensities of the plasma
membrane (Fynem), the cytoplasm (F.y.), and background area (Fyck)
where no cells existed were obtained to calculate the ratio, /mem/

leyt = (Fmem ~ Focl)/(Fey: — Foel), as the extent of internalization. In
addition, the decrease in total EGFR in a cell due to degradation was
taken into account as the intensity ratio of the whole cell with to
without compound treatment &= (Farug — Fock)/(Fetri = Focl). The
product of this ratio (& /mem/lcyr) includes both the internalization
and degradation effects of a compound, which correspond to the
fluorescence change in the obtained image. The calculations were
performed using a custom-made program written in Python 3.8.18.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All other data supporting the
findings of this study are available in the Supplementary Information
file and from the corresponding author upon request.

Code availability

All Python and Image]J scripts supporting the findings of this paper are
available upon reasonable request. The code used in this paper is
deposited in the GitHub repository at https://github.com/d-watana/
Single-Molecule-Imaging-Data-Analysis.
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