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ABSTRACT

Traditional drug discovery efforts have resulted in the approval of a
handful of receptor tyrosine kinase (RTK) inhibitors; however, their
discovery relied solely on screening recombinant kinases, often with
poor cellular activity outcome. The ability to screen RTKs in their natural
environment is sought as an alternative approach. We have adapted a
novel strategy utilizing a green fluorescent protein-labeled SRC ho-
mology 2 domain-based biosensor as a surrogate reporter of endoge-
nous epidermal growth factor receptor (EGFR) activity in A549 cells.
Upon activation of the receptor, EGFR function in live cells is measured
by the number of green granules that form. Here we describe assay
miniaturization and demonstrate specificity for EGFR through its che-
mical inhibition and RNAi-dependent knockdown resulting in complete
abrogation of granule formation. Gefitinib and PD 153035 were iden-
tified as hits in a pilot screen. This approach allows for the identification
of novel EGFR modulators in high-throughput formats for screening
chemical and RNAi libraries.

INTRODUCTION
eceptor tyrosine kinases (RTKs) constitute a subclass of
signaling receptors anchored at the cell surface, with in-
trinsic tyrosine kinase activity triggering transduction
signals in response to ligand binding. They regulate crucial
cellular processes such as proliferation, differentiation, survival,
migration, and metabolism, and for this reason RTK activity is tightly
regulated in normal cells. In contrast, aberrant RTK activity resulting
from receptor mutation is involved in oncogenesis and in the pro-

gression of many cancers.' Therefore, RTKs constitute an important
class of targets for cancer therapeutics and several small molecule
RTK inhibitors (RTKis) have reached widespread use in the clinic. In
particular, RTKis such as gefitinib targeting epidermal growth factor
receptor (EGFR), which is commonly overexpressed and constitu-
tively activated in human cancers, trigger a good initial response in
patients for the treatment of non-small-cell lung cancer (NSCLQ).2
However, resistance to RTKis has emerged as a major clinical prob-
lem, limiting the efficacy of currently available RTKis targeting ki-
nase activity and their use in cancer patients.’

Novel inhibitors of RTKs are therefore needed because today’s
approaches to their identification rely on screening purified recom-
binant kinase domains in vitro against large kinase-focused or
fragment-based chemical libraries. Though this traditional approach
provided some success in identifying kinase inhibitors that later
progressed to the clinic and were approved as drugs for the treatment
of cancer, it suffers from several limitations, with the most detri-
mental one being the identification of potent hits in vitro with poor
cellular activity. In addition, these in vitro assays allow for the
identification of inhibitors of the recombinant kinase domain, while
ignoring signaling events associated with RTK activation and inter-
nalization in cells. Therefore, it raises the question for finding al-
ternative approaches to screen for novel potent and cell-permeable
modulators.

Current approaches to quantify EGFR activation in cells mainly
rely on immunoblots and microarrays. Detecting phosphorylated
EGFR by immunoblotting is time consuming, labor intensive, and not
easily amenable to large-scale studies.* For this reason, micro-
Western arrays have been developed, in theory allowing for much
higher throughput;* however, Western blotting inherently requires
cell lysis and protein extraction, which prevents EGFR activity
measurement directly in cells and precludes the method’s use for live
cell studies.

Another approach relies on microarray-based platforms, which
aim at probing the abundance of phosphorylated EGFR on a solid
substrate in a large number of samples in miniaturized formats.>®
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Microarray data, however, are prone to substantial noise, and side by
side experiments with Western blots demonstrated poor correlation
between lysate microarrays and immunoblots for the detection of
phosphorylated EGFR.*® An alternative microarray method relying
on fluorescence resonance energy transfer (FRET) measurement by
fluorescence lifetime imaging microscopy was developed to detect
phosphorylated tyrosines in a panel of proteins including EGFR.” A
limitation of this method lies in the requirement for fluorescent-
tagged proteins for detection and therefore it is not amenable to
measuring endogenous EGFR activity; in addition, it requires cell
lysis similar to the antibody-based approaches already described and
it is therefore not compatible with live-cell measurements.

Other reported cell-based assays in microtiter plate formats in-
clude immuno-histochemical methods such as the in-cell Western
system,® which requires a dedicated scanner employing two near-
infrared lasers and detectors, or the use of automated fluorescence
microscopy to measure EGFR phosphorylation.” Such approaches
rely on immunostaining and therefore do not allow measurements of
EGFR activity in live cells. An alternative reported method provides
an indirect measure of receptor activation by relying on measuring
the translocation of a downstream effectors as surrogate assay re-
ceptors.'® To date, despite the large number of studies aiming at
measuring EGFR activation in cells, there is no assay available that
allows the identification of novel EGFR modulators in live cells in
high-throughput format.

Ligand binding to RTKs triggers changes to the receptor confor-
mation through homodimerization of the receptor, leading to the
activation of intrinsic tyrosine kinase activity in cells. Subsequently,
adaptor or signaling molecules with SRC homology 2 (SH2) bind to
phosphotyrosines and recruit downstream signaling proteins. In or-
der to develop an alternative screening method that would allow
measurement of RTK activity in live cells, we devised a strategy
taking advantage of the high affinity of SH2 domains to RTKs. It
relies on the expression of an SH2 domain protein with high affinity
for RTKs, fused to green fluorescent protein (GEP).'' We hypothe-
sized that upon ligand binding, RTK activation and phosphorylation
of tyrosine residues would lead to the recruitment of the fluorescent
SH2 domain-based biosensor, followed by receptor endocytosis and
recycling. Imaging of receptor clustering and endocytosis allowed by
the recruitment of our fluorescent domain-based biosensor would
enable us to visualize and quantify granule formation as a surrogate
measure for endogenous RTK activity in live cells. If successful, it
would offer significant advantages over existing assays in that it does
not require EGFR modification but rather allows measurement of
endogenous EGFR function in its natural environment, in real time,
and in live cells.

To validate our strategy, we introduced the biosensor domain into
the A549 cell line, resulting in an engineered and stable A549 EGFR
biosensor cells (A549-EGFRB cells); we further demonstrated granule
formation in live cells and their subsequent intracellular trafficking
upon addition of epidermal growth factor (EGF) to resting cells. In
this report, we describe assay miniaturization to 384-well format and
its optimization for screening chemical libraries. We present the re-
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sults of a study with a panel of 26 known effectors to validate our
newly optimized assay and discuss the broad applications of the
strategy for chemical and RNAIi screening for modulators of endog-
enous RTK function in live cell models.

MATERIALS AND METHODS
Reagents

A549-EGFRB cells'' derived from mutant KRAS and wild-type
EGFR human lung adenocarcinoma cells, were obtained from Sigma-
Aldrich and were cultured under a humidified atmosphere at 37°C/
500 C0,-95% air in RPMI-1640 media (Sigma-Aldrich: R0883)
containing 10% fetal bovine serum (PAA Laboratories GmbH: 100-
125), 100U/mL penicillin, 100 pg/mL streptomycin, and 1 pg/mL
puromycin. The sources of RTK ligands and cytokines are described
in Supplementary Table S1 (Supplementary Data are available online
at www.liebertonline.com/adt). Dharmafect-1 was purchased from
Thermo Fisher Scientific. The anti-EGFR mouse monoclonal anti-
body (mAb) conjugated to AF647 was purchased from Santa Cruz
Biotech (Santa Cruz, CA). EGFR siRNA (guide sequence: AUUUCU
CAUGGGCAGCUCCTT; passenger sequence: GGAGCUGCCCAUGA
GAAAUTT) was custom synthesized at the High-Throughput
Screening (HTS) Core Facility, Memorial Sloan-Kettering Cancer
Center (MSKCC). Silencer select negative control 1'2 referred to as
“scrambled siRNA” in this article was purchased from Ambion.
Paraformaldehyde was obtained as a 32% (v/v) aqueous solution (cat.
no. 15714-S) from Electron Microscopy Sciences. Other reagents
were obtained as previously described."?

EGFR Knockdown

A549-EGFRB cells were seeded either in 384-well microplates
(#3985, Corning Life Sciences) at 2000 cells per well or in chambered
coverglass (Labtek II chambered #1.5 german coverglass system,
Nunc) at 40,000 cells per chamber in media without penicillin or
streptomycin and incubated for 24 h at 37°C. Scrambled siRNA and
EGFR siRNA complexes were preformed for 15min at room tem-
perature by mixing Dharmafect-1 transfection reagent and the siRNA
in optiMEM prior to addition to cells at a final siRNA concentration of
100nM and 0.1 uL Dharmafect-1 reagent per well or 0.5puL per
chamber. Four days post transfection, cells were fixed with 4%
paraformaldehyde (v/v) in phosphate-buffered saline (PBS) for
20 min at room temperature and washed once with PBS, stained, and
imaged 70 min following 500 nM EGF stimulation.

EGFR Immunostaining

A549-EGFRB cells were seeded either in 384-well microplates at
5000 cells per well or in chambered coverglass at 100,000 cells per
chamber and incubated at 37°C. At 16 h post cell seeding, the media
was aspirated, fresh media containing 500 nM EGF was added, and
cells were incubated at room temperature for 70 min. Cells were then
fixed with 4% paraformaldehyde (v/v) in PBS for 20 min at room
temperature and washed once with PBS. Permeabilization and nuclei
staining were then performed by incubating cells for 10 min at room
temperature with 10 pM Hoechst in 0.05% (v/v) Triton X-100 in PBS.
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After two PBS washes, cells were blocked with 10% goat serum in
PBS for 1.5h at room temperature, followed by immunostaining of
EGFR using mouse anti-EGFR conjugated to Alexa647 mAb diluted
1:20 in 1% goat serum (v/v) in PBS for 1h. After two washes with
PBS, cells were kept at 4°C in the dark before imaging.

Image Acquisition

Images of cells in 384-well microplates were acquired as previ-
ously described'? by using the following two IN Cell Analyzer plat-
forms (GE Healthcare): the automated epifluorescence IN Cell
Analyzer 2000 (INCA2000) and the line-scanning confocal auto-
mated microscope IN Cell Analyzer 3000 (INCA3000). Imaging on the
INCA2000 was performed at 20 X /0.45NA magnification. Images of
nuclei stained with Hoechst in the blue channel were acquired using
350/50 nm excitation and 455/58 nm emission at an exposure time of
100 ms. Images of GFP in the green channel were acquired using 490/
20 nm excitation and 525/36 nm emission, and GFP was imaged at an
exposure time of 1.2 s. Imaging on the INCA3000 was performed at
40 % [0.6NA objective magnification. Images of nuclei stained with
Hoechst in the blue channel were acquired using 364-nm excitation
and 450/65-nm emission in the blue channel at an exposure time of
1.5 ms. Images of GFP in the green channel were acquired using 488-
nm excitation and 535/45-nm emission at an exposure time of
1.5ms. Images of EGFR immunostaining in the red channel were
acquired using by 647-nm excitation and 695/55-nm emission at an
exposure time of 1.5 ms.

High resolution images of A549-EGFRB cells on chambered
coverglass were acquired at MSKCC’s Molecular Cytology Core
Facility using a Leica TCS AOBS SP2 point-scanning confocal mi-
croscope (inverted stand) at 100 x objective magnification using a
Leica HCX PL APO oil immersion objective (1.4-0.7NA). Images of
nuclei stained with Hoechst in the blue channel were acquired using
405-nm excitation and 410- to 475-nm emission. Images of GFP in
the green channel were acquired using 488-nm excitation and 495-
to 550-nm emission. Images of EGFR immunostaining in the red
channel were acquired using 633-nm excitation and 640- to 750-
nm emission.

Image Analysis

Images acquired by the INCA2000 were analyzed with the De-
veloper Toolbox 1.7 software (GE Healthcare) by using a custom-
developed image analysis protocol. GFP granules were identified
using object-based segmentation on the green channel. Hoechst-
stained nuclei were identified after post processing by using object-
based segmentation on the blue channel. Automated image analysis
using our custom-developed protocol allowed us to extract granule
and nuclei counts, which were used for quantification of EGFR
function and cytotoxicity, respectively. Granule count corresponds
to the total granule count for imaged cells.

Assay Development and Validation

To optimize cell-seeding density, A549-EGFRB cells were seeded
in 384-well microplates using an automated Multidrop 384 dispenser
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(Thermo Scientific) at a range of cell-seeding density covering 1000-
10,000 cells per well. After 16 h, EGF was added at 100 nM final
concentration in media, with media alone being added to control
wells. After 70 min of incubation in a Cytomat automated tempera-
ture- and humidity-controlled incubator (Thermo Scientific) at 37°C
and 5% CO,, GFP was imaged using the INCA2000, and granule count
was quantified as previously described.

To optimize EGF concentration and induction time, A549-EGFRB
cells were seeded in 45 pL of tissue culture media using Multidrop 384
in 384-well microplates at the optimal cell density of 5000 cells per
well and incubated in Cytomat. After 16 h, EGF was added at 12
doubling dilutions from 1 puM final concentration as the upper limit.
Plates were then incubated in Cytomat for 10, 30, or 70 min. At each
time point, GFP was imaged using the INCA2000 and granule count
was quantified as described above.

To assess the specificity of induction of GFP granule formation in
our assay, A459-EGFRB cells were seeded at 2000 cells per well in
384-well microplates using Multidrop and transfected with scram-
bled or EGFR siRNA as already described. Four days post transfection,
the media was aspirated using an automated plate washer ELx405
(Biotek Instruments) and replaced with media containing the tested
ligands at three concentrations (Supplementary Table S1). After
70 min of incubation, cells were fixed with 4% paraformaldehyde
(v/v) in PBS for 20 min at room temperature and washed once with
PBS using the automated plate washer. GFP granules were imaged
and quantified as previously described.

Assay Control Run

The optimized assay performance was assessed in a control run
consisting of three 384-well microplates that contained 1% di-
methylsulfoxide (DMSO) (v/v) for the high control and three 384-well
microplates that contained 10 uM gefitinib in 1% DMSO (v/v) for the
low control. Five microliters of 10% DMSO (v/v) were added to the
high control plates and 5 pL of 100 uM gefitinib in 10% DMSO (v/v)
were added to the low control plates with a custom-designed 384
head on a PP-384-M Personal Pipettor (Apricot Designs). A549-
EGFRB cells were added to the plates in cell culture media using
Multidrop 384 at the optimized density of 5000 cells per well and
incubated in Cytomat for 16 h. The cell culture media was then as-
pirated using the automated plate washer and replaced with media
containing 500 nM EGF. Plates were further incubated in Cytomat for
70 min as previously optimized, and cells were fixed and imaged as
already described.

Pilot Screen

A pilot screen with the panel of 26 effectors was conducted by using
12-point doubling dilutions with 10 and 1 M compound concentra-
tion in 1% DMSO (v/v) as the upper limit. The panel of effectors used in
this study was assembled by purchasing 26 compounds with various
known targets or specificity commercially available from various
sources (Supplementary Table S2). Serial doubling dilutions of com-
pounds were prepared as previously described.'? Controls consisted of
1% DMSO (v/v) (high control) and 10 uM gefitinib in 1% DMSO (v/v)
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Table 1. Workflow of the Optimized Epidermal Growth Factor Receptor
Biosensor Assay

and Poly(Glu,Tyr) substrate were present in all
wells at 100nM, 50 uM, and 50 uM, respec-
tively. Compound dose response was assessed
in duplicate by using 12-point doubling dilu-
tions with 10 and 1 puM compound concentra-
tion in 1% DMSO (v/v) as the upper limit.
Controls consisted of 1% DMSO (v/v) (fully
uninhibited high control) and 10 pM gefitinib
in 1% DMSO (v/v) (fully inhibited low control).
Assays were carried out in white 384-well mi-
crotiter plates (Corning # 3570, Corning, NY),
in which 1 pL of each compound dilution was
initially transferred by using a PP-384-M Per-
sonal Pipettor. To this, 1 pl of a 1 pM solution of
EGFR kinase was added and allowed to pre-
incubate for either 10 or 60 min in the assay
plate at 4°C prior to starting reactions via the
addition of both substrates to a final assay
volume of 10 pL per well. Reactions were in-
cubated at 25°C for 30 min before stopping the
assay through the addition of 10 pL of ADP Glo
reagent from the ADP Glo Kinase Assay kit to
each well. Assay plates were incubated at 25°C
for an additional 40 min to fully deplete the
residual ATP. Finally, 20 pL of kinase detection

Step Parameter Value Description
1 Library compounds 5ul 100 uM in 10% DMSO (v/v)
2 Low control 5ul 100 uM gefitinib in 10% DMSO (v/v)
3 High control 5uL 10% DMSO (v/v)
4 Cell plating 45l 5000 A549-EGFRB cells in cell culture RPMI
1640 media
5 Incubation time 16h 37°C, 5% CO,
6 Incubation time 70 min 500 nM EGF stimulation in cell culture RPMI
1640 media
7 Fix 50 pL 4% PFA for 20 min
8 Wash 50 pL Two times with 1x PBS
9 Nuclear staining 50 pl 10 uM Hoechst in 1x PBS for 10 min
10 Wash 50 pl Two times with 1x PBS
1 Assay readout 350 nm/455nm and 20 objective imaging using IN Cell Analyzer
490 nm/525nm (ex/em) | 2000 microscope system
12 Image analysis — Multiparametric analysis using Developer
Toolbox 1.7 software
Step Notes

1-3. Dispensing with the PP-384-M Personal Pipettor using a custom 384 head.
4. Cells diluted in media and dispensed into 384-well assay plate with Multidrop 384.
5,6. 384-well assay plates stored in the Cytomat automated temperature-controlled incubator .
6-10. Aspirating with the ELx405 washer and dispensing with the Multidrop 384.
11. Readout performed on an automated platform; 19s per well with total imaging time of 120 min per

384-well microtiter plate.

DMSO, dimethylsulfoxide; EGF, epidermal growth factor; PFA; PBS, phosphate-buffered saline; ex/em,

excitation and emission.

(low control). The assay was performed according to our optimized
workflow (Table 1). Dose-response curves were fitted using logistic
four-parameter sigmoid regressions using SigmaPlot (Systat Software
Inc.) to calculate half maximal inhibitory concentration (ICso) and half
maximal effective concentration (ECso) values. Data from one repre-
sentative experiment is presented for dose response in the EGFR
granule assay, and each data point corresponds to the mean of two
replicates for data from the EGFR kinase assay. The standard error
corresponds to the standard error of the regression.

ADP Glo EGFR Kinase Assay

Compounds displaying activity in the EGFR biosensor assay were
confirmed by dose response against purified EGFR tyrosine kinase
(Carna Biosciences) in the ADP Glo kinase assay (Promega Cor-
poration). In vitro assays were carried out in 25 mM Hepes-NaOH, pH
7.5, containing 10 mM MgCl,, 2 mM tris(2-carboxyethyl)phosphine,
20 mM B-glycerol phosphate, and 100 mM NaVO0,. EGFR kinase, ATP,

reagent was added to each well and the plates
incubated at 25°C for a further 60 min. Lumi-
nescence signal was detected by using a
LEADseeker™ Multimodality Imaging System
(GE Healthcare) as previously described.'* ICy,
values were calculated from a fit to a four-pa-
rameter logistic model for inhibition as already
described. The mean data from duplicates are
presented and the error bars correspond to the
standard error of the regression for dose-re-
sponse curves and to the standard error of du-
plicates for bar graphs.

RESULTS

Our strategy for the development of a method enabling screening
for RTK modulators in live cells relies on the expression of an SH2
domain protein with high affinity for a given RTK fused to a fluo-
rescent protein. As a proof of concept, we developed an EGFR bio-
sensor consisting of the TagGFP green fluorescent protein fused to
two tandem SH2 domains from adapter protein Grb2 stably expressed
in A549 human lung carcinoma cells. Upon ligand binding, EGFR
homo- and heterodimerization induces EGFR activation and phos-
phorylation of tyrosine residues in the C-terminal cytoplasmic do-
main, which in turn leads to the recruitment of adaptor proteins such
as Grb2 and phosphatidylinositol-3-kinase for signal transduction,
followed by receptor clustering, endocytosis, recycling, and/or deg-
radation. We hypothesized that in A549 cells stably expressing the
SH2-TagGFP fusion protein (A549-EGFRB cells), addition of EGF
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would lead to the concomitant recruitment and clustering of the
EGEFR biosensor, enabling live imaging and quantification of granule
formation as a surrogate for measuring endogenous EGFR activity. In
contrast, in presence of an EGFR inhibitor or upon knockdown of
EGFR expression, granule formation would be abrogated, allowing us
to quantify the inhibition of EGFR function in live cells using au-
tomated image analysis (Fig. 1A).

To test our hypothesis, we imaged the A549-EGFRB cells stained
for nucleus and EGFR using confocal microscopy (Figs. 1B, C). In the
absence of EGF stimulation, the homogenous distribution of fluo-
rescence in the green channel showed that the EGFR biosensor was
evenly distributed throughout the cytoplasm, while EGFR was lo-
cated at the cell surface as expected (Fig. 1B). In contrast, upon EGF
addition, granule formation was observed in the GFP channel and co-
localization of the GFP granules with EGFR indicated that the EGFR
biosensor was recruited by EGFR upon receptor activation (Fig. 1C).

This important result indicates that the EGFR biosensor accurately
reports EGFR activation upon EGF addition.

To further characterize our novel assay, we imaged A549-EGFRB
cells stained for nucleus and EGFR at high resolution of 100X ob-
jective magnification (Fig. 2). As expected, cells treated with the
DMSO control showed that the EGFR biosensor was evenly distrib-
uted in the cytoplasm in the absence of EGF stimulation (Fig. 2A). In
contrast, upon EGF addition, granules in which GFP and EGFR co-
localized indicated recruitment of the EGFR biosensor by EGFR upon
receptor activation as previously observed (Fig. 2B). To assess the use
of the EGFR biosensor cell line to identify modulators of EGFR
function, we treated the A549-EGFRB cells with the EGFR kinase
inhibitor erlotinib (Figs. 2C, D).'® As expected, and even in presence
of EGF stimulation, the absence of receptor activation was observed
by the absence of GFP granule formation and even distribution of the
EGFR biosensor in the cytoplasm. In addition, in cells treated with

Control

EGFR inhibition

EGFR knockdown

! EGFR

!! activated EGFR
% EGF

) EGFR inhibitor

A549-EGFRB cells (-EGF)

GFP Hoechst

Fig. 1. Epidermal growth factor receptor (EGFR) biosensor assay principle. (A) Schematics demonstrating the principle of the EGFR
biosensor assay with A549 EGFR biosensor (A549-EGFRB) cells in the absence and presence of EGF stimulation. Green fluorescent protein
(GFP) expression is diffuse in the cytoplasm in the absence of epidermal growth factor (EGF) stimulation, and EGF addition leads to the
recruitment and clustering of the EGFR biosensor, enabling live imaging and quantification of granule formation as a surrogate for
measuring endogenous EGFR activity. EGFR biosensor activation by EGF is prevented by small molecule EGFR inhibitor and by EGFR
knockdown using RNAI. (B, C) EGFR biosensor activation is induced by EGF and reports EGFR activation. A549-EGFRB cells imaged with the
confocal microscope INCA3000 at 40x objective magnification in the absence (B) or presence (C) of EGF stimulation. Green channel: EGF
biosensor (GFP); blue channel: Hoechst staining of nuclei; red channel: immunostaining of EGFR and overlay of three channels. (Continued)
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A549-EGFRB cells (+EGF)
GFP
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Fig. 1. (Continued).

DMSO control previously transfected with EGFR siRNA inducing
EGFR knockdown as demonstrated by the absence of EGFR staining
(Figs. 2E, F), no granule formation was observed in the GFP channel,
either in the absence or presence of EGF. This result shows that the
clustering of the EGFR biosensor in presence of EGF is dependent on
EGFR expression and demonstrates that the EGFR biosensor specif-
ically reports EGFR activation. Taken together, our findings show
that the EGFR biosensor activation is abrogated both by inhibition
with erlotinib and by RNAi-mediated EGFR knockdown, and strongly
suggest that the observed granule formation is a true representation
of EGFR activation and trafficking in live cells.

Having achieved a strong degree of validation as to the reporter
activity and the EGFR status in cells, we miniaturized the assay into a
384-well format for high-content screening. In this format, micro-
plates were fixed and imaged post activation with EGF using auto-
mated microscopy for the Hoechst and the GFP channels. Automated
image analysis yielded nuclei count for the Hoechst channel and
granule count readout for the GFP channel. Measuring granule count
in the presence or absence of EGF stimulation for a cell density range
of 1000 to 10,000 cells seeded per well led to the expected obser-
vation that granule count increased with the number of cells seeded
until it reached maximum saturation at 7000 cells due most likely to
cellular confluency at this density and beyond (Fig. 3A). Based on
this result, we selected 5000 cells per well as the optimal cell seeding
density. We assessed the effect of EGF concentration and duration of
EGF stimulation on biosensor activation and we found that granule
formation upon EGF addition is time and concentration dependent
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Fig. 2. EGFR granule forming activity is inhibited by small mole-
cules and RNAi knockdown. High resolution confocal imaging
microscopy was performed at 100X objective magnification of
A549-EGFRB cells in the absence and presence of EGF stimulation.
Images of A549-EGFRB cells treated with 1% DMSO (v/v) control,
10 uM erlotinib in 1% DMSO (v/v), or 1% DMSO (v/v) control pre-
viously transfected with EGFR silencing siRNA. Each image is the
overlay of the blue channel: nuclei; green channel: EGFR biosensor
(GFP); and red channel: EGFR immunostaining.

(Fig. 3B). This result further demonstrates the specificity of the EGFR
biosensor for EGFR. We selected 500 nM EGF for an exposure time of
70 min as the optimal assay conditions, since this combination of
EGF concentration and exposure time yielded the largest granule
count for the assay. To test the specificity of induction of our EGFR
biosensor, we treated A549-EGFRB cells with a panel of RTK ligands
and cytokines (Supplementary Table S1). Significant granule for-
mation was only induced by EGF and not by the ErbB3/4 ligand
heregulin-B1 or by any of the tested RTK ligands and cytokines (Fig.
3Q). In addition, granule formation induced by EGF was completely
abrogated by RNAi-mediated EGFR knockdown, demonstrating that
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biosensor activation is highly specific to EGF. Altogether, our results
demonstrate that the newly miniaturized and optimized assay spe-
cifically reports on the EGFR function and seems to be highly specific
for EGF as the stimulant of activation.

To assess the robustness of our miniaturized assay, we performed a
control run consisting of three 384-well microplates that contained
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1% DMSO (v/v) measuring maximum granule formation as the high
control of the assay and three 384-well microplates that contained
10 uM gefitinib in 1% DMSO (v/v) measuring complete inhibition of
granule formation as the low control of the assay using our optimized
assay workflow (Table 1). We observed an acceptable variability for
both the high and low controls data points, with a coefficient of
variation of 13% and 149% for the high and low controls, respectively.
An average granule count of 10,700 for high controls compared to
500 for low controls for an average of 1200 imaged cells for both the
high and low controls translated into a noise ratio of 21:1 and a
calculated Z’' value of 0.56, indicative of good assay performance and
robustness.

To further assess assay sensitivity in identifying modulators of
EGFR function, we performed a pilot screen against a panel of 26
known effectors including EGFR inhibitors (Supplementary Table
S2). Remarkably, out of the 26 compounds in the panel, only four
compounds were found to significantly reduce granule formation;
these were dasatinib, calyculin A, PD 153035, and gefitinib (Fig. 4A).
Dasatinib and calyculin A were subsequently found to be very cy-
totoxic to the A549 cells as measured by the reduction in nuclei count
(Fig. 4B), highlighting the advantages of this high-content assay and
providing on-the-fly elimination of unwanted cytotoxic compounds.
The EGFR inhibitors PD 153035 and gefitinib, on the other hand,
inhibited granule formation with ICso values of 2.2 and 19 nM, re-
spectively, and without any observed cytotoxic effects on the A549
cells for the duration of the assay (Figs. 4C, 5A, 6A). Interestingly,
two compounds were found to increase granule formation; namely,
the antimalarial drug quinacrine and the pan-active RTKi sunitinib
with ECs, values of 150 nM and 2.6 uM, respectively (Figs. 4C, 5B).
Close inspection of their respective images revealed that their uptake
and intracellular accumulation in the A549 cells appear to cause
them to fluoresce in the GFP channel and display granule-like bodies
in the cells, hence their high score in granule formation (Fig. 6B).

Fig. 3. EGFR biosensor characterization and assay miniaturization. (A)
Optimization of A549-EGFRB cell seeding density leading to the se-
lection of 5000 cells per well for the assay in 384-well format. In this
box plot summarizing all replicate data (n=48), the bottom and top of
the box represent the 25th and 75th percentiles, crossed by the
median line. The end of whiskers below and above the box indicate
the 10th and goth percentiles. The outlying points show the 5th and
95th percentiles. White boxes correspond to 100 nM EGF stimulation
and black boxes correspond to no EGF stimulation control. (B) Dose
response of GFP granule count as a function of EGF concentration and
duration of EGF stimulation in 384-well format, leading to the selec-
tion of 500 nM EGF stimulation for 70 min as the optimal conditions
for the assay. The tested durations of EGF stimulation were 10 (V¥), 30
(O), and 70 min (e), along with no EGF stimulation control (A). The
data presented correspond to one representative experiment. (C) Bar
graph of granule count following treatment with RTK ligands and
cytokines at three concentrations (D1, D2, D3), following transfection
with scrambled or EGFR siRNA in a 384-well format. The data pre-
sented are means*standard error of replicate wells (7=8). TGF-a,
transforming growth factor-o;; TNF-o,, tumor necrosis factor o; PDGF,
platelet-derived growth factor; IGF, insulin-like growth factor.
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Fig. 4. Pilot screen against a panel of 26 known effectors. (A) and (B) The results are presented as a heatmap to show the performance of
the panel of 26 effectors that prevent granule formation (green) or are cytotoxic (blue) or inactive in the assay (black). Cytotoxic and
fluorescent compounds are highlighted. (C) Summary table of the panel of 26 effectors tested in the EGFR biosensor assay summary of 1C,,
and EC,, data for dose-response curves fitted using logistic four parameter sigmoid regression. In the EGFR kinase assay, IC,, values were
assessed following 10 min of pre-incubation of the compound with the enzyme (*) or 60 min (*). The standard error corresponds to the
standard error of the regression. Cytotoxicity is assessed based on the nuclei count, and a compound was deemed cytotoxic if the imaged
nuclei count was less than 50% of the DMSO control wells. 2,4-Thiazolidinedione is the abbreviated name for 3-(2-aminoethyl)-5-((4-
ethoxyphenyl)methylene)-2,4-thiazolidinedione. NE, no effect; ND, not determined; NA, not applicable; PI3K, phosphatidylinositol-3-
kinase; PDGFR, platelet-derived growth factor receptor; PKC, protein kinase C; VEGFR, vascular endothelial growth factor receptor.
(Continued)
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C
. . o EGFR granule assay EGFR kinase assay ) o

Inhibitor Main target/Specificity Reference ICso (M) | ECso (M) | ICeo (M) | ICsp (NM)* Cytotoxic effect | Optical interference
PD 153035 EGFR 20 22+09 N.A. 67+14 51+08 no no
Gefitinib EGFR 24 19+5.2 N.A. 108+2.0 10+04 no no
Erbstatin analog EGFR 16 N.E. MN.A. MN.E. N.E. no no
Lavendustin A EGFR 17 MN.E. N.A. N.E. MN.E. no no
Imatinib Abland PDGFR 25 MN.E. N.A. N.D. N.D. no no
Vatalanib VEGFR 26 N.E. MN.A. MN.D. N.D. ne no
DMPQ PDGFR 27 MN.E. M.A. N.D. N.D. ne no
sSuU4312 VEGFR and PDGFR 28 MN.E. N.A. N.D. N.D. no no
Go 6976 PKC 29 M.E. N.A. N.D. N.D. no no
Midostaurin, PKC412 |PKC 30 N.E. MNA. ND. N.D. no no
Apigenin Broad kinase inhibitor 3 MN.E MN.A, N.D N.D no no
SL3z27 MEK1 and MEK2 32 N.E N.A. N.D N.D no no
2 4-thiazolidinedione  |ERK 33 N.E N.A N.D N.D no no
PD 169316 p38 kinase 34 MN.E N.A N.D N.D no no
Temsirolimus mTOR 35 N.E N.A. N.D N.D ne no
L-685,458 y—secretase 36 N.E N.A N.D N.D no no
Rutilantinone Antibiotic a7 N.E N.A N.D N.D no no
Ellipticine CYP1A1 38 N.E N.A. N.D N.D ne no
Adaphostin Ber-Abl 38 N.E N.A. N.D N.D ne no
Phioretin Ca and K channel 40 MN.E MN.A. N.D N.D no no
Dasatinib Ber-Abl and Src 41 N.A N.A. N.D N.D yes no
Calyculin A Phosphatase 42 N.A N.A. N.D N.D yes no
Lycorine Toxic compound 43 MNA MN.A, N.D N.D yes no
Wortmannin PRK 44 N.A. N.A. N.D N.D yes no
Quinacrine Antimalarial drug 45 MN.A. 150 + 32 N.E N.E yes yes
Sunitinib Broad RTK 46 MN.A. 2600+ 270 N.E N.E no yes

Fig. 4. (Continued).

Though not activators of EGFR and granule formation as such, they
may potentially be used as probes to stain cells. Of note, upon re-
imaging the plates after several weeks of storage at 4°C, fluorescence
accumulation for both quinacrine and sunitinib was dimmer in in-
tensity, most likely due to the leakage of those autofluorescent
compounds outside the fixed cell and confirming that the earlier
observed activation of granule formation was merely due to accu-
mulation of fluorescence inside the A549 cells (Fig. 6B).

A somewhat surprising result from the pilot screen was the in-
ability of the assay to identify erbstatin analog'® and lavendustin
A7 two reported EGFR inhibitors, as inhibitors of granule formation
(Figs. 4C, 6A). Both compounds were originally included in the panel
as EGFR inhibitors because of their chemical structure being com-
pletely different to known quinazoline-based scaffolds upon which
gefitinib and PD 153035 were designed (Supplementary Table S2).
For this purpose, we set up an in vitro EGFR kinase assay using ADP
Glo as the readout to further interrogate whether erbstatin analog and
lavendustin A do indeed inhibit the kinase function. No inhibitory
activity was observed for either compound screened at concentra-
tions up to 10 uM in 1% DMSO (v/v) with a 10-min pre-incubation
with the kinase (Fig. 5E); moreover, a 1-h pre-incubation of both
compounds yielded similar results (Fig. 5E). In contrast, assessment
of PD 153035 and gefitinib in the same assay inhibited the EGFR
activity with ICso values of 5nM and 10 nM, respectively (Figs. 4C,
5C, 5D), consistent with reported ICs, values of 1 and 33 nM, re-
spectively.'®'® We further subjected quinacrine and sunitinib to the
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same in vitro EGFR assay, with no inhibitory activity observed at a
concentration of up to 10 uM in 1% DMSO (v/v) with up to 1-h pre-
incubation of the compounds with the kinase (Fig. 5E).

The remaining 20 compounds in the pilot screen were inactive at
reducing granule formation and were found to induce less than 50%
reduction in nuclei count at the screening concentration of 10 pM in
1% DMSO (v/v) and for the duration of the assay (Fig. 4C). Among
them were inhibitors for vascular endothelial growth factor and
platelet-derived growth factor receptor, which inherently had neg-
ative scores in the pilot study and provided the basis for referring to
our optimized assay as selective, in that the assay has identified only
those known and confirmed EGFR inhibitors.

DISCUSSION

Despite the early success of RTKis in the clinic, the appearance of
resistance to treatment significantly limits their efficacy, suggesting
that RTKis with a novel mechanism of action are needed. Current
RTKis in the clinic were identified in in vitro assays by targeting the
kinase activity of RTKs. Important limitations to such an approach
are (1) the high failure rate of such drug candidates due to lack of cell-
based activity and (2) the restriction to finding inhibitors of kinase
activity while inhibitors of receptor activation and trafficking in the
cell are overlooked. To overcome these limitations, we sought to
pursue a novel strategy for the development of cell-based assays for
RTKs. Our strategy relies on a domain-based biosensor approach that
would allow the identification of novel modulators of RTK function
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10.8+2.0nM) (C) or 60omin
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kinase assay (n=2). The stan-
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(E) Performance in the EGFR ki-
nase assay of the reported EGFR
inhibitors PD 153035, gefitinib,
erbstatin analog, and lavendustin
A as well as the fluorescent
compounds quinacrine and suni-
tinib at 10 uM in 1% DMSO (v/v),
following 10 or 6omin of pre-
incubation with the enzyme. The
data presented are meansz*

60 min preincubation

standard deviation of duplicate
wells (n=2).

in live cells. As a proof of concept, we developed a novel assay for the
identification of EGFR modulators. The characterization of A549-
EGFRB cells stably expressing the EGFR biosensor using confocal
imaging demonstrates that EGF addition leads to GFP granule
formation, co-localizing with EGFR (Figs. 1, 2). Furthermore, RNAi-
mediated EGFR knockdown abrogated granule formation and dem-
onstrated that granule formation is dependent on EGFR expression.
In addition, granule formation was specifically observed upon EGF

addition and was not induced by any other tested RTK ligands (Fig.
30). Altogether, our results demonstrate the specificity of our novel
assay for measuring EGFR function in live cells.

Both gefitinib, an EGFR inhibitor approved by the U.S. Food and
Drug Administration for the treatment of various cancers,” and PD
153035, a well-characterized EGFR inhibitor,”® scored as hits in our
pilot study against 26 known effectors, demonstrating that our assay
can easily identify potent cell-permeable EGFR inhibitors (Figs. 4, 5).
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The two other reported EGFR inhibitors present in our panel of ef-
fectors, namely the erbstatin analog'® and lavendustin A,'” did not
score in our assay and failed to inhibit granule formation, suggesting
that they may fall into the class of kinase inhibitors with poor cellular
activity (Fig. 4). Follow-up studies, however, using an in vitro ADP
Glo kinase assay found both compounds inactive against the target
even with prolonged pre-incubation time of up to one hour typically
used to investigate slow binding characteristics of inhibitors. Hsu and
co-workers®"?? were the first group to report on the inhibitory ac-
tivities of lavendustin A and the erbstatin analog back in the 1990s,
but no follow-up studies have been published, making it difficult to
ascertain whether their observations are indeed reproducible. Though
sunitinib has been reported by many groups as a broad RTK inhibi-
tor,?? it did not score in our assay and was subsequently found to be
inactive against the EGFR kinase activity in vitro (Fig. 5). We could
not find any published reference demonstrating its inhibitory activity
against EGFR. Thus, it is likely that sunitinib does not significantly
inhibit EGFR activity. Sunitinib, on the other hand, did initially score
as a potential activator of granule formation together with quina-
crine but further inspection of both their images revealed that the
observed effects were merely due to accumulation of fluorescent
compounds in the A549 cells mimicking granule-like structures,
hence the increase in granule formation count. Quinacrine, not sur-
prisingly, has previously been reported as an autofluorescent com-
pound in high-content screening,* whereas it is the first observation
for sunitinib being a fluorescent compound in cells. Interestingly, the
observed enhancement in granule count faded away several weeks
after the initial imaging was performed. Despite the intended en-
richment in the panel of other well-known kinase inhibitors, an
important observation from our pilot screen was the fact that only
gefitinib and PD 153035 scored as inhibitors of granule formation,
suggesting that the selective nature of our optimized assay makes it
ideal for screening large chemical libraries.

*Shum D, Bhinder B, Bermingham A, Calder P, Radu C, Djaballah H: A high-content
cell-based assay to identify modulators of miRNA biogenesis in the screening of
chemical libraries. Memorial Sloan-Kettering Cancer Center, New York, 2011;
manuscript in preparation.

Fig. 6. Images of A549-EGFRB cells treated with selected com-
pounds (A) INCA2000 imaging at 20x objective magnification of
A549-EGFRB cells treated with 1% DMSO (v/v) control in absence
or presence of soonM EGF stimulation for 70 min, and after EGF
stimulation following pretreatment in 1% DMSO (v/v) with 1M
gefitinib, 1pM PD 153035, 10 uM erbstatin analog, or 10uM la-
vendustin A. Overlay of blue channel: Hoechst staining of nuclei;
green channel: EGFR biosensor (GFP). (B) INCA2000 imaging in the
green channel: EGFR biosensor (GFP) at 20x objective magnifi-
cation of A549-EGFRB cells treated with 1 uM quinacrine and 10 uM
sunitinib in 1% DMSO (v/v) after soonM EGF stimulation for
7o min. Original images are compared to images acquired several
weeks after the original imaging. Re-imaged fields of view may not
be identical to those originally imaged but are representative of
the whole well.



Taken together, we report on the first biosensor domain-based
high-content assay to screen for modulators of RTK function in live
cells amenable to both chemical and RNAi screens. We provide a
concise proof of concept study using the A549 cells harboring the
biosensor and monitoring EGFR function, with a high-content assay
miniaturized to a 384-well format, validated by using known EGFR
inhibitors and RNAi-mediated EGFR knockdown. We further report
on the assay performance in screening against a panel of 26 known
effectors resulting in the identification of only EGFR inhibitors as
hits. The ability to perform such screens has tremendous implications
for the identification of novel agents to study the regulation of RTK
function as well as for the identification of cancer therapeutics
overcoming resistance to current treatments.
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