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Abstract

Aim: To develop arobust, cell-based, high-content screening (HCS) assay based
on receptor internalization for the identification of novel modul ators of the epi-
dermal growth factor receptor (EGFR). Methods: Agonist-induced receptor
internalization is part of the signaling cascade of EGFR. Fluorescent-tagged
epidermal growth factor (EGF) was used to visualize the internalized receptor-
ligand complex. The fluorescent intracellular spots were detected and mea-
sured with an ArrayScan HCS reader. Compounds that can competitively bind to
EGFR or interfere with EGFR internalization process would result in a reduced
number and intensity of intracd lular fluorescent spots. This assay was validated,
optimized, and applied to a large-scale screening of alibrary containing 48 000
synthetic compounds. Results: The competition between fluorescent EGF and
unlabeled EGF reveals the | Cy, of unlabeled EGF is approximately 0.2 nmol/L,
which is comparable with other published reports. Thirteen compounds with a
relatively high degree of interference with EGFR internalization were identified.
One of the compounds was proven to be agonist of the EGFR since it induced
phosphorylation of the receptor and extracellular signal-regulated protein ki-
nase (ERK). Conclusion: This automated, objective, and easy-to-use assay pro-
vided abundant information, quantitative results, and demonstrated the potential
use of HCS methods in searching membrane receptor modulators.
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enters the nucleus and activates the transcription of various

Introduction genes, including those required for cell proliferation,

Epidermal growth factor (EGF), asmall polypeptide
(6 045 Da), wasfirg isolated from the submandibular glands
of mice”. It wasfound to have stimulating effect on epider-
mal cd| proliferation, differentiation’, and migration'®4. EGF
exertsits effects via EGF receptor (EGFR), which belongsto
the superfamily of receptor tyrosine kinases®9. After bind-
ing to ligands, this receptor dimerizes, leading to
autophosphorylation, initiation of intracellular signaling
cascade, and eventually receptor internalization!”*.

The main pathway linked to EGFR activation involves
Ras, asmall GTP-binding protein, followed by the activation
of the mitogen-activated protein kinase pathway, which even-
tually leads to the phosphorylation of extracellular signa
response kinases (ERK) 1 and 2. Phosphorylated ERK
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differentiation, and migration®. The binding of EGF to its
receptor also causes the receptor’ s downregulation at the cdll
surface due to receptor-mediated internalization. Theinter-
nalized ligand-receptor complex is eventually sent to
endosomes and |lysosomes and degraded by enzymes present
inthesecompartments'®*Yl, Therefore, internalization of EGFR
might be used asan indicator of its activation by agonistsand
the activation of downstream signaling pathways.

EGFR isthe receptor most often found to be upregulated
in awidevariety of human tumorg'3. Theinhibition of EGFR
may present a promising method for attacking tumor inva-
sivenessasan adjunct therapy for antimitotic therapy. EGFR
has been the target of various anticancer drug devel opment
grategies, including therapeuti c antibodies, kinaseinhibitors,
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ligand-toxin conjugates, and antisense nucleotides™. On
the other hand, EGFR activation has tremendous effect in
promoting wound repair and limiting scar formation**l,
Thus, modulators of EGFR signaling pathway might provide
important therapeutic opportunitiesin several areas, includ-
ing cancer, organ repair, and cell production.

Toidentify novel EGFR modulators, an accurate and ro-
bust high-throughput assay is highly desirableto screen a
large collection of chemical entities. Traditional high-
throughput screening (HTS) methods usually involve ex-
pression and purification of the receptor protein and perfor-
mance of kinase assay in vitro. The conditions of such
assays are very different from the natural cellular environ-
ment and radioactive materials are normally used. In this
paper, we describe a new, quantitative, cell-based assay for
the screening of EGFR modulators based on receptor inter-
nalization and high-content screening (HCS) technol ogy.
HCS isahigh-throughput, multi-parameter image analysis
technol ogy recently developed based on fluorescent
microscopy. Fluorescent-tagged EGF was used to visualize
theinternalized ligand—receptor complex. The fluorescent
intracellular spots were detected and measured with an
ArrayScan HCS reader. Compounds that competitively bind
to EGFR or interferewith EGFR internalization processwill
result in areduced number and intensity of theintracellular
fluorescent spots. This assay was validated, optimized,
and applied to alarge-scal e screening of alibrary contain-
ing 48 000 synthetic compounds. Thirteen novel compounds
with ardatively high degree of interference with EGFR inter-
nalization wereidentified. One of the compoundswas proven
to be an agonist of EGFR since it induced phosphorylation
of the receptor and the downstream ERK protein.

Materials and methods

Reagents EGF and Hoechst 33342 were purchased from
Sigma (St Louis, MO, USA). Cdl culture medium, EGF
biotinylated and complexed to Alexa Fluor 555 streptavidin
(Alexa Fluor 555 EGF) and wheat germ agglutinin (WGA)—
oregon green werebought from Invitrogen (Carlsbad, CA, USA).
Formaldehyde, DM SO, Trisbase, SDS, glyceradl, dithicthreital,
and bromopheny! blue were purchased from Sinopharm Group
Chemical Reagent Co (Shanghai, Ching). Thephatotopehorse
radish peroxidase (HRP) Western blot detection system, anti-
bodiesto ERK 1/2, phogpho-ERK /2, EGFR, phospho-EGFR and
goat anti-rabbit 1gG antibody conjugated to HRP were pur-
chasaed from Cdl Signal Technology (Beverly, MA, USA).

Cell culture HelLacdlsobtained from the American Type
Culture Collection (Manassas, VA, USA) weremaintained in

low-glucose Dulbecco' smodified Eagle smedium (LG-DMEM)
supplemented with 10% fetal bovineserum, 100 mg/L penicillin,
and 100 mg/L greptomyan at 37 °Cinahumidified aamosphere
of 5% CO,. Cdlswere trypsnized and seeded onto 96-well
platesat proper density for 18-24 h before the experiments.

AlexaFluor 555EGFinduced EGFRinternalization Cdls
were planted onto 96-well platesovernight at desired density.
Celswere then starved in serum-free LG-DMEM for 3 h.
AlexaFluor 555 EGFwasadded at afinal concentration rang-
ing from 0.2to 1 mg/L and incubated at 37 °C for theindi-
cated times. (To show dear membrane binding of AlexaHuor
555 EGF, thefirst 2 min of incubation were on ice.) To study
the competition between EGF and Alexa Fluor 555 EGF or
compound interferencewith EGFR internalization, cell swere
pretreated with unlabeled EGF or compoundsfor 10 min be-
fore the addition of Alexa Fluor 555 EGF. Cellswere then
washed 3 times with prewarmed phosphate-buffered saline
(PBS) and fixed with 3.7% formaldehydefor 15 min. Thecell
membranewas stained with 5 mg/L. WGA—oregon green for
30 minand thecdl nud e were stained with 10 mg/L Hoechst
33342 for 15 min, respectively. The plates were either ob-
served with an Olympus | X51 inverted fluorescent micro-
scope or analyzed with an ArrayScan 4.0 HCS Reader
(Celomics, Rittsburgh, PA, USA).

Imaging and data generation Images and data of the
cdlswere obtained with an ArrayScan HCS 4.0 Reader. Ap-
propriate filter sets were used for the detection of Hoechst-
labd ed nud el andtheAlexaHuor 555 EGF/EGFR complex. A
10 or 20x microscope objective was used for the imaging,
and the spot detector bioapplication was used to acquire
and analyze theimages after optimization of the application
protocol. Around 500 cellsfrom randomly-picked fieldswere
analyzed for each well.

HCS campaign The compound library used for the
screening was comprised of 48 000 different compounds. A
10 compound pool/well mix was applied to the primary
screening, with an average final concentration of 3 umol/L
for each compound. Thismatrix system maximized the ad-
vantage of HTS and allowed duplicate screening of each
compound*®. In each 96-well plate, 8 wells were used as
pasitive controls (10 nmal/L EGF in 1% DM SO) and another
set of 8 wells as negative controls (1% DM SO). Theinhibi-
tion rate of 10 nmol/L EGFwas normalized to 100% and that
of the negative control was 0. Theinhibition rate of each
compound was cal culated with the following equation:

Inhibiti on %=(Spot couNtympound—SPOt COUNt 4,omso)/ (Spot
countzge—Spot count,y,puso)*100%. The samples showing
more than 80% inhibition were considered “hits’ in the pri-
mary screening.
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Western blotting Hel a cells were seeded onto 6-well
plates and cultured overnight. Then the cells were serum
starved for 16 h. Compounds were added directly into the
culture medium at desired concentration and incubated for
varioustime periods. After removal of the culture medium,
the cellswerelysed with sample buffer (62.5 mmol/L Tris-
HCI, 2% SDS, 10% glycerol, 50 mmol/L dithiothreital, and
0.01% bromophenyl blue[pH 6.8]). After immediate scraping,
the lysateswere sonicated for 10-15 sand then boiled at 95—
100 °Cfor 5min. Theprotein concentration was determined
with the Bradford method and 10 ug of total protein was
loaded onto 12% SDS-PAGE gds and dectrophoresed at 60
V with Tris-glycine running buffer (25 mmol/L TrisHCI, 250
mmol/L glycine, and 0.1% SDS[pH 8.3]). Theproteinswere
then tranferred ontoa PV DF membrane (Millipore MA, USA)
at 100 V for 60 min (for ERK) or 120 min (for EGFR). The
membrane was incubated with blocking buffer (20 mmol/L
Tris, 137 mmoal/L NaCl, 0.1% Tween-20, and 5% non-fat dry
milk) for 2 h at room temperature. After washing, the mem-
branes were probed simultaneoudy with rabbit anti-ERK (1:
1000) and rabbit anti-p-ERK (1:1000) antibodies or rabbit
anti-EGFR (1:1000) and rabbit anti-p-EGFR (1:1000),
respectively, for 8 h and then with goat anti-rabbit 1gG HRP
(1:2000) antibody for 3 h. After thefina wash, themembrane
was devel oped on Kodak X-Omat BT film (Eastman Kodak,
Rochester, NY, USA) using the phototope HRP Western blot
detection system (Cdl Signal Technology, MA, USA) accord-
ing to manufacturer’ sinstructions.

Dataanalysis Datawere analyzed with GraphPad Prism
software (GraphPad, San Diego, CA, USA). Non-linear regres-
sion analyses were performed to generate dose-response curves,

AlexaFluor 555

Nuclei Membrane

L

2 min
on ice

10 min
37°C

30 min
37°C
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and linear regression was used to analyze data reproducibility.
Mean+SEM was cal culated automatically with this software.

Results

Observation of EGFR inter nalization with Alexa Fluor
555 EGF Helacdl isahuman cervical cancer cdl linewith a
natural high expresson of EGFR. To observethe EGFR in-
ternalization process, afluorescent-tagged EGF (Alexa Huor
555 EGF) was used. Hel a cellswere incubated with Alexa
Fluor 555 EGF for varioustime periods and conditions. An
initial 2min incubation on icerevealed binding of AlexaFluor
555 EGF with the EGFR on the plasma membrane, asindi-
cated by thecol ocalization of membranemarker WGA—-oregon
green (Figure 1). Incubation at 37 °C for 10 min led to the
cointernalization of the receptor-igand complex and forma-
tion of bright red intracellular spots. Thirty minutes later,
theintracellular spots became larger and aggregated, which
might be automatically identified and analyzed with a soft-
ware algorithm. To visualize the competition between EGF
and Alexa Fluor 555 EGF, different concentrations of unla-
beled EGF were added to the cells before the addition of the
Alexa Fluor 555 EGF. Higher concentrations of unlabeled
EGF showed advantages in competitive binding to the EGFR
and resulted in areduced number and intensity of intracellu-
lar spots (Figure2). Compoundsthat competitively bind to
the EGFR or interferewith theinternalization process should
also cause reduced intracellular spots.

Imaging and analysisby theHCSreader AnArrayScan
4.0 HCS reader, equipped with a software module, the spot
detector bioapplication, was used for imaging and data

Figure 1. Alexa Fluor 555 EGF induced EGFR
internalization. Hel a cells were incubated with Alexa
Fluor 555 EGF (red) at indicated times and conditions.
Cdls were then fixed and stained with nuclear and plasma
membrane markers. After incubation for 2 min on ice,
Alexa Fluor 555 EGF was shown to colocalize with the
plasma membrane marker. After 10 min incubation at
37 °C, it began to internalize with EGFR and formed
bright intracellular spots. Images were acquired with an
Olympus IX51 inverted fluorescent microscope
equipped with a 40x objective.
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anaysis. Twoimaging channdswith proper filterswere used
to photograph nuclei (Figure2, lane 1) and intrace lular spots
(Figure 2, lane 3). After optimization of the bioapplication’s
protocol settings, the software was able to automatically
detect nucle (Figure2, lane2) andintracellular spots (Figure
2, lane4). Relevant readoutsfrom this softwareincluded cdll
density, spot count/cell, spot total intensity/cell, and spot
total arealcell. Theresultsalsoindicated that anincreasein
the dose of unlabeled EGF significantly reduced the Alexa
Fluor 555 EGF-labeledintrace lular spot number andintensity.

Assay optimization Variousexperimental conditionswere
tested for assay optimization. Theintracellular spot counts
increased with the elongation of the incubation time with
Alexa Fluor 555 EGF. After 30 min of incubation, the spot
counts reached a plateau (Figure 3A). The use of a high-
power microscope objective (20x vs 10x) resulted in increased
spot counts due to better image resolution (Figure 3B). Dif-
ferent cell densitieswere also tested. As shown in Figure
3B, the maximal spot count exceeded 20 with low cdl density
(10000 cellsgwell), but in high cell density wells(30 000 cdld
well), the maximal spot count was only about 14. Higher
concentration (1 mg/L) of Alexa Fluor 555-EGF significantly
increased the signal (Figure 3B,3C), but duetotheincreased
cost, we eventually decided on the low concentration (200
ug/L), which proved to be adequate for screening as dis-
cussed later.

Several readouts, including spot count/cell, spot total
intensity/cell and spot total area/cell compared in the EGF/
Alexa Fluor 555 EGF competition assay (Figure 3D) were
found toyield similar results. The ICy,values of unlabeled
EGF calculated from different readoutswereall approximately

Identified nuclei Fluorescent spots Identified spots

Figure 2. Images acquired and analyzed by the
ArrayScan HCS reader. Cells were pre-incubated
with various concentrations of unlabeled EGF and
then Alexa Fluor 555 EGF. Cells were washed, fixed,
and stained with Hoechst 33342 for nuclei. Images
were acquired with the ArrayScan 4.0 HCS reader
equipped with a 20xobjective and appropriate filter
set. Lanes1 and 3 are original images. Lanes 2 and
4 show nuclei and intracellular spots identified by
the spot detector bioapplication algorithm.

0.2 nmol/L, which isin agreement with previously reported
values (0.2-0.4 nmol/L)!™.

The final assay conditions for HCS were determined as
follows: cell density was 10 000 cells/well, the concentration
of Alexa Fluor 555 EGF was 200 ug/L; theincubation time
with Alexa Fluor 555 EGF was 30 min, and the quantitative
readout was spot count/object.

Assay performance The Z' valueisused to assess the
robustness of an assay for screening and isthe normalized 3
SD window between the negative and positive control 9.
The Z’ value for the assay was 0.75 and the signal/back-
ground (S/B) ratio was 170, indicating that the system was
adequately optimized for HCS (Figure 4A). Furthermore, to
investigate reproducibility between duplicate plates, the
corresponding wells from 2 different 96-well plates were
treated with same concentration of EGF followed by Alexa
Fluor 555 EGF trestment. Thedatafrom correspondingwells
of different plateswere analyzed with linear regression analy-
sis™. The correlation coefficient was 0.97, showing a high
degree of reproducibility between duplicate sample plates.

HCScampaign Of the48 000 samplesinitially screened,
184 hits (0.38%) showing morethan 80% inhibition on Alexa
Fluor 555 EGF-induced EGFR internalization were discov-
ered (Figure 5A). Secondary screening (single compound/
well) was carried out to further confirm the hits (Figure 5B).
Finally, 13 compounds displaying consistent inhibitory ef-
fects from secondary screening were picked out and ana-
lyzed in a duplicate setup. Due to compound availability,
one of the hits with a novd structure (WJ-12) was further
analyzed with traditional Western blot assay.

EGFR and ERK activation by compound WJ-12 Weused
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Figure 3. Assay optimization. Various
experimental conditions, including Alexa
Fluor 555 EGF incubation time (A), cell
density and image magnification (B), Alexa
Fluor 555 EGF concentration (C), and dif-
ferent HCS readouts (D) were tested to ac-
quire the optimal experimental conditions.

Data shown as mean+SEM (n=2 for A and
C, n=3 for B and D).

Figure 4. Assay performance. (A) Z’

factor determination. At the optimized

conditions, 28 replicates of positive and

negative signals were studied. Dashed lines
" indicate means+3SD of 28 data points. Z’
value for the assay was 0.75 and the S/B
ratio was 170, indicating that the system
was adequately optimized for high-through-
put screening. (B) reproducibility. Corre-
sponding wells from 2 different 96-well
plates were treated with the same concen-
tration of EGF and then Alexa Fluor 555
EGF. The reproducibility of data from du-
plicate plates was investigated with linear
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Western blot analysis to distinguish the agonist or antago-
nist nature of compound WJ12. This compound was found
toinduce EGFR and downstream ERK phosphorylation in a
dose- and time-dependent manner (Figure 6A—6D). The
activation of ERK by WJ-12 could be significantly blocked
by 1 umol/L EGFR tyrosine kinase inhibitor, tyrphostin
AG1478 (Figure 6E), which indicated the phasphorylation
of ERK by WJ-12 was viadirect activation of EGFR.
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Spot count/object on plate 2

0 12 14 16 regression analysis. Correlation coefficient

was 0.97, showing a high degree of repro-
ducibility between duplicate sample plates.

Discussion

In 1997, with the debut of first ArrayScan reader, adra-
matically new approach to early drug discovery was intro-
duced as HCStechnology. With 3 key research components,
automatic fluorescence microscopy, fluorescence-based
reagents, and image analyzing software, HCSis a technol-
ogy platform designed to define the temporal and spatial
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Figure 6. Activation of EGFR and ERK by compound WJ-12. (A) cells treated with different concentrations of compound WJ-12 for 15 min
and phosphorylation of the EGFR were detected in a dose-dependent manner. (B) WJ-12-induced phosphorylation of the EGFR peaked after 10
min of treatment. (C,D) downstream activation/phosphorylation of ERK was also in a dose- and time-dependent manner. (E) WJ-12-induced
ERK phosphorylation was significantly blocked by 1 umol/L EGFR tyrosine kinase inhibitor, tyrphostin AG1478.

activities of genes, proteins, and other cellular congtituents
inintact cels. Early research papersdemonstrated that cel-
lular functions, such as transcription factor activation?,
cytotoxicity?? and G-protein coupled receptor internal-
ization'® could be quantified by HCSin a screening setup.

Ligand-induced EGFR internalization is an important
event in EGFR signal transduction and has been observed
with many previous studies®®™. With the devel opment of
fluorescent-conjugated EGF and HCS technol ogy, the inter-
nalization of EGF/EGFR might be used as an indicator for
receptor activation and to search for new compounds that
interfere with this process.

Inthisarticle, wedemonstrated arobust, cell-based HCS

assay for the identification of EGFR modulators. In this
assay, the Hoechst 33342 was used to label the cdl nuclel
and fluorescent-conjugated EGF was used to monitor EGF/
EGFR complexinternaization. Therefore, compoundscom-
petitivey binding to EGFR or interfering with theinternaiza-
tion processwould result in areduced amount and intensity
of intracellular fluorescent spots.

In the optimization procedure of assay development,
many factors, such as cell density, incubation time, the con-
centration of AlexaHuor 555 EGF, image magnification, and
other parameters, have to be considered in order to maximize
the S/B ratio and assay throughput. For example, theamount
and intensity of the fluorescent spots would increase with
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incubation time, but prolonged treatment would reduce the
assay speed and lead to fluorescent degradation, which
would eventually cause signal reduction. While testing the
concentration of Alexa Fluor 555 EGF, we found that an in-
crease in the concentration would increase the signal, but
considering the cost of large scale screenings, we chose the
low concentration of 200 ug/L without affecting the assay
performance. TheZ’ factor and S/B ratio were used to evalu-
atetheassay. The Z' factor was widely used for the evalu-
ation of HTS'HCS assay qualities™®. Generally speaking, if
the Z' factor is above 0.5, the system could be considered
suitable for the HTS/HCS. The assay described here had a
Z factor of 0.75and an S/B ratio of 170, which indicated that
the assay was of high quality for HCS.

This assay was applied to a large-scal e screening of a
compound library cons sting of 48 000 synthetic compounds.
Thirteen compounds displaying consistent inhibitory effects
were found. One of the compounds with a novel structure
(WJ12) was further analyzed with Western blotting to iden-
tify its agonist or antagonist nature. The results revealed
that WJ-12 induced EGFR and downstream ERK phosphory-
lation in a dose- and time-dependent way. The activation of
ERK was significantly blocked by EGFR tyrosine kinase
inhibitor, tyrphostin AG1478, which indicated the phospho-
rylation of ERK by WJ-12 viadirect activation of EGFR.

In summary, a quantitative, cell-based, high-content
screening assay was devel oped and validated for the identi-
fication of compounds with specificity and functionality for
EGFR. Compared with the conventional radioactive kinase
assays, this assay was performed in a more physiological
environment, and dueto itsimaging nature, provided richer
information. It may be applicableto other membrane recep-
torswith the availability of fluorescent-tagged ligands.
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