Journal of Receptors and Signal Transduction Downloaded from informahealthcare.com by CDL-UC Santa Cruz on 11/03/14
For personal use only

Journal of Receptors and Signal Transduction, 2009; 29(3-4): 182-194

RESEARCH ARTICLE

healthcare

Distinct growth factor-induced dynamic mass
redistribution (DMR) profiles for monitoring
oncogenic signaling pathways in various

cancer cells

Yuhong Du'?, Zijian Li!, Lian Li?, Zhuo (Georgia) Chen? Shi-Yong Sun?, Peifang Chen’,

Dong M. Shin?, Fadlo R. Khuri? and Haian Fu'*?

'Departments of Pharmacology, ?Departments of Hematology & Medical Oncology, and *Emory Chemical Biology
Discovery Center, Emory University School of Medicine, Atlanta, Georgia, USA

Abstract

Targeting dysregulated signaling pathways in tumors has led to the development of a novel class of sig-
nal transduction inhibitors, including inhibitors of the epidermal growth factor (EGF) receptor (EGFR). To
dissect oncogenic pathways, identify key pathway determinants, and evaluate the efficacy of targeted
agents, it is vital to develop technologies that allow the detection of temporal signaling events under
physiological conditions. Here we report the application of a label-free optical biosensor to reveal the rapid
response of cancer cells to EGF, expressed as a dynamic mass redistribution (DMR) signal. In response to
EGF, squamous cell carcinoma of the head and neck cells exhibited a rapid rise in DMR signal, whereas lung
adenocarcinoma cells showed a biphasic DMR profile, suggesting a cell type-dependent DMR response.
Pharmacological studies suggested the importance of EGFR and the phosphatidylinositol-3 kinase path-
way in mediating the EGF-induced DMR response. The defined DMR signatures offer a simple yet sensi-
tive tool for evaluating EGFR-targeted agents, as shown with gefitinib and erlotinib. The assay can also be
used for cell-based high-throughput screening of EGF pathway inhibitors, as demonstrated by its robust
performance in a 384-well plate format (Z' >0.5). This technology is applicable to other oncogenic path-

ways for the discovery of novel therapeutic agents for the treatment of various cancers.

Keywords: Label-free; epidermal growth factor (EGF) receptor; dynamic mass redistribution (DMR);

oncogenic pathway; high-throughput screening.

Introduction

Cancer development and progression have been
correlated with dysregulated intracellular signaling
pathways that control cell proliferation, immortalization,
apoptosis, invasion, and angiogenesis (1). Better under-
standing of growth factor-mediated signaling pathways
and their roles in tumorigenesis is vital for the discovery
of new therapeutic strategies and for the effective use of

existing anticancer therapies. Among these pathways,
epidermal growth factor receptor (EGFR) signaling has
been found to be dysregulated in a variety of human dis-
eases, such as cancer, including head and neck cancer
and lung cancer.

EGFR is a transmembrane tyrosine kinase receptor
and belongs to the ErbB family of receptor tyrosine
kinases (RTK) (2,3). This receptor family comprises four
related proteins: EGFR (HER1/ErbB1), ErbB2 (HER2),
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ErbB3 (HER3), and ErbB4 (HER4) (2,4,5). Upon bind-
ing to its ligand, such as the epidermal growth factor
(EGF), EGFR undergoes a conformational change that
allows activation by homo- or hetero-dimerization
with other ErbB family receptors. Activation of EGFR
results in the recruitment and phosphorylation of a
range of adaptor proteins (e.g., Shc or Grb2) and acti-
vates a network of intracellular signaling pathways. The
major EGFR signal transduction pathways in various
cell types involve the Ras/Raf mitogen-activated pro-
tein kinase (MAPK) cascade (6), phosphatidylinositol
3-kinase (PI3K) and its downstream protein-serine/
threonine kinase AKT (7,8), signal transducers and
activators of transcription (STATs), and downstream
protein kinase C (PKC) (9,10). Because of their vital
importance in regulating cell growth and maintaining
cell integrity, EGFR and/or the downstream signaling
regulators are subject to frequent oncogenic altera-
tions thathave been correlated with tumorigenesis and
tumor resistance to therapies. Therefore, EGFR and its
signaling pathways have become valuable targets for
therapeutic interventions for the treatment of cancer.

Patients with head and neck cancer and non-small
cell lung cancer (NSCLC) often have only very lim-
ited treatment options with a poor prognosis (11-13).
Recent studies have identified frequently overex-
pressed and/or abnormally activated EGFR in these
patients, which has led to the development of EGFR-
targeted therapies (14-18). Although there are several
strategies for targeting EGFR, such as monoclonal anti-
bodies against EGFR and selective and reversible or
irreversible small molecule tyrosine kinase inhibitors
(TKIs), only a small subset of patients respond to drug
treatment and drug resistance often occurs (11,17,18).
Thus, alternative strategies are highly desired.
Innovative technologies are demanded for effectively
dissecting oncogenic signaling pathways and their
targeting for drug discovery. In this study, we exam-
ined the use of a label-free optical biosensor system
for monitoring EGFR signaling in cancer cells. This
technology offers distinct advantages over many
conventional methods for signaling pathway detec-
tion. To enhance detection sensitivity and selectiv-
ity, conventional methods often require artificially
manipulated cell lines, such as fluorophore-labeled or
overexpressed targets or a reporter system, and gener-
ally measure a single cellular event. Label-free tech-
nologies allow the detection of signaling events under
physiological conditions without the need for cell line
manipulations. Among a variety of label-free tech-
nologies, such as surface plasmon resonance (SPR),
and impedance (19), the use of optical biosensors in
cell-based assays is gaining increased attention
because of recent advances in instrumentation and
experimental design (20).

The Epic biosensor system is an optical biosensor
that uses the resonant-waveguide grating (RWG) for
monitoring bimolecular interactions (20-22). The
principle of the Epic optical biosensor cell-based
functional assay for monitoring a ligand-induced
dynamic mass redistribution (DMR) signal is illus-
trated in Figure 1A (21,22). Cells can be placed onto
the biosensor surface coated at the bottom of a 384-
well microplate. When the biosensor with waveguide
grating is illuminated with a broadband light source,
only a “single” wavelength is resonant and reflected
by the waveguide grating. The reflected wavelength
is recorded by the Epic reader and reported in
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Figure 1. Characterization of the DMR response induced by EGF in
UPCI-37B SCCHN cancer cells. (A) Principles of cell-based signa-
ture assay using the Epic optical biosensor system, which measures
changes in the local index of refraction resulting from a ligand-
induced dynamic mass redistribution (DMR) of the cell monolayer,
as indicated by a shift in resonant wavelength. The shift in reso-
nant wavelength is detected by the Epic reader. The reported unit
for the DMR signal from the Epic reader is picometers (pm) and is
used throughout this study. (B) Real-time DMR response of serum-
starved (24 hr) UPCI-37B cells to increasing concentrations of EGF
stimulation. The solid arrow indicates the time of EGF addition.
(C) A Response after 20min EGF addition calculated from the
graph (B) as described and plotted against EGF concentrations. The
EC,, value was analyzed by using Prism 4.0 software.
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picometer (pm) units. Upon ligand stimulation, the
molecular or cell mass near the bottom of the biosen-
sor will be changed or redistributed, which leads to
a change in the index of the refraction at the sensor
surface. When the same well is illuminated with the
broadband light source again, the reflected wave-
length shifts compared to that without stimulation.
The shift of the reflected wavelength after ligand stim-
ulation can be detected and monitored in real time
by the Epic reader. The reflected wavelength differ-
ence before (baseline measurement) and after ligand
stimulation (signal measurement) is defined as the
dynamic mass redistribution (DMR) signal (21,22).
Because the energy of the broadband source decays
over distance after penetrating the cells, only a change
in mass within a 150-nm range from the biosensor sur-
face can be detected. Therefore, only partial changes
in cellular events at the bottom portion of the cells
contribute to the measured DMR signal.

The Epic cell-based signature assay does not require
label or manipulation of the cellular targets. The meas-
ured DMR signal is an integrated cellular response to a
particular environmental stimulus. To develop the next
generation of EGFR pathway targeted agents for the
treatment of cancer, we established EGF-induced DMR
response profiles for both squamous cell carcinoma of
the head and neck (SCCHN) and lung adenocarcinoma
cells with the use of the Epic biosensor system. We
further revealed the signaling pathways that contribute
to the ligand-induced DMR response and evaluated
the potential applications of this technology for high-
throughput screening of pathway-based anticancer
agents.

Materials and methods

Reagents

EGF was purchased from Sigma Chemical Co.
(St. Louis, MO). Gefitinib (Iressa), erlotinib (Tarceva),
SU 1498, PD98059, Wortmannin, U0126, and LY 294002
were purchased from LC Laboratories (Woburn, MA).
Corning Epic 384-well fibronectin-coated biosensor
cell assay microplates (cat. 5042) were obtained from
Corning Inc. (Corning, NY).

Cell lines and cell culture

The squamous cell carcinoma of the head and neck
(SCCHN) cell line UPCI-37B was a gift from Dr. Theresa
Whiteside (University of Pittsburgh Cancer Institute).
The cells were grown in DMEM/F12 medium (1:1) sup-
plemented with 10% fetal bovine serum (FBS). The lung
adenocarcinoma cancer cell line A549 was obtained

from the American Type Cell Culture and maintained
in RPMI1640 medium supplemented with 10% FBS. All
cells were cultured at 37°C in a humidified atmosphere
with 5% CO,,.

Cell plate setup for Epic assay

The cells were resuspended in the medium with 10%
FBS and 40 pL of cells containing 10,000 cells were
dispensed to each well of a 384-well biosensor plate
by using a Multidrop Combi dispenser (Thermo-
Fisher Scientific). The dispense speed was set at high
to avoid the generation of bubbles. The plates were
incubated at 37°C in a humidified atmosphere with
5% CO, for 24 hr. The growth medium was aspired by
using a BioTeck Washer. To minimize the stress con-
ditions introduced by washing cells, the plate washer
was carefully calibrated and set up so that 10 pL of
the liquid was left at the plate bottom after aspiration.
Then, 50 pL of medium without FBS was added to
each well with use of the Multidrop Combi dispenser.
The process was repeated four times to exchange the
growth medium containing 10% FBS to medium with-
out FBS. The plates were put back into the incubator
and subject to 24 hr serum starvation before the Epic
assay.

After serum starvation for 24 hr, the medium was
aspired by using a BioTek washer as described above
and 50 pL of assay buffer [Hanks’ Balanced Salt Solution
(HBSS) with 20mM HEPES] was added by using a
Multidrop Combi. After two cycles of assay buffer
exchange, the plates were sent to the Corning Epic
microplate reader (Corning, NY).

Epic biosensor measurement of DMR signal

All Epic measurements were carried out kinetically
for each well with 1-min interval between each read-
ing. The Epic biosensors are thermally sensitive;
any difference in temperature could complicate
the signal response to stimuli. The Corning Epic
microplate reader (Corning, NY) has a temperature-
controlled environment with stackers inside that can
hold 20 plates. After 24 hr of serum starvation and
buffer exchange to assay buffer, the cell plates were
thermo-equilibrated inside the instrument for 1hr
before the baseline read was initiated. After 10 min
of baseline measurement, different concentrations of
EGF or assay buffer were added to the wells by using
a 384-channel low-volume head Sciclone liquid han-
dler (Caliper LifeSciences) to ensure that the reagent
for each well was added simultaneously at each time
point. The plate was immediately sent back to the
Epic reader for continuous measurement for 45 min,
or as indicated.
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Epic biosensor measurement of the effect of
compound on DMR signal

The Epic cell assay plate was prepared as described
above, sent to the Epic reader, and thermo-equilibrated
for 1hr. After 10-min baseline reading, the compound
or vehicle was added by using a Sciclone liquid handler
with 384-channel low-volume head. All the compounds
were dissolved in DMSO as 10 mM stock and diluted by
using assay buffer. The final DMSO concentrations were
1%. After compound addition, the plate was immedi-
ately sent back to the Epic reader for continuous meas-
urement. After incubating/reading with compound or
vehicle for 30 min, EGF or assay buffer as background
control was added by using the Sciclone. The plate was
then continuously monitored by the Epic reader for
45 min or as indicated.

Epic data collection and analysis

The response signal from each well of the biosensor
plate was individually tracked and measured kineti-
cally. The dynamic mass redistribution (DMR) signal
of each time point was detected by the Epic reader and
reported as a shift in pm (recorded pm) relative to an
initial measurement. This value indicates the pm shift of
the reflected wavelength after subtracting the measured
value at time 0 (the first reading of the baseline measure-
ment). The Epic data were collected and converted to a
Microsoft Excel (Microsoft Corporation, Redmond, WA)
format for further analysis.

To minimize well-well variation in baseline meas-
urements, the EGF-induced DMR signal for each well
is expressed as A Response and calculated for each
well at each time point according to the following
equation:

AResponse
=Recorded pm (at the indicated time point)
—Recorded pm (at the time point before EGF addition)

The response curves were plotted on the basis of the A
Response (pm) vs. time [second (sec)] throughout this
study.

The DMR signal collected kinetically by the Epic
reader after ligand stimulation can be defined and
described according to the shape of the response
curves. An increase in the response curve is termed
a positive DMR (P-DMR) event, and a decrease in
the response curve is referred to as a negative DMR
(N-DMR) event.

The DMR signal (P-DMR or N-DMR) in pm units is
calculated on the basis of the sequence of the events
induced by ligand stimulation:

For initial P-DMR or N-DMR event after EGF
addition:

DMR (P-DMR or N-DMR)signal
= AResponse (at the peak of P-DMR or N-DMR event)

For the secondary DMR event:

DMR (P-DMR or N-DMR)ssignal
= AResponse (at the peak of secondary events)

— AResponse (at the peak of initial event)

The effect of compound treatment on the ligand-induced
DMR response is expressed as % of Control and defined
as the following equation:

(DMR Signalcompound —-DMR Signalblank) x

% of Control =
(DMR signaly; — DMR signaly;,.)

100

DMR signal, . is defined as the DMR signal from the
wells with vehicle (DMSO) only without EGF; DMR
signalCompoun 4 is the DMR signal from wells with EGF in
the presence of compound; and DMR signal,, is the
DMR signal from wells with EGF in the presence of
vehicle (DMSO) without compound.

All the experiments were performed at least in
triplicates and repeated at least three times with
similar results. The representative response curves
are shown. All experimental data were analyzed
by using Microsoft Excel (Microsoft Corporation,
Redmond, WA) and Prism 4.0 (Graphpad Software,
San Diego, CA).

Assay evaluation for high-throughput
screening (HTS)

To evaluate the suitability of the Epic assay performance
for HTS, the signal-to-background ratio (S/B) and the
Z' factor were calculated on the basis of the following
equations (23):

S/B=DMR signaly;/DMR signaly . i

1—(3SDggr +3SDpjank)

7' factor = - -
(DMR signalgz —DMRsignaly .. )

The Z' factor reflects the quality of the assay itself for
HTS without the intervention of test compounds. The
assay is considered robust and suitable for HTS when
the Z' value is between 0.5 and 1.
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Results

EGF induces a unique optical DMR response
signature in SCCHN cells

We chose the UPCI-37B SCCHN cell line as a model sys-
tem to characterize and profile the EGF-induced DMR
signal in living cells using the Epic biosensor. We first
examined EGF dose responses. After serum starvation
for 24 hr, increasing concentrations of EGF were intro-
duced to the cells, and the DMR response was recorded
in real time. As shown in Figure 1B, EGF stimulation
triggered a DMR response in serum-starved UPCI-37B
SCCHN cells. The addition of assay buffer alone as a
treatment control generated only a slight increase in
the DMR signal. Upon EGF addition, there was a rapid
increase in the detected DMR response. The amplitude
of the recorded pm values increased dose dependently
with increasing concentrations of EGE The increase in
the measured DMR response is referred to as a positive
DMR (P-DMR) event (24). The DMR response could
be saturated, and the P-DMR signal, which is defined
by the maximum difference in the recorded pm after
EGF addition, was dose dependent on EGF concen-
tration. The time to reach the maximum DMR signal
was inversely correlated with the amount of EGF: The
greater the EGF concentration, the shorter the time to
reach a saturated DMR. After reaching the maximum,
the DMR response curves showed only slight differ-
ences with increasing concentrations of EGF. Higher
concentrations of EGF (50 and 100 ng/mL) resulted in a
slight decrease in the DMR signal over time. The decay
of the response was EGF dose-dependent. When the
decay event occurred at higher concentrations of EGF
(e.g., 100ng/mL), the DMR response was approach-
ing the maximum for the lower concentrations of EGE
These data suggest that EGF induces an Epic optical
biosensor DMR profile in SCCHN cells that is distinct
from that previously reported in A431 cells (24). This
study defines a representative DMR signature of one
SCCHN cell line in response to EGE.

The dose-response curve of the EGF-induced DMR
signal was then evaluated. The DMR signal after EGF
addition for 20 min was calculated and plotted against
EGF concentration. To simplify the data analysis, the
response after 20 min EGF addition was chosen because,
at this time point, the maximum response was seen
at the highest concentration of EGF (100ng/mL). As
shown in Figure 1C, the DMR signal dose dependently
increased with increasing concentrations of EGE The
dose-response curve fitted well with a nonlinear regres-
sion with R? of 0.97. The resulting EC_, was 19.9ng/mL,
which is similar to the reported EC, in A431 cells (24).
These results indicate that the EGF-induced DMR signal
in SCCHN cells is dependent on EGFR activation.

The EGF-induced DMR optical signature in SCCHN
cells requires EGFR

To address whether the DMR signal induced by EGF
occurs via the EGFR pathway, we evaluated the effect
of an EGFR tyrosine kinase inhibitor, AG 1478, on the
EGF-induced DMR response. The vascular endothelial
growth factor (VEGF) receptor tyrosine kinase inhibitor,
SU 1498, was used as a specificity control. This compound
is a known weak inhibitor of EGFR-kinase and Her-2
kinase (25). Serum-starved UPCI-37B cells were pre-
treated with increasing concentrations of AG 1478 for
30min before the addition of EGE The DMR signals were
continuously monitored for another 45min. As shown
in Figure 2A, preincubation with AG 1478 resulted in
a delayed and decreased DMR signal compared to the
vehicle control. The DMR response was dose dependently
attenuated with increasing concentrations of the inhibi-
tor, leading to a complete blockage at 0.5 uM. The inhibi-
tory effect of AG 1478 on EGF-induced P-DMR signal was
normalized to the control wells with EGF only, which was
plotted against inhibitor concentrations to give an esti-
mated IC, value of 0.16 uM (Fig. 2B). The obtained IC_
value in UPCI-37B cells is consistent with the previously
reported value obtained in A431 cells (24), even though
the DMR signal signature was different. In support of
a specific EGFR-mediated event, the VEGFR inhibitor
SU 1498 did not attenuate the EGF-induced DMR signal
(Fig. 2C). These data show that the EGF-induced DMR
signals in SCCHN cells are dependent on EGFR tyrosine
kinase activity and are specific to EGFR activation.

PI3K is a critical mediator of EGF-induced DMR in
SCCHN cells

To investigate pathways that contribute to the EGF-
induced DMR signal in SCCHN cells, we tested a panel
of small molecule inhibitors of different targets known
to be downstream of EGF ligand binding in various cells.
The pharmacological properties of the inhibitors used
are summarized in Table 1. The concentrations of each
inhibitor were chosen to achieve the maximum spe-
cific inhibition based on the EC_, values reported in the
literature.

First, we examined the role of the Ras/MAPK pathway
on EGF-induced DMR response. The Ras/MAPK path-
way transmits EGF signaling in many cell types (10,26).
For this purpose, the MEK1/MEK2 inhibitors U0126
and PD98059 were used. It was surprising that neither
U0126 (1 uM) nor PD98059 (10 uM) showed any inhibi-
tion of the EGF-induced DMR signal in UPCI-37B cells
(Fig. 3A). These results indicate that EGF-induced cel-
lular response detected by the Epic biosensor in SCCHN
cells may not be mediated by the activation of the
Ras/MEK1/2/Erkl1/2 MAPK pathway.
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Figure 2. Evaluation of the specificity of the DMR signal induced by EGF in UPCI-37B cells. (A) Effect of the tyrosine kinase inhibitor AG 1478 on
the EGF-induced DMR signal. The cells were preincubated with increasing concentrations of AG 1478 before introducing EGF (100ng/mL). The
real-time DMR response was continuously monitored for 45 min. (B) Dose-response curve of the AG 1478 effect on EGF-induced DMR response.
The inhibitory effects of AG 1478 on the P-DMR signal induced by EGF were normalized to the vehicle control wells in the presence of EGF but
without compound. The IC_; was calculated from the dose-response curve using Prism 4.0 software. (C) The effect of SU 1498 (10 M), a VEGFR
inhibitor as a negative control, on the DMR response induced by EGF (100ng/mL).

Table 1. The properties of pathway inhibitors and their effects on
EGF-induced DMR signal in UPCI-37B SCCHN cells.

% of Control
Inhibitor Properties DMR signal
SU1498 Potent VEGF receptor TKI, very weak 98.6
EGFR TKI and HER-2 TKI (25)
V0126 Selective inhibitor of the MAPK kinases, 103.6
MEK-1 and MEK-2, with 100-fold
greater potency than PD98059 (35-37).
PD98059 Potent, selective and cell-permeable 104.6
inhibitor of MAPK kinase (38-40).
Wortmannin Potent, irreversible, and specific 16.2
inhibitor of PI3K (41-43).
LY 294002 Specific inhibitor of PI3K (44). 30.4

VEGE, vascular endothelial growth factor.
TKI, tyrosine kinase inhibitor.

MAPK, mitogen-activated protein kinase.
PI3K, phosphatidylinositol 3-kinase.

We then evaluated the involvement of another major
downstream EGF signaling pathway, the PI3K pathway,
in EGF-induced DMR signaling. The PI3K kinase inhibi-
tors LY 294002 and wortmannin were incubated with

UPCI-37B cells for 30min before EGF addition. It was
interesting that both LY 294002 (25 pM) and wortmannin
(0.13 pM) significantly blocked the EGF-induced DMR
signal (Fig. 3B). These data indicate that the EGF-induced
DMR signal in UPCI-37B SCCHN cells is primarily medi-
ated by the PI3K pathway as detected by the Epic optical
biosensor. In contrast, the EGF-induced DMR signal in
A431 cells was determined by the MAPK pathway (24);
thus, our data suggest that the downstream cellular
events in response to growth factor stimulation might be
cell line and cell type specific. The Epic biosensor may
be used as a novel tool for cell line characterization and
for profiling specific receptor signaling pathways.

The normalized data showing the effect of the tested
panel of specific pathway inhibitors are summarized in
Figure 3C and Table 1. Taken together, these data suggest
that the EGF-induced DMR signal in UPCI-37B SCCHN
cells was primarily due to the activation of PI3K path-
way, illustrating a cell type-specific DMR response and
supporting the use of Epic biosensor pathway-based
drug discovery.
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Figure 3. Probing the pathways and mechanisms involved in the EGF-mediated DMR signal in UPCI-37B SCCHN cells. A panel of specific inhibi-
tors targeting two major EGF downstream pathways, MAPK and PI3K, were evaluated. (A) The effect of MAPK pathway inhibitors on the EGF-
induced P-DMR signal. The MAPK inhibitor U0126 (1 uM) and PD98059 (10 uM) did not attenuate the EGF-induced DMR signal. (B) The effect
of PI3K pathway inhibitors on the EGF-induced DMR signal. Pretreatment with PI3K inhibitors LY 294002 (25 uM) and wortmannin (125nM)
completely blocked the DMR signal in response to EGE (C) The inhibitory effects of the pathway inhibitors on the P-DMR signal were normalized
to the EGF vehicle control wells without compound and summarized; 100 ng/mL EGF was used for all experiments.
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Figure 4. Characterization of the optical signatures of the EGF-induced DMR response in the A549 human lung cancer cell line. (A) EGF induced
a unique DMR response in A549 cells. It contained two DMR events: an initial decrease in signal (N-DMR) followed by an increase in signal
(P-DMR). The dose-response of the EGF-induced DMR signal was evaluated. Both N-DMR and P-DMR signals increased dose dependently with
increasing concentrations of EGE. (B) The DMR signals were calculated for N-DMR and P-DMR events and plotted against EGF concentrations.
The EC,, values were calculated by using Prism 4.0 software.

The EGF-induced DMR signal is cell line and

cell type specific: the unique DMR signature additional cancer cellline,adenocarcinoma NSCLCA549
of the adenocarcinoma NSCLC A549 cell cells. It was interesting that the A549 lung cancer cells
line in response to EGF displayed a totally different DMR response to EGF than

that in the SCCHN cancer cells (Fig. 4A). EGF stimula-
To testwhether different cancer cells have a distinct DMR tion led to an rapid initial decrease in the detected DMR

response to EGE, we tested EGF-induced signaling in an signal, termed a negative DMR (N-DMR) event (24).
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After reaching the maximum N-DMR signal (the bot-
tom of the curve), the DMR signal increased, leading to
a positive DMR (P-DMR) event. The maximum N-DMR
signal was about -70 pm, whereas the maximum calcu-
lated P-DMR signal was about 50 pm. The P-DMR event
occurred more slowly than the N-DMR event and slightly
decayed over the measurement time peroid (1 hr).

Because the DMR response of A549 lung cancer cells
to EGF is completely different from that of UPCI-37B
SCCHN cells, we examined whether such a DMR pro-
file is EGF-dose dependent in A549 cells. As shown in
Figure 4A, stimulation with increasing concentrations of
EGF led to increases in both the N-DMR and P-DMR sig-
nals. The EC_ values were 44.1 ng/mL and 29.8 ng/mL
for the N-DMR signal and P-DMR signal, respectively
(Fig. 4B).

The unique DMR signature of A549 cells in response
to EGF stimulation is consistent with the fact that the
pathways and mechanisms involved in the regulation of
cell signaling are cell type specific. These studies suggest
that the DMR response of cells to EGF monitored by the
Epic biosensor may serve as a promising approach for
cell line characterization and for monitoring oncogenic
signaling pathways.

Using the established DMR signature to evaluate the
efficacy of known EGEFR targeting drugs

EGFR is frequently activated in SCCHN, lung, and other
cancer types and is a validated cancer target. To further
validate the above results and to explore the potential
use of the Epic biosensor for the discovery of new EGFR
signaling-targeted agents, we tested the effect of two
small molecule EGFR kinase inhibitor drugs, gefitinib
(Iressa) and erlotinib (Tarceva), on the EGF-induced
DMR signal. Gefitinib and erlotinib have been approved
by the FDA for the treatment of locally advanced or
metastatic non-small cell lung cancer (NSCLC) since
May 2003 and November 2004, respectively. UPCI-37B
SCCHN cells were preincubated with gefitinib, erlotinib,
or vehicle before EGF (100ng/mL) stimulation. The
EGF-induced DMR signal was then monitored con-
tinuously for 45min. Treatment with gefitinib showed
significant attenuation of the DMR response compared
with that in vehicle-treated control wells (Fig. 5A). The
inhibitory effect of gefitinib on EGF-induced DMR was
dose dependent, with an estimated IC,, value of 1.42 pyM
(Fig. 5C). Erlotinib showed a similar inhibitory effect as
gefitinib on the EGF-induced DMR signal, with an IC50 of
0.57 uM (Fig. 5B and 5C).

We then examined the effect of these EGFR-targeted
drugs in A549 cells that have a distinct DMR response
profile. Pretreatment of A549 cells with gefitinib (1 uM)
attenuated both the EGF-induced N-DMR and P-DMR
signals (Fig. 5D). However, in contrast to the results

in UPCI-37B SCCHN cells, gefitinib treatment did not
change the shape of the DMR response curve to EGF
in A549 cells. To test the efficiency of gefitinib in block-
ing the defined EGF-induced DMR signature in A549
cells, we carried out drug dose-response experiments
against a series of EGF concentrations. Treatment with
gefitinib (1 pM) was able to attenuate both N-DMR and
P-DMR signals induced by different concentrations
of EGF (Fig. 5D). The normalized inhibitory effects of
gefitinib at 1 pM on N-DMR signals induced by differ-
ent concentrations of EGF (25-100 ng/mL) were similar
(Fig. 5E). However, we noticed that the inhibitory effects
on P-DMR signals were decreased with increasing con-
centrations of EGF (Fig. 5E). Despite their differences
in DMR response signature profiles, both UPCI-37B and
A549 cells exhibit a similar dependence on EGFR acti-
vation in response to EGF stimulation, as gefitinib could
attenuate the EGF-induced DMR response in both cell
lines (Fig. 5A and 5D).

These results show that the Epic biosensor can be
used as an effective tool to monitor the efficacy of EGF-
targeted therapy, as well as a novel approach to discover
new therapeutic agents targeting abnormal pathways
involved in human diseases.

Evaluation of the use of EGF-responsive DMR signal
praofiles for high-throughput screening (HTS) of
EGFR pathway inhibitors

To evaluate the performance and suitability of Epic
biosensor assays for HTS of new agents targeting EGF-
induced signal transduction pathways, we examined the
robustness of the DMR profile assaysin a 384-well format.
7' factors and signal-to-background (S/B) ratios were
calculated for the detected P-DMR signal in both UPCI-
37B SCCHN and A549 lung cancer cells. As described
above, EGF stimulation led to a single event, P-DMR,
detected by the Epic biosensor in UPCI-37B SCCHN
cancer cells. Z’ factors and S/B were calculated on the
basis of the DMR signal from the wells with increasing
concentrations of EGF compared with the buffer only
wells. The Z' factor and S/B ratio both increased with
increasing concentrations of EGF (Fig. 6A). At EGF
concentrations >25ng/mlL, the Z' value rose above 0.5
and the S/B ratio was higher than 3, indicating a robust
assay for HTS.

Unlike UPCI-37B SCCHN cells, A549 lung cancer
cells gave rise to an initial N-DMR signal followed by a
P-DMR event. Z' factors were evaluated for both N-DMR
and P-DMR signals. Because there was almostno change
in DMR signal from background/blank control wells
(A Response was close to 0 pm), the S/B ratios were not
calculated for A549 cells. When stimulated with higher
concentrations of EGF (=50 ng/mL), the Z' factors were
above 0.5 for both N-DMR (Fig. 6B) and P-DMR events
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Figure 5. Validation of the EGF-induced DMR signature assay using gefitinib and erlotinib, two FDA approved drugs targeting EGFR. (A) The
effect of gefitinib on EGF-induced DMR response in UPCI-37B SCCHN cancer cells. Increasing concentrations of gefitinib were incubated with
the serum-starved cells for 30 min before EGF (100 ng/mL) addition. The DMR signals were then monitored kinetically for 45 min. The real-time
DMR response was attenuated dose dependently in the presence of gefitinib. (B) The effect of erlotinib on EGF-induced DMR response in UPCI-
37B SCCHN cancer cells was similar to that of gefitinib. (C) The dose-response curves of gefitinib and erlotinib effects on the P-DMR signal in
UPCI-37B cells. The inhibitory effects of gefitinib and erlotinib were normalized to the EGF vehicle control wells without compound, and the
IC,, values were calculated by using Prism 4.0 software. (D) The effect of 1 uM gefitinib on DMR response induced by increasing concentrations
of EGF in A549 lung cancer cells. (E) The normalized inhibition effect of gefitinib (1 pM) on N-DMR and P-DMR signal in A549 lung cancer

cells.

(Fig. 6C). The Z' was above 0.8 when 100 ng/mL of EGF
was tested for N-DMR and P-DMR signals. Therefore,
the Epic assay offers a new approach for screening
compounds targeting abnormal EGFR pathways in both
SCCHN and lung cancer cells.

Discussion

Growth factor receptors and their downstream path-
ways play a crucial role in normal cell growth and

differentiation as well as in tumor proliferation and
survival. Traditional cell-based assays for motioning
growth factor-regulated signaling pathways rely on
the measurement of a single cellular event, quite often
involving the use of fluorescence-tagged molecules
or engineered/overexpressed cellular systems. These
assays are time consuming in terms of assay develop-
ment and are difficult to adapt to a high-throughput
format for the discovery of new compounds under
physiological conditions. However, cellular function
is regulated by an integrated signaling network that
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Figure 6. Evaluation of cell-based optical signature assays for high-throughput screening (HTS). (A) To evaluate the suitability and optimal con-
ditions of the biosensor EGFR signaling assay for HTS, the Z' factors and signal-to-background ratio (S/B) were calculated and plotted against
increasing concentrations of EGF in UPCI-37B SCCHN cells. (B) Z' factors were calculated for EGF-induced N-DMR and P-DMR signal in A549
cells and plotted along with N-DMR signal against EGF concentrations. The Z' factor incorporates both the signal window and the well-to-well
variations and is a criterion for evaluating the suitability and conditions of the assay for HTS. A Z’ factor between 0.5 and 1 indicates that the assay

is robust for screening chemical modulators of the targets.

involves the interactions of multiple pathways and cel-
lular events. In this report, we have developed and vali-
dated a cell-based functional assay for characterizing
and monitoring integrated signaling pathways using a
novel label-free detection technology—a resonant-
waveguide grating-based Epic optical biosensor, which
allows the measurement of ligand-induced dynamic
mass redistribution (DMR) in living cells under physi-
ological conditions. It does not require fluorescence-
tagged molecules or an overexpression system. The
resulting DMR signal could be due to many cellular
events, such as receptor internalization, recruitment
of cellular components to the activated receptors, cell
movement, spreading and detachment (24,27); there-
fore, it measures an integrated cell response to a spe-
cific ligand-binding event.

EGFR is a key to the pathogenesis of a variety of
cancers, including SCCHN and adenocarcinoma of the
lung, and has been extensively studied as a therapeutic
target with strong clinical validation. Approximately
90% of cancers of the head and neck are squamous

cell carcinomas (28). The EGFR is expressed at much
higher levels in SCCHN than in normal epithelial tis-
sue, and EGFR expression correlates with poor prog-
nosis. Non-small cell lung cancer (NSCLC) comprises
75%-85% of newly diagnosed lung cancers (29). EGFR is
also frequently overexpressed in NSCLC and has been
implicated in the pathogenesis of this disease (14-16).
Therefore, much effort is currently directed toward
targeting aberrant EGFR signaling for effective drug
discovery.

The resonant waveguide grating (RWG) technology,
as used in the Corning Epic optical biosensor system,
measures the change in cellular dynamic mass redis-
tribution (DMR) near the biosensor surface of the live
cells in response to ligand stimulation. The system
contains two components: the biosensor-coated micro-
plate for cell growth and the Epic reader for recording
the DMR signal. Here, using the EGFR signaling path-
way as a model system, we have first characterized the
EGF-induced DMR optical signature in SCCHN cancer
cells using the Epic biosensor system. The EGF-induced
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DMR signal has been well established in epidermoid
carcinoma A431 cells (24). However, there were no
reports characterizing integrated cell signaling using
this label-free technology in other types of cancer cells.
Therefore, it was unclear whether different cells may
have distinct DMR optical signatures in response to a
specific ligand.

Many cellular events contribute to the detected
DMR signal after ligand stimulation. The resulting DMR
events can be classified into two classes: P-DMR and
N-DMR (18,22,24). We found that the optical signature
in response to EGF is different and unique in UPCI-37B
SCCHN cells compared with that in A431 cells (24).
Unlike A431 cells, which underwent both P-DMR and
N-DMR events, EGF stimulation in serum-starved UPCI-
37B cells led to only a single P-DMR event (Fig. 1B). The
detected P-DMR signal was dose and time dependent on
EGE The use of the specific tyrosine kinase inhibitor AG
1478 further validated the EGFR-mediated DMR signal
and supports the importance of EGFR tyrosine kinase
activity in transmitting EGF-induced cellular signaling.
These data suggest that distinct cellular events in dif-
ferent cell types may contribute to EGF-induced DMR
signals.

There are two major well-characterized signaling
pathways downstream of EGFR: the Ras/Raf/MAPK
pathway and the PI3K/Akt pathway. To elucidate the
mechanism underlying the unique optical signature
observed in UPCI-37B SCCHN cells in response to EGF
and to investigate the molecular events involved in the
DMR event, we evaluated a panel of specific inhibitors
targeting these two major EGFR downstream path-
ways. First, the Ras/Raf/MAPK pathway was evaluated
by using the MEK inhibitors PD98059 and U0126. Our
results showed that neither PD98059 nor U0126 could
attenuate the DMR signal. These results are different
from those obtained in A431 SCCHN cells, in which
the EGF-induced DMR is primarily mediated by the
Raf/MEK pathway (24). In UPCI-37B SCCHN cells, on
the other hand, inhibition of the Ras/Raf/MEK/Erk
pathway had little effect on the EGF-induced DMR,
supporting the notion that pathways other than the
MAPK mediate the EGF-induced signaling network.
Indeed, LY 294002 and wortmannin, two PI3K inhibi-
tors, completely blocked the EGF-induced DMR signal
(Fig. 3B), indicating that the PI3K/Akt pathway plays
an important role in EGF-induced DMR response in
these cells. P13K inhibitors did not attenuate the ini-
tial DMR signal, indicating that the P13K activation
is the downstream even of EGFR activation induced
by EGD binding. Therefore, the DMR response to a
specific ligand appears to be cell line and cell type
dependent. The different mechanisms involved in
the DMR response may explain the difference of the
DMR response profiles among different cell lines. The

unique DMR response to a specific ligand can be used
for monitoring oncogenic pathways and for cell line
characterization.

We also noticed that different cells have distinct DMR
responses to a specific ligand. UPCI-37B SCCHN cells
displayed only a P-DMR event, whereas A549 cells con-
tained two DMR events: an initial rapid decrease in sig-
nal (N-DMR) followed by a P-DMR (Fig. 4A). Although
both A549 and A431 cells give rise to two DMR events,
the sequence of their appearance was opposite: A431
cells showed an initial P-DMR followed by an N-DMR
event (24). These results suggest that the molecular
events in A549 cells in response to EGF are different
from those in UPCI-37B or A431 cells. Further investiga-
tions are needed to elucidate the mechanisms involved
in DMR signal response.

Given the prominent importance of EGFR signal-
ing in cancer development, targeting EGFR represents
a new paradigm in cancer therapy and has shown
therapeutic promise in a wide range of tumor types,
including SCCHN and NSCLC. Two highly selective
and reversible tyrosine kinase inhibitors (TKIs), gefit-
inib and erlotinib, have been approved by the FDA
for the treatment of NSCLC and are under phase II
clinical evaluation for use in SCCHN. However, the
clinical benefit of these TKIs is limited as only a subset
of patients respond to drug treatment and drug resist-
ance frequently develops in the responsive patients.
Furthermore, gefitinib, erlotinib, and most EGFR TKIs
currently under development target the EGFR ATP
binding site. Thus, to screen for new and novel EGFR
and EGFR pathway inhibitors, alternative strategies
for monitoring the integrated signal pathways of EGFR
are highly desirable. To evaluate whether the Epic bio-
sensor for monitoring integrated cellular events under
physiological conditions can be used as such an alter-
native assay, we evaluated the effects of gefitinib and
erlotinib on the EGF-induced DMR signal in SCCHN
cells. Both gefitinib and erlotinib blocked the DMR sig-
nal in a dose-dependent manner (Fig. 5). The resulting
IC,, values for gefitinib (1.4 pM) and erlotinib (0.6 uM)
are in a similar range as those obtained from cell-
based assays, such as a growth inhibition assay (30),
which are higher than the IC, values obtained in direct
kinase assays for EGFR phosphorylation (low nM
range) (31,32). Because the DMR signal measures an
integrated cellular response rather than a single cel-
lular event, such as EGFR phosphorylation, such an
assay allows the evaluation of pathway modulators.
For the discovery of novel EGF pathway-targeting
agents, the suitability of the assay for HTS was
explored. Conditions for a robust assay performance
with Z’ above 0.5 were determined. Therefore, EGFR
pathway assays using the Epic biosensor provide a
novel approach for clinical efficacy evaluation and for
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screening new classes of inhibitors targeting EGFR,
or EGF-responsive signaling pathways, in a particular
cancer cell environment.

The Epic optical sensor system offers a highly sen-
sitive and versatile detection system for oncogenic
signaling pathways. Because EGFR-targeted thera-
peutics only show activity in a selected population of
patients (18,33,34), the Epic optical signature assay may
be used to correlate with therapeutic efficacy to predict
in vivo therapeutic response. Our current study has cle-
arly shown cell line- and cell type-dependent DMR pro-
files in response to the same EGF signal. Understanding
of the molecular basis of these distinct DMR profiles and
their correlation with therapeutic response will aid in
their applications as an in vitro predictive tool for in vivo
efficacy. Continued probing of EGFR- and other growth
factor receptor-induced signaling pathways with the use
of the Epic biosensor is expected to reveal distinct DMR
signal signatures for various oncogenic pathways in a
variety of cancer types. Characterization of these optical
signatures for a variety of cell types will help to establish
a cell optical signature “library.” Enriched information
will provide a powerful tool for cell line characterization,
pathway studies, and future therapeutic development.

In summary, we have identified and characterized
distinct optical signatures of EGF-induced signaling
events in SCCHN and lung cancer cells using the label-
free Epic optical biosensor. Our data show that the DMR
signals are cell line and cell type specific in response
to a specific ligand. The PI3K/Akt pathway, but not the
Ras/Raf/MEK/ERK pathway, mediates the EGF-induced
DMR signal in UPCI-37B SCCHN cancer cells as summa-
rized in Figure 7. This technology offers not only a novel

<= |\ Discovery of

\1/ Pathway inhibitors
via HTS
=
G

]
DMR Signal

Figure 7. Model of the mechanism by which the EGF-induced DMR
signal is mediated in UPCI-37B SCCHN cells and its application for
HTS of EGFR pathway inhibitors. The PI3K/Akt (solid arrow), but
not Ras/Raf/MEK/ERK (dotted arrow) pathway, mediates the EGF-
induced DMR signal in UPCI-37B SCCHN cells. Our established cell-
based optical signature assay is a novel approach for the discovery of
inhibitors targeting the EGFR signaling pathway through HTS.

tool to study ligand-receptor signaling pathways under
physiological conditions but also provides a powerful
approach for targeting oncogenic signaling pathways
for therapeutic agent discovery through HTS. The estab-
lished DMR signal signatures in SCCHN and lung cancer
cells may have value in examining the action of EGFR-
targeting agents for clinical use. This technology is appli-
cable to other oncogenic pathways for the discovery of
novel therapeutic agents targeting various cancers.
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