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O R I G I N A L  A R T I C L E S

ABBREVIATIONS: RTK, receptor tyrosine kinase; PBS, phosphate buffered saline; Sulfo-NHS, N-hydroxysulfosuccinamide; EDC, 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide; RT, room temperature; ECL, enhanced chemiluminescence.
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ABSTRACT
Receptor tyrosine kinases (RTKs) in the ErbB family (EGFR, ErbB2, 
ErbB3, and ErbB4) are implicated in a variety of human malig-
nancies. Accordingly, determination of both expression and acti-
vation (dimerization/heterodimerization and phosphorylation) of 
ErbB proteins is critical in defi ning their functional role in cancer. 
Effi cient and comprehensive methods to study molecular functions 
of ErbB family of RTKs are needed not only for improvements in 
diagnostics but also for early screening of targeted drugs (eg, small 
molecule inhibitors and therapeutic antibodies). We report devel-
opment of 3 multiplex microbead immunoassays for simultaneous 
detection of expression, protein–protein interactions, and phosphor-
ylation of these RTKs. These novel multiplex immunoassays were 
used to study ErbB RTKs under different cell activation conditions 
in 2 breast cancer cell lines (MDA-MB-453 and MDA-MB-468) 
and an epidermoid cancer cell line (A431). The results were con-
fi rmed by immunoprecipitation/western blot. Importantly, the mul-
tiplex immunoassay facilitated time-course studies in these cell 
lines after cell activation with EGF and neuregulin, revealing the 

kinetics of phosphorylation of the ErbB family RTKs. This study 
demonstrates the utility of the Luminex® multiplex system as an 
effi cient and comprehensive approach to study different aspects 
of molecular roles of these RTKs. Importantly, the study pro-
vides proof-of-concept for the utility of the multiplex microbead 
immunoassay approach for potential use in effi cient, robust, and 
rapid screening of drugs, particularly those targeting functional 
aspects of these potent signaling molecules. In addition, the assays 
described here may be useful for cancer diagnostics and monitor-
ing effi cacy of therapy targeting the ErbB family of RTKs.

INTRODUCTION

O
verexpression of receptor tyrosine kinases (RTKs) 
belonging to the ErbB family of receptors (EGFR/
ErbB1/HER1, ErbB2/HER2, ErbB3/HER3, and ErbB4/
HER4) and/or their aberrant signaling is a major char-

acteristic of many human malignancies.1–3 Most tumors express 
more than one of these ErbB family members. Overexpression of 
EGFR and ErbB2 has been documented in a variety of tumor types 
including breast tumor (63% of ErbB2-positive tumors were also 
strongly positive for ErbB3) with poor clinical outcome.4 EGFR is 
overexpressed in breast cancers with a positivity rate of 14%–91%, 
which is associated with a more aggressive phenotype and poor 
patient prognosis.5 ErbB2 is overexpressed in 20%–30% of inva-
sive breast tumors4,6–8 and is a marker of poor prognosis.9 Although 
ErbB4 is the least well-understood family member in terms of its 
role in cancer, its expression in breast tumors has been associated 
with low cell proliferative index, increased survival, and reduced 
recurrence of tumors.4
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MATERIALS AND METHODS
Cells and Cell Activation

Breast carcinoma cells (MDA-MB-453 and MDA-MB-468) 
and human epidermoid carcinoma cells (A431) were cultured in 
Dulbecco’s modifi ed Eagle’s medium (DMEM) supplied with 10% 
heat-inactivated newborn calf serum at 37°C and 5% CO2. Cells 
were grown to 65%–70% confl uence in 25 or 75 cm2 tissue culture 
fl asks, then starved in X-vivo medium (A431) or DMEM contain-
ing 0.1% FBS (MDA-MB-453 and MDA-MB-468) for 24 h before 
activation.15 Cells were treated with optimal concentration of EGF 
(16.5 nM concentration), neuregulin (1:500), or sodium pervana-
date (6.6 mM).15

Lysate Preparation
Cells in tissue culture fl asks were lysed with ice-cold buffer 

(PBS containing 1% Nonidet P-40, protease inhibitor cocktail, 0.5 
mM sodium orthovanadate, and 1× serine/threonine phosphatase 
inhibitor). The cell lysate was immediately vortexed and incu-
bated on ice for 15 min. Cell debris was removed by centrifuga-
tion at 12,000 rpm for 20 min.15 Total protein concentration of 
lysates was determined by BCA reagent kit (Bio-Rad, Laboratories, 
Hercules, CA). Lysates were aliquoted and stored at −80°C until 
used.

Antibodies and Reagents
Monoclonal antibodies against EGFR (05-104) for microbead 

coating and immunoprecipitation and biotinylated anti-phospho-
tyrosine (4G10) were purchased from Upstate, USA (Lake Placid, 
NY). Monoclonal antibodies against ErbB2, ErbB3, and ErbB4 
for microbead coating and immunoprecipitation were purchased 
from R&D Systems (MAB1129, MAB3481, and MAB1131, respec-
tively; Minneapolis, MN). Biotinylated antibody for total protein 
detection for EGFR (E101) was obtained from Leinco Technologies 
(St. Louis, MO) and those for ErbB2, ErbB3, and ErbB4 were pur-
chased from R&D Systems (BAF1129, BAM3481, and BAF1131, 
respectively). Protease inhibitor cocktail tablets and purifi ed 
10% Nonidet P-40 were purchased from Roche Applied Science 
(Indianapolis, IN). Halt phosphatase inhibitor cocktail was pur-
chased from Pierce (Rockford, IL). Protein G-conjugated Sepharose 
was from Sigma (St. Louis, MI). EGF was purchased from Upstate. 
Neuregulin (recombinant) was expressed and purifi ed as previ-
ously described.16

Microbead Coating
Monoclonal antibodies against EGFR, ErbB2, ErbB3, and ErbB4 

were coated as capture antibodies by conjugation to individ-
ual microbead sets. One microbead set was coated with BSA to 

These ErbB family RTKs are activated by various EGF-like 
growth factors. Binding of EGF to EGFR induces receptor dimer-
ization and tyrosine autophosphorylation of specifi c residues 
within the cytoplasmic tail, initiating a complex cascade of cell 
signaling events leading to cell proliferation.1 Similarly, neuregu-
lins transmit intracellular signals within target cells by interact-
ing with ErbB3 and ErbB4.10 Ligand binding to the ErbB RTKs, 
followed by heterodimerization11 and phosphorylation, leads to 
the activation of downstream targets,12 resulting in intracellu-
lar signals stimulating cell proliferation and survival. Discovery 
of the role of RTKs in oncogenesis has lead to the development 
of novel anticancer therapeutics targeting these molecules. The 
advent of such therapies has in turn helped identify the need for a 
better understanding of molecular events involving RTK function 
for a variety of cancers. It is therefore critical to analyze intra-
cellular signals transduced by RTKs under different conditions 
that may produce different cellular responses. From a mechanistic 
perspective, ErbB2 is considered to be a major factor in oncogene-
sis. However, ErbB2, when overexpressed alone, may exhibit dif-
ferent protein–protein interactions and phosphorylation dynamics 
that may affect its activity in comparison to its overexpression in 
conjunction with that of EGFR and/or ErbB3. Such differences in 
association of ErbB2 with other members of the ErbB RTK family 
may lead to differences in activation of intracellular signaling 
pathways, thus resulting in different cell behavior. To elucidate 
molecular events underlying the role of ErbB RTKs in oncogen-
esis, it is important to study expression of these proteins as well 
as their activation by dimerization/phosphorylation. Accordingly, 
capabilities of the multiplex approach to detect and quantitate 
not only protein expression, but also phosphorylation and pro-
tein–protein interactions are useful as tools for screening drugs 
in the early stage of development, that are designed to target 
functional properties of these clinically important ErbB signaling 
proteins.13,14 In addition, such screening tools may enhance the 
effi ciency of studies on pharmacodynamic effects of small mol-
ecule inhibitors on activities of ErbB RTKs. Furthermore, the use 
of this effi cient approach in studies on activation of these RTKs 
(phosphorylation and dimerization) may evolve into development 
of procedures for cancer diagnostics and monitoring effi cacy 
of targeted therapy. In this report, we present proof-of-concept 
studies using a robust and effi cient multiplex microbead immu-
noassay approach for the detection of expression and activation 
(phosphorylation/heterodimerization) of RTKs in the ErbB fam-
ily. For each of the 4 ErbB family RTKs, 3 multiplex assays are 
described that enable the simultaneous detection of expression, 
heterodimerization, or phosphorylation of these key cell signaling 
proteins in cell line models.
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Luminex-100 Operation and Multiplex Data Analysis
The Luminex-100 instrument (Austin, TX) was set at the 

default settings, set by the manufacturer for routine applications, 
as directed in the user’s manual. Data were acquired by Luminex 
Data Collection Software (Version 1.0). This software package was 
used for routine operation of the instrument, data acquisition, 
and data analysis. The instrument was calibrated with Calibration 
Beads supplied by the manufacturer to adjust the settings for 
bead set identifi cation or “Classifi cation” and for the detection of 
“Reporter” (phycoerythrin). Events were gated to exclude doublets 
and other aggregates. One hundred independent, gated events 
were acquired for each bead set. The median fl uorescence inten-
sity (MFI) or “signal” of a hundred events (beads) was used as a 
measure of the detection of protein phosphorylation. After acqui-
sition by Luminex software, the data were further processed by 
Microsoft Excel software.15

Immunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting were performed 

essentially as described previously.15 For immunoprecipitation, 
individual capture antibody (3 μg/mL) was mixed with 250 μL of 
cell lysates (900–1,500 μg/mL total protein) on a rotator overnight 
at 4°C. Protein G-conjugated Sepharose was added (90 μL of 20% 
slurry) and mixed on the rotator for 1 h at 4°C. Sepharose beads 
were washed 3 times in wash buffer (PBS containing 1% Tween-20, 
100 mM NaCl) and resuspended in 24 μL of PBS plus 8 μL 4× sam-
ple buffer. The samples were boiled for 5 min. Immunocomplexes 
were resolved on SDS-polyacrylamide gels (8%–16% precast gra-
dient Tris–glycine gels, Novex Immunodetection; Invitrogen, 
Carlsbad, CA). Membranes were blocked in 5% BSA (Roche 
Applied Science, Indianapolis, IN). Tyrosine phosphorylation was 
detected with biotin-conjugated anti-phosphotyrosine antibody 
(4G10, 0.5 μg/mL). Blots were developed with Vectastain ABC 
detection reagent (Vector Laboratories, Burlingame, CA) and ECL 
Plus Western blotting detection system (Amersham Biosciences, 
Piscataway, NJ) and visualized on a Typhoon 9410 variable mode 
imager (Amersham Biosciences).

For Western blotting, 30 μg of cell lysate was electrophoresed 
on 8%–16% SDS-polyacrylamide gels under reducing conditions 
for EGFR (biotinylated antibody, Upstate), ErbB3 (biotinylated 
antibody, Santa Cruz Biotechnology, Santa Cruz, CA), ErbB4 
(biotinylated antibody R&D Systems), and actin antibody (R&D 
Systems), or under nonreducing conditions for ErbB2 (biotiny-
lated antibody R&D Systems). After electrophoresis, proteins were 
transferred onto polyvinylidene difl uoride (PVDF) membranes 
(Bio-Rad) and nonspecifi c binding sites were blocked with 5% 
nonfat dry milk (Oxiod Ltd, Basingstoke, Hampshire, England) in 

control for nonspecifi c interactions, and another set was coated 
with biotin-conjugated goat IgG (Jackson Immunoresearch 
Laboratories, West Grove, PA) to serve as a positive control 
for the detection reagent (streptavidin-conjugated phycoery-
thrin). Proteins were conjugated to microbeads as previously 
described.15 In brief, microbeads were activated with sulfo-NHS 
(N-hydroxysulfosuccinamide; Pierce, Rockford, IL) and EDC 
(1-ethyl-3-[3-dimethylaminopropyl] carbodiimide; Pierce). The 
activated beads were washed with 50 mM MES (pH 6.0) buffer. 
To coat with antibody (protein), activated beads were resuspended 
in the relevant protein solution (25–100 μg/mL) in 50 mM MES 
(pH 6.0) buffer. Mixture of activated beads and antibodies was 
incubated by shaking on a rocker for 2 h at RT for coupling. 
After coating, beads were washed twice with wash buffer (0.1% 
Tween-20 in phosphate-buffered saline [PBS], pH 7.40 and resus-
pended in 1 mL of blocking buffer (1% BSA; 0.1% Tween-20 in 
PBS, pH 7.4; 0.05% sodium azide). Blocking was performed by 
shaking on a rocker at room temperature for 30 min. After block-
ing, beads were washed twice in 1 mL blocking buffer. Finally, 
antibody-coated beads were resuspended in 1 mL blocking buffer 
and stored at 4°C for up to a week. For long-term storage, beads 
were kept frozen at −80°C for several months.

Microbead Suspension Array Immunoassay of 
Signaling Proteins

Immunoreactions were set up in 96-well, fi lter-bottomed plates 
designed for high-throughput separations (1.2 μm MultiScreen; 
Millipore Corporation, Billerica, MA) as previously detailed.15 
Microbeads (2,000 beads of each set), coated with a specifi c anti-
body, were mixed. This multiplex, microbead mixture was added 
to each well. To this, 25 μL of cell lysate (0.4 mg/mL total pro-
tein) was added. The contents were mixed at 1,400 rpm on a 
plate shaker (Labnet International Inc., Woodbridge, NJ) for 2 h 
at room temperature (RT). After incubation with the lysate, liq-
uid was drained from the bottom of the plate under vacuum. 
The microbeads were washed twice by adding 150 μL of wash 
buffer per well and draining out under vacuum successively. For 
detection of tyrosine-phosphorylated signaling proteins bound 
to antibodies coated on microbeads, 25 μL of biotinylated anti-
phosphotyrosine antibody 4G10 (0.5 μg/mL in wash buffer) was 
added as the detection reagent. To detect biotinylated 4G10, 
streptavidin conjugated to R-phycoerythrin was added at a dilu-
tion of 1:1,000 in wash buffer as the reporter molecule and incu-
bated for 15 min at RT. Microbeads were washed once with wash 
buffer, resuspended in 100 μL of wash buffer per well, and ana-
lyzed in the Luminex-100TM instrument (Luminex Corporation, 
Austin, TX).

03_ADT-2009_0208.indd   29 2/18/2010   2:34:41 PM



KHAN ET AL.

30 ASSAY and Drug Development Technologies FEBRUARY 2010

microbead set coated with BSA was included as a baseline control, 
and a microbead set coated with biotin was added as a positive 
control in the bead mixture. Total protein expression of EGFR, 
ErbB2, ErbB3, and ErbB4 was detected with biotin-conjugated 
detection antibody (distinct from capture antibody coupled to 
microbeads) against each individual RTK (Fig. 1A).

The multiplex immunoassay results were confi rmed by IP/WB 
for the detection of the 4 ErbB family RTKs (Fig. 1B). Both methods 
consistently showed that EGFR was expressed in MDA-MB-468 
and A431 cells, but not in MDA-MB-453 cells. This fi nding is 
consistent with previous reports.16,17 MDA-MB-453 and A431 cells 
expressed ErbB2, whereas MDA-MB-468 cells showed no detect-
able expression of ErbB2. All 3 cell lines expressed ErbB3, and 
ErbB4 was not detected in any of the cell lines (Fig. 1). Taken 
together, these results confi rmed that the multiplex immunoas-
say simultaneously detected expression of 3 of the 4 ErbB family 
RTKs in a single sample of cell lysate.

Phosphorylation of ErbB RTKs
To assess the phosphorylation status of the ErbB receptors for 

cell activation, cells were treated with physiological ligands (EGF 
and neuregulin) or the phosphatase inhibitor sodium pervanadate. 

Pervanadate was 
used as a general cell 
activator to produce 
positive control cell 
lysates for tyrosine 
phosphorylated pro-
teins. Treatment with 
pervanadate inhibits 
intracellular tyrosine 
phosphatases, result-
ing in sustained 
phosphorylation of 
various tyrosine 
kinases and sub-
strates that refl ects 
the activation state of 
the cells.15 Tyrosine 
kinases activated in 
this manner can also 
activate downstream 
s e r i n e / t h r e on i n e 
kinases. In MDA-
MB-468 cells, which 
express EGFR and 
ErbB3 but not ErbB2, 
the phosphorylation 

PBS with 1% Tween-20. Blots were probed with Anti-Mouse HRP-
linked IgG (Cell Signaling Technologies, Cambridge, MA) for EGFR 
and ErbB2, anti-Rabbit antibody HRP-linked IgG (Cell Signaling) 
for ErbB3. The antibodies were used at a concentration of 0.1 mg/
mL. Bands were visualized by horseradish peroxidase/hydrogen 
peroxide-catalyzed oxidation of luminol in the enhanced chemi-
luminescence (ECL) reaction.

RESULTS
Expression of ErbB Family Receptors

To demonstrate specifi c detection of members of the ErbB fam-
ily of RTKs by multiplex microbead suspension array, their expres-
sion was examined in 2 breast cancer cell lines MDA-MB-453 
and MDA-MB-468, and a human epidermoid carcinoma cell line 
A431. The MDA-MB-453 cell line expresses ErbB2 and ErbB3 
but does not show detectable amounts of EGFR and ErbB4. The 
MDA-MB-468 cell line expresses EGFR and ErbB3 receptor but 
does not produce detectable amounts of ErbB2; A431 cells express 
EGFR, ErbB2, and ErbB3 receptors.16,17

Four sets of microbeads, each set coated with monoclonal anti-
bodies to EGFR, ErbB2, ErbB3, or ErbB4, were mixed and incu-
bated with lysates prepared from nonactivated cells. In addition, a 
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Fig. 1. (A) Expression levels of ErbB family of receptors analyzed by multiplex microbead suspension immunoas-
say in MDA-MB-453 (hashed bars), MDA-MB-468 (open bars), and A431 (closed bars) cells. A mixture of micro-
beads coated with antibodies to EGFR, ErbB2, ErbB3, and ErbB4 were incubated with lysates from nonactivated 
cells. Detection of protein expression was achieved by a second antibody against each individual receptor protein. 
Error bars represent standard error of n = 4 values. (B) Western blot analysis of EGFR, ErbB2, ErbB3, and ErbB4 
expression. Actin expression shows equal loading. Abbreviations: MFI, median fl uorescence intensity; RTK, recep-
tor tyrosine kinase.
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Analysis of A431 cells by multiplex micro-
bead suspension array showed that EGFR, ErbB2, 
and ErbB3 were hyperphosphorylated upon treat-
ment with pervanadate. Phosphorylation of EGFR 
increased by 5.5-fold, phosphorylation of ErbB2 
receptor increased by 8.2-fold, and phosphorylation 
of ErbB3 receptor increased by 34.5-fold (Fig. 4A). 
These results confi rmed that the multiplex assay 
was able to detect phosphorylation of 3 of 4 of the 
ErbB family RTKs. EGF induced phosphorylation of 
EGFR by 3.8-fold, and ErbB2 receptor by 3.3-fold. 
However, in the A431 cell line, neuregulin treat-
ment did not increase the level of phosphorylation 
of ErbB3 as dramatically as in the MDA-MB-468 
cell line (Fig. 4). This difference is likely due to 
EGFR sequestering ErbB2 away from ErbB3, and 
thereby compromising the ability of neuregulin to 
lead to dimerization of ErbB2 and ErbB3.

To confi rm the specifi city of antibodies used in 
coating microbeads for capturing ErbB receptors, 
lysates of stimulated cells were also tested by IP and 
WB. Results obtained in IP/WB analysis were gen-
erally similar to those in the multiplex microbead 
assay (Figs. 2–4, panels B). However, in the case of 
MDA-MB-453 cells, increase in phosphorylation of 
ErbB3 above the baseline was not readily detected 
by IP/WB even after treatment with pervanadate 
(Fig. 3). The total amount of ErbB receptors in lysates 
from nontreated and treated cells was similar (Figs. 
2–4, panel C, lower part). Thus, the results of the 
multiplex microbead immunoassays are consistent 
with those obtained by the conventional IP/WB 
method. However, the advantage of the multiplex 
microbead immunoassay is that it enables analysis 

of multiple proteins in a single sample with internal controls and 
affords a higher throughput.

Phosphorylation Kinetics of RTKs in Cells Treated With 
EGF or Neuregulin

To study the kinetics of phosphorylation of ErbB family of 
RTKs upon stimulation with growth factors, a time-course exper-
iment was performed by treating MDA-MB-453, MDA-MB-468, 
and A431 cells with EGF or neuregulin for various intervals of 
time ranging from 1 to 60 min. EGF activation induced phosphor-
ylation of EGFR in MDA-MB-468 and A431 cells (Fig. 5B) but 
not in MDA-MB-453 cells that lack EGFR (Fig. 5A). Interestingly, 
patterns of phosphorylation of EGFR in MDA-MB-468 and A431 
cells are very similar. After treatment with EGF, phosphorylation 

level of EGFR increased by 10.3-fold and 8.7-fold upon stimu-
lation following treatment with sodium pervanadate or EGF, 
respectively (Fig. 2A). Activation of ErbB3 was also observed. 
Pervanadate treatment of these cells resulted in 4.6-fold increase 
in phosphorylation of ErbB3, and a 5.6-fold increase was observed 
upon treatment of cells with neuregulin. This cell line does not 
express the ErbB2 receptor17,18; accordingly, phosphorylation of 
ErbB2 or ErbB4 was not detected (Fig. 2).

In MDA-MB-453 cells, treated with sodium pervanadate, lev-
els of phosphorylated forms of ErbB2 and ErbB3 increased by 
30.8-fold and 39.4-fold, respectively (Fig. 3A). Upon treatment with 
neuregulin (ErbB3 agonist), ErbB3 phosphorylation increased by 
11.3-fold compared to untreated cells. In this experiment,  neither 
expression nor phosphorylation of ErbB4 was detected (Fig. 3).
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Fig. 2. (A) Phosphoproteomic analysis of RTKs by multiplex microbead suspension 
array immunoassay in MDA-MB-468 cells. Cells were used as untreated (empty 
bars), treated with 6.6 mM sodium pervanadate for 5 min (hashed bars), 16.5 nM 
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loading). Abbreviations: MFI, median fl uorescence intensity; RTK, receptor tyrosine 
kinase.
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of the 4 lysates, is very high regardless of cell 
activation condition. However, if heterodimer 
formation occurred under certain cell activa-
tion conditions, ErbB2 detection antibody would 
also produce a signal above the basal level for a 
microbead set other than the microbead set spe-
cifi c for capturing ErbB2. Indeed, ErbB2 detection 
antibody produced a signifi cant signal on ErbB3-
specifi c capture beads (Fig. 6A). This signal with 
ErbB2 detection antibody was only present in 
lysates obtained from cells that were activated by 
either neuregulin (11.5-fold signal increase over 
nonstimulated cells) or pervanadate (5-fold signal 
increase); that is, these treatment conditions lead 
to ErbB3 activation. This result indicates that the 
multiplex microbead immunoassay enabled the 
detection of ErbB2:ErbB3 heterodimers under the 
activation conditions that favored these protein–
protein interactions.1 In addition, this result is 
consistent with the previous demonstration with 
other methods that neuregulin treatment of cells 
leads to ErbB2:ErbB3 heterodimer formation.1 In 
a reciprocal experiment, ErbB3 was detected on 
ErbB2-specifi c capture beads (Fig. 6B). Although 
the signal above background (untreated cell 
lysate) was lower, it was signifi cant (3-fold sig-

nal increase). Note that there are differences in assay reciprocity 
as well as variability in the assay background for the different 
microbead sets for detection of ErbB2 and Erb3 in Figure 6. These 
differences could be attributed to the differences in reactivity of 
the antibodies coated on microbeads as well as differences in the 
2 detection antibodies. Nevertheless, it is important to note that 
the signal for ErbB3 detection on ErbB2-specifi c beads (and vice 
versa) was observed only in lysates obtained from activated cells. 
Taken together, the above results indicate that ErbB2 and ErbB3 
RTKs actively engaged in heterodimer formation in the MDA-MB-
453 cell line when ErbB3 was stimulated. The MDA-MB-468 cell 
line does not express ErbB2 receptor.16,17 ErbB2:ErbB3 heterodim-
ers were not detected in this cell line (these authors, data not 
shown).

DISCUSSION
To understand molecular mechanisms underlying the role of 

the ErbB family of RTKs in cancer, it is important not only to 
detect expression but also phosphorylation and heterodimeriza-
tion of these RTKs.18,19 Importantly, there is increasing evidence 
that interplay between the 4 RTKs contributes to more aggres-
sive phenotype and affects response to therapy in breast cancer.18 

of EGFR increased in both MDA-MB-468 and A431 cells within 1 
min; tyrosine phosphorylation continued to increase throughout 
the 60-min period of observation (Fig. 5).

Analysis of the time-course treatment with neuregulin 
revealed the kinetics of phosphorylation of the ErbB3 receptor. A 
clear increase in phosphorylation was observed in MDA-MB-453 
cells that peaked at 15 min and then declined over the next 45 min 
(Fig. 5A). A lower level of increase in phosphorylation of ErbB3 
was observed in neuregulin-treated MDA-MB-468 and A431 cells 
in comparison to untreated cells (Fig. 5B and 5C).

Investigation of Protein–Protein Interactions of RTKs
In breast cancer cell lines, protein–protein interaction between 

ErbB RTKs, under cell activation conditions were investigated by 
the multiplex microbead immunoassay. Cell lysates were analyzed 
from either nonactivated cells, or those treated with pervanadate, 
EGF, or neuregulin. As expected, when multiplex immunoassay 
was performed using ErbB2-specifi c detection antibody, this RTK 
displayed a strong signal for the microbeads coated with ErbB2 
capture antibody (Fig. 6). This fi nding, as expected, shows the pres-
ence of ErbB2 in MDA-MB-453 cell lysates (Fig. 6A). As expected, 
the ErbB2 signal intensity on ErbB2-specifi c microbeads, for each 
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Indeed in MDA-MB-453 cells activated with neuregu-
lin, ErbB2–ErbB3 heterodimers were readily detected 
by the multiplex assay (Fig. 6). Similarly, ErbB2–ErbB3 
heterodimers were found in A431 and prostate cancer 
cell lines (data not shown). In the cell lines used in this 
study, EGFR–ErbB3 or EGFR–ErbB2 heterodimers were 
not detected. The simplest explanation for this obser-
vation is that the predominant form of activated EGFR 
may be a homodimer.

Dimerization of ErbB RTKs induces tyrosine kinase 
catalytic activity, which leads to the autophosphory-
lation of tyrosine residues at the C-terminus of the 
kinase.22 These phosphorylated residues serve as dock-
ing sites for recruitment of proteins, which activate 
downstream signaling cascades,6,12 including Ras-Raf–
mitogen-activated protein kinase (Ras–MAPK), phos-
phatidylinositol-3 kinase–protein kinase B (PI3K–PKB/
Akt, and phospholipase C–protein kinase C (PLC–PKC) 
pathways.22,23 We have developed a multiplex assay for 
the simultaneous detection of phosphorylation for effi -
cient phosphoproteomic profi ling of ErbB RTKs under 
different cell activation conditions. In MDA-MB-453 
cells, neuregulin treatment resulted in the phosphory-
lation of ErbB3. Because EGFR is not present in this cell 

line, EGF treatment did not result in detectable levels of phospho-
rylation of RTKs (Fig. 3). In contrast, MDA-MB-468 cells displayed 
a strong increase in phosphorylation of EGFR upon treatment 
with EGF (Fig. 2). In addition, some increase in the phosphoryla-
tion of ErbB3 was also observed. EGF treatment of A431 cells also 
resulted in a robust increase in phosphorylation of EGFR (Fig. 4). 
However, despite the high level of ErbB3 expression in these cells 
(Fig. 1), treatment with neuregulin did not result in phosphoryla-
tion of ErbB3. This is surprising because, in pervanadate-treated 
A431 cells, ErbB3 was found to be heavily phosphorylated (Fig. 
4). A simple explanation is that in A431 cell line EGFR sequesters 
ErbB2, and under the conditions of activation with neuregulin, 
ErbB2 is not available to dimerize with ErbB3. Thus, ErbB3 phos-
phorylation is inhibited. However, pervanadate is a nonspecifi c 
activator that acts by inhibiting tyrosine phosphatases leading to 
general hyperphosphorylation of tyrosine-phosphorylated signal-
ing proteins. Therefore, in A431 cells treated with pervanadate, 
phosphorylation of ErbB3 is presumably not ErbB2-dependent.

To illustrate the effi ciency of the multiplex microbead suspen-
sion array system in studying intracellular signaling, one may 
consider the example of phosphoproteomic profi ling of RTKs by 
other methods. Phosphoproteomic analysis of the 4 RTKs in breast 
cancer cell lines needed approximately 8 × 104 cells for the mul-
tiplex microbead assay (Fig. 1). Importantly, the same number of 

A multi-pronged approach, enabling determination of expres-
sion as well as function of these potent signaling molecules for 
drug screening, use as biomarkers in cancer diagnosis/prognosis 
and monitoring effi cacy of therapy, would be more valuable. In 
this article, we present proof-of-concept studies for the use of 
the multiplex microbead suspension array method, in 3 multiplex 
panels that enable detection of expression, phosphorylation, and 
heterodimerization of ErbB RTKs.

For the detection of expression of RTKs in breast cancer cell 
lines (MDA-MB-453 and MDA-MB-468) and an epidermoid cell 
line (A431), multiplex microbead suspension array yielded results 
similar to those obtained by western blot (Fig. 1). As expected, 
the MDA-MB-453 cell line expressed ErbB2 and ErbB3, and the 
MDA-MB-468 cell line expressed EGFR and ErbB3. A431 cells 
expressed 3 RTKs (EGFR, ErbB2, and ErbB3). These RTKs are acti-
vated by EGF-like growth factors that promote receptor-mediated 
homo- and heterodimers.11 Among ErbB family members, ErbB2 
does not have a known growth-factor ligand, whereas ErbB3 has a 
defective kinase activity but retains the capacity to bind neuregu-
lin.20 Therefore, these 2 ErbB receptors must heterodimerize with 
each other, or with other members of this RTK family to transmit 
signals. These protein–protein interactions may vary from cell 
type to cell type.4,20 Neuregulin leads to ErbB2–ErbB3 heterodi-
merization, which subsequently produces biological effects.12,20,21 
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Fig. 4. Phosphoproteomic analysis of RTKs by multiplex microbead immunoas-
say in A431 cells. Details are the same as described for Figure 2. Abbreviations: 
MFI, median fl uorescence intensity; RTK, receptor tyrosine kinase.
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time-course activation of 
MDA-MB-453, MDA-MB-
468, and A431 cell lines. 
Cells were activated by both 
agonists (EGF and neu-
regulin) and samples were 
collected at 7 time points 
over a period of 1 h for the 
phosphoproteomic analy-
sis (56 data points) (Fig. 5). 
The kinetic analysis high-
lighted the following fea-
tures of RTK activation: (a) 
the assay readily enabled 
investigation of temporal 
changes in phosphorylation 
of several proteins simulta-
neously, involving multiple 
time points, (b) activation 
kinetics of EGFR in the 2 
cell lines that expressed it 
(MDA-MB-468 and A431) 
were similar, displaying 
a continuous increase in 
overall tyrosine phospho-
rylation over 60 min, and 
(c) the assay was conve-
nient for monitoring signal 
increase as well as its decay 
(ErbB3). In comparison to 
fi xed formats such as pep-
tide array systems,24 the 

multiplex microbead format offers a fl exibility and ease of adapt-
ability where microbead sets coated with capture antibodies can 
be included or excluded from the mixture at will. Methods based 
on 2-D gel electrophoresis and mass spectroscopy have recently 
been applied for simultaneous analysis of multiple signaling pro-
teins in cells.25–29 However, these methods require complex pro-
tocols for sample analysis as well as complicated and very costly 
instrumentation for biological and clinical applications.

This study outlines an effi cient approach for the determination 
of expression, phosphorylation, and identifi cation of heterodi-
meric partner(s), performed on the Luminex platform. As shown 
earlier, results obtained by the multiplex immunoassays can be 
quantitatively compared across different cell types for each pro-
tein individually. For example, the relative expression levels of 
individual ErbB RTKs in 3 different cell lines are clearly refl ected 
by their respective MFI values (Fig. 1). Similarly, phosphorylation 

cells would suffi ce for the phosphoproteomic analysis of several 
other downstream signaling proteins simultaneously with ErbB 
RTKs to obtain more detailed information on intracellular sig-
naling (downstream signaling studies in breast cancer to be pub-
lished elsewhere).13 In contrast, to obtain similar information by 
IP/WB and ELISA analyses of ErbB RTKs, much larger number of 
cells (4 × 107 and 8 × 106, respectively) were required (Figs. 2–4; 
ELISA data (these authors) not shown). Similarly, expression of a 
wide variety of cell signaling proteins could be performed in a 
relatively small number of cells (8 × 104 cells). Thus, the need for 
only a small amount of sample for profi ling of several signaling 
proteins (theoretically up to 100) is a clear advantage of the mul-
tiplex microbead assay system.

Utility and small-sample requirement of this novel multiplex 
immunoassay for detection of phosphorylation were further dem-
onstrated by the analysis of phosphorylation of ErbB RTKs in a 
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Fig. 5. Kinetics of phosphorylation of RTKs in cells treated with EGF or neuregulin. (A) MDA-MB-453, (B) 
MDA-MB-468, and (C) A431 cells were activated with 16.5 nM EGF or 1:500 neuregulin for various times 
ranging from 1 to 60 min. Microbeads used in the multiplex assay were coated with antibodies against 
EGFR (diamond), ErbB2 (square), ErbB3 (triangle), and ErbB4 (cross). Multiplex microbead immunoassay 
was performed as described for Figure 2. Detection of phosphorylation was performed by 4G10. Error bars 
represent standard error of n = 4 values. Abbreviations: MFI, median fl uorescence intensity; RTK, receptor 
tyrosine kinase.
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Res Treat 2006;95:211–218.
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2006;11:89–99.
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6. Niu G, Carter WB: Human epidermal growth factor receptor 2 regulates angio-

poietin-2 expression in breast cancer via AKT and mitogen-activated protein 

kinase pathway. Cancer Res 2007;67:1487–1493.

7. Engel RH, Kaklamani VG: HER2-Positive breast cancer: current and future 

treatment strategies. Drugs 2007;67:1329–1341.

8. Johnston JB, Navaratnam S, Pitz MW, Maniate JM, Wiechec E, Baust H, 

Gingerich J, et al.: Targeting the EGFR pathway for cancer therapy. Curr Med 

Chem 2006;13:3483–3492.

9. Leong TY, Leong AS: Controversies in the assessment of HER-2: more questions 

than answers. Adv Anat Pathol 2006;13:263–269.

10. Britsch S: The neuregulin-I/ErbB signaling system in development and disease. 

Adv Anat Embryol Cell Biol 2007;190:1–65.

11. Stortelers C, van der Woning SP, Jacobs-Oomen S, Wingens M, van Zoelen 

EJ: Selective formation of ErbB-2/ErbB-3 heterodimers depends on the 

ErbB-3 affi nity of epidermal growth factor-like ligands. J Biol Chem 

2003;278:12055–12063.

12. Graus-Porta D, Beerli RR, Daly JM, Hynes NE: ErbB-2, the preferred heterodi-

merization partner of all ErbB receptors, is a mediator of lateral signaling. 

EMBO J 1997;6:1647–1655.

13. Abd El-Rehim DM, Pinder SE, Paish CE, Rampaul RS, Balmey RW, Robertson JFR, 

et al.: Expression and co-expression of the members of the epidermal growth fac-

tor receptor (EGFR) family in invasive carcinoma. Br J Cancer 2004;91:1532–1542.

levels of each of the RTKs in 3 different cell lines are shown by 
their respective MFI values (Figs. 2–4).

In conclusion, the studies reported here provide proof-of-con-
cept for the use of the multiplex microbead suspension array as 
a highly effi cient method for simultaneous detection of expres-
sion, phosphorylation, and heterodimerization of the ErbB RTKs 
in cancer cells. This approach is relatively high throughput and 
quantitative and enables the study of critically important attri-
butes of ErbB RTKs in cancer. The results presented here demon-
strate the feasibility of the multiplex suspension array approach 
for analysis of molecular mechanisms by which RTKs exert their 
oncogenic effects. This approach can also be used for the simul-
taneous detection and quantitation of expression, phosphoryla-
tion, and heterodimerization of many other signaling proteins, 
and hence the multiplex microbead suspension array system holds 
promise as a novel method for drug screening, cancer diagnosis, 
and the prediction of outcomes in cancer patients.
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