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Abstract 

Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is a member of 

the epidermal growth factor family and has a variety of physiological and pathological 

functions. Modulation of HB-EGF activity might have a therapeutic potential in the 

oncology area. We explored the therapeutic possibilities by characterizing the in vitro 

biological activity of anti-HB-EGF monoclonal antibody Y-142. 

EGF receptor (EGFR) ligand and species specificities of Y-142 were tested. Neutralizing 

activities of Y-142 against HB-EGF were evaluated in EGFR and ERBB4 signaling. 

Biological activities of Y-142 were assessed in cancer cell proliferation and angiogenesis 

assays and compared with the anti-EGFR antibody cetuximab, the HB-EGF inhibitor 

CRM197, and the anti-vascular endothelial growth factor (VEGF) antibody bevacizumab. 

The binding epitope was determined with alanine scanning. 

Y-142 recognized HB-EGF as well as the EGFR ligand amphiregulin, and bound 

specifically to human HB-EGF, but not to rodent HB-EGF. In addition, Y-142 

neutralized HB-EGF-induced phosphorylation of EGFR and ERBB4, and blocked their 

downstream ERK1/2 and AKT signaling. We also found that Y-142 inhibited HB-EGF-

induced cancer cell proliferation, endothelial cell proliferation, tube formation, and 

VEGF production more effectively than cetuximab and CRM197 and that Y-142 was 

superior to bevacizumab in the inhibition of HB-EGF-induced tube formation. Six amino 

acids in the EGF-like domain were identified as the Y-142 binding epitope. Among the 

six amino acids, the combination of F115 and Y123 determined the amphiregulin cross-

reactivity and that F115 accounted for the species selectivity. Furthermore, it was 
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suggested that the potent neutralizing activity of Y-142 was derived from its recognition 

of R142 and Y123 and its high affinity to HB-EGF. 

Y-142 has a potent HB-EGF neutralizing activity that modulates multiple biological 

activities of HB-EGF including cancer cell proliferation and angiogenic activities. Y-142 

may have a potential to be developed into a therapeutic agent for the treatment of HB-

EGF-dependent cancers. 

 

Introduction 

Heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) is a 

member of the EGF family of growth factors that binds to the EGF receptor (EGFR) and 

ERBB4 [1,2]. HB-EGF is synthesized as a membrane-bound form, proHB-EGF, which is 

known to be a juxtacrine growth factor [3,4]. proHB-EGF undergoes ectodomain 

shedding by proteases [5], and the shedding is accelerated when proHB-EGF-expressing 

cells are exposed to certain stress conditions [6,7]. The resulting soluble form of HB-EGF 

(sHB-EGF) has a potent mitogenic activity through the activation of EGFR [1]. Upon 

cleavage, the HB-EGF C-terminal fragment translocates into the nucleus and induces 

gene expression of cyclinA and cyclinD2 by suppressing the function of PLZF and Bcl6, 

respectively [8,9]. 

Recent studies have revealed a variety of physiological functions of HB-EGF, including 

tissue development [10–12], skin wound healing [13], and pregnancy [14,15]. HB-EGF 

has also been found to be associated with pathological processes, including cardiac 

hypertrophy [16], pulmonary hypertension [17], atherosclerosis [18,19], and oncogenic 
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transformation [20]. More recently, increasing evidence has demonstrated that HB-EGF 

is over-expressed in multiple types of cancers [21–25] and the over-expression has been 

shown to correlate with poor prognosis [24,26,27]. Due to these findings, anti-HB-EGF 

agents have been actively pursued for therapeutic applications. An HB-EGF inhibitor of 

the diphtheria toxin mutant, CRM197, is in Phase I clinical development for the treatment 

of advanced ovarian cancers [28]. Anti-HB-EGF antibodies U3-1565 and KHK2866 are 

currently in Phase I clinical trials for solid cancers [29]. An anti-HB-EGF therapeutic 

monoclonal antibody is expected to have a longer half-life compared to CRM197 [30, 31], 

but the generation of potent anti-HB-EGF antibodies has been challenging and few anti-

HB-EGF monoclonal antibodies with a functional activity have been reported [29,32,33]. 

Recently, we reported the generation of neutralizing anti-HB-EGF monoclonal antibodies 

[34]. In this study, we report the characterization of one of the anti-HB-EGF monoclonal 

antibodies, Y-142, by analyzing its functional activities and binding epitope. The potent 

biological activity of Y-142 was compared with those of the anti-EGFR antibody 

cetuximab, of the HB-EGF inhibitor CRM197, and of anti-VEGF antibody bevacizumab. 

 

Materials and Methods 

Materials 

Human, mouse, and rat sHB-EGF, and EGFR-hFc were previously prepared from the 

culture supernatant of 293F cells (Invitrogen) transfected with each expression plasmid 

[34]. EGFR ligands, anti-amphiregulin (anti-ARG) monoclonal antibody, anti-EGFR, 

anti-ERBB4, anti-HB-EGF, and anti-ARG polyclonal antibodies, FITC-labeled anti-
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CD31, anti-VEGF, biotinylated anti-VEGF, horseradish peroxidase-labeled (HRP-

labeled) anti-phosphotyrosine antibodies were purchased from R&D Systems. Anti-

phosphorylated ERK1/2 and anti-phosphorylated AKT antibodies were purchased from 

Cell Signaling Technology. Alexa488-labeled anti-rabbit IgG antibody was obtained 

from Invitrogen. Mouse control IgG, HRP-labeled streptavidin, HRP-labeled anti-mouse, 

anti-goat IgG antibodies, Cy5-labeled goat anti-mouse IgG Fcγ specific antibody, and 

anti-human IgG Fc antibody were purchased from Jackson ImmunoResearch 

Laboratories. Cetuximab and CRM197 were from ImClone and Sigma Aldrich, 

respectively. Sulfo-tagged anti-mouse antibody and sulfo-tagged streptavidin were 

purchased from Meso Scale Discovery. Sulfo-tagged anti-phosphotyrosine antibody was 

prepared by labeling anti-phosphotyrosine antibody (Millipore) with MSD Sulfo Tag 

reagent (Meso Scale Discovery). 

Antibody generation 

Anti-HB-EGF monoclonal antibody Y-142 was generated previously [34]. In brief, Y-

142 was prepared by immunizing BALB/c mice (Japan Clea) with subcutaneous 

injections of keyhole limpet hemocyanin-conjugated sHB-EGF and abdominal injections 

of 293F cells transiently transfected with a proHB-EGF expression plasmid. Y-142 was 

purified from its hybridoma culture supernatant with rProteinA Sepharose (GE 

Healthcare). The animal study was carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. The protocol was approved by the Committee on the Ethics 
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of Animal Experiments of Takeda Pharmaceutical Company Limited (Permit Number: 

2802). 

Cell culture 

Ovarian cancer cell line SK-OV-3, breast cancer cell line T47D, and colorectal cancer 

cell line SW480 were purchased from American Type Culture Collection and maintained 

with McCoy’s 5A, RPMI1640, and Leibovit’z L-15 media supplemented with 10% 

serum, respectively. Normal human dermal fibroblasts (NHDF) and human umbilical 

vein endothelial cells (HUVEC) were purchased from Lonza and maintained with FGM-2 

and EGM-2 kits (Lonza), respectively. 

Binding specificity test 

Human, mouse, or rat sHB-EGF was immobilized on an MSD 384-well plate (Meso 

Scale Discovery). Non-specific binding was blocked with PBS containing 1% BSA. Y-

142 was then added to each well and incubated for 1 hour at room temperature. Sulfo-

tagged anti-mouse IgG antibody was added and incubated for 1 hour at room 

temperature. MSD Read Buffer T (Meso Scale Discovery) was added and 

chemiluminescence was measured with a Sector Imager 6000 (Meso Scale Discovery). 

EGFR ligand specificity of Y-142 was determined by incubating various concentrations 

of Y-142 for 1 hour in an EGFR ligand-immobilized 384-well plate followed by 

incubating HRP-labeled anti-mouse IgG antibody for 1 hour at room temperature. TMB 

Peroxidase EIA Substrate (BIORAD) was then added to the 384-well plate and the 

reaction was stopped after 15 minutes by adding 1N H2SO4. Antibody binding to EGFR 
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ligand was then detected by measuring the absorbance at 450 nm using a SPECTRA 

MAX instrument (Molecular Devices). 

Biophysical measurement of KD 

KinExA experiments were performed using a KinExA 3200 instrument (Sapidyne) at 

22°C. sHB-EGF was reconstituted into PBS. sHB-EGF and Y-142 samples were 

prepared in vacuum-degassed HBS-P buffer (10 mM HEPES, 150 mM NaCl, and 

0.005% Tween-20) from GE Healthcare with filtered 0.01% BSA and 0.02% sodium 

azide. For the detection antibody, Cy5-labeled goat anti-mouse IgG, Fcγ specific was 

used. For each KinExA experiment, 20 µg of sHB-EGF was diluted into 1 mL of 50 mM 

sodium carbonate (pH 9.2) which was added directly to 50 mg of azlactone beads 

(UltraLink Biosupport, Thermo Scientific), and rocked overnight at 4°C. After rocking, 

the beads were rinsed once with 1 M Tris-HCl (pH 8.5) containing 1% BSA and rocked 

for 1 hour at room temperature in the same buffer. Coupled beads were added to the bead 

reservoir in the KinExA instrument and diluted to 30 mL with HBS-N (10 mM HEPES 

and 150 mM NaCl, GE Healthcare) containing 0.02% sodium azide which was also the 

running buffer for the KinExA instrument. All antigen-coupled beads were used 

immediately after preparation. 

For KD-controlled experiments, 12 concentrations of sHB-EGF at a range of 4.04 fM–207 

pM were equilibrated at room temperature for 72 hours with 1.03 pM Y-142 binding 

sites. The volume flowed through the bead pack for each sample in the KD-controlled 

titration was 23 mL at a flow rate of 0.25 mL/min. For antibody-controlled experiments, 

12 concentrations of sHB-EGF at a range of 4.67 fM–239 pM were equilibrated at room 
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temperature for 24 hours with 35.6 pM Y-142 binding sites. The volume flowed through 

the bead pack for each sample in the antibody-controlled titration was 3 mL at a flow rate 

of 0.25 mL/min. KD-controlled data and antibody-controlled data were simultaneously fit 

with a dual-curve positive cooperativity model using KinExA software (Version 3.13, 

Sapidyne). 

sHB-EGF binding inhibition to EGFR 

The inhibitory activity of Y-142 against the binding of sHB-EGF to EGFR-hFc was 

detected as previously described [34]. In brief, anti-human IgG Fc antibody was 

immobilized onto a 96-well plate overnight at 4°C. After the plates were blocked with 

PBS containing 20% Immunoblock (Dainippon Sumitomo Pharma), EGFR-hFc was 

added and reacted for 1 hour at room temperature. Y-142 was then added and incubated 

at a concentration of 6.7 nM in the presence of 0.63 nM biotinylated sHB-EGF and 25 

ng/mL of sodium heparin for 1 hour at 37°C, followed by adding HRP-labeled 

streptavidin and incubating for 1 hour at 37°C. SureBlue TMB Microwell Substrate was 

then added and the reaction was stopped after 15 minutes by adding 1N H2SO4. 

Absorbance at 450 nm was measured using SPECTRA MAX. The binding of sHB-EGF 

to EGFR-hFc in the presence of Y-142 was calculated as the percentage of the maximum 

binding that was measured of sHB-EGF binding to EGFR-hFc in the absence of Y-142. 

The minimum binding control signal was detected in the absence of sHB-EGF and Y-142. 

EGFR phosphorylation assay 
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EGFR phosphorylation was detected as described previously [34]. Briefly, SK-OV-3 

cells were plated at 1 × 104 cells/well in McCoy’s 5A medium containing 1% serum into 

a 96-well plate. After a 1-day culture, cells were incubated with 10 nM sHB-EGF or 10 

nM ARG together with Y-142 or anti-ARG monoclonal antibody for 30 minutes at 37°C. 

Cells were lysed in Cell lysis buffer (Cell Signaling Technology) with a protease 

inhibitor cocktail (Roche Applied Science) and a phosphatase inhibitor cocktail (Sigma 

Aldrich). Cell lysates were then incubated in an anti-EGFR polyclonal antibody-coated 

plate for 1 hour at room temperature, followed by an incubation with HRP-labeled anti-

phosphotyrosine antibody for 1 hour at room temperature. After an incubation with TMB 

Peroxidase EIA Substrate for 15 minutes, the reaction was stopped by adding 1N H2SO4. 

EGFR phosphorylation was detected by measuring the absorbance at 450 nm using an 

Envision plate reader (Perkin Elmer). EGFR phosphorylation in the presence of Y-142 or 

anti-ARG antibody was calculated as the percentage of the maximum EGFR 

phosphorylation measured in the absence of Y-142. The minimum phosphorylation 

control was signal detected in the absence of sHB-EGF, ARG, Y-142, and anti-ARG 

antibody. 

ERBB4 phosphorylation assay 

T47D cells were seeded at 2.5 × 104 cells/well into a 96-well plate with RPMI1640 

medium containing 10% serum and cultured for 1 day. After being plated, the cells were 

serum-starved for 1 day and then treated with 10 nM sHB-EGF together with various 

concentrations of Y-142 for 30 minutes at 37°C. Cell lysates were prepared as in the 

EGFR phosphorylation assay described above and then incubated in an anti-ERBB4 
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polyclonal antibody-coated MSD 384-well plate for 1 hour at room temperature. To 

detect receptor phosphorylation, sulfo-tagged anti-phosphotyrosine antibody was 

incubated for 1 hour at room temperature. MSD Read Buffer T was then added as a 

substrate and chemiluminescence was measured with a Sector Imager 6000. ERBB4 

phosphorylation in the presence of Y-142 was calculated as the percentage of the 

maximum ERBB4 phosphorylation measured in the absence of Y-142. The minimum 

phosphorylation control was signal detected in the absence of sHB-EGF and Y-142. 

ERK1/2 and AKT phosphorylation assays 

For the detection of the phosphorylation of ERK1/2 or AKT, SK-OV-3 cells were plated 

as described above. The plated cells were then fixed with 3.8% paraformaldehyde for 1 

hour at room temperature, washed with PBS containing 0.05% Tween-20 (wash buffer) 

three times, and blocked with wash buffer containing 1% BSA, 2% goat serum, 0.3 % 

cold fish skin gelatin, 0.1% TritonX-100, and 0.05% sodium azide. Cells were then 

incubated with anti-phosphorylated ERK1/2 antibody or anti-phosphorylated AKT 

antibody overnight at 4°C, washed three-times with wash buffer, and incubated with 

Alexa488-labeled anti-rabbit IgG antibody for 2 hours at room temperature. In order to 

measure total protein in each well, cells were incubated with Alexa647 succinimidyl ester 

(Invitrogen) in wash buffer. Phosphorylated ERK1/2 and AKT as well as total protein 

were detected with an ImageXpress Micro instrument (Molecular Devices). The levels of 

phosphorylation for ERK1/2 and AKT were normalized with the total amount of protein 

in each well. Phosphorylation levels were calculated as the percentage of the maximum 
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phosphorylation levels detected in the absence of Y-142. The minimum control signal 

was detected in the absence of sHB-EGF and Y-142. 

Cell proliferation assay 

SK-OV-3 cells were added at 3 × 103 cells/well in McCoy’s 5A medium containing 1% 

serum and HUVEC were added at the same density in EBM-2 media (Lonza) containing 

5% charcoal-stripped serum (Hyclone) to 96-well plates and cultured for 1 day. Cells 

were further cultured in the presence of 10 nM sHB-EGF with Y-142, cetuximab, or 

CRM197 for 3 days. Various concentrations of cetuximab and CRM197 were used in 

accordance with previous studies [35,36]. Cell proliferation was detected with CellTiter-

Glo (Promega) using Envision. Cell proliferation of SK-OV-3 cells and HUVEC was 

calculated as the percentage of the proliferation level measured in the absence of sHB-

EGF, Y-142, cetuximab, and CRM197. 

Tube formation assay 

NHDF were seeded at 1 × 104 cells/well with an FGM-2 kit into a clear-bottom black 96-

well plate and cultured for 3 days. One thousand HUVEC were seeded onto the 

monolayer of NHDF with EBM-2 medium containing 2% charcoal-stripped serum in the 

presence of 50 nM sHB-EGF with various concentrations of Y-142, cetuximab, CRM197, 

or bevacizumab. The broad concentration range of cetuximab, CRM197, or bevacizumab 

was used in accordance with previous studies [35–37]. After a 4-day incubation period, 

HUVEC were stained with FITC-labeled anti-CD31 antibody. CD31-positive cells were 

detected using an Acumen ex3 instrument (TTP Labtech). Tube formation in the presence 
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of Y-142, cetuximab, CRM197, or bevacizumab was calculated as the percentage of the 

tube formation detected in the presence of sHB-EGF, Y-142, cetuximab, CRM197, and 

bevacizumab. 

VEGF measurement 

Anti-VEGF monoclonal antibody was immobilized in an MSD high binding plate 

overnight at 4°C. Each well was then blocked with PBS containing 1% BSA for 1 hour at 

room temperature. Culture supernatant from the tube formation assay described above 

was then added into each well and the plate was incubated for 1 hour at room 

temperature. Biotinylated anti-VEGF antibody was then reacted for 1 hour at room 

temperature followed by an incubation with sulfo-tagged streptavidin for 1 hour at room 

temperature. Read T Buffer was then added as a substrate and chemiluminescence was 

measured with a Sector Imager 6000 instrument. The VEGF amount in the culture 

supernatant was calculated as a percentage of the VEGF amount in the presence of sHB-

EGF. 

Western blot 

sHB-EGF and ARG were boiled in laemmli sample buffer (BIORAD) with or without 10 

mM dithiothreitol for 5 minutes at 95°C. The non-reduced or reduced sHB-EGF or ARG 

were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. sHB-

EGF was detected with either 3 μg/mL of Y-142 or 3 μg/mL of anti-HB-EGF polyclonal 

antibody as the primary antibody, followed by incubation with HRP-labeled anti-mouse 

IgG antibody or HRP-labeled anti-goat IgG antibody, respectively, as the secondary 
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antibody. ARG was detected with either 3 μg/mL of Y-142 or 3 μg/mL of anti-ARG 

polyclonal antibody as the primary antibody, followed by incubation with HRP-labeled 

anti-mouse IgG antibody or HRP-labeled anti-goat IgG antibody, respectively, as the 

secondary antibody. 

Epitope mapping 

Epitope mapping study was performed as described previously [33]. In brief, expression 

plasmids of proHB-EGF alanine mutants were prepared with a KOD Plus Mutagenesis 

Kit (TOYOBO). Each expression plasmid was transfected into SW480 cells with 

Lipofectamine LTX with Plus reagent (Invitrogen) in 96-well plates. Two days after the 

transfection, cells were washed once with PBS(+) (PBS with 0.5 mM CaCl2 and 0.5 mM 

MgCl2) and then incubated in 1% BSA-containing PBS for 30 minutes at 4°C. Cells were 

then washed three times with PBS(+) and incubated with 200 nM Y-142 or anti-HB-EGF 

polyclonal antibody for 30 minutes at 4°C. After the washing steps, HRP-labeled anti-

mouse IgG or HRP-labeled anti-goat IgG-antibody was added to detect Y-142 or anti-

HB-EGF polyclonal antibody, respectively. After washing twice with PBS(+), TMB 

Peroxidase EIA Substrate was added to each well and incubated for 15 minutes. The 

reaction was stopped by adding 1N H2SO4. Antibody binding was detected by measuring 

the absorbance at 450 nm using an Envision instrument. In order to take into 

consideration the differences among proHB-EGF expression levels, the binding of Y-142 

to each proHB-EGF mutant was normalized with that of the anti-HB-EGF polyclonal 

antibody by each mutant. The percent binding of Y-142 was then calculated using the 

following formula: Y-142 binding (%) = (A/B)/(C/D) × 100, where A represents the 
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absorbance at 450 nm of Y-142 in mutant proHB-EGF, B represents the absorbance (450 

nm) of anti-HB-EGF polyclonal antibody in mutant proHB-EGF, C represents the 

absorbance (450 nm) of Y-142 in wild-type proHB-EGF, and D represents the 

absorbance (450 nm) of anti-HB-EGF polyclonal antibody in wild-type proHB-EGF. 

 

Results 

Binding specificity of Y-142 

Neutralizing anti-HB-EGF antibodies were previously generated by a hybridoma 

approach [34]. In the study, we characterized one of the anti-HB-EGF monoclonal 

antibodies, Y-142. We first tested the binding profile of Y-142 to EGF ligands using 

ELISA (Fig. 1A). Y-142 showed comparable binding to HB-EGF and amphiregulin 

(ARG), but not to the other four EGFR ligands. We then examined species specificity of 

Y-142 by testing its binding to human, mouse and rat HB-EGF. As shown in Fig. 1B, Y-

142 bound to human sHB-EGF but not to mouse and rat HB-EGF. 

Biophysical measurement of KD for Y-142 to HB-EGF 

The KD value of Y-142 to human HB-EGF was measured using the kinetic exclusion 

assay (KinExA) method. KD-controlled titration data were obtained by using a range of 

sHB-EGF concentrations equilibrated with a constant Y-142 binding site concentration (2 

× the molecular concentration) of 1.03 pM. For antibody-controlled experiments, several 

concentrations of sHB-EGF were equilibrated with a constant Y-142 binding site 

concentration of 35.6 pM. In a dual-curve analysis, the KD-controlled curve contains most 
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of the KD information while the antibody-controlled curve returns a value for the binding 

site concentration of the monoclonal antibody. The latter parameter can be compared to 

the nominal binding site concentration of the monoclonal antibody which can determine 

if the estimated KD should be adjusted for the activity of the antigen in certain cases [38]. 

The KD-controlled titration data and antibody-controlled titration data were initially fit in 

a dual-curve analysis with a standard 1:1 equilibrium binding model. It was observed, 

however, that the titration curves collected under both KD- and antibody-controlled 

conditions decreased with a slope steeper than that described by the standard 1:1 model. 

This steeper slope can only be explained by use of a positive cooperativity model. In the 

positive cooperativity model, the binding of HB-EGF to one monoclonal antibody 

binding site causes the affinity of the second binding site of the antibody to increase [39]. 

Hence, a positive cooperativity equilibrium model was used to fit the dual-curve titration 

data which provided an improved fit to the dual curve data set, yielding an effective KD = 

1.50 pM (Fig. 2). In addition, the resulting Hill coefficient (n = 1.68) was greater than 1 

which also indicated positive cooperativity (n = 1 signifies independent binding) [39]. 

Neutralizing activity of Y-142 against sHB-EGF and ARG signaling 

As the over-expression of HB-EGF has been reported in cancer tissues [21–25], the 

neutralization of sHB-EGF functionality is expected as a promising therapeutic potential. 

Neutralizing activity of Y-142 against sHB-EGF was therefore evaluated in both 

biochemical and cell-based assays. EGFR is one of the HB-EGF receptors, and the 

binding of sHB-EGF to EGFR leads to phosphorylation of EGFR and activation of its 

downstream signaling. We found that the binding of sHB-EGF to EGFR-hFc was 
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completely blocked with Y-142 (Fig. 3A). The sHB-EGF blocking activity of Y-142 was 

translated with the complete inhibition of sHB-EGF-induced EGFR phosphorylation (Fig. 

3B). In addition to EGFR, sHB-EGF binds to and activates ERBB4 signaling pathway 

[2]; indeed we showed that Y-142 could neutralize the sHB-EGF-induced 

phosphorylation of endogenously expressed ERBB4 on T47D cells (Fig. 3C). Importantly, 

the neutralizing activity of Y-142 affected EGFR downstream signaling events. As shown 

in Figs. 3D and 3E, Y-142 neutralized sHB-EGF-induced phosphorylation of ERK1/2 

and AKT, respectively. Taken together, our results showed that sHB-EGF binds to and 

activates EGFR and ERBB4, and that Y-142 can neutralize sHB-EGF-induced EGFR and 

ERBB4 signaling. 

In a binding specificity test, Y-142 recognized ARG as well as sHB-EGF, which are both 

EGFR ligands (Fig. 1A). We then tested if Y-142 could neutralize the biological activity 

of ARG. We hypothesized that Y-142 would be able to neutralize the functionality of 

ARG because of its neutralizing activity against sHB-EGF and cross-reactivity to ARG. 

However, we were able to show that phosphorylation of EGFR induced by ARG was 

only partially neutralized by Y-142 (Fig. 3F), whereas Y-142 completely blocked the 

sHB-EGF-induced EGFR phosphorylation (Fig. 3B). These results suggested that Y-142 

could neutralize both sHB-EGF and ARG functional activities, albeit ARG activity on 

EGFR is only partially blocked by Y-142. 

Comparison of sHB-EGF neutralizing activity of Y-142 with those of cetuximab, 

CRM197, and bevacizumab 
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The neutralizing activity of Y-142 against sHB-EGF was compared with two known 

inhibitors of the EGFR pathway: cetuximab and CRM197. Cetuximab, an anti-EGFR 

monoclonal antibody used as a cancer therapeutic agent, suppresses EGFR-dependent 

cancer cell growth by inhibiting EGFR activation. CRM197, a mutant diphtheria toxin, 

binds to proHB-EGF and the subsequent internalization of CRM197 causes the inhibition 

of protein synthesis. We observed that sHB-EGF-induced SK-OV-3 cell proliferation was 

completely inhibited by Y-142 and cetuximab, and partially inhibited by CRM197 (Fig. 

4A). Y-142 showed a more potent effect in suppressing cell proliferation than cetuximab. 

IC50 values of Y-142 and cetuximab were 4.1 nM and 38 nM, respectively. 

sHB-EGF has been reported to be involved in multiple processes of angiogenesis [40,41]. 

We therefore studied the effect of Y-142 in a human umbilical vein endothelial cells 

(HUVEC) proliferation assay. Y-142 neutralized sHB-EGF-induced HUVEC 

proliferation in a concentration dependent manner. Conversely, in the same assay, 

cetuximab and CRM197 showed no significant activity (Fig. 4B). To confirm this initial 

observation, we investigated the ability of Y-142, cetuximab, and CRM197 to block the 

angiogenic activity of sHB-EGF in a tube formation assay in which HUVEC and normal 

human dermal fibroblasts (NHDF) were co-cultured. Y-142 showed a complete inhibition 

of sHB-EGF-induced tube formation while cetuximab and CRM197 had no significant 

effect (Fig. 4C). To further evaluate the role of Y-142 in the angiogenic activity of sHB-

EGF, we tested the neutralizing activity of Y-142 against sHB-EGF-induced VEGF 

production. We observed that Y-142 inhibited VEGF production induced by sHB-EGF 

while cetuximab and CRM197 showed no inhibitory effects (Fig. 4D). These results 
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indicate that Y-142 could neutralize the angiogenic processes of sHB-EGF more 

effectively than cetuximab and CRM197. 

We further compared the inhibitory activity of Y-142 against the sHB-EGF-induced tube 

formation with that of anti-VEGF antibody bevacizumab, which is used as a cancer 

therapeutic agent. As shown in Fig. 4C, bevacizumab only partially inhibited the sHB-

EGF-induced tube formation, while Y-142 showed complete inhibition.  

Conformational epitope recognition and epitope mapping of Y-142 

Our results show that Y-142 binds to HB-EGF and ARG and blocks the binding of sHB-

EGF to EGFR and ERBB4 and ARG to EGFR. These findings suggest that Y-142 

recognizes the EGF-like domain of HB-EGF because the EGF-like domain is required for 

the interaction of the EGF family of ligands and receptors. When probing sHB-EGF by 

Western blot under reducing and non-reducing conditions, Y-142 only recognized sHB-

EGF under non-reducing condition, suggesting that it might recognize a conformational 

epitope (Fig. 5A). Because Y-142 recognized ARG as well as sHB-EGF in the specificity 

test (Fig. 1A), we tested the recognition pattern of Y-142 to ARG. Similarly to sHB-EGF, 

Y-142 only recognized ARG under non-reducing condition (Fig. 5B), further supporting 

that Y-142 recognizes a conformational epitope. To identify the Y-142 epitope, we tested 

its binding activity against a series of proHB-EGF mutants where an alanine point 

mutation was introduced in the EGF-like domain. Six cysteines in this domain were not 

replaced so as not to disrupt the disulfide bonds required for EGFR activation [42]. Data 

demonstrated that the binding of Y-142 to G119A, G140A, and R142A mutants 

decreased by more than 70%, while binding to F115A, Y123A, and G137A mutants 
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decreased by more than 50% (Fig. 6). These results indicate that Y-142 recognizes F115, 

G119, Y123, G137, G140, and R142 in the EGF-like domain of HB-EGF. 

 

Discussion 

In this study, we characterized an anti-HB-EGF monoclonal antibody Y-142 and 

evaluated its therapeutic potential. Our results clearly demonstrated that Y-142 inhibits 

sHB-EGF-induced cancer cell proliferation as well as sHB-EGF-induced angiogenic 

processes more effectively than cetuximab and CRM197, suggesting that Y-142 may 

have more promising therapeutic possibilities than cetuximab and CRM197. We 

hypothesized that the unique epitope of Y-142 and its high affinity to HB-EGF accounted 

for its superior activities in blocking cell proliferation and angiogenic activities of sHB-

EGF. Previous studies have reported that the KD value of HB-EGF binding to EGFR is 

3.8 nM [43], the KD of CRM197 binding to HB-EGF is 27 nM [44], and that the KD of 

cetuximab binding to EGFR is 0.2 nM [45]. Compared to these reported affinities, the KD 

of Y-142 binding to HB-EGF measured in this study (1.5 pM) was several orders of 

magnitude tighter (Fig. 2). Because Y-142 and CRM197 bind to HB-EGF and cetuximab 

binds to EGFR, it is difficult to directly compare the amino acids used for binding by 

each reagent to inhibit the sHB-EGF-EGFR interaction. However, we expect that their 

binding amino acids should be another determinant of their neutralizing activities. More 

interestingly, the inhibitory activity of Y-142 seemed to be enhanced in the HUVEC 

proliferation and tube formation assays compared to that in the cancer cell proliferation 

assay (Figs. 4A, 4B and 4C). As shown in Fig. 4C, the sHB-EGF-induced tube formation 
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was only partially blocked by bevacizumab, implying that sHB-EGF uses VEGF-

independent and VEGF-dependent pathways. Therefore, we speculate that the complete 

inhibition of Y-142 against the function of sHB-EGF, which led to the subsequent 

inhibition of the VEGF function, resulted in the enhanced activity of Y-142. 

To date, few anti-HB-EGF antibodies with biological activity against HB-EGF have been 

reported in the literature [29,32,33]. However, the results of this study show that Y-142 

has unique properties with its potent neutralizing activity in multiple HB-EGF signaling 

events. We compared the neutralizing activity of Y-142 with that of KM3566, which is a 

parental antibody of KHK2866 [29]. KHK2866 is the humanized version of mouse anti-

HB-EGF antibody KM3566. The IC50 value of KM3566 was estimated to be 

approximately 0.2 µg/mL (1.3 nM) in an MCAS cell growth assay using 3 ng/mL (0.32 

nM) of sHB-EGF [29]. This estimated IC50 value was more than four-fold higher than the 

concentration of sHB-EGF used. In contrast, the IC50 value of Y-142 was 4.3 nM in an 

SK-OV-3 cell growth assay using 10 nM sHB-EGF (Fig. 4A). We previously identified 

the IC50 values of anti-HB-EGF monoclonal antibodies with a colony formation assay 

[34]. In the assay, Y-142 showed an IC50 value of 0.02 nM against 0.11 nM sHB-EGF. 

Hence, each assay showed the IC50 values of Y-142 were less than half the concentrations 

of sHB-EGF used, indicating a superior neutralization activity of Y-142 compared to 

KM3566. 

Our study also shed light on the functional epitope of Y-142. An alanine scanning 

approach to the whole EGF-like domain revealed six amino acids, F115, G119, Y123, 

G137, G140, and R142, as the Y-142 binding epitope (Fig. 6). This mapping result is 
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consistent with the finding that Y-142 did not recognize a linear conformational epitope 

(Fig. 5). Structural analyses by nuclear magnetic resonance and crystallography 

demonstrated that Y13 and R41 of EGF, corresponding to F115 and R142 of HB-EGF 

(Fig. 1C), were in close proximity to each other [46,47]. Mutational analyses of EGF 

identified Y13, I23, R41, and L47 of EGF as crucial amino acids in its binding to EGFR 

[48–50]. R41 in EGF is an especially critical determinant for EGFR binding [48] because 

it forms a salt bridge with D355 in domain III of EGFR [46]. Y13 in EGF was reported to 

hydrophobically interact with the F357 side chain in domain III of EGFR [47]. Consistent 

with the mutagenesis data of EGF, the neutralizing activity of Y-142 against sHB-EGF 

was predicted to be attributed to the recognition of F115 and R142. In addition to the 

binding studies of EGF to EGFR, mutagenesis approaches with heregulinβ (HRGβ), a 

ligand for ERBB4, identified several residues critical for ERBB4 binding [51]. 

Replacement of R44 in HRGβ with an alanine showed the greatest reduction of ERBB4 

binding. Furthermore, the replacement of F13, G18, and G42 in HRGβ also resulted in an 

apparent reduction in ERBB4 binding. These amino acids in HRGβ correspond to R142, 

F115, G119, and G140 in HB-EGF, respectively (Fig. 1C). Similar to the binding 

between HRGβ and ERBB4, the binding activity of Y-142 to HB-EGF was reduced when 

R142, F115, G119, and G140 in HB-EGF were mutated. The HRGβ mutagenesis 

approach was consistent with the model that describes the neutralizing activity of Y-142 

to ERBB4 as being attributed to the recognition of these amino acids on HB-EGF. 

Species specificity and EGFR ligand specificity provided additional information of the 

epitope of Y-142. Of the six amino acids determined to be the Y-142 binding epitope 

(F115, G119, Y123, G137, G140, R142), all except for F115 were conserved between 
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human, mouse, and rat HB-EGF (Fig. 1D), yet Y-142 binds to human HB-EGF 

specifically. This indicates that human HB-EGF specificity was determined by F115. 

Among the six amino acids which define the Y-142 epitope, F115 and Y123 are the only 

two which are shared between ARG and HB-EGF and not with other EGF ligands (Fig. 

1C). Therefore, we concluded that the cross-reactivity of Y-142 to ARG resulted from the 

recognition of the combination of F115 and Y123. Among EGF ligands, ARG and HB-

EGF share common features. Both ARG and HB-EGF possess a heparin-binding domain 

[52] and bind to CD9, which potentiates their juxtacrine activities [53]. In our studies, 

however, Y-142 only partially neutralized ARG (Fig. 3F), whereas sHB-EGF-induced 

EGFR phosphorylation was completely neutralized by Y-142 (Fig. 3B). Of the six amino 

acids identified as the Y-142 epitope, G137 was the only amino acid not shared with 

ARG. These findings may mean that the recognition of G137 of Y-142 may also be 

important in its neutralizing activity against sHB-EGF. Interestingly, the co-expression of 

ARG and HB-EGF in gastrointestinal stromal tumor tissues and breast cancer tissues has 

been reported [54,55]. In addition, the co-expression has been identified in cancer cell 

lines derived from different cancer types including bladder, head and neck squamous, 

prostate, and ovarian cancers [56–59], suggesting that Y-142 may be able to exert its 

synergistic anti-cancer activity against these cancer types by neutralizing sHB-EGF and 

ARG functionalities simultaneously. 

We demonstrated the potent neutralizing activity of Y-142 against sHB-EGF and the 

superiority of Y-142 over cetuximab, CRM197, and bevacizumab in sHB-EGF 

neutralizing activities. Our findings may expedite progress in the clinical research of HB-

EGF. 
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Figure Legends 

FIGURE 1. Binding specificity of Y-142 to EGFR ligands and to different species of 

sHB-EGF 

(A) The binding activity of Y-142 to EGFR ligands by ELISA. The various 

concentrations of Y-142 were incubated in an EGFR ligand-immobilized plate. The 

binding was then detected with HRP-labeled anti-mouse IgG antibody. Data points 

represent the mean ± standard deviation (SD) of values acquired in duplicate. 

(B) The binding activity of Y-142 to human, mouse, and rat HB-EGF by ELISA. The 

binding activity to different species HB-EGF was measured by ELISA using an 

electroluminescence-based technology. The various concentrations of Y-142 were 

incubated in a sHB-EGF-immobilized plate. The binding was detected with sulfo-tagged 
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anti-mouse IgG antibody. Data points represent the mean ± SD of values acquired in 

duplicate. 

(C) Amino acid alignment of the EGF-like domain of EGFR ligands. A dot indicates an 

amino acid different than HB-EGF. A dash represents a gap. Arrowheads labeled with a 

number indicate the Y-142 binding epitopes identified in Fig. 6. 

 (D) Amino acid alignment of the EGF-like domain of human, mouse, and rat HB-EGF. 

A dot indicates an amino acid identical to human HB-EGF. Arrowheads labeled with a 

number indicate the Y-142 binding epitopes identified in Fig. 6. 

 

FIGURE 2. Measuring the KD of the Y-142/HB-EGF complex 

Dual-curve KinExA equilibrium titration of sHB-EGF binding to Y-142. KD-controlled 

data (bottom fitted curve) were acquired by equilibrating sHB-EGF at a concentration 

range of 4.04 fM–207 pM with 1.03 pM Y-142 binding sites. Antibody-controlled data 

(top fitted curve) were acquired by equilibrating sHB-EGF at a concentration range of 

4.67 fM–239 pM with 35.6 pM Y-142 binding sites. All data points were acquired in 

duplicate. Both curves were simultaneously fit to a standard positive cooperativity 

equilibrium model, yielding an effective KD = 1.50 pM (0.31) where the number in 

parentheses is the 95% confidence interval of the fit, and a Hill coefficient n = 1.68. 

 

FIGURE 3. Neutralizing activities of Y-142 against sHB-EGF and ARG signaling 

(A) Inhibitory activity of Y-142 to sHB-EGF binding to EGFR. EGFR-hFc was 

incubated in an anti-human IgG Fc antibody-coated plate. Y-142 was then incubated at a 

concentration of 6.7 nM in the presence of 0.63 nM biotinylated sHB-EGF for 1 hour at 
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37°C. sHB-EGF bound to EGFR-hFc was detected by HRP-labeled streptavidin. sHB-

EGF binding to EGFR-hFc in the presence of Y-142 was calculated as a percentage of 

the “control” sHB-EGF binding to EGFR which occurred without Y-142. Data points 

represent the mean + SD of values acquired in triplicate. 

 (B) Neutralizing activity of Y-142 against EGFR phosphorylation. SK-OV-3 cells were 

treated with 10 nM sHB-EGF and 67 nM Y-142. Cell lysates were incubated in an anti-

EGFR antibody-coated plate, followed by an incubation with HRP-labeled anti-

phosphorytosine antibody. EGFR phosphorylation in the presence of Y-142 was 

calculated as a percentage of the “control” EGFR phosphorylation which occurred 

without Y-142. Data points represent the mean + SD of values acquired in triplicate. 

(C) Neutralizing activity of Y-142 against ERBB4 phosphorylation. Cell lysates of T47D 

cells as prepared in Fig. 3A were incubated on an anti-ERBB4 antibody-coated plate. The 

phosphorylation of ERBB4 was detected by a sulfo-tagged anti-phosphotyrosine 

antibody. ERBB4 phosphorylation in the presence of Y-142 was calculated as a 

percentage of the “control” ERBB4 phosphorylation which occurred without Y-142. Data 

points represent the mean + SD of values acquired in duplicate. 

(D) and (E) Neutralizing activity of Y-142 against (D) ERK1/2 phosphorylation and (E) 

AKT phosphorylation. In (D) and (E) SK-OV-3 cells treated with 10 nM sHB-EGF and 

200 nM Y-142 were stained with an anti-phosphorylated ERK1/2 antibody or an anti-

phosphorylated AKT antibody, respectively, followed by an Alexa488-labeled anti-rabbit 

IgG antibody. Phosphorylated ERK1/2 and phosphorylated AKT were both detected with 

an ImageXpress Micro instrument and calculated as a percentage of the “control” 
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phosphorylation levels which occurred without Y-142. Data points represent the mean + 

SD of values acquired in duplicate. 

(F) Neutralizing activity of Y-142 to ARG. SK-OV-3 cells were treated with 10 nM ARG 

plus various concentrations of Y-142 (2 nM, 6.7 nM, 20 nM, and 67 nM). Anti-ARG 

monoclonal antibody (67 nM) was used as a positive control. Cell lysates were incubated 

in an anti-EGFR antibody-coated plate followed by an incubation with an HRP-labeled 

anti-phosphorytosine antibody. EGFR phosphorylation was calculated as a percentage of 

the “control” EGFR phosphorylation which occurred without Y-142. Data points 

represent the mean + SD of values acquired in triplicate. 

 

FIGURE 4. Inhibitory activity of Y-142 against sHB-EGF functions 

(A) and (B) Neutralizing activities of Y-142 against (A) sHB-EGF-induced SK-OV-3 cell 

proliferation and (B) HUVEC proliferation. SK-OV-3 cells or HUVEC were cultured for 

3 days in the presence of sHB-EGF and the indicated concentrations of Y142, cetuximab, 

or CRM197. Cell proliferation was detected with CellTiter-Glo and calculated as a 

percentage of the “control” cell proliferation without sHB-EGF. Data points represent the 

mean ± SD of values acquired in triplicate. 

(C) Inhibition of HUVEC tube formation by Y-142. HUVEC were cultured on a 

monolayer of NHDF in the presence of 50 nM sHB-EGF and the indicated concentrations 

of Y142, cetuximab, CRM197, or bevacizumab for 4 days. HUVEC were then stained 

with FITC-labeled anti-CD31 antibody. Tube formation (CD31-positive area) was 

calculated as a percentage of the “control” amount of tube formation in the presence of 

sHB-EGF. Data points represent the mean ± SD of values acquired in triplicate. 
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(D) Inhibition of VEGF production by Y-142. HUVEC were prepared as in Figure 4C 

and treated with 50 nM sHB-EGF and the indicated concentrations of Y142, cetuximab, 

or CRM197 for 4 days. VEGF concentration in the supernatant of co-culture was 

measured in an electrochemiluminescence-based method. VEGF production was 

calculated as a percentage of the “control” amount of VEGF produced in the presence of 

sHB-EGF. Data points represent the mean ± SD of values acquired in triplicate. 

  

FIGURE 5. Recognition of a conformational epitope by Y-142 

The binding of Y-142 to a linear or conformational epitope was tested using Western 

blot. sHB-EGF (A) or ARG (B) was prepared in reducing or non-reducing conditions 

with or without dithiothreitol, respectively. The sHB-EGF was probed with an anti-HB-

EGF polyclonal antibody and with Y-142. The ARG was probed with anti-ARG 

polyclonal antibody and with Y-142. 

 

FIGURE 6. Recognition of F115, G119, Y123, G137, G140, and R142 by Y-142 

Epitope mapping of Y-142 was performed using alanine scanning. Each mutant proHB-

EGF expression plasmid was transfected into SW480 cells. The binding activity of Y-142 

to the cells was measured in a cell ELISA. The expression level of mutant proHB-EGF 

was normalized with the binding of anti-HB-EGF polyclonal antibody by each mutant. 

The binding of Y-142 to mutant proHB-EGF was calculated as a percentage of the 

“control” binding of Y-142 to wild-type proHB-EGF. Data points represent the mean + 

SD of values acquired in triplicate. 
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Abbreviations 

ARG, amphiregulin; EGF, epidermal growth factor; EGFR, EGF receptor; HB-EGF, 

heparin-binding EGF-like growth factor; HRGβ, heregulinβ; HRP, horseradish 

peroxidase; HUVEC, human umbilical vein endothelial cells; KinExA, kinetics exclusion 

assay; NHDF, normal human dermal fibroblasts; proHB-EGF, membrane-bound form of 

HB-EGF; SD, standard deviation; sHB-EGF, soluble form of HB-EGF; VEGF, vascular 

endothelial cell growth factor 
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