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Abstract: Non-native ligands for growth factor receptors with distinct chemical properties and
different biological activities have the potential to become therapeutic applications. We previously
generated MET/hepatocyte growth factor (HGF) receptor agonists using bivalent macrocyclic
peptides. The highest MET-activating agonists exhibited biological activity that was indistinguishable
from the effects of HGF. In this study, we investigated MET activation, signal characteristics,
and biological responses induced by a macrocyclic peptide partial agonist known as aML5-PEG11.
aML5-PEG11 induced weak tyrosine phosphorylation of MET while enhancing cell migration
with potency comparable to HGF. aML5-PEG11 induced marked AKT (protein kinase B) and ERK
(extracellular signal-regulated kinase) activation at a comparable potency and time-dependency to
HGF, which suggests that enhancement of cell motility is attributable to activation of these molecules.
In a 3-D culture of bile duct cancer cells in collagen gel, HGF induced robust activation of MET, ERK,
and AKT, which was associated with enhanced expression of genes involved in bile duct development
and subsequent branching of tubulogenesis. In contrast, aML5-PEG11 induced marginal activation of
MET, ERK, and AKT (levels near the detection limits), which was associated with failure to enhance
the expression of genes involved in bile duct development and a lack of tubulogenic response.
Thus, MET activation by aML5-PEG11 couples to biological responses differently from HGF in an
extracellular context-dependent manner.

Keywords: HGF; MET receptor; surrogate agonist; partial activation; signal transduction

1. Introduction

Growth factors and cytokines (collectively referred to as growth factors in this paper) exert
biological activities by binding to and activating their membrane-spanning receptors. Ligand-induced
homo-typic or hetero-typic dimerization of the receptors triggers activation of intracellular signaling
pathways, which leads to altered gene expression profiles and biological responses. Engineered ligands
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and natural ligands have the capability to exert partial or modulated downstream signaling by
influencing the stability of the receptor-ligand complex, affinity, and/or dimer conformations [1–7].
Attempts to generate non-native growth factor receptor agonists with distinct chemical properties
and different capabilities to activate receptors have been conducted by using different approaches
including variant growth factors with deletion and/or amino acid replacements, synthetic compounds,
oligonucleotides, and peptides [8–12].

The activation of the MET receptor by its natural ligand known as the hepatocyte growth
factor (HGF) triggers various cellular responses including cell proliferation, cell scattering/migration,
and epithelial branching morphogenesis in a 3-D matrix [13–15]. These biological activities mediated
by the MET receptor pathway supports embryogenesis and tissue regeneration [13–15] where each
biological activity contributes differently to the biological processes in a cell type-related manner or
tissue type-related manner. Design and generation of MET-agonistic molecules indistinguishable from
native ligands and partially agonistic molecules with selective biological activities have the potential
to be applicable to medical use.

Recently, we generated several bivalently linked macrocyclic peptides with the capacity to
dimerize and activate the MET receptor by using the random nonstandard peptides integrated
discovery (RaPID) system [12]. The bivalent macrocyclic peptides showed full-agonism or partial
agonism toward the MET receptor depending on the linker length for the macrocyclic peptides.
The fully MET-agonistic macrocyclic peptides induced intracellular signal activation profiles with a
time profile and potency similar to HGF. Furthermore, the fully MET-agonistic macrocycles induced
epithelial tubulogenesis and up-regulated a set of functionally classified genes involved in multicellular
organism development in a manner that was indistinguishable from HGF.

In this study, we identified the bivalent macrocyclic peptide aML5-PEG11 as a partial MET-agonist.
aML5-PEG11 partially activated the MET receptor and coupled to activation of downstream signal
molecules and biological responses differently from HGF in an extracellular context-regulated manner.
We elucidated the underlying mechanism leading to the different biological responses between
aML5-PEG11 and HGF from the aspect of MET receptor activation, activation of intracellular signal
transducers, and gene expression.

2. Results

2.1. MET Receptor Activation and Biological Responses

aML5-PEG11 is composed of two aML5 MET-binding macrocyclic peptides linked by polyethylene
glycol (PEG) (Figure 1A). To evaluate the potency of aML5-PEG11 toward the MET receptor,
Y1234/1235 phosphorylation of the MET receptor was detected by using a cell-based ELISA in cultured
EHMES-1 human mesothelioma cells (Figure 1B, left). HGF induced Y1234/1235 phosphorylation of
the MET receptor in a dose-dependent manner and achieved maximal phosphorylation at 1–10 nM.
Maximal aML5-PEG11-induced MET Y1234/1235 phosphorylation occurred at 100 nM. However,
the maximal efficacy of aML5-PEG11 was about 20% of that observed with HGF. We confirmed the
reduced efficacy of aML5-PEG11 to induce Y1234/1235 phosphorylation in another cell line known as
the HuCCT1 human bile duct cancer cells (Figure 1B, right).
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enhanced invasion of HuCCT1 cells to a degree comparable to HGF (Figure 2D). These results 
indicate that aML5-PEG11 is a partial agonist with a markedly reduced ability to induce MET 
tyrosine phosphorylation but with the ability to promote cell motility comparable to HGF. 

 
Figure 1. Chemical structure of aML5-PEG11 and MET receptor activation by aML5-PEG11. (A) 
Structure of aML5-PEG11. (B) MET receptor activation by aML5-PEG11. EHMES-1 and HuCCT1 
cells were treated with aML5-PEG11 or HGF for 10 minutes. MET receptor phosphorylation at Tyr 
1234/1235 was quantified by using a cell-based phospho-MET receptor assay. Each value indicates 
the mean ± SD obtained from independent experiments performed in triplicate. 

2.2. Signaling Molecule Activation Profiles 

To investigate the mechanism permitting aML5-PEG11 to strongly induce cell migration while 
producing low levels of MET Y1234/1235 phosphorylation, we analyzed the characteristics of MET 
tyrosine phosphorylation and activation profiles of downstream signaling molecules. HGF induces 
autophosphorylation of several tyrosine residues within the MET receptor that are critical for 
biological responses. Y1003 is responsible for MET receptor endocytosis and protein stabilization 
[16,17], Y1234 and Y1235 are located in the kinase domain and are required for kinase activity of the 
receptor, and Y1349, which comprises the multi-substrate docking site, is important for recruitment 
of adaptor molecules and downstream signal transduction [18,19]. Additionally, phosphorylation of 
Y1365 mediates a morphogenic signal [20]. EHMES-1 cells were stimulated by 100 nM aML5-PEG11 
or 3.3 nM HGF for 10 min and subsequently assessed for MET receptor phosphorylation at residues 
Y1003, Y1234/1235, Y1349, and Y1365 by Western blotting. Consistent with the cell-based ELISA 
results, aML5-PEG11 induced weak MET receptor phosphorylation at Y1234/1235, which was 
compared to that induced by HGF (Figure 3A). HGF induced robust phosphorylation at Y1003, 
Y1349, and Y1365 while aML5-PEG11 induced phosphorylation of Y1003, Y1349, and Y1365 to a 
much lower degree than HGF. MET tyrosine phosphorylation probed by the anti-phosphotyrosine 

Figure 1. Chemical structure of aML5-PEG11 and MET receptor activation by aML5-PEG11.
(A) Structure of aML5-PEG11. (B) MET receptor activation by aML5-PEG11. EHMES-1 and HuCCT1
cells were treated with aML5-PEG11 or HGF for 10 minutes. MET receptor phosphorylation at Tyr
1234/1235 was quantified by using a cell-based phospho-MET receptor assay. Each value indicates the
mean ± SD obtained from independent experiments performed in triplicate.

We next evaluated the potential of aML5-PEG11 and HGF to induce biological responses.
Since HuCCT-1 cells, which are cancer cells originated from bile duct, show biological responses
both in the migration/invasion and the tubulogenesis/morphogenesis in 3-D. HuCCT1 cells were
used in subsequent experiments to know the relationship between biological responses and signal
transduction. Promotion of cell proliferation and migration by aML5-PEG11 and HGF were determined
at the respective concentrations showing maximal MET activation. For HuCCT1 cells, 3.3 nM HGF
induced cellular proliferation by 1.7-fold. aML5-PEG11 at 100 nM also facilitated cellular proliferation.
However, the enhancement was lower than that by HGF (Figure 2A).

In an analysis of HuCCT1 cell migration in a scratch and healing assay, aML5-PEG11 at 100 nM
was observed to enhance cell migration and recovery to a similar degree as HGF (Figure 2B).
A trans-well assay was used to assess the ability to promote cell motility, migration, and invasion of cells.
aML5-PEG11 (100 nM) strongly enhanced cell migration, which was comparable to HGF (Figure 2C).
Furthermore, an invasion chamber assay was used to determine that aML5-PEG11 enhanced invasion
of HuCCT1 cells to a degree comparable to HGF (Figure 2D). These results indicate that aML5-PEG11
is a partial agonist with a markedly reduced ability to induce MET tyrosine phosphorylation but with
the ability to promote cell motility comparable to HGF.
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antibody also confirmed the greatly reduced ability of aML5-PEG11 to induce MET tyrosine 
phosphorylation relative to HGF (Figure 3B). 

 

Figure 2. Biological responses triggered by aML5-PEG11. (A) Cell proliferation. HuCCT1 cells were 
cultured with or without 100 nM aML5-PEG11 or 3.3 nM HGF. After six days, cell numbers were 
counted by means of an automated cell counter. Each value indicates the mean ± SD of triplicate 
measurements. The asterisk indicates a significant difference (p < 0.05). (B) Scratch wound healing. 
After scratch wounding, HuCCT1 cells were cultured for 20 h in the absence or presence of 100 nM 
aML5-PEG11 or 3.3 nM HGF and images were captured. Similar results were obtained in triplicate 
experiments. Representative images are shown. Scale bars: 500 μm. (C) Cell migration. HuCCT1 cells 
were seeded on trans-well chambers and cultured for 20 h. Scale bar: 200 μm. (D) Cell invasion. 
HuCCT1 cells were seeded on trans-well membranes coated with type-IA collagen and cultured for 
24 h. Scale bars: 200 μm. In C and D, cells that migrated through the membrane were visualized by 
crystal violet staining. Each value indicates the mean ± SD of triplicate measurements. The asterisk 
indicates a significant difference (p < 0.05). Representative images are shown. 

AKT and ERK signaling pathways definitively participate in cellular responses including cell 
proliferation and motility. We next analyzed time-dependent changes in MET Y1234/1235 
phosphorylation and phosphorylation of AKT and ERK (Figure 3C). HGF induced a strong 
phospho-Y1234/1235 of MET receptor within 3 min and then decreased over time, which shows a 
transient activation. Although aML5-PEG11 also induced phospho-Y1234/1235 of MET receptor at 3 
min, the intensity was much lower than with HGF. Importantly, although 100 nM aML5-PEG11 
induced marginal activation of the MET receptor, it led to AKT and ERK activation with comparable 
intensity and time-dependency to HGF (Figure 3C). These results suggest that the marked 
promotion of cell motility is induced by aML5-PEG11, which is comparable to the effects of HGF, 
and is attributable to the activation of AKT and ERK. 

To examine the possibility that aML5-PEG11 non-specifically activates other receptors, which 
accounts for the effect of aML5-PEG11 on cell migration, we analyzed whether AKT and ERK 
activation is inhibited by the selective MET tyrosine kinase inhibitor PHA-665752 (Figure 4A). 
PHA-665752 completely blocked MET receptor activation, p-AKT, and p-ERK induction by both 
aML5-PEG11 and HGF. Furthermore, we utilized MET receptor-knockout HuCCT1 cells to confirm 
the specificity of aML5-PEG11. HGF and aML5-PEG11 significantly induced AKT and ERK 
activation in HuCCT1 cells. However, they failed to activate AKT and ERK in the MET 
receptor-knockout HuCCT1 cells (Figure 4B). These results strongly indicate that the activation of 

Figure 2. Biological responses triggered by aML5-PEG11. (A) Cell proliferation. HuCCT1 cells were
cultured with or without 100 nM aML5-PEG11 or 3.3 nM HGF. After six days, cell numbers were
counted by means of an automated cell counter. Each value indicates the mean ± SD of triplicate
measurements. The asterisk indicates a significant difference (p < 0.05). (B) Scratch wound healing.
After scratch wounding, HuCCT1 cells were cultured for 20 h in the absence or presence of 100 nM
aML5-PEG11 or 3.3 nM HGF and images were captured. Similar results were obtained in triplicate
experiments. Representative images are shown. Scale bars: 500 µm. (C) Cell migration. HuCCT1
cells were seeded on trans-well chambers and cultured for 20 h. Scale bar: 200 µm. (D) Cell invasion.
HuCCT1 cells were seeded on trans-well membranes coated with type-IA collagen and cultured for
24 h. Scale bars: 200 µm. In C and D, cells that migrated through the membrane were visualized by
crystal violet staining. Each value indicates the mean ± SD of triplicate measurements. The asterisk
indicates a significant difference (p < 0.05). Representative images are shown.

2.2. Signaling Molecule Activation Profiles

To investigate the mechanism permitting aML5-PEG11 to strongly induce cell migration while
producing low levels of MET Y1234/1235 phosphorylation, we analyzed the characteristics of MET
tyrosine phosphorylation and activation profiles of downstream signaling molecules. HGF induces
autophosphorylation of several tyrosine residues within the MET receptor that are critical for biological
responses. Y1003 is responsible for MET receptor endocytosis and protein stabilization [16,17],
Y1234 and Y1235 are located in the kinase domain and are required for kinase activity of the receptor,
and Y1349, which comprises the multi-substrate docking site, is important for recruitment of adaptor
molecules and downstream signal transduction [18,19]. Additionally, phosphorylation of Y1365
mediates a morphogenic signal [20]. EHMES-1 cells were stimulated by 100 nM aML5-PEG11 or
3.3 nM HGF for 10 min and subsequently assessed for MET receptor phosphorylation at residues
Y1003, Y1234/1235, Y1349, and Y1365 by Western blotting. Consistent with the cell-based ELISA results,
aML5-PEG11 induced weak MET receptor phosphorylation at Y1234/1235, which was compared to
that induced by HGF (Figure 3A). HGF induced robust phosphorylation at Y1003, Y1349, and Y1365
while aML5-PEG11 induced phosphorylation of Y1003, Y1349, and Y1365 to a much lower degree than
HGF. MET tyrosine phosphorylation probed by the anti-phosphotyrosine antibody also confirmed
the greatly reduced ability of aML5-PEG11 to induce MET tyrosine phosphorylation relative to HGF
(Figure 3B).
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Figure 3. Phosphorylation profiles in the MET receptor AKT and ERK by aML5-PEG11. (A) 
Phosphorylation in individual tyrosine residues in MET receptors. EHMES-1 cells were treated with 
aML5-PEG11 or 3.3 nM HGF for 10 min. MET receptor phosphorylation at Y1003, Y1234/1235, Y1349, 
and Y1365 were measured by Western blotting. GAPDH was monitored to ensure equal loading. (B) 
MET receptor phosphotyrosine levels demonstrated by MET immunoprecipitation and Western 
blotting using anti-phosphotyrosine antibody. EHMES-1 cells were treated with 100 nM 
aML5-PEG11 or 3.3 nM HGF for 10 min. (C) Time-dependent changes in MET receptor, AKT, and 
ERK phosphorylation. HuCCT1 cells were treated with 100 nM aML5-PEG11 or 3.3 nM HGF. 
GAPDH was monitored to ensure equal loading. In A, B, and C, the experiments were performed 
once. 

 

Figure 3. Phosphorylation profiles in the MET receptor AKT and ERK by aML5-PEG11.
(A) Phosphorylation in individual tyrosine residues in MET receptors. EHMES-1 cells were treated
with aML5-PEG11 or 3.3 nM HGF for 10 min. MET receptor phosphorylation at Y1003, Y1234/1235,
Y1349, and Y1365 were measured by Western blotting. GAPDH was monitored to ensure equal loading.
(B) MET receptor phosphotyrosine levels demonstrated by MET immunoprecipitation and Western
blotting using anti-phosphotyrosine antibody. EHMES-1 cells were treated with 100 nM aML5-PEG11 or
3.3 nM HGF for 10 min. (C) Time-dependent changes in MET receptor, AKT, and ERK phosphorylation.
HuCCT1 cells were treated with 100 nM aML5-PEG11 or 3.3 nM HGF. GAPDH was monitored to
ensure equal loading. In A, B, and C, the experiments were performed once.

AKT and ERK signaling pathways definitively participate in cellular responses including
cell proliferation and motility. We next analyzed time-dependent changes in MET Y1234/1235
phosphorylation and phosphorylation of AKT and ERK (Figure 3C). HGF induced a strong
phospho-Y1234/1235 of MET receptor within 3 min and then decreased over time, which shows
a transient activation. Although aML5-PEG11 also induced phospho-Y1234/1235 of MET receptor
at 3 min, the intensity was much lower than with HGF. Importantly, although 100 nM aML5-PEG11
induced marginal activation of the MET receptor, it led to AKT and ERK activation with comparable
intensity and time-dependency to HGF (Figure 3C). These results suggest that the marked promotion of
cell motility is induced by aML5-PEG11, which is comparable to the effects of HGF, and is attributable
to the activation of AKT and ERK.

To examine the possibility that aML5-PEG11 non-specifically activates other receptors,
which accounts for the effect of aML5-PEG11 on cell migration, we analyzed whether AKT and
ERK activation is inhibited by the selective MET tyrosine kinase inhibitor PHA-665752 (Figure 4A).
PHA-665752 completely blocked MET receptor activation, p-AKT, and p-ERK induction by both
aML5-PEG11 and HGF. Furthermore, we utilized MET receptor-knockout HuCCT1 cells to confirm the
specificity of aML5-PEG11. HGF and aML5-PEG11 significantly induced AKT and ERK activation in
HuCCT1 cells. However, they failed to activate AKT and ERK in the MET receptor-knockout HuCCT1
cells (Figure 4B). These results strongly indicate that the activation of AKT and ERK induced by
aML5-PEG11 is mediated solely through the MET receptor without the involvement of other receptors
or mechanisms.
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Figure 4. MET-receptor-dependent AKT and ERK phosphorylation by aML5-PEG11. (A) Effect of a
selective MET tyrosine kinase inhibitor on aML5-PEG11-induced phosphorylation in MET, AKT,
and ERK. EHMES-1 cells were pre-treated with or without 100 nM PHA-665752 overnight and
stimulated with 100 nM aML5-PEG11 or 3.3 nM HGF for 10 min. Phospho-MET receptor at Try
1234/1235, phospho-AKT, and phospho-ERK were detected by Western blotting. GAPDH was
monitored to ensure equal loading. (B) Phosphorylation in MET, AKT and ERK in MET
receptor-knockout cells. Parental HuCCT1 cells and MET-knockout HuCCT1 cells (HuCCT1-METKO)
were treated with 100 nM aML5-PEG11 or 3.3 nM HGF for 10 min. Phospho-MET receptor at
Try 1234/1235, phospho-AKT, and phospho-ERK were detected by Western blotting. GAPDH was
monitored to ensure equal loading. Each experiment was performed once.

2.3. MET Activation Profile in 3-D Epithelial Morphogenesis

Since induction of dynamic morphogenesis in 3-D collagen gel is a unique biological activity
mediated by the HGF-MET receptor pathway [21], we analyzed the morphogenic activity of
aML5-PEG11 using this model (Figure 5A). HuCCT1 cells, which originated from the bile duct,
were embedded in collagen gel and cultured for seven or 11 days in the absence or presence of
100 nM aML5-PEG11 or 3.3 nM HGF. HGF induced tubulogenesis while no morphogenic change
was observed in the presence of aML5-PEG11. To clarify why aML5-PEG11 failed to induce tube
formation, HuCCT1 cells were cultured in collagen gel for 24 h, treated with aML5-PEG11 or HGF
for varying times, and activation of the MET receptor, AKT, and ERK was analyzed (Figure 5B).
Strong MET receptor activation was induced 10 to 30 min after the addition of HGF, which was
followed by a return to pre-stimulation levels. While aML5-PEG11 induced marginal MET receptor
activation, the levels were much less than those induced by HGF even in the long-exposure condition.
aML5-PEG11 induced AKT and ERK phosphorylation at lower levels than those induced by HGF.
AKT and ERK phosphorylation induced by HGF continued for up to 180 min while AKT and ERK
phosphorylation by aML5-PEG11 was greatly reduced by 120 min. This was followed by a further
decrease to baseline levels at 180 min. These results suggest that, under 3-D culture conditions,
aML5-PEG11 induces marginal MET receptor activation and weaker and shorter duration activation of
downstream signaling pathways compared to HGF, which may be responsible for the failure to induce
a morphogenic response.
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Figure 6. Changes in the activation and expression levels of MET receptors in 2-D and 3-D culture 
conditions. (A) Changes in MET, AKT, and ERK phosphorylation. HuCCT1 cells were cultured 
under 2-D (conventional monolayer on culture plate) or 3-D (in collagen gel) conditions and treated 
with 100 nM aML5-PEG11 or 3.3 nM HGF. Phosphorylation of the MET receptor at Try 1234/1235, 
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Figure 5. Characterization of morphogenic responses in 3-D collagen gel. (A) Changes in appearance
of HuCCT1 cells growing in collagen gel matrix. HuCCT1 cells encapsulated in collagen gels were
cultured in the absence or presence of 100 nM aML5-PEG11 or 3.3 nM HGF for 11 days. Photographs
were taken on day 7 and day 11. Scale bars: 400 µm. (B) Time-dependent changes in MET, AKT,
and ERK phosphorylation. HuCCT1 cells were untreated or treated with 100 nM aML5-PEG11 or
3.3 nM HGF. MET, AKT, and ERK phosphorylation were evaluated by Western blotting. GAPDH was
monitored to ensure equal loading. Each experiment was performed once.

By comparing the MET receptor phosphorylation induced by aML5-PEG11 under 2-D and
3-D culture conditions (relative to that induced by HGF under 2-D and 3-D culture conditions),
we found that aML5-PEG11-induced MET receptor phosphorylation was much lower under 3-D
culture conditions than under 2-D culture conditions (Figures 3 and 5). To confirm our finding,
MET receptor phosphorylation induced by HGF and aML5-PEG11 was analyzed in 2-D and 3-D
cultures of HuCCT1 cells. Western blotting results confirmed that MET receptor activation induced by
aML5-PEG11 under 3-D culture conditions was much weaker than that under 2-D culture conditions
(Figure 6A). Moreover, HGF-induced MET receptor phosphorylation under 3-D culture conditions
was much weaker than that under 2-D culture conditions even though the AKT and ERK activation by
HGF under 2-D and 3-D culture conditions was similar (Figure 6A). The extracellular matrix influences
a tissue-specific gene expression profile in a three-dimensional context, which regulates epithelial
morphogenesis and function [22]. We speculated that the differences in MET receptor activation under
2-D and 3-D culture conditions might be related to differences in MET receptor expression levels at
least in part. To address this possibility, HuCCT1 cells were cultured under 2-D and 3-D conditions
for 24 h prior to the analysis of MET receptor expression. The MET mRNA and protein levels in
the 3-D condition were 38% and 36% of those in the 2-D condition, respectively (Figure 6B,C). Thus,
the decreased MET receptor expression levels in 3D may account for the decreased activation of the
MET receptor and MET-mediated signaling at least in part.
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Figure 6. Changes in the activation and expression levels of MET receptors in 2-D and 3-D culture
conditions. (A) Changes in MET, AKT, and ERK phosphorylation. HuCCT1 cells were cultured
under 2-D (conventional monolayer on culture plate) or 3-D (in collagen gel) conditions and treated
with 100 nM aML5-PEG11 or 3.3 nM HGF. Phosphorylation of the MET receptor at Try 1234/1235,
AKT, and ERK was detected by Western blotting. GAPDH was monitored to ensure equal loading.
(B) Changes in MET mRNA expression levels. HuCCT1 cells were cultured under 2-D or 3-D conditions
for 24 h. MET gene expression was analyzed by quantitative RT-PCR. Each value indicates the
mean ± SD of duplicate measurements. The asterisk indicates a significant difference (p < 0.05).
(C) Varying MET protein levels under 2-D and 3-D culture conditions. HuCCT1 cells were cultured
under 2-D or 3-D conditions for 24 h. MET receptor levels were detected by Western blotting. GAPDH
was monitored to ensure equal loading.

2.4. Analysis of Morphogenesis-Related Gene Expression Profiles

Previous studies have examined the roles and expression of several genes involved in epithelial
tubulogenesis and bile duct development including urokinase-type plasminogen activator (Plau),
membrane type 1 metalloprotease (Mt1-mmp), ETS translocation variants 1 and 5 (Etv1, Etv5),
angiopoietin-like 4 (Angptl4), amphiregulin (Areg), SRY-Box 9 and 17 (Sox9, Sox17), Notch2,
Meckel syndrome type 1 (Mks1), aryl-hydrocarbon receptor (Ahr), hes family bHLH transcription factor
1 (Hes1), hematopoietically expressed homeobox (Hhex), and cyclin G associated kinase (Gak) [23–30].
Based on the above results that HGF but not aML5-PEG11 induced tubulogenesis in 3-D cultured
HuCCT1 cells and aML5-PEG11 induced weaker and less sustained activation of AKT and ERK than
HGF, we speculated that the expression of genes involved in tubulogenesis or bile duct development
might be regulated by HGF while aML5-PEG11 is unlikely to regulate their expression. As expected,
HGF significantly induced the expression of certain genes involved in morphogenesis including
Mt1-mmp, Etv5, Angptl4, Areg, Sox9, Sox17, Hhex, and Gak. However, among these genes, only Sox17
was significantly induced by aML5-PEG11 (Figure 7). These results indicate that the inability to induce
tube formation in HuCCT1 cells may be attributable to the inability of aML5-PEG11 to induce the
expression of genes involved in tubulogenesis and bile duct development.
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Figure 7. Changes in the expression of genes involved in epithelial tubulogenesis and bile duct
development. HuCCT1 cells cultured in a collagen gel matrix were treated with 100 nM aML5-PEG11
or 3.3 nM HGF for 8 hours. Gene expression was analyzed by quantitative RT-PCR. The expression
levels in the culture without aML5-PEG11 or HGF were regarded to be 1.0. Each value represents the
mean ± SE of measurements (n = 7). The asterisk indicates a significant difference (p < 0.05).

3. Discussion

HGF is a heterodimer composed of an α-chain and a β-chain/serine protease-like (SP) domain
and the α-chain is composed of the N-terminal and four kringle domains. HGF binds to the MET
receptor through two distinct interfaces: the NK1 domain in the α-chain and the β-chain [31–33].
There are two natural isoforms of HGF known as NK1 (the N-terminal to the first kringle domain) and
NK2, which are truncated forms of HGF generated by alternative splicing [34–36]. NK1 facilitates cell
proliferation, motility, and survival at lower efficacy than HGF [36]. In contrast, NK2 promotes cell
migration but antagonized the mitogenic activity of HGF [37,38]. NK2 partially activates the MET
receptor and is capable of inducing Y1234/1235 phosphorylation in the kinase domain but is incapable
of inducing detectable levels of Y1349 phosphorylation in the docking site [39]. These results suggest a
possibility to design or generate MET-agonists that exhibit different biological activities with different
potencies compared to HGF.

In this study, we found that the partial agonist aML5-PEG11 marginally induced tyrosine
phosphorylation of the MET receptor (Y1003, Y1234/1235, Y1349, Y1365) with much less efficacy than
HGF. We previously found that aML5-PEG3 induced MET dimerization and tyrosine phosphorylation
in a comparable strength to HGF [12]. MET dimer formation by aML5-PEG11 may be less efficient or
unstable compared to aML5-PEG3 as well as HGF because of steric constraint or inappropriate linker
length that are attributable to the longer linker length in aML5-PEG11 than aML5-PEG3. Nevertheless,
aML5-PEG11 induced phosphorylation of ERK and AKT and strongly enhanced migration of cells
to a degree comparable to HGF. On the other hand, aML5-PEG11 failed to induce tube formation
under 3-D culture conditions. Failure of aML5-PEG11-induced tubulogenesis may result from the
insufficient and transient activation of downstream signaling transducers such as AKT and ERK,
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which may further lead to deficient expression of key genes involved in epithelial tube formation and
bile duct development.

aML5-PEG11 only weakly induced phosphorylation of MET tyrosine residues responsible for
downstream signal transduction. However, aML5-PEG11 induced AKT and ERK activation and
promoted cell migration and invasion to a degree comparable to HGF. Because non-equivalent
coupling between MET tyrosine phosphorylation levels and the activation of downstream signaling
and biological responses is observed with the NK2 variant [37–39], this appears to be a defining
characteristic of MET-mediated signal transduction that may reflect a switch-like response in
downstream signaling upon receptor activation [40–42]. When receptor activation reaches a certain
threshold, a small change in ligand-dependent receptor activation can cause a large change in the
activity of a downstream effector and such hypersensitivity has been observed in the regulation of
cellular responses [40–42]. Thus, low-level activation of MET receptors in a 2-D culture may reach the
threshold level for cell motility responses.

The induction of epithelial branching tubulogenesis is unique to the HGF-MET receptor
pathway [21]. For HuCCT1 bile duct cancer cells in 3-D culture, aML5-PEG11 induced marginal
activation/phosphorylation of the MET receptor, AKT, and ERK (5%, 30%, and 35% activities of HGF
at 10 minutes after stimulation) did not influence gene expression profiles responsible for bile duct
development and was unable to induce tubulogenesis. In fact, tubulogenesis is a complicated process
that requires different facets of HGF signaling in a highly regulated fashion. Not only the strength
but also the duration of the signaling influences the final biological outcome [43]. The inability of
aML5-PEG11 to induce tubulogenesis can be explained by the greatly reduced ability of aML5-PEG11
to activate MET receptors and downstream signaling as well as the decrease of MET receptor expression
in a 3-D culture.

Synthetic agonists for growth factor receptors have applications as therapeutic agents.
An engineered variant of a stem cell factor with a reduced ability to dimerize Kit receptors exhibited
biased activation of hematopoietic stem and progenitor cells versus mast cells and retained therapeutic
efficacy without exhibiting anaphylactic off-target effects [44]. Fibroblast growth factor-19 (FGF19)
exhibits metabolic effects to normalize glucose, lipid, and energy homeostasis in addition to mitogenic
activity while an engineered variant FGF19 that lacks mitogenic activity was generated based on
structure-activity relationships [45]. This variant FGF19 is in clinical development for the treatment
of patients with non-alcoholic steatohepatitis [46]. The essential role of the HGF-MET pathway
for migration and re-epithelialization during cutaneous wound healing was demonstrated in mice
with keratinocyte-specific disruption of MET receptors [47] and recombinant HGF has been shown
to facilitate cutaneous wound healing in animal models [48,49]. However, because proteolytic
degradation of HGF impairs re-epithelialization in chronic skin ulcer patients [50] and restricted
the therapeutic effects of HGF, non-native MET-agonists containing macrocyclic peptides have an
advantage in treating chronic skin ulcers. Moreover, non-native and non-protein MET receptor
partial agonists that potently promote epithelial cell migration with a reduced ability to promote cell
proliferation represent promising therapeutic molecules with a reduced susceptibility to scar formation
in the treatment of non-healing cutaneous ulcers.

Using three different MET-binding macrocyclic peptides, we generated non-protein MET
ligands [12]. By using appropriate PEG linkers, MET-agonists with bivalent macrocyclic peptides
promoted cell proliferation, migration, and tubulogenesis with comparable efficacy to native HGF.
In this study, we demonstrated that aML5-PEG11 induces partial MET activation. This weak activation
confers the characteristics of a partial MET-agonist with biological activities that differ from native
HGF in an extracellular context-dependent manner. Our study suggests the possibility of generating
unique partial MET-agonists by changing linker length and/or the combination of MET-binding
macrocyclic peptides.
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4. Materials and Methods

4.1. Cells, HGF, Peptide, and Reagents

The EHMES-1 human mesothelioma cell line was kindly provided by Dr. Hamada
(Ehime University, Japan) and cultured in RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA). The HuCCT1 human bile duct carcinoma cell line
was obtained from the Japanese Cancer Research Resources Bank and cultured in RPMI1640 medium
supplemented with 10% FBS. Recombinant human HGF prepared from the conditioned medium of
CHO cells stably expressing human HGF was provided from Kringle Pharma Inc. (Osaka, Japan).
aML5-PEG11 (Figure 1A) was synthesized, as described previously [12]. Anti-pMET (Y1234/1235),
-pMET (Y1003), -pMET (Y1349), -MET, -pERK (T202/Y204), -pAKT (S473), -pTyr-HRP, and -GAPDH
antibodies were purchased from Cell Signaling Technology Japan (Tokyo, Japan). The anti-pMET
(Y1365) antibody was purchased from SIGMA (St. Louis, MO, USA).

4.2. Establishment of MET Deficient Cells by Genome Editing

Platinum TALEN plasmids were constructed by using the Platinum Gate TALEN Kit (Addgene) as
described previously [51] with some modifications. In brief, each DNA-binding module was assembled
into modified ptCMV-136/63-VR vectors containing the CAG promoter by using the two-step
Golden Gate cloning method. The target sequence was 5′-TGTTTACCTTGGTGCAGaggagcaatggg
gagTGTAAAGAGGCACTAGCA-3′ where uppercase and lowercase letters indicate TALEN target
sequences and the spacer sequence, respectively.

The 1.0-kb fragments of the MET gene used for the 5′ and 3′ arms of the targeting
vector were amplified by PCR from HuCCT1 cells genomic DNA using the following
primer sets: 5′-TTAAATACGTGCTAGTGAGAGGTTTATCTGCCAAA-3′ and 5′-CCAGCGGCC
CGCTAGGTCATACCTATTTAGTTTATATT-3′ (for the 5′ arm); 5′-CGCGCCTTAAGTCGAATAG
GGAATGCACACATGG-3′ and 5′-TGGGAAGCTTGTCGAAAGTCCGAGATGAATGTGAA-3′ (for the
3′ arm). These fragments were then sub-cloned into the NheI site (for the 5′ arm) and SalI site (for the
3′ arm) of the DT-A-pA/loxP/PGK-Puro-pA/loxP vector [52] to create pKO-hMet-Puro, which was
co-transfected with the TALEN plasmids into HuCCT1 cells. After puromycin selection, surviving
clones were screened to detect homologous recombination by genomic PCR using the following primer
pair: 5′-ATCCAGGGTTAGTCTTTGGC-3′ and 5′-TTGTACTCAGCAACCTTCTG-3′. MET deficiency
was further confirmed through the immunoprecipitation followed by Western blotting using the
anti-MET antibody.

4.3. Cell-Based Phospho-MET Receptor Assay

Cells were seeded in 96-well black micro-clear plates (Greiner Bio-One) at a density of 8 × 103

cells per well for EHMES-1 cells or 1.5 × 104 cells per well for HuCCT1 cells and cultured for 24 h.
The cells were stimulated with aML5-PEG11 or HGF in RPMI1640 medium supplemented with 10%
FBS for 10 min, washed once with ice-cold PBS, and fixed with 4% paraformaldehyde in PBS for 30 min
at room temperature. After washing three times with PBS, the cells were blocked with 5% goat serum,
0.02% Triton X-100 in PBS for 30 min at room temperature, and incubated with anti-phospho-MET
(Y1234/1235) (D26) XP rabbit mAb (1:1000 diluted in PBS with 1% goat serum) at 4 ◦C overnight.
The cells were washed three times with PBS and incubated in an HRP-conjugated anti-rabbit goat
antibody (1:1000 diluted in PBS with 1% goat serum) for 1 h. After washing four times with PBS,
the tyrosine-phosphorylated MET receptor was detected by an ImmunoStar LD reagent (Wako, Japan)
and measured by using the ARVO MX (Perkin Elmer, Norwalk, CT, USA). Relative MET receptor
phosphorylation levels were calculated as follows: (sample chemiluminescence unit—mock control
chemiluminescence unit)/(highest chemiluminescence unit—mock control chemiluminescence unit).
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4.4. Cell Growth Assay

The cells were seeded at 5 × 103 cells per well in 24-well plates. After 24 h, cells were treated with
HGF or aML5-PEG11 in RPMI1640 medium supplemented with 5% FBS and culture medium was
refreshed every 3 days. After 6 days, the cells were harvested with a trypsin–EDTA solution, suspended
in the culture medium, and the cell number was determined by using a Countess Automated Cell
Counter (Life Technologies, Carlsbad, CA, USA).

4.5. Scratch Wound-Healing, Migration, and Invasion Assays

The scratch wound-healing assay was conducted by seeding cells (5 × 104) in 96-well plates and
culturing for 24 h. The confluent monolayer of cells was wounded with a 1000-µL pipette tip and
washed with culture medium. The cells were then cultured in the absence or presence of HGF or
aML5-PEG11 for 20 h. The cells were subsequently stained with 5 µg/mL calcein-AM (Dojindo) at 37 ◦C
for 15 min and images were acquired by using BIOREVO BZ-9000 (Keyence, Osaka, Japan) technology.

The migration and invasion assays were conducted by using trans-well chambers (6.5 mm
diameter trans-well with 8 µm pores, Corning). HuCCT1 (2 × 104) cells cultured in 100 µL RPMI1640
medium supplemented with 0.5% FBS and were plated into the upper insert while 600 µL RPMI1640
medium supplemented with 0.5% FBS with or without aML5-PEG11 or HGF was added to the bottom
chamber. The cells were cultured for 20 h and fixed with 4% paraformaldehyde in PBS. Cells attached
to the bottom of the insert were stained with 0.2% crystal violet in 20% methanol. To prepare the
invasion assay, the inserts were pre-coated with 200 µg/mL Cellmatrix type IA collagen solution
(Nitta Gelatin, Osaka, Japan). The cells were plated and cultured as above and the cells attached to the
bottom of the insert were stained with 0.2% crystal violet in 20% methanol.

4.6. Branching Morphogenesis Assay

HuCCT1 (1 × 104) cells were suspended in 500 µL Cellmatrix type IA collagen solution
(Nitta Gelatin, Osaka, Japan) in culture medium in a 24-well plate and allowed to gelate for 30 min at
37 ◦C, according to the manufacturer’s instructions. After gelation, 500 µL RPMI1640 supplemented
with 10% FBS with or without HGF or aML5-PEG11 was added to each well. Culture medium was
refreshed every three days.

4.7. Western Blotting

The cells were seeded at 6 × 105 cells per well in six-well plates and serum starved for 4 h.
The cells were stimulated with HGF or aML5-PEG11 for the desired time. After washing with ice-cold
PBS, the cells were lysed in 150 µL 1 × SDS-PAGE Laemmli sample buffer with ultrasonication
(Vibra-cell). For the 3-D culture, 8 × 105 HuCCT1 cells were suspended in 100 µL Cellmatrix type IA
collagen solution (Nitta Gelatin, Osaka, Japan) and seeded in 48-well plates. After gelation, 500 µL
RPMI1640 medium supplemented with 0.5% FBS was added to each well and cultured for 24 h.
The cells were stimulated with HGF or aML5-PEG11 for the desired time. The cells were lysed in
50 µL 4 × SDS-PAGE Laemmli sample buffer with ultrasonication. The cell lysates were subjected to
SDS-PAGE and electroblotted onto PVDF membranes. The membranes were treated with a primary
antibody (diluted at 1:1000) and HRP-conjugated secondary antibodies (Dako, Carpinteria, CA, USA)
(diluted at 1:2000). Chemiluminescence was visualized and quantitated by using an ImmunoStar LD
(Wako, Japan).

4.8. Quantitative Real-Time PCR

The cells were seeded at 1 × 105 per well in a 300 µL Cellmatrix type IA collagen solution
(Nitta Gelatin, Osaka, Japan) in a 24-well plate and allowed to gelate for 60 min at 37 ◦C, according to
the manufacturer’s instruction. The cells were stimulated with HGF or aML5-PEG11 for 8 h. Total RNA
was prepared by using Seposal-RNA I Super G (Nacalai Tesque, Kyoto, Japan) and 1 µg of total RNA
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was reverse transcribed into cDNA by using a reverse transcriptase kit (SuperScript VILO, Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s protocol. Quantitative PCR was performed
on a 7500 real time PCR system (Applied Biosystems, Foster City, CA, USA) by using the FastStart
Universal SYBR Green Master (Roche, Mannheim, Germany). The primers are listed in Table 1.

Table 1. Primers used for q-PCR.

mRNAs Sequences

Mt1-mmp F: 5′-CACTGCCTACGAGAGGAAGG-3′

R: 5′-TTGGGGTACTCGCTATCCAC-3′

Angptl4 F: 5′-GTCCACCGACCTCCCGTTA-3′

R: 5′-CCTCATGGTCTAGGTGCTTGT-3′

Areg F: 5′-GAGCCGACTATGACTACTCAGA-3′

R: 5′-TCACTTTCCGTCTTGTTTTGGG-3′

Etv1 F: 5′-TGGCAGTTTTTGGTAGCTCTTC-3′

R: 5′-CGGAGTGAACGGCTAAGTTTATC-3′

Etv5 F: 5′-CAGTCAACTTCAAGAGGCTTGG-3′

R: 5′-TGCTCATGGCTACAAGACGAC-3′

Sox9 F: 5′-AGCGAACGCACATCAAGAC-3′

R: 5′-CTGTAGGCGATCTGTTGGGG-3′

Sox17 F: 5′-GTGGACCGCACGGAATTTG-3′

R: 5′-GGAGATTCACACCGGAGTCA-3′

Notch2 F: 5′-CCTTCCACTGTGAGTGTCTGA-3′

R: 5′-AGGTAGCATCATTCTGGCAGG-3′

Hhex F: 5′-TCAGAATCGACGCGCTAAATG-3′

R: 5′-AGAGCTATCCAAAGAAGCACCT-3′

Gak F: 5′-CCACCCGAACATTGTCCAGTT-3′

R: 5′-AGAACCGTGTCGCACGAAA-3′

Mks1 F: 5′-GCAAGAAAAACCGACGAATCTTT-3′

R: 5′-TCGCTCGACCAAGAATGAAGG-3′

Ahr F: 5′-ACATCACCTACGCCAGTCGC-3′

R: 5′-TCTATGCCGCTTGGAAGGAT-3′

Hes1 F: 5′-ACGTGCGAGGGCGTTAATAC-3′

R: 5′-ATTGATCTGGGTCATGCAGTTG-3′

Met F: 5′-AGATGAATGTGAATATGAAGTATC-3′

R: 5′-CAGTCTTGTACTCAGCAACCT-3′

Gapdh F: 5′-GAGTCAACGGATTTGGTCGT-3′

R: 5′-GACAAGCTTCCCGTTCTCAG-3′

4.9. Statistical Analysis

The data were analyzed by a one-way ANOVA followed by the Tukey’s multiple comparisons
test using GraphPad Prism 7. Values of p < 0.05 were considered statistically significant.
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Abbreviations

HGF hepatocyte growth factor
RTKs receptor tyrosine kinases
EpoR erythropoietin receptor
EGFR epidermal growth factor receptor
RaPID random nonstandard peptides integrated discovery
ERK extracellular signal-regulated kinase
AKT protein kinase B
GAPDH glyceraldehyde-3-phosphate dehydrogenase
Plau plasminogen activator urokinase
Mt1-mmp Membrane type 1 metalloprotease
Etv ETS translocation variant
Angptl4 Angiopoietin Like 4
Areg Amphiregulin
Sox SRY-Box
Mks1 Meckel syndrome type 1
Ahr aryl-hydrocarbon receptor
Hes1 hes family bHLH transcription factor 1
Hhex hematopoietically expressed homeobox
Gak cyclin G associated kinase
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