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The HGF inhibitory peptide HGP-1 displays promising in vitro
and in vivo efficacy for targeted cancer therapy
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ABSTRACT

HGF/MET pathway mediates cancer initiation and development. Thus, inhibition
on HGF-initiated MET signaling pathway would provide a new approach to cancer
targeted therapeutics. In our study, we identified a targeting peptide candidate
binding to HGF which was named HGF binding peptide-1 (HGP-1) via bacterial surface
display methods coupled with fluorescence-activated cell sorting (FACS). HGP-1
showed the moderate affinity when determined with surface plasmon resonance
(SPR) technique and high specificity in binding to HGF while assessed by fluorescence-
based ELISA assay. The results from MTT and in vitro migration assay indicated that
HGF-dependent cell proliferation and migration could be inhibited by HGP-1. In vivo
administration of HGP-1 led to an effective inhibitory effect on tumor growth in A549
tumor xenograft models. Moreover, findings from Western Blots revealed that HGP-1
could down-regulated the phosphorylation levels of MET and ERK1/2 initiated by
HGF, which suggested that HGP-1 could disrupt the activation of HGF/MET signaling
to influence the cell activity. All the data highlighted the potential of HGP-1 to be a

potent inhibitor for HGF/MET signaling.

INTRODUCTION

The c-mesenchymal-epithelia transform factor
(c-MET, also called MET) was first discovered in the
1980s as an activated oncogene [1], and hepatocyte
growth factor (HGF) was the sole physiological ligand
of MET [2]. The binding activity of HGF to MET
activates downstream signaling pathway, which regulates
cell mitogenesis, motogenesis, angiogenesis and
morphogenesis [3, 4]. The dysregulation of HGF/MET
pathway has been implicated in many kinds of cancers
[5-7]. MET is frequently involved in the pathogenesis of
solid tumors. For example, MET receptor overexpression
is often observed in gastric carcinoma, medulloblastoma,
glioblastoma and non-small cell lung cancer [1, 8, 9].
MET mutation is another MET-related dysregulation that
exists in colorectal cancer [1]. Meanwhile, the disorders
of HGF also play important roles in tumors progression.
HGF autocrine and overexpression are inducers of
angiogenesis in brain cancer [1, 8, 10]. The mutation of

HGEF in breast cancer is related to its progression [11].
Moreover, the expression level of HGF in the tumor
tissue is a crucial index for prognosis evaluation in some
cases such as glioma, due to its higher concentration in
malignant glioma than adenomas, oligodendrogliomas
and normal brain tissues [12]. Therefore, development
of agents targeting to components in HGF/MET pathway
is a potential therapeutic strategy for many cancers.

In recent years, many HGF/MET-related targeting
inhibitors or competitors are on the way to pre-clinical
or clinical evaluation. Various HGF targeting agents
including HGF antibodies and bio-antagonists are
reported. NK4 [13], a well-known HGF antagonist, is
a potent competitor that disrupts HGF binding to MET.
Ficlatuzumab [8, 14, 15] is one of HGF antibodies
undergoing clinical evaluation. Antibodies targeting
MET, including single-armed humanized monovalent
antibodies such as onartuzumab, are under phase II clinical
evaluation [1]. A novel targeting protein, anticalin PRS-
110 is an effective MET targeting agents [16]. In addition,
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small-molecular tyrosine kinase inhibitors (TKIs) are other
important parts of MET targeting agents. Some of TKIs
have been evaluated in pre-clinical models. Among them,
PHA665752 and SU11274 from Pfizer are the typical
representatives [1, 8].

Although the existing MET or HGF targeting
agents including TKIs and antibodies exhibit effective
inhibition on MET signaling [17], they have some
deficiencies in clinical application. For instance,
antibodies with large molecular weight will lead
to relatively low tissue penetrability. In addition,
antibodies have the potential to cause receptor
dimerization without ligands due to their bivalent
structure of immunoglobulins [8], which may create
potential risk in clinical targeting therapeutics. As
for TKIs, their broaden spectrum of inhibition on
tyrosine kinases may result in serious side effects
[16]. Furthermore, the acquired resistance in MET
targeted therapy initiated by TKIs [18] would limit their
application in targeting therapy as well.

Targeting peptides, biomolecules with lower molecular
weight and good tissue penetration, emerge as an attractive
class of therapeutic agents. In 1992, there existed reports on
peptides application in lymphoma therapy [19]. Benefiting
from bacterial surface display, we obtained a series of HGF
targeting peptides. By assessing the in vitro physicochemical
activities and in vivo bioactivities, a HGF targeting peptide
was selected to be a potential inhibitor candidate for HGF/
MET signaling pathway.

RESULTS

Identification of binding peptides for HGF from
a fully random bacteria display library

To identify the peptide sequences binding to HGF,
a fully random 15-mer bacteria peptide library (X15) was
used. A schematic illustration for fluorescence-activated cell
sorting (FACS) was shown (Figure 1). In order to screen
the HGF binding peptides effectively and reduce the library
size rapidly, the original library was sorted by one cycle
of magnetic cell sorting (MACS). Through MACS and 7
cycles of FACS, percentages of bacteria in the sorting gate
increased from 2.3% to 50.5% (Supplementary Figure S1),
and PE-A fluorescence intensity of whole population in
each cycle ascended from 33 to 851 (Figure 2a). In addition,
to obtain peptides with higher affinity and specificity to
HGEF, the incubation concentration of HGF was decreased
coupling with adding 10% human serum into the mixture
in the following generations of sorting. After next 6 cycles
of screening, there was a significant increase in the mean
intensity of PE-A fluorescence of enriched libraries (Figure
2b and 2c). Totally 52 bacteria clones were selected for
sequencing and 18 different peptide sequences were
obtained (Table 1). No obvious consensus sequence was
identified.

The binding capability and specificity of peptides
displayed on the surface of bacteria

The peptides displayed on the surface of bacteria
clone 1, 2 and 3 were named HGF binding peptide-1, 2 and
3 (HGP-1, 2 and 3) separately. Peptide physicochemical
properties were preliminarily analyzed with bacteria
clones. To evaluate the binding ability of peptides on the
surface of bacteria to HGF, the PE-A fluorescence intensity
of each clone with different wash procedures were
determined by flow cytometry. Bacteria clones undergoing
regular or stringent washing procedures after incubation
with HGF were prepared. Results from flow cytometry
showed that HGP-1 and HGP-3 in washed groups bound
to their targets as well as the regular ones, but HGP-2 in
washed group had an obvious reduction (Supplementary
Figure S2a). These data indicated that HGP-1 and HGP-
3 had higher binding capability to HGF compared with
HGP-2 when displayed on the surface of bacteria.

To evaluate binding specificity of peptide displayed
on the surface of bacteria, cytokines including VEGF, EGF,
bFGF and BSA were added separately into the incubation
system. All samples were prepared referring to procedure
in sorting and their PE-A fluorescence intensities were
measured by flow cytometry. These proteins or cytokines,
except for EGF, did not disrupt bacteria clones binding
with HGF (Supplementary Figure S2b).

The binding properties of soluble peptides
to HGF

In order to gain an insight into the binding capability
of bacteria-free HGF binding peptides, the peptides
were synthesized and their binding properties were
determined. Moreover, a scrambled peptide of HGP-1
(SP-H1) was designed as described previously [20, 21].
To verify that SP-H1 could not bind to HGF, increasing
concentrations of SP-H1 were incubated with HGF
coated on the plate. Results from the fluorescence-based
ELISA assay demonstrated that SP-H1 remained a low
binding level to HGF at a high concentration (100 uM)
(Supplementary Figure S3a). It indicated that SP-H1 could
be an appropriate control in the study.

Since HGP-1 and HGP-2 showed different binding
capability on the surface of bacteria, we decided to
examine the binding properties of these two peptides. To
pre-assess the binding ability of peptide to HGF, peptides
were coated on the fluorescence plates and incubated with
HGF. The well coated with HGP-1 had at least 1500 times
higher RFU than the one with SP-H1. HGP-2 had a weaker
binding with HGF, but still with 700 times much higher
RFU than SP-H1 when coated on the well (Supplementary
Figure S3b). In other words, HGP-1 performed a twice
much stronger binding capability to HGF than HGP-
2, which was in accordance with results from relative
bacteria clones. In order to obtain a precise affinity data

www.impactjournals.com/oncotarget

Oncotarget



O

Induced
&
I O by arabinose
O

Bacteria library

A

The last round
of sorting

Overnight
amplification

Bacteria library
displaying peptide

Incubation

HGF-biotin

yTT T I

Bacteria cloning
sequencing

o,

Peptide synthesis

Bacteria-HGF mixture

%&Q?
i

SA-PE
incubation

FACS

HGF binding bacteria

Figure 1: Schematic illustration of HGF targeting peptide screening by FACS.

of HGP-1, the affinity and kinetics of HGP-1 against
HGF was detected by SPR technique (Figure 3a). HGF
was immobilized on the surface of a CMS5 chip. Then, the
active groups were inactive by ethanolamine. Different
concentrations of HGP-1 were injected over the surface of
the chip followed by dissociation in buffer without peptide.
The K, value of HGP-1 was 1.73 x 10° M (697.5 1/Ms for
k,and 0.001243 1/s for k,).

The binding specificity of HGP-1 was investigated
by a fluorescence-based ELISA assay. HGF was coated
on the plate as the solid phase, and 10 uM FITC-labeled

HGP-1 coupling with different concentrations of cytokines
(EGF, VEGF, bFGF) and BSA acted as liquid phase. The
proteins except HGF did not obviously disrupt the binding
of HGP-1 to immobilized HGF (Figure 3b). Although
HGP-1 displayed on bacteria surface showed a high
binding activity with EGF (Supplementary Figure S2b),
the data from fluorescence-based direct ELISA gave an
opposite result. Even at a high concentration (100 uM),
HGP-1 did not exhibited a binding level to EGF as high
as to HGF. The RFU readouts of the wells coated with
EGF were approximately 8 times lower than the ones with
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Figure 2: HGF binding peptides were enriched by bacteria surface display coupled with FACS. a. Fluorescence intensity
in sorting cycle 1-7 (21 nM HGF). b. Fluorescence intensity in sorting cycle 8-10 (10% human serum and 10 nM HGF). ¢. Fluorescence
intensity in sorting cycle 11-13 (10% human serum and 5 nM HGF).

Table 1: The sequences of the HGF binding peptides

Clone Peptide sequence Frequency Percentage
1 HRGLKWEIVPWSGCG 14 28.6%
2 TLYEVDLREWCAGIVG 7 14.3%
3 TYFTWWELSPGCEEH 6 12.2%
4 RANWFCIEDSVYCGK 3 6.1%
5 SARKLGWCPYWSSDC 3 6.1%
6 MEVERRWPWWHANYW 3 6.1%
7 AYMMRDLWEYNWTSG 2 4.1%
8 KGYGRYWWDCGDNFW 1 2.0%
9 YWPGCQEWGNKWWGG 1 2.0%
10 YRWGMGGYEYWCNRG 1 2.0%
11 QRCGMVRFNDWQHPM 1 2.0%
12 GTARLLWRPVVTYDC 1 2.0%
13 MGGGSWLYVGDPDCW 1 2.0%
14 RSSMWDCYYFDCCNW 1 2.0%
15 ALQQAWGWWDCYGWR 1 2.0%
16 MYNVRLNDWYWCGWD 1 2.0%
17 SPWWSVYETQSCAVR 1 2.0%
18 YWYGWGSGWSGCDHA 1 2.0%

HGF post HGP-1 incubation (Figure 3c). Furthermore,
MTT assay was used for the detection of HGP-1 influence
on EGF-dependent cell proliferation to further evaluate
the binding capability of HGP-1 to EGF. In this assay,
A549 cells were used, on which EGFR is over-expressed.
The MTT results illustrated that HGP-1 performed
no significant inhibition on the EGF-dependent cell
proliferation (Supplementary Figure S4), which indicated
that HGP-1 might not bind to EGF or at least not bind to
the receptor-binding site of EGF.

HGF targeting peptides inhibited HGF-
dependent cell proliferation

The HGF/MET axis has been implicated in cell
proliferation [3]. Thus, we would like to assess the HGP-1
inhibition on cell proliferation initiated by HGF via
MTT assay and Ki-67 expression evaluation. After 4
days of HGP-1 treatment, the results from MTT assay
demonstrated that A549 cells treated with HGP-1 had
10% to 25% reduction in proliferation at the range of
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Figure 3: Physicochemical properties of HGF targeting peptide. a. K, of HGP-1 binding to HGF was determined by SPR
technique. b. The assessment of binding competition between various proteins and HGF by fluorescence-based ELISA assay post 1.5-hour
incubation. Proteins at the concentrations of 0.05 nM, 0.5 nM, 5 nM and 50 nM mixed with 10 uM FITC-labeled HGP-1 were the liquid phase
(n =15). c. The binding activity between HGP-1 to HGF and EGF were measured by fluorescence-based direct ELISA assay post 1.5-hour
incubation. HGP-1 at the concentrations of 0.1 uM, 1 uM, 10 uM, 100 uM were used (7 = 3). Values were mean + SEM.

HGP-1 concentrations (61.5 nM to 3.075 uM) as shown
in Figure 4a. It was further validated that HGP-1 could
inhibit A549 cells proliferation with an IC, value of
496.4 uM (Figure 4b). As a supplement, another HGF
targeting peptide HGP-2 had a similar inhibitory effect
on cell proliferation in A549 cells although its binding
capability to HGF was lower than HGP-1 (Supplementary
Figure S5). Moreover, HGP-1 and HGP-2 did not exhibit
detectable cytotoxicity to cell proliferation in HGF-free
environment (Supplementary Figure S6a and S6b).
Ki-67 is a nucleoprotein whose expression is
associated with cell proliferation. Ki-67 expression levels
in A549 cells after treated with peptides were determined
by flow cytometry. The results illustrated that Ki-67
expression of A549 cells had a 74% decline when treated
with 1 pM HGP-1 for 2 days. In contrast, | uM SP-H1 did
not show obvious inhibitory effect on Ki-67 expression
compared with HGP-1 group (Figure 4c and 4d).

Cell migration was inhibited by HGF
targeting peptides

HGF is a potent factor that promotes cell
migration and invasiveness [22]. To assess the inhibitory
effect of HGP-1 on migration, wound healing assay,
transwell assay and real-time cellular analysis were
applied. In wound healing assay and transwell assay,
MDA-MB-435s cells were used referring to the
previous description [23, 24]. The results of wound

healing assay showed that HGP-1 performed a potent
inhibitory effect on MDA-MB-435s cell migration,
and the inhibition displayed decrease trend with
treatment by increasing concentration of peptides
(Figure 4e and Supplementary Figure S7a). HGP-2
also displayed a similar effect on MDA-MB-435s
(Supplementary Figure S7a and Supplementary Figure
S7b). Besides, no obvious inhibitory effect of HGP-1 and
HGP-2 on MDA-MB-435s migration was detected in the
culture system without HGF (Supplementary Figure S8).

The cell movement from one side of transwell
membrane to the basal side could mimic cell vertical motility.
To further validate the migration inhibitory effect of HGP-1 on
MDA-MB-435s, a transwell migration assay was conducted.
As shown in Figure 4f and 4g, after 18-hour treatment, the
number of migrated cells in HGP-1 group had almost 50%
reduction comparing with cells treated by HGF alone.

Label-free real-time cell-based assay (RTCA) could
provide cell dynamic data. Therefore, it was used to
examine the time-dependent effect of HGP-1 on A549 cell
motility [25]. A549 cells were treated by HGF alone or
coupling with 100 pM peptide (HGP-1 or SP-H1) to assess
temporal inhibitory effect of HGP-1 on cell migration.
When compared with SP-H1 treatment, 100 uM HGP-1
reduced the cell index by 40% at the 20th hour (Figure 4h),
which meant that HGP-1 could inhibit the migration of
A549 cells induced by HGF effectively. In addition, we
noticed that inhibitory effect of HGP-1 on cell migration
started approximately 14 hours post treatment.
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Figure 4: HGP-1 attenuated HGF-mediated cellular functions. a. Measurement of cell proliferation treated by HGP-1 coupled
with HGF (0.625 nM) in A549 cells for 4 days by MTT assay (n = 3). b. Inhibition on HGF (1 nM)-mediated proliferation by HGP-1
(0.1 uM to 5000 uM) post 4-day treatment examined by MTT assay (n = 4). ¢. Representatives of Ki-67 expression levels of A549 cells
evaluated by flow cytometry after HGP-1 (1 uM) treatment. d. Quantitation of Ki-67 expression in A549 cells post HGP-1 (1 uM) 2-day
treatment (n = 3). e. Quantitation of MDA-MB-435s cells migration post HGP-1 (1 uM) 2-day treatment determined by wound healing
assay (n =5). f. Representative photographs of transwell assay. g. Quantitation of MDA-MB-435s cell migration rate post HGP-1 (1 uM)
18-hour treatment evaluated by transwell assay (n = 3). h. Determination of A549 cells migration treated by HGP-1 (100 uM) in RTCA
(n=13). i. Measurement of A549 HGF-initiated cells motility post HGP-1 treatment in concentration ranges by RTCA (n = 3). SP-H1 group
in each analysis worked as control. Values were expressed as mean + SEM. *P < 0.05, ** 0.01 < P < 0.05, represented the significance

between HGF and SP-H1 or HGP-1 groups.

Furthermore, RTCA was used to evaluate
whether inhibitory effect of HGP-1 on cell migration
was concentration-dependent. The result demonstrated
that HGP-1 at the concentration of 10 pM and 100 pM
established inhibitory effect on cell migration (Figure 41i)
in a concentration-dependent manner. In RTCA, HGP-1
exhibited a temporal and concentration-dependent
inhibitory effect on A549 cell migration.

HGP-1 inhibited tumor growth in luciferase-
expressed A549 xenograft models

In order to assess the in vivo activities of HGP-1,
luciferase-expressed A549 subcutaneous tumor xenograft
model was established. The tumor-bearing mice were
subcutaneously administrated with 10 mg/kg HGP-1 or
SP-H1 once every other day for 6 times two days post
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transplantation. Results showed that the early HGP-1
treatment would postpone the initiation of tumors and
retard the tumor growth (Figure 5a). Data from the ROI
analysis of tumor bioluminescence signals displayed
the same trend with those from vernier calipers on the
assessment of tumor volume alteration (Figure 5b, 5c¢).
The average volume of tumor in day 74 of HGP-1 group
exhibited a 77% reduction compared with SP-H1 group
in the bioluminescence analysis, in accordance with data
from vernier calipers (Figure 5d, 5e). No significant
inhibitory effect of HGP-1 on tumor metastasis was
observed (Data not shown).

Inhibitory effect of HGP-1 on cell activities was
via affecting MET signaling

It is well documented that HGF/MET signaling
cascade is associated with cell proliferation and motility
[2]. To explore how HGP-1 inhibited cell proliferation and
migration through HGF/MET signaling, A549 cells pre-
treated by HGP-1 were lysed, and their phosphorylation
level of MET and ERK1/2 were measured by Western
Blot. The result showed that the phospho-MET level at
Tyr1234/1235 would decrease by 28% and 33% after
treated by 5 pM and 50 uM HGP-1 (Figure 6a and 6b),
while phospho-ERK1/2 at Thr202/Tyr204 was reduced
by 13% and 31% (Figure 6¢, 6d). HGP-1 could inhibit
the phospho-MET level at the concentration of 5 uM and
display significant inhibitory effect on phosphorylation of
ERK1/2 at the concentration of 50 uM without affecting
expression of MET and ERK1/2 (Supplementary Figure
S9a). In sum, the inhibitory effect of HGP-1 on cell
proliferation and migration stimulated by HGF was
via affecting the activity of MET signaling. The result
from structure simulation through ZDOCK illustrated
that HGP-1 might bind to the C-terminal of HGF-8
(Supplementary Figure S10), which was close to the
binding site of HGF- to MET [26]. It provided a possible
explanation for the inhibitory effect of HGP-1 on the
activation of HGF/MET signaling.

DISCUSSIONS

HGF/MET axis regulates cell proliferation,
migration and morphogenesis [3, 27]. The dysregulation
of this pathway has been implicated in cancer initiation,
development and even metastasis [28], which suggested
that targeting to HGF/MET axis is a potential strategy
in cancer targeted therapy. In this article, we obtained a
series of HGF targeting peptides and identified a peptide
candidate named HGP-1. HGP-1 either on the surface of
bacteria clone or synthesized, exhibited a moderate affinity
and good specificity for binding to HGF. As a HGF binder,
HGP-1 could inhibit cell proliferation both in vitro and
in vivo and migration at least in vitro via reducing the
phosphorylation level of MET and ERK1/2.

In 2009, Eric M. and colleagues reported a HGF-$3
targeting peptide that could work as a noncompetitive
inhibitor for MET signaling [24]. In our study, we also
presented a peptide candidate HGP-1 for HGF/MET
signaling inhibition. HGP-1 could target to the full length
HGF with K of 1.73 pM, lower than the disulfide-
constrained HGF-p targeting peptide of HB1 (3 uM) in the
first panning. In addition, although HGF-f associated with
the activation of MET, but the activation of MET need a
cooperative interaction between a- and -chain of HGF
[29, 30]. That is the reason why we choose the full length
HGEF to be the targeting protein in our screening.

In order to study the mechanisms of inhibitory
effect of HGP-1 in vitro and in vivo, phosphorylation level
of MET and its downstream components were detected.
Results from Western Blot illustrated that HGP-1
could inhibit phosphorylation of MET at Y1234/1235,
which provided a possible explanation for alteration of
cell activities induced by HGP-1. According to the report
from Roskoski and Trusolino et al., phospho-MET would
lead to the activation of Ras-ERK cascade in HGF/MET
signaling and ERK1/2 involved in the regulation of cell
proliferation [27, 31]. In our study, HGP-1 inhibited the
phospho-ERK1/2 level at T202/Y204, which indicated
that ERK1/2 may be one of the mediators for HGP-1
to affect cell proliferation. As an important downstream
protein, ERK1/2 could activate myosin light chain kinase
to manipulate cell motility [32], which indicated that
ERK1/2 could be involved in HGP-1 inhibitory effect
on cell migration initiated by HGF. Belonging to ERK
family, ERK2 performed a dominant role in governing
cell proliferation and migration [33]. In this study, 50
uM HGP-1 inhibited phospho-ERK2 level at a similar
extent to 5 uM HGP-1 (Supplementary Figure S9b),
which meant that increased HGP-1 concentration was not
a main factor that cause the drop of phospho-ERK?2 level.
The inhibition of HGP-1 on phospho-ERK2 might be a
possible explanation for the decline of A549 migration
when treated by 10 pM HGP-1 in RTCA. However,
some other molecules might be involved in the decrease
of A549 migration induced by 100 uM HGP-1, because
50 uM HGP-1 did not induce more significant down-
regulation of phospho-ERK2 level compared with 5 pM
HGP-1. It could be explained that there may exist other
downstream signaling components in HGF/MET signaling
and other possible receptors or lateral signaling pathways
such as EGFR pathway [34] involved in the inhibitory
effect of HGP-1.

In our study, ROI analysis of bioluminescence
signal and vernier calipers measurement were applied to
measure tumor volumes. The data from bioluminescence
provided more objective assessment on tumor volumes,
which would be a better approach to observe the tumor
growth. The bioluminescence signal did not provide
evidence for HGP-1 inhibitory effect on metastasis.
It might indicate that HGP-1 did not have apparent
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inhibitory effect on tumor metastasis at least with the
concentration applied. On the other hand, considering the
small volume of metastasis, the emitted bioluminescence
signal might not be observed by IVIS Lumina II system.
Although no obvious metastasis signal was recorded
via bioluminescence, we noticed that some phenomena
occurred which might be a consequence of metastasis. Two
mice in SP-H1 group presented limb movement disorder
in half side, along with wry neck, circle motion and rapid
weight loss on day 43 and day 47, but no mice in HGP-1
group appeared similar phenomena. It has been reported
that brain metastases from cervical carcinoma would lead
to Hemiballismus [35]. Therefore, we speculated that the
limb movement disorder of the two mice from SP-HI
might be the result from brain metastasis.

Taken together, we identified a peptide targeting
to HGF, which could behave as an inhibitor to HGF/
MET signaling. The HGF targeting peptide candidate
HGP-1 could inhibit cell proliferation and migration via
down-regulating the phosphosrylation levels of MET
and ERK1/2. Our studies revealed that peptides might
be effective targeting molecules for cancer targeted
therapeutics.

MATERIALS AND METHODS

Reagents and cell culture

Recombinant human full length HGF (10463-
NHAC-A), VEGF-165 (11066-HNAB), Protein G (13103-
PNAE), Biotinylated recombinant human full length HGF
(10463-HNAC-B), HGF antibody (10463-RP01-B), MET
antibody (10692-MM02), EGF antibody (0605-R008)
were purchased from Sino Biological Inc. Recombinant
human EGF (H6000-10), bFGF (H3000-10) were
obtained from Beijing Wishbiotechnology Co., Ltd.
Dynabeads MyOne streptavidin Cl magnetic beads
(#65002) and Streptavidin Phycoerythrin Conjugates
(S-866) were obtained from Invitrogen. Magnet
(MS-12) was purchased from Shanghai Allrun Nano
Science & Technology Co., Ltd. Human serum (ZX101-1)
was bought from Beijing Zoman Biotechnology
Co., Ltd. RPMI-1640 medium (SN30809.01B), high
glucose Dulbecco’s modified Eagle’s medium (DMEM,
SN30022.01B), penicillin/streptomycin solution
(SV30082.01) and fetal bovine serum (FBS, SV30087.02)
were purchased from Hyclone. Collagen type I from rat
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tail (C7661-5SMG) was bought from Sigma-Aldrich.
Bovine serum albumin V (BSA, A8020) was obtained
from Solarbio. Ki67 cell proliferation Detection Kit
(KGA325) was purchased from KeyGENE BioTECH.
NP-40 lysis buffer (PO013F), phosphorylated p44/42
MAPK antibody (AMO071) and p44/42 MAPK antibody
(AMO76) were obtained from Beyotime Institute of
Biotechnology. Phosphorylated MET antibody (#3129)
was purchased from Cell Signaling Technology. Amino
coupling reagent kit (2060499) was purchased from GE
healthcare.

Human non-small lung cancer cell line A549
(TCHu150, Chinese Academy of Sciences Cell Bank) was
maintained in RPMI-1640 medium. Human melanoma
cell line MDA-MB-435s (TCHu 36, Chinese Academy of
Sciences Cell Bank) was cultured in high glucose DMEM.
The medium were supplemented with 10% FBS and 1%
penicillin/streptomycin. All the cells were cultured at
37°C, in 5% CO,,.

Screening of HGF binding peptide from a
random library

The bacteria display library of linear peptides was
a gift from Professor Patrick S. Daugherty (University of
California, Santa Barbara, United States). In this library,
peptide with 15 randomized amino acid positions (X15)
was displayed at the N-terminus of eCPX [36] as fusion
protein on the surface of Escherichia coli. The size of
library was 5 x 108,

The frozen stock was thawed and cultivated
overnight at 37°C in Luria-Bertani medium (LB medium)
supplemented 34 pg/mL chloramphenicol and 0.2%
(w/v) D-(+)-glucose with shaking at 200 rpm. The
bacteria were subcultured 1:50 the next day for 2 hours
in LB medium at 37°C with shaking at 200 rpm, and
then induced by 0.02% (w/v) L-(+)-arabinose for 1 hour
at room temperature to express the outer membrane
protein scaffold. The MACS was conducted with 42.5 nM
biotinylated HGF to reduce the size of library. When the
size of library was smaller than 107, FACS was performed.
The enriched library incubated with biotinylated HGF at
concentrations ranging from 20 nM to 5 nM to enrich the
high affinity HGF binding peptides at 4°C for 45 minutes.
Subsequently, Streptavidin R-phycoerythrin (SAPE) at a
final concentration of 3.3 nM was added to the mixture
following by the incubation at 4°C for 30 minutes. The
PE-A fluorescence intensity of each sample was measured
by FACS Aria II (Becton Dickinson). The bacteria with
high PE-A fluorescence intensity were sorted and cultured
in LB medium overnight for another cycle of sorting. In
the last several cycles of sorting, 10% human serum was
supplemented to increase the sorting stringency [37]. The
bacteria sorted from the last cycle of sorting were plated
on a LB-agar plate for an overnight incubation. Bacteria
clones were obtained and sent to GENEWIZ Inc. for DNA
sequencing.

Binding capability and specificity analysis of
peptides displayed on the bacteria surface

Bacteria clones were subcultured and induced
as described before. Then, 107 bacteria of each clone
were incubated with biotinylated HGF referring to
sorting procedure. After incubating with HGF, bacteria
were divided into two groups. The ‘original’ group was
washed referring to sorting procedure, and the ‘washed’
group would have a tough washing. After centrifuged at
3000 x g for 5 minutes, bacteria in ‘washed’ group were
resuspended by 1 mL phosphate buffered saline (PBS, PH
7.4) and inverted at 4°C for 10 minutes. The washing steps
were repeated for 3 times. Samples from two groups were
analyzed by flow cytometry.

To examine the binding specificity of peptide on
the bacteria surface, 107 bacteria were incubated with
7 nM HGEF alone or coupled with the same molarity of
VEGF-165, EGF, bFGF or BSA separately. The washing
steps were performed following sorting procedure. The
fluorescence signals of samples were recorded with flow
cytometer.

Examination of binding property of
soluble peptide

Peptides were synthesized in Shanghai Bootech
Bioscience & Technology Co., Ltd., and FITC was
labeled at the N- terminal of the peptide sequence. The
binding property of soluble peptides was determined by
fluorescence-based ELISA. Plates (#3925, Corning) were
coated with 15.6 nM of HGF or EGF in PBS (pH 7.4)
overnight at 4°C. Then, wells were blocked with 5% (m/v)
BSA for 1 hour with shaking at room temperature. Different
concentrations of FITC-labeled peptide (0.1 uM, 1 puM,
10 uM and 100 uM) were added to the wells respectively
for 1.5 hours incubation at room temperature. At last, the
fluorescence intensity of each well was determined by
VECTOR X4 Multilabel Plate Reader (PerkinElmer).

To evaluate the specificity of soluble peptide, a
fluorescence-based ELISA was established. HGF was
coated on the plate with concentration of 14.3 nM in
PBS (pH 7.4) overnight at 4°C. Afterwards, plates were
blocked with 5% BSA for 1 hour with shaking at room
temperature. FITC-labeled peptide (10 uM) coupling with
different concentrations (0.05 nM, 0.5 nM, 5 nM and 50
nM) of HGF, VEGF-165, EGF, bFGF or BSA was added
into wells separately and incubated at room temperature
for 1.5 hours. The fluorescence intensity of each well
was determined by VECTOR X4 Multilabel Plate Reader
(PerkinElmer).

Measurement of K for peptide binding to HGF

Kinetic (k, and k) and affinity constant (K,) of
soluble peptide were determined by surface plasmon
resonance technique on a Biacore X100 instrument
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(GE healthcare). The research-grade CMS5 sensor
chip was activated following the process which was
recommended in the amino coupling reagent Kkit.
Human full length HGF was dissolved in PBS and
diluted to a suitable concentration by 20 mM NaCOOH
buffer (pH4.0) and immobilized on the chip, and 2000
resonance units were immobilized. The remaining
reactive groups were inactivated by ethanolamine. The
peptide was dissolved and diluted by HBS-EP (100 mM
HEPES, 150 mM NaCl, 3 mM EDTA-Na, and 0.005%
P20, pH7.4). Samples composed of concentrations
ranging from 0 to 100 uM of peptides were injected
over the protein surface. Each sample was injected at
a flow rate of 30 pL/min for 2 minutes and followed
by 8 minutes of dissociation in HBS-EP buffer without
peptide [38]. K , K and K were calculated by Biacore
X100 Evaluation software.

MTT assay

A549 cells were seeded in a 96-well plate at a
density of 7000 cells per well. After overnight culture,
cells were starved with serum free DMEM medium
for 48 hours. HGF (0.625 nM) alone or mixed with
concentrations ranging from 61.5 nM to 3.075 uM
of peptides was added into the cells post starvation.
After cultured for 4 days, the cell culture medium was
changed with fresh medium containing 0.5 mg/mL
3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) solution for another 4 hours incubation
at 37°C, in 5% CO,. Then, medium was removed and
cells were lysed with dimethyl sulfoxide [39]. The
absorption of the solution in each well was measured at
490 nm on a VECTOR X4 Multilabel Plate Reader. IC,
value was also determined and calculated by GraphPad
Prism 5.

MTT assay was also used to assess the cytotoxicity
of peptides after 4-day incubation with peptides at
different concentrations in the medium with 10% FBS.
The cells were seeded in the 96-well plate at density of
2000 cells per well.

Measurement of Ki-67 expression levels
by flow cytometry

A549 cells were cultured on a 12-well plate
(2 x 107 cells/well), grown to a 70-80% confluent cell
monolayer, and serum-starved for 24 hours. Fresh
medium containing 1 nM HGF alone or mixed with 1 uM
peptides was added into each well for 2 days treatment.
Afterwards cells were detached by 0.1% trypsin and
fixed by ethanol for 2 hours at 4°C. Then, cells were
incubated with Ki-67 antibody following the instruction
of the Ki67 cell proliferation Detection Kit. The FITC
fluorescence intensity of each sample was determined by
flow cytometry.

Assessment of cell migration by scratch
wound assay

MDA-MB-435s cells were plated on a 24-well plate
(1 x 10° cells/well), grown to an 80-90% confluent cell
monolayer, and serum-starved for 24 hours. Wounds were
scratched gently with tip of a plastic pipet and washed
twice with PBS. Subsequently, HGF (0.625 nM) alone or
coupled with peptides at the concentrations of 61.5 nM and
615 nM were added into the wells for 2 days treatment.
Each well was photographed at 10 x magnification with
light microscope before and after peptide treatment. The
cell migration capabilities were assessed by calculating
the width alteration of the wound area by Photoshop [25].
The percentage of cell migration followed the equation:

Wound healing assay was applied to evaluate the
inhibitory effect of peptides to cell migration after one-
day incubation with peptides at different concentrations in
medium with 10% FBS.

Assessment of cell migration by transwell assay

MDA-MB-435s cells were detached by 0.25%
trypsin and diluted with serum-free medium to a final
concentration of 4 x 10° cells/mL post 24 hours serum
starvation. Serum free medium containing 1 nM HGF
alone or mixed with 1 uM peptides was added to wells
in 24-well plate (bottom chamber). The basal side
of membrane in the millicell chamber (PIEP12R4S,
Millipore) was pre-coated with 10 pg/mL rat tail collagen
type I, and 0.1 mL cell suspension was added to millicell.
The millicell chambers were hanged over the wells and
cultured at 37°C, 5% CO,. After cultured for 18 hours,
cells on the basal side of the membrane were fixed, stained
with 0.5% (w/v) crystal violet and photographed. The
crystal violet in cells were then eluted and quantified by
measuring absorbance at 595 nm on the VECTOR X4
Multilabel Plate Reader [24, 26].

Assessment of cell migration by real-time
cellular analysis

A549 cells were detached and diluted with serum-
free medium to a final concentration of 8 x 10° cells/
mL post 24 hours serum starvation. The upper chamber
of CIM-16 plate was pre-coated with 10 pg/mL rat tail
collagen type I. Serum-free medium containing 2 nM
HGF alone or with peptides at concentrations ranging
from 1 uM to 100 pM was added into the bottom chamber
of CIM-plate. Afterwards, the device including upper
chamber hanging on the lower chamber was balanced at
37°C, in 5% CO, for 1 hour and baseline was measured.
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Before data recording, cell suspension was added into the
upper chamber and incubated at room temperature for
30 minutes. Cell index was measured every 15 minutes
during 22 hours on the xCELLigence DP system (ACEA
Biosciences, Inc.) [40].

Assessment of tumor growth in mice
xenograft model

Four to five-week-old female Balb/c nu mice (SLAC
Laboratory Animal) were used in the experiment. Mice
were injected subcutaneously in the flank with 2 x 10°
luciferase-expressed A549 cells in 0.1 mL PBS. When the
tumor volumes reached 200 mm?, the mice were sacrificed.
Tumor mass was separated under aseptic conditions and
washed by PBS. After removing the thanatosis tissue,
tumor tissues were cut into small cubes (approximately
1 mm?®) and transplanted to mice right hindpaw [41]. The
mice were randomized into SP-H1 (Scramble peptide of
HGP-1) and HGP-1 group (8 mice per group). Peptides
were subcutaneously administrated (10 mg/kg) every other
day for 6 times two days post transplantation. The tumor
volumes and the weights of mice were measured every 2—3
days. Tumor volume = 1/2 x a x b? (a is the length, b is the
width). The mice were photographed in an IVIS Lumina II
system (Caliper LifeScience) and ROIs of bioluminescence
were analyzed to evaluate tumor growth at two different
time points. All animal studies were approved by a local
Ethics Committee for Animal Experiments.

Detection of phosphorylation of MET and
ERK1/2 by Western Blot

A549 cells were cultured in a 6-well plate (2 x 10°
cells/well), grown to an 80-90% cell confluent and serum-
starved for 24 hours. Medium containing 2 nM HGF
alone or coupled with HGP-1 at concentrations of 5 pM
and 50 uM were added to wells for 15 minutes treatment.
Afterwards, cells were lysed with NP-40 lysis buffer
(supplemented with 1 nM PMSF). The Western Blots were
conducted as described [23] with the following antibodies:
phosphorylated MET, MET, phosphorylated p44/42
MAPK, p44/42 MAPK.

Structure prediction and model construction
of HGP-1

Three-dimensional models of the HGP-1 were
constructed through the Local Meta-Threading Server
(http://zhanglab.ccmb.med.umich.edu/LOMETS)/) [42] for
the selection of the best model with the highest confidence
score. The structure of the complex between the HGP-1
and HGF-B was predicted and described by ZDOCK, a
protein-docking algorithm (http://zlab.umassmed.edu/
zdock/) [43].

Statistics analysis

All the data were expressed as means + SEM.
Histogram and line charts were generated by GraphPad
Prism 5. 7T-test and ANOVA were used to determine the
P values. P-value < 0.05 was considered to be statistically
significant.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by the National Natural
Science Foundation of China (Nos. 81171451 and
81372361) and Collaborative Innovation Center of Suzhou
Nano Science and Technology.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Liu X, Newton RC, Scherle PA. Development of c-MET
pathway inhibitors. Expert opinion on investigational drugs.
2011;20:1225-1241.

Birchmeier C, Birchmeier W, Gherardi E, Vande
Woude GF. Met, metastasis, motility and more. Nature
reviews Molecular cell biology. 2003; 4:915-925.

3. Jiang WG, Martin TA, Parr C, Davies G, Matsumoto K,
Nakamura T. Hepatocyte growth factor, its receptor, and
their potential value in cancer therapies. Critical reviews in
oncology/hematology. 2005; 53:35-69.

Nakamura T, Nishizawa T, Hagiya M, Seki T,
Shimonishi M, Sugimura A, Tashiro K, Shimizu S.
Molecular cloning and expression of human hepatocyte
growth factor. Nature. 1989; 342:440-443.

5. Cipriani NA, Abidoye OO, Vokes E, Salgia R. MET as a
target for treatment of chest tumors. Lung cancer. 2009;
63:169-179.

Trusolino L, Comoglio PM. Scatter-factor and semapho-
rin receptors: cell signalling for invasive growth. Nature
reviews Cancer. 2002; 2:289-300.

Canadas I, Rojo F, Arumi-Uria M, Rovira A, Albanell J,
Arriola E. C-MET as a new therapeutic target for the devel-
opment of novel anticancer drugs. Clinical & translational
oncology : official publication of the Federation of Spanish
Oncology Societies and of the National Cancer Institute of
Mexico. 2010; 12:253-260.

8. Comoglio PM, Giordano S, Trusolino L. Drug development
of MET inhibitors: targeting oncogene addiction and expe-
dience. Nature reviews Drug discovery. 2008; 7:504-516.
Hack SP, Bruey JM, Koeppen H. HGF/MET-directed thera-
peutics in gastroesophageal cancer: a review of clinical and
biomarker development. Oncotarget. 2014; 5:2866—2880.

www.impactjournals.com/oncotarget

30099

Oncotarget



11.

12.

13.

14.

16.

17.

18.

20.

21.

. Abounader R, Laterra J. Scatter factor/hepatocyte growth

factor in brain tumor growth and angiogenesis. Neuro-
oncology. 2005; 7:436-451.

Ma J, DeFrances MC, Zou C, Johnson C, Ferrell R,
Zarnegar R. Somatic mutation and functional polymor-
phism of a novel regulatory element in the HGF gene pro-
moter causes its aberrant expression in human breast cancer.
The Journal of clinical investigation. 2009; 119:478-491.

Arrieta O, Garcia E, Guevara P, Garcia-Navarrete R,
Ondarza R, Rembao D, Sotelo J. Hepatocyte growth factor
is associated with poor prognosis of malignant gliomas and
is a predictor for recurrence of meningioma. Cancer. 2002;
94:3210-3218.

Takahiro N, Katsuya S, Toshikazu N, Matsumoto K.
Anti-cancer approach with NK4: bivalent action and mech-
anisms. Anti-cancer Agents in Medicinal Chemistry. 2010;
10:36-46.

Parikh RA, Wang P, Beumer JH, Chu E, Appleman LJ. The
potential roles of hepatocyte growth factor (HGF)-MET
pathway inhibitors in cancer treatment. OncoTargets and
therapy. 2014; 7:969-983.

Mittra ES, Fan-Minogue H, Lin FI, Karamchandani J,
Sriram V, Han M, Gambhir SS. Preclinical efficacy of the
anti-hepatocyte growth factor antibody ficlatuzumab in a
mouse brain orthotopic glioma model evaluated by biolu-
minescence, PET, and MRI. Clinical cancer research: an
official journal of the American Association for Cancer
Research. 2013; 19:5711-5721.

Olwill SA, Joffroy C, Gille H, Vigna E, Matschiner G,
Allersdorfer A, Lunde BM, Jaworski J, Burrows JF,
Chiriaco C, Christian HJ, Hulsmeyer M, Trentmann S, et al.
A highly potent and specific MET therapeutic protein antag-
onist with both ligand-dependent and ligand-independent
activity. Molecular cancer therapeutics. 2013; 12:2459-2471.

Blumenschein GR Jr., Mills GB, Gonzalez-Angulo AM.
Targeting the hepatocyte growth factor-cMET axis in
cancer therapy. Journal of clinical oncology: official journal
of the American Society of Clinical Oncology. 2012;
30:3287-3296.

McDermott U, Pusapati RV, Christensen JG, Gray NS,
Settleman J. Acquired Resistance of Non-Small Cell Lung
Cancer Cells to MET Kinase Inhibition Is Mediated by a
Switch to Epidermal Growth Factor Receptor Dependency.
Cancer research. 2010; 70:1625-1634.

. Aina OH, Sroka TC, Chen ML, Lam KS. Therapeutic

cancer targeting peptides. Biopolymers. 2002; 66:184-199.
LiJW, Zhang QZ, Pang ZQ, Wang YC, Liu QF, Guo LR,
Jiang XG. Identification of peptide sequences that target to
the brain using in vivo phage display. Amino Acids. 2012;
42:2373-2381.

Chau Y, Padera RF, Dang NM, Langer R. Antitumor effi-
cacy of a novel polymer-peptide-drug conjugate in human
tumor xenograft models. International journal of cancer
Journal international du cancer. 2006; 118:1519-1526.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ma PC, Maulik G, Christensen J, Salgia R. c-Met: structure,
functions and potential for therapeutic inhibition. Cancer
metastasis reviews. 2003; 22:309-325.

Burgess T, Coxon A, Meyer S, Sun J, Rex K, Tsuruda T,
Chen Q, Ho SY, Li L, Kaufman S, McDorman K,
Cattley RC, Sun J, Elliott G, Zhang K, Feng X, et al. Fully
human monoclonal antibodies to hepatocyte growth fac-
tor with therapeutic potential against hepatocyte growth
factor/c-Met-dependent human tumors. Cancer research.
2006; 66:1721-1729.

Tam EM, Runyon ST, Santell L, Quan C, Yao X,
Kirchhofer D, Skelton NJ, Lazarus RA. Noncompetitive
inhibition of hepatocyte growth factor-dependent Met sig-
naling by a phage-derived peptide. Journal of molecular
biology. 2009; 385:79-90.

Dulak AM, Gubish CT, Stabile LP, Henry C, Siegfried JM.
HGF-independent potentiation of EGFR action by c-Met.
Oncogene. 2011; 30:3625-3635.

Kirchhofer D, Yao X, Peek M, Eigenbrot C, Lipari MT,
Billeci KL, Maun HR, Moran P, Santell L, Wiesmann C,
Lazarus RA. Structural and functional basis of the serine
protease-like hepatocyte growth factor beta-chain in Met
binding and signaling. The Journal of biological chemistry.
2004; 279:39915-39924.

Trusolino L, Bertotti A, Comoglio PM. MET signalling:
principles and functions in development, organ regeneration
and cancer. Nature reviews Molecular cell biology. 2010;
11:834-848.

Venepalli NK, Goff L. Targeting the HGF-cMET Axis
in Hepatocellular Carcinoma. International journal of
hepatology. 2013; 2013:341636.

Matsumoto K, Kataoka H, Date K, Nakamura T.
Cooperative interaction between alpha and beta chains of
hepatocyte growth factor on c-Met receptor confers ligand-
induced receptor tyrosine phosphorylation and multiple
biological responses. Journal of Biological Chemistry.
1998; 273:22913-22920.

Basilico C, Arnesano A, Galluzzo M, Comoglio PM,
Michieli P. A high affinity hepatocyte growth factor-bind-
ing site in the immunoglobulin-like region of met. Journal
of Biological Chemistry. 2008; 283:21267-21277.
Roskoski R Jr. ERK1/2 MAP kinases: structure, func-
tion, and regulation. Pharmacological research: the official
journal of the Italian Pharmacological Society. 2012;
66:105-143.

Klemke RL, Cai S, Giannini AL, Gallagher PJ, deL-
anerolle P, Cheresh DA. Regulation of cell motility by
mitogen-activated protein kinase. J Cell Biol. 1997;
137:481-492.

Radtke S, Milanovic M, Rosse C, De Rycker M, Lachmann S,
Hibbert A, Kermorgant S, Parker PJ. ERK2 but not ERK1
mediates HGF-induced motility in non-small cell lung carci-
noma cell lines. Journal of cell science. 2013; 126:2381-2391.
Johnson H, Lescarbeau RS, Gutierrez JA, White FM.
Phosphotyrosine Profiling of NSCLC Cells in Response

WWw

.impactjournals.com/oncotarget

30100

Oncotarget



35.

36.

37.

38.

39.

to EGF and HGF Reveals Network Specific Mediators
of Invasion.
12:1856-1867.
Ziainia T, Resnik E. Hemiballismus and brain metastases
from squamous cell carcinoma of the cervix. Gynecologic
Oncology. 1999; 75:289-292.

Bessette PH, Rice JJ, Daugherty PS. Rapid isolation of
high-affinity protein binding peptides using bacterial

Journal of proteome research. 2013;

display. Protein engineering, design & selection: PEDS.
2004; 17:731-739.

Kenrick SA, Daugherty PS. Bacterial display enables effi-
cient and quantitative peptide affinity maturation. Protein
engineering, design & selection : PEDS. 2010; 23:9-17.

Vosjan MJ, Vercammen J, Kolkman JA, Stigter-van
Walsum M, Revets H, van Dongen GA. Nanobodies
targeting the hepatocyte growth factor: potential new drugs
for molecular cancer therapy. Molecular cancer therapeu-
tics. 2012; 11:1017-1025.

Maike Gold, Amalia M Dolga, Janine Koepke, David
Mengel, Carsten Culmsee, Richard Dodel, Koczulla AR,

40.

41.

42.

43.

Bach J-P. al-antitrypsin modulates microglial-mediated
neuroinflammation and protects microglial cells from
amyloid-f-induced toxicity. Journal of Neuroinflammation.
2014; 11:165-175.

Yury Kiselev, Tonje Engevik Eriksen SF, Lan Huong Thi
Nguyen IM. 3T3 Cell Lines Stably Expressing Pax6 or
Pax6(5a) - A New Tool Used for Identification of Common
and Isoform Specific Target Genes. PloS one. 2012;
7:€31915.

Zhao GJ, Xu LX, Chu ESH, Zhang N, Shen JY, Damirin A,
Li XX. Establishment of an orthotopic transplantation
tumor model of hepatocellular carcinoma in mice. World
Journal of Gastroenterology. 2012; 18:7087-7092.

Wu ST, Zhang Y. LOMETS: A local meta-threading-server
for protein structure prediction. Nucleic acids research.
2007; 35:3375-3382.

Pierce BG, Wiehe K, Hwang H, Kim BH, Vreven T,
Weng ZP. ZDOCK server: interactive docking prediction
of protein-protein complexes and symmetric multimers.
Bioinformatics. 2014; 30:1771-1773.

www.impactjournals.com/oncotarget

30101

Oncotarget



