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ABSTRACT

Peptide therapeutics is a newly emerging field in cancer therapy. They can be rapidly
synthesized and easily modified to fit the drug delivery system needs. Peptides have
low toxicity and minimal side effects compared to chemical drugs, which are critical
for therapeutic drug development. Glycyl-tRNA synthetase (GRS), a known
component of translation, has been previously reported to kill cancer expressing
cadherin-6 (CDH-6), also known as K-cadherin, by suppressing ERK signaling and
inducing apoptosis. In this study, we analyzed the structure of GRS to determine the
active region that binds to CDH6 and critical for cancer cell viability. Only fragment
4 (F4) domain of GRS, 511 to 685 residues, showed binding to CDH6 and induced
apoptosis in CDH6-positive cells. Next, we used a protein-protein docking program,
HADDOCK (High Ambiguity Driven protein-protein DOCKing), to predict the
binding region of F4 to CDH6. Upon this analysis, we predicted single point mutants
around N-terminal of F4 would perturb the interface binding. It was shown mutants
that lost binding with CDH6 had a decrease in anti-cancer activity against CDH6-
positive cancer cells. Double mutants were performed to identify that the region
harboring the F535E residue was critical by showing a severe decrease in binding.
After confirming the binding domain for GRS and CDHS6, a peptide was developed
based on these results and analyzed. The peptide showed CDH6 binding and
dependent activity in dose-dependent manner through dephosphorylation of ERK
signal. Xenograft mouse model showed that peptide suppressed tumor growth only

in CDH6-expressing cell line. Our results lead to the discovery of binding site



between GRS with CDH6 and the use of GRS peptide for therapeutic drug

development against cancer.
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INTRODUCTION

During the past decade, peptides have gained a wide range of application
in medicine and biotechnology fields. The estimated peptides and protein market size
is more than US $20 billion per year which is about the 10% of the pharmaceutical
market (1). In 2012, therapeutics involved peptides have been approved by the Food
and Drug Administration (FDA) in the United States for six therapeutic peptides (i.e.
lucinactant, peginesatide, pasireotide, carfilzomib, linaclotide, teduglutide) (2, 3).
Currently, more than 500 therapeutic peptides are under preclinical trials and
approximately 140 peptides are in clinical trials that the numbers of therapeutic
peptides are increasing having more than 60 FDA-approved peptides (1, 3).

Aminoacyl- tRNA synthetase (ARSs) are known as enzyme that attach
appropriate amino acid onto their tRNA. Non-canonical functions of ARSs have
been studied in many different fields having numerous functions beside protein
synthesis (4). Several ARSs such as tryptophanyl-tRNA syntethase (WRS) and
tyrosyl-tRNA synthetase (YRS) have been reported to act as a secreted cytokines in
tumorigenesis and immune responses (5, 6). Glycyl-tRNA synthetase (GRS) also has
been reported to have tumor cell killing effect through dephosphorylation of ERK
signal in tumor cell. GRS get secreted from macrophage and bind to K-cadherin
(CDH6) expressed tumor cell. When GRS binds to CDH6, phosphatase 2A (PP2A)
is released and activated PP2A suppresses the ERK signaling by dephosphorlyation
of ERK and induces tumor cell apoptosis (7).

Cadherin family, known for cell-cell adhesion molecule, have determined

as prognostic marker in neoplasm. Cadherin is a Ca*'- dependent molecule which



mediates the cell-cell binding in a hemophilic manner (8). Classical cadherin is trans-
membrane component for the adherence junction (9). For example, E and P-cadherin
are involved in adherence junctions in squamous epithelial cells and N-cadherin is
associated in fibroblast (10, 11). Cadherin family consist of several cadherin domains
and forms rigid rod having calcium ions binding between adjacent cadherin repeats
(CRs) (12). GRS binding protein, K-Cadherin (CDHO6), is a classic type II cadherin
having five extracellular cadherin repeats and each extracellular domain has 27% up
to 68% variation. CDH6 and CDH18 shows 54% variation within other cadherin
family members having cadherin repeats located near the trans-membrane region,
which showed non-shared sequences. This shows that the CDH6 binds to the fourth
cadherin repeats in order to induce tumor cell apoptosis (7). Through this
identification, GRS specifically binding to CDH6 can be explained.

To find protein-protein interactions, nuclear magnetic resonance (NMR)
spectroscopy or x-ray crystallography are mainly used to resolve the determination
of protein-protein complexes. Major problem for solving protein-protein complex by
NMR requires the information of intermolecular nuclear overhasuer effect (NOE)
distance, which has difficulty and long time consuming process (13). High ambiguity
driven protein-protein DOCKing (HADDOCK) program is used to find the docking
position based on the structure of two proteins. To find the best docking position of
two proteins, one protein is fixed and program rotates and translates another protein
position calculating the best docking position. Docking position can be predicted
using surface complementarities, van der waals repulsion, and electrostatic
interaction scoring. Haddock can also be used to find the intermolecular energies

using NMR titration data or mutagenesis data (14).



In this study, we have found the GRS fragment (F4) that binds to CDH6
and verified tumor cell apoptosis. Haddock 2.2 was used to predict F4 and CDH6
docking sites and predicted binding residues were driven and validated through
mutating binding residues into non-binding residues to see decrease in anti-tumor
effect and CDH6 binding. Stringent mutants were designed to confirm the binding
resides and through double mutation harboring F535 residue was found to be GRS
critical binding site between CDH6. Peptide was designed based on the docking
model and showed anti-tumor effect toward CDH6-expressing cancer cell through
dephosphorylation of ERK signaling. Peptide showed promising result in xenograft
mouse model having tumor suppressing effect toward CDH6-positive cell line.

These results suggest that our peptide could be developed as peptide therapeutic drug.



MATERIALS AND METHODS

Cell culture and materials

H460, HCT116, and RENCA cells were grown in RPMI11640 medium and SN12C,
MCF7 and HeLa cells were grown in DMEM. Cells were grown with 10% fetal

bovine serum with 1% antibiotics at 37°C in a 5% CO; incubator.
Cell viability assay

H460, HCT116, MCF7, HeLLa, SN12C or RENCA cell line were seeded into 96 well
plate, 5000 cells/ml. Proteins were treated after 2 h with 100 pl serum free condition
and incubated for 24 h. After 24 h, Cell Counting Kit-8 (CCK-8) assay (Dojindo
Laboratories, Kumamoto, Japan) was performed. 10 ul of CCKS8 solution was treated
and after 1h O.D values was measured using microplate-reader (TECAN, Mannedorf,

Swiss) at 450 nm.
Mutagenesis

Followed site-directed mutagenesis kit instructions (Agilent, Santa Clara, CA, USA).
Primers were designed accordingly 37 mer with Tm greater than 78°C. For each
mutant, 30 ng of F4 mutant DNA, 125 ng of primers, 2.25 mM of dNTP, 10x reaction
buffer and 2.5 U/ul Pfu were mixed. Mixing and spinning down, PCR for 95°C for
30 s, then 95°C for 30 s, 55°C for 1 min and 11 min 68°C for 18 cycles were

performed. The reaction was then digested with 10U Dpn I for 37°C for 1 hour.

F4 Protein purification (Batch)

Transformation was performed into BL21 competent cell. After spreading into
ampicillin plus agar plate, plate was incubated at 37°C overnight. Colony was picked

into 3 ml of LB plus ampicillin and up-scaled into 1 L at 37°C. When O.D _Valuel_
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reached 0.6, 1 mM of IPTG (Sigma, St. Louis, MO) was added and incubated
overnight at 18°C. At 3500 rpm centrifugation for 30 min and pellet was collected
using 7.8 pH buffer. 9 times of sonification were performed and centrifuged for 30
min at 13000 rpm. Supernatant were collected and it was bound to 300 pl of
glutathione agarose beads (Thermo, Waltham, MA) for 4 h or overnight.  The beads
were washed 3 times with 8 ml of PBS and eluted with 500 pl of 40 mM pH 8.0 L-
Glutathione reduced (Sigma) for 2 to 4 hr.  The protein was dialyzed in PBS-15%
glycerol two times, 2 and 6 h or overnight respectively, and harvested. The protein
concentrations were measured using protein dye reagent (BioRad, Hercules, CA) at
595 nm spectrometer (Eppendorf, Hamburg, German) and purity was checked by

Coomassi staining.

CDHG6 Protein purification (column)

Pkk-CDH6-Fc vector (250 pg/100 ml) was transfected into HEK293F cells (2 x 10°
cells/ml) using Linear PEI (Polysciences, Warrington, PA). Cell was cultured at
GIBCO Freestyle™ 293 (TECAN, Mannedorf, Swiss) media for 6 days in 8% CO,,
37°C. After 6 days of culture, supernatant was collected and centrifuged 2400 rpm
for 15 min. Using bottle-top filter (Corning, Kennebunk, ME), supernatant was filter.
Using CDH6 (100 ml) supernatant was bound to prewashed 250 pl Protein G agarose
beads (Invitrogen, Carlsbad, CA) with 5 ml PBS for three times. The flow through
was collected and reloaded to ensure proper binding of CDH6 to beads. The beads
were then washed with 5 ml of PBS for a total of three washings. CDH6 was then
eluted with 200 pl of 100 nM Glycine pH 2.5 (Affymetrix, Santa Clara, CA) into 20

ul 1M Tris pH 8.8 (Duchefa Biochemie, Haarlem, Netherlands) for neu‘glralization
7] O



and this step was repeated four times for a total of six elutions. The protein
concentrations were measured using protein dye reagent (BioRad, Hercules, CA) at
595 nm spectrometer (Eppendorf, Hamburg, German) and higher concentrations
were pooled. The protein was dialyzed in PBS-15% glycerol two times, 2 and 6 h

or overnight respectively, and harvested.
Haddock 2.2 docking program

Crystal structures for CDH6 (pdb id: 3Ind, chain A) and GRS F4 (pdb id: 2pme,
residues 256-674) were recovered from the protein data bank. Missing residues were
modeled in to both structures using Modeler (15). Energy minimization was carried
via the steepest descent and conjugate gradient methods using the Amber 14
molecular modeling package (16). Potential CDH6/F4 complexes were predicted
using the protein—protein docking software HADDOCK?2.2 (High Ambiguity Driven
protein-protein DOCKing) (14). HADDOCK was used to generate 12 poses using
rigid body docking, followed by semi-flexible docking with different side-chain
rotamers. Fach of the 12 poses was evaluated by visual inspection together with
buried surface area calculations before and after a short (10 ns) MD simulation using
Amber 14. The most stable and biologically realistic complex was thereby selected

and used to predict interface mutations that may adversely affect binding.

Pulldown assay

Purified protein 4 pg and 30 pl of glutathione agarose beads (Thermo, Waltham, MA)
were incubated for 2 h at 4°C. After three times of PBS washing, CDH6 2 pg was

added and incubated for 4 h at 4°C. After the incubation samples were washed with _
rd O 11 &
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PBS five times and boiled for 15 min. Sample was analyzed with 10% SDS-PAGE
and gel stained with Coomassie, followed by immunoblot analysis using anti-human

antibody, 1:10000 (Thermo, Waltham, MA).

Protein stability test

Followed Proteostat Thermal shift stability assay kit instruction (Enzo Life Sience,
Farmingdale, NY) 2 pg of protein was added with 2 pl of dye and 10x reaction buffer
total volume of 20 pl. Each tube was mixed using pipet and transferred into qRT-
PCR plate. Samples were analyzed by Texas Red dye increasing the temperature
from 25 to 99°C with 0.3% degree difference in minutes. Experiment was performed
using Thermal cycler dice™ Real Time system (Takara, Shiga, Japan) to find melting

temperature for each protein and peptide.

Xenograft Mice model

Animal experiments were performed using the University Animal care and
committee guidelines at Seoul Nation University. The tumorigenicity of HCT116,
SN12C, and RENCA were tested using BALB/c nude female mice. 3 x 107 cells were
injected to each mouse using a 20-gauge needle and allowed to grow up to 100 mm”.
Tumor growth was checked every 2 days, and when the tumor formation was
observed using a caliper to measure tumor size. (Tumor volume was calculated as
length x width” x 0.52). When tumor size reached 100 mm?, proteins were injected

in first day. Tumor weight and size were monitored every 2 days up to 12 days after

12 M =



injection of proteins. After sacrifices, tumor weights were measured.
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RESULTS

GRS derived fragment 4(F4) induces tumor regression by binding to CDH6

Since GRS induces tumor cell apoptosis by binding to CDH6 and blocking
ERK signaling, four fragments of GRS were constructed based on domain region
maintaining WHEP, catalytic and anti-codon binding domain to see CDH6 binding
and anti-cancer effect (7) (Fig. 1LA-B). CDH6 binding activity of four fragments were
tested through pull-down assay. Among four GRS fragments, only fragment 4 (F4)
showed CDH6 binding activity (Fig. 1C). Four fragments were tested for anti-tumor
effect using CDH6 expressing cell line (HCT116) and non-CDH6 expressing
macrophage (RAW 264.7). GRS fragments had no cytotoxic effect on Raw 264.7
cells, but showed cell killing effect toward HCT116 (Fig. 1D). Only F4 induced
tumor apoptosis through CDH6 binding. F4 was next tested to see the anti-cancer
effect in xenograft mouse model. HCT116 cells were injected subcutaneously into
BALB/C nude mice. After tumors were formed, F2 and F4 were injected. During
monitoring period for 15 days, mouse injected with F2 showed increase in tumor
size, but mouse injected with F4 maintained the same tumor volume as an initial
injection and decreased tumor weight comparing to mouse injected with F2 (Fig. 1E-
F). Based on its anti-tumor effect, F4 was used to further investigate CDH6 binding

domain

Fragments with truncated N-terminal region of F4 show decrease in anti-
tumor activity

Due to seeing anti-cancer effect from F4, N-terminal region was truncated

14 I



in order to reduce non-specific binding and conformation changes in F4. Because
GRS N-terminal has beta sheet and inserted into the inner area of GRS, three
different N-terminal truncated forms of F4 were designed. Using three different
length of N-terminal truncated form of F4s (for convenience, GRS-F4-N-terminal
truncated formed was names GRS-F4-NT) were designed based on the structure,
minimizing the conformation changes and retaining alpha and beta sheet in structure
(Fig. 2A). The yield, anti-tumor activity of GRS, F4, GRS-F4-NT1, GRS-F4-NT2,
and GRS-F4-NT3 were measured to see which form of F4s is suitable to use to find
CDHG6 binding domain (Fig. 2B). When the N-terminal regions were truncated, the
activity of F4 fragments decreased. Analysis of N-terminal truncated form of F4 on
the anti-tumor activity gave a clue on the CDH6 binding site, which may locate from
526 residue to 558 residue. These results suggest that F4 is suitable for finding CDH6

binding domain.
Structure-based docking model predicts the binding site of F4 and CDH6

F4 and CDH6 structure was used from Protein Data Bank (PDB) and the
potential interaction domain of CDH6/F4 complex were predicted using the protein-
protein docking software HADDOCK?2.2. Based on the model run by the program,
six residues were selected and point-mutated using opposite trend of amino acid (Fig.
3A). Residues containing arginine, the key of binding (a hotspot residue), was
changed to alanine, which has negatively affected in binding. For F539,
phenylalanine was mutated into glutamic acid giving negative charge to interrupt the

binding. Each mutant was purified and checked for the purity using Coomassie
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staining (Fig. 3B). CDH6 binding activity of F4 mutants were measured using
ELISA having GRS used as control. Comparing to F4, F539E and E609A mutants
had decreased in CDH6 binding activity and also showed decreased anti-tumor

activity (Fig. 3C-D).
Confirming active site domain using stringent mutation.

The nearby residues were point-mutated into stringent mutant to increase
the disruption in binding with CDH6 for determining the effect on binding and
activity. In order to avoid structure conformational changes, stringent mutation was
introduced in alpha helix structure and also outer part of F4. Tyrosine, phenylalanine
and asparagine were mutated into glutamate or arginine for swapping the charges.
Serine was also mutated into tryptophan to introduce bulky amino acid for disrupting
the interface (Fig. 4A). Mutated F4 was purified before the experiment checking
protein purity through Coomassie staining (Fig. 4B). Using ELISA having GRS as
control, F535E showed dramatic decrease in binding and S568W and N570R also
showed decrease in CDH6 binding activity (Fig. 4C). FS35E residue showed no anti-
tumor effects and S568W and N570R residues showed low cancer killing effect (Fig.
4D). Dramatic decrease in binding and anti-tumor activities was observed by
introducing stringent mutation in binding domain area. These results suggest that
F535 residue, along with S568 and N570 residues are involved in the CDH6 binding

site.
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Double point mutation showing critical interaction between F4 and CDH6

F535, S568 and N570 residues were used for double point mutation.
Structure model showed binding area could be divided into two areas 532 to 549 and
568 to 597. To increase binding disruption, each area was double point mutated
including F535, S568 and N570 residues (Fig. SA). Double mutants and F4 were
purified and purity of proteins was checked through coomassie staining (Fig. 5B).
ELISA was used to check for CDH6 binding and double mutants having F535 (B-4
and B-5) showed dramatic decrease in binding and mutants with S568 and N570 (A-
1) also showed decreased in binding with CDH6 (Fig. 5C). Pull-down assay was
performed in order to confirm CDH6 binding. A-1, B-4 and B-5 mutants showed
same result with ELISA confirming that mutants associated with F535 and
S548/N570 mutants showed dramatic decrease in binding when compared to F4 (Fig.
5D). A-1, B-4 and B-5 showed no anti-cancer effect showing that loss of binding

with CDH6 could not induce anti-tumor effect (Fig. SE).

CDH6 binding and anti-tumor effects of peptide designed based on stringent

mutant model

A peptide was next designed to include all six residues identified from
stringent mutation studies about the CDH6 binding domain. Peptide also has alpha-
helix on both ends to retain stability and conformation having two beta-sheets (Fig.
6A). Peptide showed 80% of the CDH6 binding activity when compared to GRS

(Fig. 6B). To see CDH6-dependent activity of peptide, CDH6 and pERK positive
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and negative cell lines were tested. Only CDH6 positive cell lines showed decrease
in cell viability (Fig. 6C). CDH6 positive and negative renal cancer cell line was
used to see peptide dose-dependent activity. Peptide showed activity toward CDH6
expressing cell line, SN12C, in dose-dependent manner (Fig. 6D). To see if the
peptide dephosphorylates ERK through CDH6 binding, CDH6 positive cell line,
SN12C and negative cell line, RENCA, were used to check dephosphorylation of
ERK (Fig. 6E-F). The melting temperature(Tm) was measured using thermal shift
assay and peptide showed 53.44°C in melting temperature (Fig. 6G). Thus, we
have found that peptide induce cancer cell death through

dephosphorylation of ERK in CDH6 dependent manner.

Peptide induces tumor regression in CDH6 positive cancer cell in vivo not in

CDHG6 negative cancer cell

To investigate the peptide effect toward CDH6-positive cell line in vivo, we
tested peptide in xenograft mouse model using SN12C cells and RENCA cells.
CDHé6-positive cell line, SN12C, and CDH6-negative cell line were injected into
Balb/c nude mice, and tumors were grown until the average size reaches 100mm®.
On day 7 and day 9, PBS and 20 pg of GRS and peptide were directly delivered to
the tumors for each group. Mice were harvested on day 17 and photo of mouse was
taken along with mouse tumor weight. Compared to control, SN12C xenograft
mouse model showed 75% decrease in tumor weight in GRS and peptide injected
group, respectively (Fig. 7A-C). Mouse injected with GRS or peptide showed no

changes in mouse weight change suggesting lack of toxicity (Fig. 7D). For RENCA
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xenograft mouse model, GRS and peptide had no effect toward tumor growth (Fig.

8A-C) and had no toxicity (Fig. 8D).

19 } f:] :‘i 1_” [’



= Full GRS (1-685aa)

I
1
|— F1 (1-136aa) —|— F2 (137-310aa) —|— F3(311-510aa) —|— F4 (511-685aa) —|

@ T < ) (o)~ 1

WHEP

B. C. GST
EV F1 F2 F3 F4 input

- e CDH6

e | €= GSTFs

@  “|eocsT
D.
1.2 W HCT116 [ RAW 264.7
> 1
50.8
1]
5 0.6
{ Z0.4
0.2
CJF1 I F2 [ F3 I F4 0
Con GST F2 F3 F4 full
E. F. )
— .40 4
‘£ 250 1 - cell + F2 2 |
§_200 { =& cell+F4 =30
o 5
5150 1 T20]
£100 c
— ] 10
g 50 £
3 =
= 0 0

Figure 1. GRS derived fragment 4(F4) induces tumor regression by binding to

CDH6

(A) Schematic representation for dividing full length GRS into four fragments
sustaining WHEP, Catalytic, and anti-codon binding domain.

(B) Each GRS fragment was presented with different color in GRS full-length

structure model.

(C) GRS four fragments were purified along with GST-empty vector, CDH6
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(D)

(E)

(F)

binding was tested using pull-down assay.

Effect of GRS fragments on cell viability was tested using CDH6
expressing cell line (HCT116) and non-expressing cell line (Raw 264.7).
HCT116 cells were subcutaneously injected into the BALB/c nude mice
and grown for 3 days. After tumor formation 100 mm?® F2 (non-CDH6
binding) and F4 (CDH6 binding) were intra-peritoneal injected 6mpk for
four days (n=5 animal/group). Tumor volume was calculated as the longest
diameter x the shortest diameter? x 0.52 for every two days.

Tumor weight of the F2 and F4 treated mice were determined and shown

as a bar graph.
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GRS full length GRS-F4 GRS-F4-NT1 GRS-F4-NT2 GRS-F4-NT3
(1-685) (511-685) (526-685) (538-685) (558-685)
B.
| Full GRS (1-685aa)
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GRS-F4 (511-685) 4.5mg/L +++
GRS-F4-NT1 (526-685) 0.15mg/L ++
GRS-F4-NT2 (538-685) 15mg/L +
GRS-F4-NT3 (558-685) 30mg/L +

Figure 2. Fragments with truncated N-terminal region of F4 show decrease in

anti-tumor activity.

(A) Structure model of each N-terminal truncated F4. Full length GRS, F4,
GRS-F4-NT-1, GRS-F4-NT2, and GRS-F4-NT3 were designed.

(B) The effect of GRS, F4 and truncated F4 fragments on cell viability and yield
were tested to compare which fragments were suitable to use for finding

active domain.
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Figure 3. Structure-based docking model predicts the binding site of F4 and
CDH6
(A) Crystal structure for CDH6 and GRS F4 were recovered from the protein
data bank. Using HADDOCK 2.2, 12 poses of rigid body docking were
found, followed by semi-flexible docking with different side-chain
rotamers. From 12 poses, Amber 14 was used to finalize docking model
based on calculation of buried surface area that has short (10ns) molecular
dynamics simulation. Based on docking model, predicted binding site were
mutated using opposite trend of amino acid. E, R, Q were mutated into A
for negative binding and F was mutated into charged E for disrupt the
binding interface.
(B) F4 fragment and other mutants were purified before usage and purity was
check using coomassie staining.

(C) Having GRS as positive control, F4 and F4 mutants were coated with 2
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ug/ml and CDH6 (2 ug/ml) binding was tested using ELISA.
(D) CDH6 expressing cell line, H460, was treated with 100 nM of F4 and F4
mutants for 24 h and the cell viability was measured by CCK8 assay. GRS

100 nM was used as positive control to induce cell death.
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Figure 4. Confirming active site domain using stringent mutation.

(A) Stringent mutation was performed based on docking model. F539 and E609
nearby residues were mutated with stringent mutants. S was mutated into
bulky W to disrupt the interface, F and N to R or E for changing into charged
amino acid, and E to A for negatively affect binding.

(B) F4 and mutants were purified for experiment and the purity was checked
using coomassie staining.

(C) Having GRS as positive control, F4 and F4 mutants were coated with 2
pg/ml and checked CDH6 (2 pg/ml) binding was tested using ELISA.

(D) CDHS6 expressing cell line, H460, was treated with 100 nM of F4 and F4
mutants for 24 h and the cell viability was measured by CCK8 assay. GRS

100 nM was used as positive control to induce cell death.
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Figure 5. Double point mutation showing critical interaction between F4 and
CDH®6
(A) Using stringent mutant model, mutants docking area were divided into A
and B. F535, S568, and N570 residues were used for the double point
mutation within each area to see binding loss.
(B) F4 and double mutated mutants were purified to the purity was confirmed
using Coomassie staining.
(C) Having GRS as positive control, F4 and double mutants were coated with 2
pg/ml and checked CDH6 (2 pg/ml) binding was tested using ELISA.
(D) Pull-down assay was used to confirm the CDH6 binding with double
mutation. F4 and double mutants (4 pg) were used to test binding with CDH6

(2 ng) and 10% of CDH6 input was used for positive control. GST-empty
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vector was used as negative control.
(E) CDH6 expressing cell line, H460, was treated with 100 nM of F4 and double
mutants for 24 h and the cell viability was measured by CCK8 assay. GRS

100 nM was used as positive control to induce cell death.
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Figure 6. CDH6 binding and anti-tumor effects of peptide designed based on
predicted active site domains.

(A) Peptide was designed including all stringent mutants residues. Peptide was
designed to have alpha helix on both end and beta-sheet in inner area to
maintain conformation. F4 fragment, peptide and peptide/CDH6 structures
are shown.

(B) Peptide was coated with 2 pug/ml and checked CDH6 binding was tested
using ELISA. GRS was used as a positive control.

(C) CDHS6 and pERK positive or negative cell lines were used to check cell
viability using peptide 200 nM to see CDH6 dependency. Doxorubicin 100
nM was used as a positive control.

(D) CDH6 positive renal cancer cell (SN12C) and CDH6 negative cell (RENCA)
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were used to check viability in dose dependent manner.

(E) SN12C CDH6 positive cell line was used to check dephosphorylation of
PERK using 100 nM and 200 nM of peptide. GRS 100 nM was used as a
positive control.

(F) RENCA CDH6 negative cell line was used to check dephosphorylation of
pPERK using 100 nM and 200 nM of peptide. GRS 100 nM was used as a
positive control.

(G) GRS and peptide Tm was measured using thermal shift assay.
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Figure 7. Peptide induces tumor regression in CDH6 positive cancer cell in vivo

(A) Photographs of SN12C xenograft tumor mice of PBS, GRS and peptide
treated on day 7 and day 9 and monitored for 10 days.

(B) Photograph of tumor and weight were measured on the last day.

(C) CDH6 positive cells, SN12C, were subcutaneously injected into the BALB/c
nude mice and grown for 7 days until average tumor size reach 100 mm?.
PBS, GRS (20 pg) and Peptide (20 pg) were intra-tumor injected (n=5
animal/group) day 7 and 9. Tumor volume was calculated as the longest
diameter x the shortest diameter? x 0.52.

(D) The body weights were measured for Control, GRS and peptide after first

day of protein injection.
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Figure 8. Peptide has no effect in CDH6 negative cancer cell in vivo

(A) Photographs of RENCA xenograft tumor mice of PBS, GRS and peptide
treated on day 7 and day 9 and monitored for 10 days.

(B) Photograph of tumor and weight were measured on the last day.

(C) CDH6 negative cells, RENCA, were subcutaneously injected into the
BALB/c nude mice and grown for 7 days until average tumor size reach 100
mm®. PBS, GRS (20 pg) and Peptide (20 pg) were intra-tumor injected (n=5
animal/group) day 7 and 9. Tumor volume was calculated as the longest
diameter x the shortest diameter? x 0.52.

(D) The body weights were measured for Control, GRS and peptide after first

day of protein injection.
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DISCUSSION

Peptides are up-rising alternative targeting agents for human cancers (1).
Peptide can resolve the problems that antibodies are facing, such as large size and
nonspecific uptake by the reticuloendothelial system and liver (17). Antibodies are
used for blocking the signal in cancer therapy, but peptides are used to activate
signaling pathway through receptor binding. Development of peptides that activate
the signal pathways by blocking tumor growth or inducing apoptosis can be a
strategy used for cancer therapy (18). Peptide targeting cancer has been approved by
Food and Drug administration (FDA) for past few years (2). Octreotide, a first
approved peptide targeting somatostain receptor have been used for treating
acromegaly and symptoms in cancer patient. Since then, more than 60 peptide drugs
have been approved by FDA and more than 140 peptide drugs are in clinical trials
(19). Therefore, targeting cancer using peptide can minimize side effects and can be
beneficial for therapeutic drug development.

GRS has been shown to have an anti-tumor effect through CDH6 binding
by dephosphorylation of ERK. Therefore, finding CDH6 binding domain of GRS is
important for development of peptide drug targeting CDH6/PP2A/ERK axis for
cancer therapy (7). GRS binding receptor Cadherin-6, type II classical cadherin
family, have been found preferentially expressed in kidney. Kidney cancer expresses
higher level of CDH6 compare to normal (12, 20). Recently, antibody drug conjugate
(ADC) targeting CDH6 for having high expression level in renal cancer are in
clinical trial for targeting renal cancer drug (21). The drug development targeting

renal cancer using CDH6 can be effective having high expression of CDH6 compare
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to normal.

For therapeutic peptide development, anti-tumor or pro-tumor protein has
been developed into peptide. Peptide derived from EGFR, P53, Bcl-2 and CXC
chemokine is being developed into anti-tumor peptide for cancer treatment (22, 23).
P53-derived peptide has been developed in order to induce necrosis of cancer cell
developing mdm-2 binding site inducing mdm-2 and P53 competition and CKC
chemokine derived peptide blocks basic components of angiogenesis (24, 25).
Therefore, developing GRS binding domain into peptide for inducing cancer cell
apoptosis through CDH6 binding. We decided to develop GRS-derived peptide
having anti-tumor activity for the development of renal cancer therapeutic drug.

To determine CDH6 binding domain, GRS was divided into four fragments
maintaining all existing domain and only fragment 4 (F4) showed CDH6 binding
and anti-tumor activities in vitro and in vivo. Due to F4 poor stability, N-terminal of
F4 inserted areca of GRS and F4 fragment with different length of N-terminal
truncated forms were designed in order to increase stability (26). As N-terminal gets
truncated, the activity of F4 decreased. These results gave an idea that the CDH6
binding domain may exist around N-terminal region of F4. To delineate the CDH6
binding domain, potential docking interface of CDH6/F4 complex were predicted
using Haddock 2.2 (14). Predicted binding residues were mutated and F535, S568
and N570 residues showed loss of CDH6 binding and activity. For confirm binding
domain, double point mutation was performed to increase disruption in CDH6
binding and F535 residue has been found to be critical for CDH6 binding.

Based on the docking model prediction, peptide was developed having

alpha helix segment on both ends and beta-strand-loop-beta strand to maintain
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stability and conformation (27, 28). Peptide showed CDH6 binding and CDH6
dependent anti-tumor effects in dose dependent manner through dephosphorylation
of ERK signal. Through mouse xenograft model, peptide showed tumor regression
effect only toward CDHG6 positive renal cancer cell. As a result, GRS-derived peptide
showed binding toward CDH6 and anti-tumor effect toward renal cancer cell in vitro
and in vivo.

GRS-derived peptide has high possibility for renal cancer therapeutic drug
development. Current cancer treatments are chemotherapy and/or radiation therapy,
but the side effects caused by immune response or non-specific treatments limit the
effectiveness of the cancer therapy (29, 30). Peptides have low toxicity and the
ability to bind to different receptor for activating anti-tumor signaling are being
magnified for the promising therapeutic drug (31). Renal cell cancer (RCC) is known
for aggressive cancer that arises from the proximal renal tubular epithelium of the
kidney and there are no specific RCC targeting drug (32). GRS-derived peptide can
be used for the RCC specific targeting drug, having anti-tumor effect through
binding to CDH6, which is highly expressed in renal cell cancer. Peptide can be used
for the RCC therapeutic drug having CDHG6 specificity and advantage of low toxicity

of peptide.

In this study, full length GRS was developed into 70 amino acids peptide
sustaining anti-tumor effect by binding to CDH6 through dephosphorylation of ERK
signaling. Also, we have shown the GRS peptide in vivo suppressed CDH6-positive
tumor growth with low toxicity. This shows that GRS peptide is good drug candidate

for cancers expressing CDH6.
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