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Figure 4. Results of focal macular

. electroretinograms = (ERGs)  and
multifocal ERGs.-Focal macular ERGs
and oscillatory potcntldls recorded from

- anormal subject and this case are shown
* (top). The amplitude of the a-wave of
this case was severely reduced and the
plateau region was mgmhcd.nﬂy
elevated (arrows). The topographic map
and the local responses of muliifocal
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ERGs recorded from the normal subject
and this case are shown (bottom). The
amplitudes in the foveal area were
severely reduced in this case.

arrow). To analyze this characteristic, we quantified the
potentials at 70 ms after the stimulus was turned on, and the
recovery time of the descending slope of b-wave to the
baseline from the peak of the b-wave. We calculated the 95%
confidence intervals (CI) for the amplitudes of the a-waves
and b-waves, the implicit times of the a-waves and b-waves,
the potentials at 70 ms after the stimulus turns on, and the time
of the recovery of the b-waves to the baseline obtained from
the normal controls (Figure 5). Among these six pcudmeters
the amplitudes of the a-waves, the implicit‘times of the b-
waves, the potentials at 70 ms after the stimulus was turned
on, and the time of the recovery of the descending slope of the
b-wave to the baseline obtained from both.eyes of this case
were outside the range of the standard deviation and the 95%
CI of the normal controls (Figure 5). Especially, the
amplitudes of the a-waves, the potentials at 70 ms after the
~ stimulus was tarned on, dnd the time of the recovery of the
desc,endmg slope of the b-wave to the baseline obtained from
thxs case.were severely affected. The dmphtudes of thc
Gs.in the foveal area Were severely reduced in thlS Lase
(Fi 1gu1e 4) :

Molecular. genenc fi ndmgs Mutdtlon analyszs of the RP]L] ;
genk in this case showed three missense mutations. There was.
a ¢.2578 C>T in exon 4 with a substitution of tryptophan
(TG@) for arginine (CGG) at-amino-acid position 860, a c.:
3596 C>G in exon 4 with a substitution of cysteine (TGT) for
serine (TCT) at amino acid position-1199, and a ¢. 4484 C>G.

“in exon 4 With a sﬁbStitutidn of arginine (CGC) for proliné

(CCC) at amino acid position 1495. The amino acid

“substitution at position 860 and 1495 has already ‘been

reported in the SNP database and is found in a high percentage
of the normal populdtlon A mutation at amino acid position

- 1199 has not been reported in the SNP database or in earlier
‘reports (Figure 6A). The serine at position 1199 is well
‘conserved among the RPIL1 family in other species (Figure
“6B). This mutation was predicted to be probably damaging

with a score of 0.999 by PolyPhen-2. The SIFT tool analysis
revealed a score of 0 and predicted that the replaced amino
acid is potentially damaging and would not be tolerated.
PMut predicted that this mutation is pathological. Align
(JV(}D pr edicted this mutdtion ds CldSS C65 whi(,h means it
computdtlondl Assessments only Mulanon’l dSif:‘l px edlcted
this mutation as a polymorphism. We confirmed that the
mutation in this.case was:segregated with the: disease in one.
affected member and one unaffected member of the family
(Figure 6C). The unaffected member of the family i inCase 1
underwent clinical examination, mcludmg BCVAs, slit-lamp
bkl;omluosgppy,, fundus ophthalmoscopy, OCT, -and .focal
ERGs. All examination findings were normal. This:mutation
wasnot present in 300 control alleles. This mutation p.S1199C
has been registered in GenBank with. accession number
}’\8654%79 : ; '
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Figure 5. Plot of the amplitudes of the a-
* . waves, b-waves; and the mehmt time of
the a-waves, b-waves; the potentials at
70ms after the stimulus turns on, and the
time of the recovery. of -b-wave to the
baseline for normal controls. There were
25 men and 21
ranged from 2!
'38.04+8.33 year:
The boxes represent the 95% confidence

interval ranges, the horizontal line

represents mean_values, and the bars
represent standard . deviation. Data

recorded from this case are plotted at

indicated mark. - .
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Bowne et al. [11] reported that RP/L I mRNA is variable
due to the presence of'a 48 bp polymorphlc coding; repeat
They ‘reported ‘that 4s miany as six 48 bp repedts have beeti
observed in riormal ¢ontrols; In this ¢dse; one allele contains:
a48bpi repeat, and the other allele contains three 48 bp répeats’
(Figure 6D). Thiere are variations of only two dIl’lan acids'in’
the Iéngth polymorphism region from this case compared to’
the reference sequeince (NP_849188). One variation with the
substitution of E'to G in ‘the 14th amino acid of the léngth
polymorphlsm ‘region was <ina previous ‘report - [12]
(AAN86962, AANS6963, and AANS6964). The other
variation ‘with'the substitution of G to V' in ‘the ninth ‘amino
acid of the-length polymorphism region was found: in-more
than 10 normal control alleles from a Japanese population.
These variations of the length polymorphisms of RP11,1 with

one and three repeats have been registered in GenBank with
dccessmn numbers ABG84331 dnd ABGMS 2; respectlvely

DISCUSSION

The mutatlon tound in the RPILI gene i’ thi
mlssense mutatlon ‘with” cysteme substituted’ for: serine at
dmmo acid” posmon 1199. This' resxdue is well’ (,onserved'
among the RP1L1 family in other species, ‘suggestin,
importance of this amino acid residue for RP1L1 function,
Four out of five-computational-analysis tools predicted: this’
mutation is damaging to the protein function. We didnot find
this mutation in the sister of the patient with.normal vision,
although she was the only-other family member we were able:
to test. To decide whether this mutation was pathogenic, we
need 1o examine more family: members and a larger number:
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§1199
ENFTPTSSSGYD1SSGSG6S  Homo sapiens
ENFTPTSSISGYDISSGSGGS Macaca mulatta
ENFTPTSSSGBYD1SSGSEES  Callithrix jacchus
ENFTPTSSSGEVDIS8B5GES  Cricetulus griseus
EDFTPTSSSGEYDYSSBSRES  Loxodonta Afvicana
: E?%%LT?T‘SSS-318?’%’3883(183 Canis hapus fﬁm;imas‘
HFRPTSSISGYDYESGSGGS  Bos Taurus
ECFTPTSSSBYDYSSGSEGS  Mus musculus
KDFTPTSSSRVDYSSGSGAS  Cavia porcellus
K ammss SBVDVSSGSGES  Pantroglodytes
Allele-A. TEEGLQEEWVQLERTK
Allele-B.  TEEGLQEEGVOQLEETK
TEEGLQEEGYOQLEETK
TEEGLOEEGVOLEGTK

Figure 6 DNA analysis for c. 3596(,>G mutdtwn and deduced amino acids of length polymorphism region of the RP1-like protein 1
(RPILI) gene and the pedxgree of the tdzmly with RPILI gene mutation. A: Sequence chromdtogrdms for this case (top) and the normal | control
(bottom) are shown. This case had a ¢.3596 C>G mutdtwn in exon 4. B: Alignment of S1199 in the RPlLl tdxmly protems Amino acid-
sequence alignments of RP1L1 from 10 speues reported in the NCBI database are shown. Amino acid resldues of $1199 in humans and
conserved residues from other spccms are boxed. The dstensks indicate (,ompletely conserved residues. $1199 is well comewed in all species
reported C: We contumed that the mutanon in Case 1 was “segregated with the disease in one affected member and one unattected member
of the fdmﬂy D: Deduced amino dleS (AA) of repedted regions of the RPlLl length polymorphlsm In this case, one allele contains a 16
AA, and the. other allele contains three 16 AA repedts Varmtlons of amino. duds from reference sequence otRPlLl are shown in red “Those

variations are within normal limits.

of nomldl wntrols However the phenotype of this case was
typu,al of OMD, and thus the mutation in this LdSB was most
likely pathogenic..

The photoreceptor IS/OS junction and the COST lme can
be detected in the SD-OCT images of normal eyes [25-28]

Recently, several degrees of disruption of the 1S/0S  junction

and/or COST line in the SD-OCT images of patxents with
OMD have been reported [4-8]. In our case, the 1S/0S junction
and the. COST line. appedred blurred in the SD—O(,T images
51m11dr to previous reports. - .

Resedrchers have emphdmzed that the key to
dlfterentmtmg OMD from other diseases, sueh as_optic

neuritis or psychological disorders, is the recordmg of focal

macular ERGs from the central retina [1-3]. Focal macular
ERGs have a unique waveform when elicited by long-duration

stimuli [29]. As shown i in thls patient, the waveform ot focal
macular ERGs recorded from patients with OMD w1th long-
duration stimuli had a depolarizing pattern, &muldtlﬂg the
ERG waveforms observed after the hyperpolarizing bipolar
cell . activity is.. blocked - [30-33]. = Researchers have
demonstrated that by blocking hyperpolarizing bipolar cells
with cis-2,3-piperidine dicarboxylic acid or kynurenic acid in
monkeys, the a- and d-waves of photopic ERGs become
smaller and the plateau between the b- and d-waves remains
elevated above the baseline potentml [34] Full-ileld cone
ERG in some human 1et1ncx1 dystrophies. show a. similar
depolarizing pattern [29,35]. Kondo et al. [29] rcported
similar focal macular ERGs elicited with 100 ms stimuli from
a patient with glittering crystalline deposits in the posterior
fundus. The waveform of the focal macular ERGs of this case

1037



Molecalar Vision 2012; 18:1031-1039 <http:/Avww.molvis.org/molvisivi 8/a109>

was similar to those reported for patients with OMD [31-33].
Because this case had a putative disease-causing mutation of

the RPIL1 gene, we suggest the reduced amplitude of the a-
wave and the persistent plateau between the b- and d-waves
of the focal macular ERGs elicited with long-duration stimuli

might be specific markers that could help diagnose OMD. -
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Novel Complementary Peptides to Target Molecules
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Abstract. We generated an evolutionary computer program

that generates complementary peptide (C-pep) sequences,
with the potential to interact with a target peptide, by

comparing-several physico-chemical parameters of each pair .

of the complementary peptides being analyzed. We generated

C-peps 1o tarset several molecules. About 30% of synthesized-
-pep. 8 'y

C-peps interfered with the function of their targets. CSa
stimulates generation of TNFo and other inflammatory
cytokines. Inhibition of C5a should be effective against
sepsis, which impairs the status of cancer-bearin.g patients.
One of the inhibitory C-peps of C5a, termed AcPepA, was
effective in Cynomolgus monkeys intravenously infused with
a lethal dose of bacterial LPS (4 mglkg) destined to die. The
monkeys were rescued by intravenous administration of 2

mglkglh of AcPepA. The excellent therapeutic effect of

AcPepA-is likely to be due to restriction of high mobility
group 'box 1 (HMGBI) surge induced by the effect of Ca on
C5L2;Which is the second CSa receptor, since the released
HMGBI has the capacity 1o stimulate TLR4 as an

endogeneous ligand resulting . in further activation . of

inflammatory cells to release inflammatory cy tokmes forming
a posz!zve jeedback circ uzt of mﬂammanon

After proposal of the possible role of antisense peptides for
molecular interaction among proteins by Blalock et al. (1) in
1984, the theory was reviewed later (2, 3). Many examples of
sense—peptide and antisense—peptide relationships have been

This article 1s freely accessible online.

Correspondence to: H. Okada, Research Institute for Protein Science,
Nakayama-cho 2-18, Mizuho-ku, Nagoya 467-0803, Japan. Tel: +31

9027738012, Fax: +81. 528535112, C-Tndll hiokada@med.nagoya-

cu.ac Jp
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anaphylatoxin, inflammation, sepsis, cytokine storm.
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found between receptors and their protein ligands (4-8). We
speculated that such interactions between sense and antisense
peptides should play a role in formation of the tertiary structure
of proteins. We developed.a novel computer program named:
ANTIS to find antisense peptide sequences between: proteins
to be compared (9). By analyzing intramolecular antisense
peptides within a single protein molecule, we found that there
are an appreciable number of sense and antisense peptide pairs
within a protein molecule and we designated these as antisense:
homology boxes (AHB) (9). Using ANTIS, we analyzed sense
and antisense peptide relationships in the endothelin veceptor
(ETR) molecule and between endothelin and ETR. One of the
AHB peptides of ETR, named ETR-P1/fl, had the capacity to
interfere with the function of ETR (10). We: expected that it
would be possible to generate candidates of complementary
peptide reactive to a target amino acid sequence based upon the
sense-antisense. amino acid relationship. We generated an
evolutionary: computer program that runs-on any PC, and
generates complementary peptide (C-pep) sequences, with the
potential to interact with a target peptide, by comparing several
physico-chemical -~ parameters of each pair. of . the
complementary - peptides being analyzed (11). With the
program . named MIMETIC, we generated complementary
peptides (C-peps) to HIV-reverse transcriptase . (11;:12),
procarboxypeptidase R, thrombomodulin (13),.-and C5a.
anaphylatoxin (14) as listed in Table I.. About 30% of the
synthesized peptides interfered with the function of their target
molecules. Out -of 19 complementary: peptides (C-peps)
targeted to CS5a anaphylatoxin, 7.exhibited an inhibitory effect.

C5a is a 74 amino acid peptide released from: the- fifth

‘component of complement (C5).by C5 convertase generated

during complement activation (15). C5a anaphylatoxin. is.
considered ‘to be -an effective target for: treatment .of
hyperinflammation since C5a stimnulates generation of tumor
necrosis - factor alpha - (TNFa) - and other inflammatory.
cytokines (16-18). Although C5a generated in. vivo is
regulated by carboxypeptidase N and more efficiently. by
carboxypeptidase R (CPR) (19, 20), excessive generation of

2511
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Figure 1. Clinical features'in peripheral blood of endotoxin-shocked monkejw; Eiensive leukopenia (WBC), and thromibopeiia (platelets); incredsed
alkaline phosphatase (ALP), as well as increased:creatmine phosphokinase (CPK), were-observed m blood from AcPepA-treated monkeys and-in untreated .
monkeys following LPS injection. Esssentally no significant changes were, observed in.a monkey treated with AcPepA alone without LPS injection. . .

C5a dppears to exceed the capacity ~of 'CPR, since’
administration of lipopolysaccharide (LPS) at a lethal dose
to rats exhausted CPR capacity before death (21). However;.
attempts ‘to restrict the effect' of C5a with C5a receptor
(C5aR) antagonists would not be successful becatse C5aR
is not only expressed on inflammatory letukocytes, but also
on many other cell types (17). Furthermore; C5aR numbers
increase in an‘acute inflammatory state (22).

On: the other hand; antibodies to C5a have been
demonstrated to be effective in treating experimental primate
models of ‘sepsis (16, 23), indicating: that C5a inhibitors
should be useful for treatment of patients. suffering from
hyperinflammation such as in sepsis and multiple organ
failure (24). If an inhibitor of C5a'has a therapeuntic effect on
sepsis, which impairs the status of cancer-bearing patients,’
the inhibitor could be beneficial for the cancer patients in
order to"improve their performance status.

- AHB in C5aR; and between C5aR and C5a were: analyzcd
by:ANTIS program, and we found that amino acids 37 to 53
of C5a (RAARISLGPRCIKAFTE) comprise ‘an antisense
peptide to: AHB peptides (9) of the C5aR; and this has been
designated PL37 (25). This region of C5a is presumed to be
4 potential site for C5aR stimulation (26). Using the computer
program MIMETIC (11),'we generated 19 C-peps to PL37.
One of‘the 7 inhibitory C-peps to:PL.37 which interfered: with-
CSa:function was. termed PepA (ASGAPAPGPAGPLRPMF)
(14). To improve stability, we modified PepA by acetylation
of its':N-terminal - alanine generating acetylated : PepA
(AcPepA) which was more stable in animal experiments (27).
In preliminary experiments with human lung tissues, AcPepA
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Tuble 1. Inhibitory capatity of coniplementary peptides (C-pep) 1o target
molecules. Complementary peptdes designed by MIMETIC progiam’
were synthesized and their inhibitory capacity on.the function of target’
molecules determined. Abous 30% af these peptzdes interfered with. the
acnviy of target malecu[e.s :

Target molecule - - Activity of target - Number of C-pep

Tested : Effective (%) .

HIV-RT* Enzyme activity 10 3 (30%)
PtoCPR **(TAF) ~  Enzyme activity - 10 3 (30%)
Thrombornodulin ~ “Cofactor activity*#* 3 2(67%)
C5a anaphylatoxin - Bioactivity. .- 19 T B1%)

*RT: Reverse transcrii;tilée (1'2):' =i‘:*‘PrOCPR: plk'ocya'rboxy;)ép‘tidaSe R;x
F**cofactor activity for thrombin (13).

silccessfully suppressed the allergic résponéé in vitro (28). »
Therefore, we performed experiments in Cynomolgus
monkeys in lieu of using humans.

Materials and Meth ods

Pepnda PepA (AS(:APAP(:PAGPLRPMF) whose N—termmdl
alanme is acetylated (AcPepA) was synthesized and purified (over
95% punty) by Biologica Co. Ltd. (Nagoya, Japan). The peptide
was dissolved 1n saline at 2 concentration of 2 mg/ml and passed
through . a 0:22. pm Millipore filter prior:to" ddmxn:strdtxon"
mtravenously with an antomated injection pump: SREIN
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Figure 2. TNFa levels in plasma of monkeys mjected with 4 mgfkg LPS
(A) and:mo‘nkays ‘treated with AcPepA following the LPS injection (B).
AcPepA 1 (2 mglkg/h) was intravenously infused from 30 min 10 6 h
Jollowing LPS injection. AcPepA treatment suppressed the TNFa level to
approximately 60% those of the. untreated monkeys. TNFa in plasmu
disappeared within 4 h \({ﬁé!"LPS injection in AcPepA-treated monkeys,
whereas this took 5 h vruntréated monkeys.

Monkeys. Cynomolgus monkeys were supplied from a breeding
colony maintained at the Corporation for Production and Research
of Laboratory . Primates (CPRLP), Tsukuba, ]dpdn The Institutional
Ammal Ethical Commmee of the Ch()]u Medical Institute,
Fukushirnura Hospital, and the Instltunomﬂ Animal Cd\e Usc
Comunittees of the Tsukuba Primate Research Center, National
Institute of Biomedical Innovation approved the study protocol.
Animals weighed 4 to 5.5 kg, had hematocrits exceeding 36% and
were free of infection, including tubercnlosis. Animals were held
for one month prior to LPS-lethal shock studies at CPRLP. -

Titration of zvtokuze levels in plasma. TNFu in monl\ey plasma was

detexmmed using an ELISA kit pulckased from Quanuklne
Immunoassay (aneapohs MN, USA) Mdcrophaue mhxbxtmy

factor (MIF) was determined by use of an ELISA kit (29) prepdrcd‘

by Sapporo Iramuno Diagnostic Laboratory (Sapporo, Japan). For
high mobulity group box 1 (HMGB1) determination, an ELISA kit
from Shino-Test Co. (Sagamihura-shi, Kanagawa, Jupan) was used.

Twarmem of (,wwmolgu,s m()nkL) s.. Fourteen mon}’eys were used for
the experiment, and 13 were admni stcred a Jetha} dose of LPS (4
mg/l;g) sufficient to kill monkey within 2 ddys and 1 monkey was
not administered LPS as an untreated control. Following sedation
using ketamine hydrochloride (14 mg/ks, subcutaneously), monkeys

were anesthetized with sodium pentobarbital administered through the’

capalic vein vig a percutaneous catheier to maintain light surgical

& e,

o
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Figure 3. Macrophage migratwn whibitory factor (MIF) levels in
plasma. Monkeys injected with LPS alone (#1, #4, #10; Aj, and monkeys
treated with AcPepA following the LPS wyection (#3, #5, #8; B) were
tested for thewr MIF levels. MIF of AcPepA-treated monkeys remained
at low levels (less than 30 ng/ml), whereas that of untreated monkeys
increased 1o over 30 ng/mi followwng LPS wjection.
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Figure 4. Increase of HMGBI wn plusma of monkeys injected with LPS.
Monkeys.injected with LPS alone (#1, #10) showed increased HMGB1
IeveLs w plasma, while AcPepA treatment following LPS ijechon (#5,
#8) chd not cause an increase (34).

dnesthesm Oral mtubation allowed animals to breathe :pontdneously
Under ‘inesthessa with sodium pentobarbital, 13 monkeys were
intravenously admimstered 4 mg/kg LPS within 30 mmun.- Thirty:
mnutes ‘after the LPS injection, 8 of the 14 animals. were
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Figure 5. Inflammation in lungs of' monkeys 6 h after injection of a
lethal dose of LPS observed in AcPepA-treated monkey (B) was to the
samie “extent ‘as that in untreated monkeys after LPS m]eamn (A)
(Maamjuatzon x20())

administered 2 mg/kg of AcPepA in 2 min followed by 2 mg/kg/h of
AcPepA for 3 h. The other 6 LPS-jected monkeys were injected
with saline instead of AcPepA treatment as untreated controls. Six
hours after the LPS administration, anesthesia was terminated and
monkeys were returned to their cages to observe their status withont
any additional interference. However, half (3 animals) of the untreated
controls-and one of the AcPepA-treated monkeys were euthanized for
autopsy. ior hmtopdtholoolcd analyqxs of inflammuation at 6 h after the
LPS adm mstratlon : : -

Althoughvau three monkeys ddmlmstered saline alone ‘as an
untreate control-died. ‘within two days (two in one day and
one in two. ddys), ddmmlstmuon of 2 mg/k:g of AcPepA in?2
min followed by 2 mg/kg/h of AcPepA for 3 h starting 30
min after the LPS injection rescued all of 7 monkeys who
returned to a healthy condition in two days (Table II).
Following LPS administration, significant leukopenia and
thrombopenia were. observed in peripheral blood-obtained

6 h-after the LPS injection both from monkeys treated with

AcPepA and from control monkeys treated with ‘saline
instead of AcPepA (Figure 1). The increased TNFa level in
plasma obtained during experiments in AcPepA-treated
monkeys was lowered by only about 30% compared with
that of untreated monkeys (Figure 2). The increase in the

level of MIF (Figure 3) and HMGB1 (Figure 4), dfter LPS»,

mjectmn.tcnded to be suppressed -in the AcPepA-treated
monkeys: ‘Some of the monkeys were sacrificed under
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Flome 6 Rale of C5a anaphylataxm in induction of an mﬁammatory
<y toking “storm’.

Figure 7. Possible role for C5a in a positive feedback inflammatory
circuit. Following bacteral infection, LPS stunulates TLR4, and C5a
generated during complement activation stimulates CS5aR, resulting in
expression of C5L2 on Ieukot,yle membranes., .Stzmulatwn of C5L2 by
(,5a on actzvated leukacytcs mducc.s relea.se of HMGB] wlmh then»
reacts with TLR- 4 on other leukocyte.s as did LPS res‘ultmg in ﬁmher
recruitment of actwu;ed leukoq,tes that expre,ss (,JLZ These reactwns‘
ctcate an mﬂammalary ampltﬁcatwn ('llcull (34). ‘

anesthesia 6 h'after LPS administration in .order to. perform:
autopsies. Pathological analysis of organ tissues showed
serious’ mﬁdmmdtory chdnges including leukocyte
mﬁltrauon to ‘the same extent in the lungs of both tredted
dnd untredted monkeys (Flgure 5)

Discussi‘on e

The monkeys treated with AcPepA might have escaped
induction of a feedback inflammatory circuit which “Wwas'
progressmg ‘gradually in LPS—tredted monl\eys at'a late’ tagef‘
oi the endotoxm shocJ\ syndrome as a vicious clrcle (Fi guref
6) This may be, because HMGBI has the “capacity to.
stimulate toll-hke receptor. 4 (TLR4) and TLR2 as an
endogenous stimulator (30, 31).
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Table U. Therapeutic effect of AcPepA on monkeys moculated with a
lethal dose of lipopolysaccharide (LPS) (4 mglkg).

LPS . - LPSand = AcPepA

alone AcPepA alone
Decreased blood pressure 416 3 St
Increase in body temperature 5i6 Yyl 01
Leukopenia 6/6 7 o/
Increased CPK. 66 7 o/1
Death ‘ 33T o
Euthanized at 6 h* - B |

CPK: Creatinine phosphokinase; *for khistopathoiogiéaﬂ analysis.

(onbeqLently, inhibition of HMGBl 1eledse presumdbly
rescued animals suﬁennv from scptlc v1c1ous urcle (’% 33)
Therefore suppresslon ot HMGBI in monkeys tr edted with
AcPepA (Figure 4) could explam the extreme therapeutic
effect of AcPepA on endotoxin shock in these animals(34).
In other words, continuous generation of C5a'by LPS or
bacteria in monkeys receiving as well as possibly in patients
with sepsis hl\ely induce a cytokine ‘storm’ Amphﬁed by the
reledse of HMGBl resulting i ina lethal effect on the host as
a vicious circle of mﬂammdtwn The suppression. of
HMGBI! induction by inactivation of C5a could directly

correlate with the: survival observed following AcPepA

treatment of mounkeys injected with a lethal dose of LPS.
Furthermore, = AcPepA" 'was’ “shown to = suppress
pathophysiological events and pmlonued survivAl’tixﬁ'e of
piglets with sepsis mduced by cecal ligation and pelfomtlon
(CLP) (35, 36). Survival times were longel in the A(,PepA‘

treated group. than in the group treated with CLP alone (19.3:

h+2.7 hivs. 9.9 h20.7 h;, p<0.005). In this case, AcPepA also
delayed the HMGB-1 surge: (36). o

Therefore, suppression of CS5 anaphylatoxin by AcPepA
interferes with the induction of a cytokine ‘storm’. Since
C5a has the capacity to cause release of HMGB1 following
stimulation of the second CS5a receptor, termed C5L2,
generated on activated monocytes (37-39), inhibition of
C5a successfully interferes with the above release (Figure
7) (34).

Therefore, AcPepA would be beneficial for treatment of
patients with sepsis and could be administered in large
amounts at an acute stage, with little likelihood of an
overdose, since the half-life of AcPepA in rats is 2.5 min.
Administration of AcPepA to cancer patients at their terminal
stage of their disease could improve their performance status.

Acknowledgements

This work was supported in part by a Research Grant from the
Japanese Mmistry of Health, Welfare and Labor (08062893),

References

1 “Blalock J E and Smith EM: Hydropathic anti-complementarity
of amino acids based on the genetic code. Blodlem Bioplxys Res
Comm 121. 203-207, 1984,

2 Blalock JE: Complemenmmy of peptides specified by ‘sense’
and “‘antisense’ stmuds of ‘DNA. ’I‘Lends Biotech 6: 140 144,
1991.

3 Trospha A, Kizer JS and Chaiken IM: Muking beﬂse from
antisense: A review of experunentd) ‘data and developing ideas
on selxse-dntx@@nse peptxde lecog,mtmn J Molec Rem“mnon 5:
43-53, 1992,

4" “Eberle AN and Huber MT: Antisense peptides: Tools for receptor
‘isolation? Lack of antisense MSH and ATH to interact with their

“sense pcpudes dl’ld mduce lecepwl bpeuhc «mubodxes ‘Receptor
Res 11. 13 43,1991,

5" Rassmundsen UB~ and’ Hesh ‘RD: Antisense peptides: the

parathyroxd hormone as an expenmeuml example and a crtical
~theoretical view. Biochem Bmphys Res Comm 149 930-938,
1987.

6" Goldstein A and Brutldg DL: Is there 4 relationship between

DNA sequences encoding pepnde ligands and their receptors’
““Proc National Acad Sci USA 86: 42-45, 1989, ‘

7  Guillemette G, Bouidy G, Gagnon S, Bosse R and Escher E. The
peptide encoded by angiotensin II Lomp]ementdry RNA does not
interfere with angiotensin II action. Biochem T 261: 309, 1989.

8 de Gasparo M\Vhitebredd S, Einsle K and Heusse C: Are the
antibodies to a peptide ‘complementary to Angmtensm 1I useful
to 150late dnvlotemm II receptor? Biochein I 261 310 311,

- 1989.

9" Baranyi L, Campbell W, Ohshima. X, Fujirnoto S, Boros M and
Okada H. The antisense homology box: a4 new motif within
proteins that encodes bxolovu,dliy d(,nvc peptxdcs Nature Med.

1:'894-901, 1995.

10 Baranyi L, Campbell W, Oshmm K, rupmoto S. Boros M,

Kaszaki J and Okada H. Antisense homology box-derived
peptides represent 4 new class of endorhelm 1e<,ept01 inhibitors.
' Peptides 19: 211-223, 1998.
Campbell W, ch;xmcm L, Baranyi L, Khofcl‘lid Z,LiA, Fujita E,
Okada N and Okada H. A niovel genetic algorithm for designing
“‘mimetic pcptldeb that interfere w;th the funcuon of a tdlvet
‘molecnle. Microbiol Immunol 46: 211-215, 20020

12 Hosokawa M, Imai M, Okada H and Okada N: Inhibition of
HIV-1 infection in cells expresbmg an artificial complemenmy
" peptide. Biochem Biophys Res Comm 324 236-240, 2004

13 Shimomura Y, Kawamura T, Komura H, Campbell W, Okada N

" ‘and Okada H: Modulation of pxouubo*(ypepnddse R (pxoCPR)
activation by complementary peptides to thrombomodaulin.
Microbio! Immunol 47: 241-245, 2003.

14 Fujita E, Farkas I, Campbell W, Barany: L, Okada H and Okada
N: Inactivation of C5a anaphylatoxin by a peptide that is
complementary to a region of C5a. J. Immunol 172: 6382-6387,
2004.

15 Ember JA and Hugl TE: Complement factors and their
receptors. Immunopharmacology 38. 3-15, 1997.

16 Czermak BJ, Sarma V, Pierson CL, Warner RL, Huber-Lang M,
Bless N.M, Schmal H, Friedl HP and Ward PA: Protective
effects of C5a blockade m sepsis. Nature Med 5: 788-792, 1999.

17 Guo RF and Ward PA: Role of C5a m mflammatory responses.
Annu Rev Immunol 23: §21-352, 2005.

1

[,

2515



 ANTICANCER RESEARCH 31: 2511-2516 (2011)

18 Michael K: Targeting complement in therapy. Immunol Rev:180:

177-189, 2001.

19 Campbell W, Lazoura E, Okada N and Okada H: Inactivation of
C3a and C5a octdpepudes by - carboxypepnddsc R and
(,arboxypepnddseN Microbiol Immuuol 46: 131-134, 2002

20, Campbell W, Okada N and Okada H Carboxypepndase R (CPR)

. is an inactivator: of complement derived mﬂdmmdton_y peptxdes
and an inhibitor of ﬁbrmolysm Tmmunol Rev 180: 162-167,
2001.

21 Kato K ‘Shlndgde N Haydkdwa T Takeydmd H, (,dmpbell w

“and, Okddd H:. Ch.mges in arginine. carboxypepuddse (CPR)
activity in stréssed rats. Pathophyslolo y 1: 131- 136 1994,

22 Rledemann NC, Guo RF, Netf TA, Laudes I, Kcller KA, \Sdrmaf
Pierson CL,

VJ Marluweskl MM Masrellos D, Strey CW,
Ldmbus JD thoune FS and Wdrd PA Incre: C5a receptm
expression in sepsis. J Clin Tnvest 110: 101 108, 2002

23.Stevens JH, O'Hanley P, Shapiro IM, Mlhm FG, .Satoh Ps -
Collms JA dnd Raffin TA: E fects of anu C54 dnnbodxes on the'

' adult msplmtory dlsness syndrome in scptlc pnmdtcs J (,lm
Invest 77: 1812-1816, 1986.

24 Riedemann NC, Guo RF and W@'d PA: Novel strategies. fm the :

neatment of sepsw thme Med 9: 17—524, 2003. .
25 Baranyi L, Cdmpbell W and Okada H Aunsense homolo

. boxes in C5a receptor and C5a, anaphylatoxm J Immunol 15 7 o

4591-4601 19)6
76 Farkas 1, Bamnyl L, Llpoms ZS Yamamoto T and Okada H.

(,omplement CSA dndpllyldtoxm ﬁdgmem causes dpoptom in.

TGW neuroblastoma cells Neurosucnce 86: 903 911, 1998

27 Odea N, Asai S, Hotta A, Mlum N, Ohno N, FArLas I, Hau L
and Okada H: Increased mhlbltory capacity ‘of an ann—CSd
_complementary peptide. following acetylation of N- termmdl
.alanine. Microbiol Immunol 51: 439-443, 2007.

28 Abe M Hdma H, Shlmkusa T Iwasal\x A, Ono N mema N
Hugli TE, Okada N, Kdrsumgx T and Okada H: Conmbunon of
anaphylatoxins to allergic inflammation in hlll‘lldll lungs.
Microbiol. Immunol 49: 981-986, 2005.

29 MizueY, Nishihira 7, Miyd7dkl T, Fupwara S, Chldd M
NakdmumK Kikuchi K and Mikai M: Qumntanon of
macrophage migration inhibitory factor (MIF) using the one—step

) sandwuh enzyme, 1mmuncsorbem assay: elevated sernm MIF
concemmnom in’ pmems with autoimmune diseases and
identification ot MIF in elythrocytes Int i) Mol Mcd 5:397-403,
2000.

30 Pdl‘k 18, Gambom—Robertmn F He Q SvetkdusLmte D K1m 1Y,

Stmssherm D, Sohn Iw, Y’l!ﬂddd S, Mamydma L Banerjee A,

. Ishizaka A and Abr(\ham E: ngh mobxhty group box 1 protein,
_interacts, with multlple Toll-hLe receptors. Am ] Phymol Cell‘

kPhymoi 290: C9l7-924 2006

2516

31 Yu M; 'Wang H, Ding A, Golenbock DT, Latz E; Czura CJI;
Fenton MJ, Tracey KJ and Yang H: HMGB1 signals through™
toll-like receptor (TLR) 4 and TLR2. Shock 26: 174-179, 2006

32 Wang H, Bléom 0, Zhang M, Vishonubhakat JM, Ombrellino M,
Ch’e 1, Frazier A; Yang H, Ivanova S, Borovikova L, Manogue

KR, Faist E, Abraham E, Andersson I, Andersson U, Molina PE,
Abumrad NN, Sama A dl}d Tracey KJ: HMGB:1 as a lute
mediator of endotoxin lethal:[y in mice. Sciénce 285: 248—251
1999. o

33 Yang H, Ochani M, Li J, Qmug,X Tanovic M, HamsH Susi
SM, Ulloa MP, Wang H, DiRimo R, Czura CJ, Wang H, Roth J,
Warren HS, Fink MP, Fenton MJ, Andersson U.and Tracey KJ.._
Reversing established sepsis with antagonists of endogeneous
high-mobility group box 1. Proc Natl Acad Sci 101: 296-301,
2004.

34 Okada N, Tmai M, Okada A, Ono F and Okada H: HMGB1
release by C5a anaphylatoxin is an effective target for sepsis
.treatment. Nature, Precedings, (bdl:10101/npre, 2011 S5727.1:
Posted 23 Feb 2()11) 2011 ) ) ‘

35 Hussein MH, Kato S, Goto T, Daoud GA, Kato I, Suziki s,
“Togari'H, Tmai M; Okada’ N and Okada H: “acétylatéd anfi-'
€52 compleiientary peptide reduced cytokines and free radicals”
and -prolongs. survival time in: nainéonaml.sepsis model Mol-
JImmunol 46: 2825, 2009. : :

36 Hussein MH; Daoud G Al- H Goto T’ Kato S Nobdta M Kdl’]ta_:
tq T, Kato

H Mlzuno ! a,N Hashlmoto.T,,!

) ‘Submltted 2011,
37 Chen NJ; Mirtsos C, Suh D; Lu YC, Lin WJ McKerdie C; Lee T,
‘Baribault ‘H, Tian.H and Yeh WC: C5L2 1s critical -for the
- biological activities of the andphylatomm C5a and C3a. Nature.
446 20'%—207 2007..
'18 Khme JR Dhupar R (,dldlﬂdl J Bxlhar TR and Tsung A
’ HMGBI Endogeneous ddnger mgncdmg Mol Med 14: 476—484 :
2008.

39 Rittirsch: D, Flierl MA; Nadedu BA, Day DE; Huber—]';ang M.
Mackay CR, Zetoune FS, Gerard NP, Cianflone K, Koehl J,
Gerard C, Sarma JV and Ward PA: Functional roles for C5a

- receptors in sepsis. Nature Med 14: 551-557, 2008.,

. Received April 7, 2011
! Revised: June 8, 2011
Accepted June 9, 2011



J:Gastroenterol
DOI 10.1007/s00535-011-0507-6

Targetmg the hedgehog s1gnalmg pathway w1th mteractlng

peptldes to Patched-1

Masafami Nakamura - Haruo Tanaka - Yousuke Nagayoshi +

Hiroshi Nakashima + Kosuke Tsutsumi - Takao-Ohtsuka -
Shunichi Takahata - Masao Tanaka : Hidechika Okada

Received: 21 September 2011/ Accepted: 27 October 2011
© Springer 2011

Abstract

Background The hedgehog (Hh) signaling -pathway is
aberrantly activated . in many cancers. Overproduction. of
sonic hedgehog (Shh), ‘a ligand ' in the Hh .pathway,
increases Hh signaling activity by inhibiting Patched-1
(Ptchl), a suppressive receptor in-the Hh-pathway. The
purpose of this study was-to establish a novel strategy for
treating pancreatic cancer and other Hbh-dependent cancers
through control of the tamor-suppressive function of Ptchl.
Methods We synthesized seven interacting peptides. to
the amino-acid sequence of the Ptchl docking site for Shh.
Human pancreatic cancer cell lines (AsPC-1, SUIT2) were
cultured in the presence or absence of: the peptides. Cell
proliferation was assessed by cell. counting and by the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium - bro-:

mide (MTT) assay. The. activity of the Hh pathway was
estimated by real-time polymerase chain reaction of :the
target gene -product  Glil.. To confirm their. anti-tumor
activity in vivo, the effect of the peptides in a mouse model
of pancreatic cancer was determined. Finally, the Hh sig-
naling. activity of the xenograft was: examined. =
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Results  Three. of the interacting peptides :to.Ptchl sup-
pressed the proliferation of the two pancreatic cancer cell
lines and decreased the: expressmn of Glil, both:in vitro
and in vivo.

Conclusions - This study - suggests that mterdctlng pepndes
to Ptchl may be anew tool for controlling the Hh-depen-
dent growth ‘of pancreatic cancer.-

Keywords = Pancreatic cancer - Patched 1 protein -
Peptides - Signal transduction

Introduction

Pancreatic: cancer-is one. of the most lethal of ‘all malig-
nancies. The therapeutic options for -patients with unre-
sectable, metastatic, or recurrent disease are- extremely
limited, and few of these patients survive for 5 years {1].
Recently, gemcitabine and S1 have become: available: for
these. patients; however, although the prognosis of pan-
creatic cancer: patients has improved slightly, :it. still
remains poor [2, 31.-Thus, the development of novel ther-
apeutics for pancreatic cancer is urgently required. .
Recently; several molecular targeting: drugs: have been
developed and some are now clinically available. However,
these drugs generally target growth factor receptors or
components of the signaling pathway connecting growth
factors and Ras, a small GTP-binding. protein.. KRAS
encodes Ras, which mediates the signaling pathway
between extracellular growth-factor stimulation :and. cell-
cycle activation [4]. Unfortunately, more than 90% of
pancreatic cancers carry mutations in the KRAS oncogene:
This is the highest proportion of KRAS alterations found
in any human tumor type [5]. Mutated KRAS gene prod-
ucts -constitutively activate Ras protein, resulting in the
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constitutive activation of downstream pdtthys [5].. Froix
the viewpoint of Ras mutation, the current developme

molecular targeting drugs has still not been of major benefit

to pancreatic cancer patients.

The hedgehog (Hh) signaling pathway has a crucialrolein

embryonic development, tissue regeneration, and carcino-
genesis [6]. Recently, the Hh signaling pathway has been
reported to be aberrantly activated in pancreatic cancer, in 4

ligand-dependent manner [6-12]. Without ligand stimulation,

the transmembrane protein Patched-1 (Ptchl) suppresses
another transmembrane protein Smoothened (Smo), which is
the activator of the Hh signaling pathway. The Hh signaling
pathway has three kind of ligands, Sonic Hh (Shh), Desert Hh
(Dhh), and Indian Hh (Thh). In pancreatic cancer cells, aber-
rantly overproduced Shh binds to Ptchl and activates Smo,
resulting in the translocation of Gli (glioma-associated
oncogene) from the cytoplasm to the nucleus. Glil, one of the
three transactivators of the Hh signaling pathway, allows
transcription of target genes of the Hh' signaling pathway,

including Glil itself: Thus; Glil is frequently used as a mdrker;

of activation of the Hh signaling pathway [13].
Suppression of the activated Hh signaling pathway is
effective in controlling the developinent of many cancers it

experimental studies [6-8; 12; 14, 15]. However, to daté no
drug has been developed to- control - the ‘Hh: signaling:

pathway and suppress cancer growth at the clinical level.
We previously reported that: anti-Ptchl - polyclonal - anti-
bodies raised against the docking site: of Shh-suppressed
both Hh signaling activity and cancer cell growth [13].
However, polyclonal antibodies are far from being used

clinically, and the generation of hybrid antibodies is costly.

We have developed an evolutionary computer program

named MIMETIC that generates interacting peptide

sequences, with' the potential to- interact: with a target
peptide. Thus, we have generated interacting peptides to
HIV-reverse transcriptase [16,:17], procarboxypeptidase R,
thrombomodulin [18], and C5a anaphylatoxin [19]. About
30% of the synthesized peptides interfered with the func-
tion of their target molecules [20]. In this study, we set out
to generate synthetic interacting peptides to the short amino
acid sequence: of Ptchl; for which we had: already raised
antibodies [13], and we investigated the anti-cancer effect
of these peptides in vitro and in vivo.

Materials and methods

Design and synthesis of interacting peptides to Ptchl

The target amino acid sequence of Ptchl ‘was selected
according to our previous study [13]: Interacting peptides

to the target sequences:of Ptchl were designed by the
Institute for Protein Science (Nagoya, Japan), according to

@ ‘Springer

interact with a target amino acid. This software employs a
genetic algorithm that generdtes a series of increasingly

optumzed peptides ‘to a target by random: alteration of

amino acids for 5,000 genemtlons Every peptide; sequence
generated in this manner is assigned a score based on
several physico-chemical parameters, including hydro-
pathic complementarity: optimization, ‘average structural

‘similatity - optimization, minimization of bulky side chain’

interference, and ‘backbone alignment. Following the final
generation, the program re-atranges the peptides into a list
according to a scoring method for “gooduess of fit” to the
target. Eventually, seven peptides with high scores were
selected, and the selected peptides were synthesized by
Sigma-Aldrich Japan (Tokyo, Japan). '

Cells and cell culture conditions

The human pancreatic cancer cell lines, AsPC1 and SUIT2;
were maintained at 37°C under a humidified atmosphere of’
5% CO; and 95% air in RPMI1640 medium (Life Tech-
nologies, Grand Island, NY;, USA) supplemented with 10%
fetal bovine serum ‘(FBS; Life Technologies) and. antibi-
otics' (100 units/mL penicillin and 100 pg/mL atreptomy—
cin; Mel_]lselkd Tokyo, Japan) [4 6]

thfemtxon dSde

The pancredtlc cancer cell lines, AsPCl dnd SUITZ were
seeded in 24-well plates at a concentration of 1 x 10* cells
per well for cell counting with-a Coulter counter (Beckman,
Coulter, Fullerton, CA; USA), and in 96-well plates at a
concentration of 3 x 10* cells per well for the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolivim bromide (MTT)
assay, in complete culture medium. After overnight incu-
bation, the ‘medium was changed to fresh medium: con-
taining various concentrations - of peptides for: the MTT
assay or 10 pg/mL of peptides for cell counting. Cells were
incubated for 72 h (MTT assay), or for 48 and 72 h (cell
counting). Then, cells were harvested by trypsin and viable
cells were subjected to the MTT assay or cell counting
using a Coulter counter [9].

Real-time reverse trdnbcnpnon-polymerase chdm
reaction (RT-PCR)

Total RNA was extracted using the RNeasy mini kit
(Qiagen, Valencia, CA, USA) and quantified by spectro-
photometry (Ultrospec’ 2100 Pro; Amersham Pharmacia
Biotech, Cambridge, UK). RNA (700 ng) was treated with’
DNase, and reverse transcribed to ¢cDNA using the Quan-
titect Reverse Transcription Kit (Qiagen) according to the
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manufacturer’s protocol. Reactions were run with SYBR
Premix Ex Taq (Takara Bio, Otsu, Japan) on a DNA
Engine Opticon 2 System (MJ Research, Waltham, MA,
USA). pGlil-GFP (green fluorescent protein) was serially
diluted in 10-fold increments and amplified with the primer
pairs: to: generate a standard curve for Glil. Each sample
was run in triplicate. All primer sets amplified fragments
that were 200 base pairs long. The sequences of the primers
used were as follows: beta-actin, forward, 50-TTG CCG
ACA GGA TGC AGA AGG A-30, reverse, 50-AGG TGG

Table 1 Sequences of interacting pepudes to Patched-1 (Ptchl)

ACA GCG AGG CCA GGA T-30; and.Glil, forward,
50-GGT TCA AGA GCC TGG GCT GTG T-30, reverse,
50-GGC AGC ATT CTC AGT GAT. GCT G-30. The
quantity of gene in-a given sample was normalized.to the
level of f-actin in that sample [12].

Immunostaining of culturéd cells

AsPCL cells (2 x 104/well) were seeded onto a cover: glass
(Asahi Techno Glass, Chiba, Japan) in 24-well plates and
incubated overnight. Then the old medium was changed to
fresh medium containing 10 pg/mL of the .indicated pep-:
tides. ‘After incubation for 24 h, the slides were air-dried
and. immersed-in 8% formaldehyde for 30.min. Primary.

Pepnde ‘ ~5bequence Length‘ ! !
—— - antibodies were incubated :overnight at 4°C. The primary.
L e Géi gﬁﬁggggﬁ(RTG 2 mcr antibody used was Shh: (N-19; Santa Cruz Biotechnology,
is . : Santa :Cruz, CA, USA). at.the concentration -of: 1:250.
B DNTRYSPPPPYSSHS 15 mer Secondary antibodies (rabbit . anti-goat .immunoglobulin;
Ca DTLSCQSPE STSSTRD Agmer Nichirei, Tokyo, Japan) were applied for 1 h at room
D FIPSPEFPESYVR .. 13mer temperature. After mounting in Vectorshield Mounting
F ~EGHSGPSNRARWGPRGARSH 36mer  Medium (Vector Laboratories, Burlingame, California,
NPRNPASTAMGSSVPG . . .
= i USA), samples were visualized under. a laser-scanning
G FAPVLDGAVSTLLGV 15 mer
, confocal fluorescence ‘microscope (LSM-GB200 System
H ESRHHPPSNPRQQPH 15 mer
: ‘ Olympus Optical, Tokyo, Jdpdn) : :
Peptide A Peptide C
06 , 05
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£ 035 |~
% 03
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A570 absorbance

Fig. 1 Biological screening of interactiﬁg peptides using pancreatic

cancer -cell -line AsPC1. AsPCl1 cells’ were incubated with two:

concentrations of peptides, 1.0 or 10.0-pg/mL, and subjected to the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

01
005

)

(ugiml)

assay. Peptides B, C, and G showed a suppressive effect on cell
growth in a dose-dependent manner. Results ave  expressed .as
means =+ standard deviation (SD). NC' normal control (buﬂer alone).
*P < 0.05 ‘ :

4 Springer
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Animal'model and peritoneal transplantation of AsPC1

The procedures followed for the animal experiments were in-
accordance with the guidelines for the care and use of labo-
ratory animals of our institution or the guidelines of the
National Animal Welfare Committee. Four- to six-week-old
female NOD/severe combined immunodeficiency (SCID)
mice were purchased from Japan SLC (Hamamatsu, Japan).
The mice were housed in laminar flow cabinets under specific
pathogen-free conditions ‘in facilities approved by Kyushu
University. AsPC1 or SUTT2 cells were suspended in a serum-
free-RPMI/Matrigel (BD: Biosciences Japan, Tokyo, Japan)
mixture (1:1 volume, total 1 x 10° cells/0.4 mL) and then
injected into the gluteal region of the mice with a 27-gauge
needle:After tumor formation, 200 g of peptide was injected:
into'the tumor site with a 27-gauge needle once a day for 5 days.
Tumor formation, the size of the tumors, and body weight of
[he mice were determmed every 2 days for46 days [22]

StdﬂS[lCd.l dnalyms o

Student s t-test was used: for stdnstlcdl -analysis. All cal-
culations ‘were cdrried out using StatView. 5.0J software
(Abacus Concepts, Berkeley, CA, USA). P values of <0.05
were considered significant [12, 23].

Peptide A Peptide B

Results
Sequenccs of 1ntera<.tmg pepudes to: Ptchl S

Usmg the: MIMETIC -program, seven- pepude sequences-
were designed as interacting peptldes to Ptchl (pepudes A—~
H; Table 1) : : ~

Interacting peptides to Ptchl' suppressed paricreatic:
cancer cell proliferation in vitro

Peptides' B, C; and G showed: suppresswe effects’ on-cell:
growth in a dose-dependent manner (Fig. 1). We repeated.
the biological screemng usmg SUITZ Peptldes B, C;F,;and
G ‘suppressed SUIT2’ cell srowth “in’ a‘dose-dependent

t v r fo that for ASPCL,

with the exception of pepnde‘ ‘

To further confirm the b1010g1 effect of the pepudes
as detected by the MTT assay, p crezi"'c cancer cells were
incubated with the peptldes ‘and subjected to Coulter
countmg Conmatent W1th the result of the MTT assay,
pepndes B,C and G showed a suppresslve effect on the_
proliferation of AsPC1 and SUIT?2, and peptide F had an
effect only on SUIT2 (Fig. 3a, b).

A570 absorbance

AS70 absorbance

Fig. 721‘Biological=screening of -interacting peptides using pancreatic
cancer- cell- ‘line SUIT2. SUIT2 cells: were incubated with two
concentrations of peptides, and subjected to the MTT assay. Peptides

a Springer

B; C, F and G supprebsed SUITZ cell growth ima dose-dcpendent*
manner. Results are cxpressed as means +-SD, *P < O 05 :
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5 & B8 B
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Number of cell

Fig. 3 Interacting peptides suppressed the proliferation of pancreatic
cancer cells. Pancreatic cancer cells, AsPC1 (a) and SUIT2 (b), were
incubated with the interacting peptides, and then subjected to Coulter
counting.-Consistent with the result of the MTT assay, peptides B, C,
and G showed a suppressive effect on the proliferation of AsPC1 and
SUIT2, and peptide F had an effect on SUIT2 only. Resulis are
expressed as means = SD. *P.< 0.05

Interacting peptides to Ptchl suppressed Hh signaling
pdthw.iy

To confirm that the bmloglcal effect of the peptides on
cancer cell growth was caused by attenuation of the activity
of the Hh signaling pathway, we examined the effect of the
synthesized peptides on this pathway. Because Glil:is not

only ‘the: transcription factor of the Hh- s1gndlmg pdtthy

;,")"

Fig. 4 Interacting peptides :
suppressed the activity of the 140

;‘effect on the prollferdtlon 0 SUIT2 we exmned the
. f‘effect of these four pepndes on SUIT2 ‘and also used
fpepude Aasa negative contr Real—txme RT—PCR showed
, *that the ‘mRNA level of cells_ ultured Wlth all four pep-
' 'tides, B, C, F, and G, was mgmﬁcantly suppressed com-
g iipdred with that in cells cultured with peptide A or without
‘peptldes (Fig. 4b). Our ddm strongly suggcsted that the
,suppresslve effect of the interacting pepndes to Pichl on
- tumor cell growth was mduced by attenudtmg the activity
~of the Hh signaling pdtthy :

AsPCl

but also a tdrget gene of the Hh pathway, we used the Glil
: as a martker .of Hh pathway
had- b n (,onﬁrmed to

‘cmal'yms by real-
‘ vel of Glil was

Interacting peptides to Ptchl inhibited the interaction
between Ptchl and Shh

The interacting peptides to Ptchl were too small to be
stained by antibodies, so we confirmed the specificity of
peptides to Ptchl protein by the effect that peptides com-
petitively inhibited the interaction between Ptchl and Shh.
AsPC1 cells were incubated with peptide B, C, or G. Then
the staining levels of Shh around the AsPC1 cells were
examined (Fig. 3). Staining levels of AsPCl cells with
peptides B, C, and G were lower than that of cells with
peptide. A, the control peptide. This finding supported the
idea that. peptides B, C, and G specifically. interacted with
Ptchl at the designated docking site with Shh.

o

SOTS

hedgehog (Hh) signaling
pathway. AsPC1 (a) and SUIT2
(b) cells were incubated for:
72 hwith the interacting
peptides. The mRNA level of
Glil was mgmﬁcmdy
buppresscd by peptides B, C,
and G in AsPC1 and SUIT2, and
- by peptide F in SUIT2. Results
are expressed as means &= SD.
*P < 0.05

Relative mRNA level of Gl

Relative mRNA level of Glif
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Fig. 5 Interacting peptides to Patched-1 (Ptchl)'inhibited the inter-

action between Ptchl and sonic hedgehog (Shh). AsPCl cells were
incubggted:wi\th thejpeptides, A, B, C, and (1 as indicated. Then ;he
Interacting peptides to Ptchl suppressed pancreatic

tunior growth in vivo :

We confirmed the anti-cancer effect of peptides in vivo using
AsPCl cell xenografts. When' the transplanted tumors had
grown' sufficiently to be palpable, peptide. A or C was
injected into the mice. The tumor size was measured every
2-days-and the tumor volume was deduced from the mea-
sured data. The tumor volume was suppressed by peptide C

in comparison to peptide A (Fig. 6a,-b). The tumors were

finally harvested and the Glil mRNA expression level was
examined by RT-PCR. The Glil expression level of the
tumor injected with peptide C was significantly reduced
compdred with that in the tumor injected with peptide A
(Fig. 6¢, d). To further confirm the in vivo effect of the
synthesized peptides, SUIT2 was transplanted into mice and
treated with peptide G or peptide A. Consistent with the

results for AsPC1 and peptide C, Glil expression was sig- b
~acting peptides to Ptchl.

mﬁcantly suppressed by peptide G in the SUIT2 xenograft.

Discussion

We have shown that peptides designed to interact with Pich1

protein suppressed the activity of the Hh signaling pathway :

@' Springer

Bars, Sonm

cells were stcuned with Shh (upper panels) Lowerpanels show phdsc-t
contrast images (Phase) of peptldes A, B, C,and G (from left to
right). Bar.s 50 pm

in pmcredtlc cancer cells and suppresscd the prohfemtwn
of pancreatic cancer cells. The anti-cancer effect of the
peptides was further confirmed in vivo in a xenograft of the
pancreatic cancer cell lines, AsPC1 and SUIT2. Finally,:
the mRNA expression of Glil in the xenograft was found to
be reduced by the complementary peptides. R

: Three interacting peptides, B, C, and G, showed the same
effect on both AsPCl and SUIT2: However, peptide F
showed a suppressive effect only on SUIT2, and.the effect
was reproducible. Recently, signal cross-talk between the
Hh signaling pathway and Ras or p53 has been reported

[24-30]. Both AsPC1 and SUIT2 have the same mutated

amino acid sequence in Ras G12D [31]. However, they have
different mutations in p53, as AsPCI has a frame-shift
mutation (135 TGC-GC), and SUIT?2 has a point mutation.
(273 CGT-CAT) [31]. The different status of signals
involved in cross-talk with the Hh signaling pathway may
affect the response of pancreatic cancer cells to the mt T

Ptchl is a unique receptor of the Hh s1gndlmv pdthway

- In the absence of ligand stimulation, Ptch1 suppresses Smo,’
- -an activating element of the Hh signaling pathway [32-36].
*.Our peptides were designed to interact with Pichl. If the
- peptides interact with Ptchl to suppress Pichl function,

Smo and the Hh signaling pathway may be suppressed. We
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Fig: 6 Interacting peptides. suppressed pancreatic tumor. growth in
vivo. ~AsPC1: tumor volume  was. suppressed by .peptide C in
comparison to peptide A (a). Arrows indicate implanted tumors (b).
Glil expression in the tumor injected with peptide C was significantly
decreased compared with that in the tumor injected with peptide A
(c). In SUIT2 tumors, peptide G similarly reduced Glil expression

aimed to suppress the activity of the Hh signaling pathway
to control the proliferation of the pdncrednc cancer cells.
Thus, the target of the peptides was the short amino acid
sequence of Ptchl (KADYPNIQH) which was located in
the putative docking site of the Hh ligand and Ptchl
(Fig. 6¢) [37]. Furthermore, this Ptchl sequence was pre-
viously selected for generdtmg mubodles As the site of
the sequence was determined to be hydrophilic, the protein
structure suggests it may not be folded inwards [37], and
may endble pcptldcs to access ‘Ptchl edslly

Comrolhng ‘the Hh sxgndlmg pathway may contribute

not only to controlling the proliferation of cancer cells, but.

also ‘to: controllmg other- mgmﬁcdnt ‘events - essential for
carcinogenesis. For example, mhlbmon of the Hh signaling
pathway has been shown to. reduce thc cxpresslon of the
transcription . factor snail, .allowing: the. upregulation of
E-cadherin, resulting in the inhibition of ‘e'pithelial’-to—
mesenchymdl transition and the redu(.uon of in vitro
invasive capacity [32]. ngdl et al. reported, that blockade
of the Hh pathway by cyclopamine inhibited pancreatic
cancer cell ‘invasion in association with the decreased
expresslon “of matrix metdlloprotemdse—Q [ﬁ] These
findings indicate that suppression of the Hh signaling

- -SUIT2

44 4B (Days)

E

© nteracting Peptides

1 Cell Membrane

Patchedi
(d). Results are expressed as means + SD. *P < 0.05. ¢ Schema of
the interacting peptide and Ptchl. The site of the interacting: peptide
corresponds to the target amino acid sequence of Ptchl. The schema
indicates the putative mechanism, i. €., that the peptide interferes with
the interaction between Ptchl and the ligand of the Hh signaling
pathway. N.amino terminus, C catboxy terminus .

pathway may be a putative therapeutic method to suppress
both tumor growth and tumor invasion. i

The Hh slgndllng pdtthy was first reportcd to be reac-
tivated in an autocrine signaling manner, dlthough it origi-
nally. functioned “as ‘a paracrine signal. Rccently, several
studies have added new knowledge of the pamcrme net-
works of the Hh signaling pathway in cancer Ussue OIsen
et al. reported that Hh-interacting protein was hlghly
expressed in éndothelial cells but was downregulated during
dnglogenems and in several human tumors [38]. Guimaraes
et al. [39] reportcd thdt Shh mcredsed the mRNA levels of
vascular endothelial - -growth factor, stromdl -cell-derived
factor-1, and dnglop(netm’l Nakamura et al. [40] reported
that pancreatic cancer cell-derived Shh induced Anglotcnsm-
1 and insulin-like growth factor-1 production in bon mar-
row—derlved pro-angiogenic cells, resulting: in. their
enhanced migration and capillary morphogenetic-activity.

It is possxble Ihdt the Hh signaling pathway is reacti-
vated in pcm(,reau(, cancer and controls severdl kmds of
cells in cancer tissue for cancer development, just as it is
originally activated and controls several kinds:of cells in
fetal tissue [41] The studies cited here highlight the sig-
nificance of controllmg the Hh signaling pdthw4y m the

a Springer
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treatment of pancreatic cancer. Further research may
improve the effects of peptides on pancreatic tumors and
determine the safety of putative drugs.

Acknowledgments . This study was Slipported by General Scientific
Research Grants (21659306 and 203930346) from the Ministry of
Education, Culture, Sports and Technology of Japan.

Conflict of interest None.

References

1. Nakamura M, Wada J, Suzuki H, Tanaka M, Katano M, Morisaki
T. Long-term outcome of 1mmunothempy for patients with
refractory pancreatic cancer. Anticancer Res. 2009; 29:831-6.

2. Oettle H, Post S, Neuhaus P, Gellert K, Ldngrehx 3, Ridwelski K,
et al. Adjuvant chemotherapy with gemcitabine vs, observation i
patients undergoing curative-intent resection of pancreatic can
cer: a randomized controlled trial. JAMA. 2007;297:267-77.

3. Bunis HA 3rd, Moore MJ, Andersen J, Green MR, Rothenber;

ML, Modiano MR, et al. Improvements in-survival and clinical
benefit with gemcitabine as first-line therapy for: patients with

advanced pancreas cancer: a randomized trial. J Clin Oncol.
1997;15:2403-13.
4. Nakamura M, Masuda H, Horii 7, Kumd K Yokoyama N, Ohba

T, ‘et" al. When overexpressed, ‘4 novel” ¢entrosomal * protein;’
“RanBPM," causes ectopic microtubule’ mxcle.mon similar’ to

' gdmma-tubilin. J Cell Biol. 1998;143:1041-52.

‘5. Koarstra JB; Hustinx SR, Offerhaus' GJ; Maitra® A. P.mcreanc
carcinogenesis. Pancreatology. 2008;8:110-25.

6. Kameda C, Tanaka H, Yamasaki A, Nakamura M; Koga K,"Sa[‘o
N, et al. The Hedgehog pathway is a possible therapeutic target
for patients with estrogen receptor-negative breast cancer. Anti-
cancer Res. 2009;29:871-9.

7. Thayer SP, di Magliano MP, Heiser PW Nlclacn CM, Roherts,

DJ, Lauwers GY, et al. Hedgehog is an early and late medmtor of
pancreatic cancer tumorigenesis. Nature; 2003:425:851-6.

8.  Berman DM, Karhadkar SS, Maitra-A, Montes Dé Oca' R, Ger=

- stenblith MR, Briggs K, Beachy PA, et al. Widespread requite-

. ment for Hedgehog ligand stimulation in growth of digestive tract
tumoum Nature. 2003;425:846-51.

9. Kubo M, Nakamura M, Tasaki A, Yamanaka' N Nd.kdbhlmd H,

" Nomura M, et al. Hedgehog signaling pathway is a new therapeutic

. target for patients with breast cancer. Cancer. Res, 2004;64:6071—4.

10. Nakashima H, Nakamura M, Yamaguchi H, Yamanaka N,

Aluyobhl T, Koga K, et al. Nuclear tdctor-kdppaB wntnbutes to\’
) hedgehog mgmlmg pathway activation through sonic hedgehog

induction in‘pancreatic cancer. Cancer Res. 2006;66:7041-9.

11. Yanai K, Nagai S, Wada J, Yamanaka N, Nakamura-M; Torata N :

- et al. Hedgehog signaling pathway is a pomble therapeutic target
_ for gastric cancer. J Surg Oncol. 2007 95 55-62. .
12. Kameda C, Nakamura M, Tanaka H, Yamasaki A. Kibo M,
" Tanaka M, et al. Oestrogen receptor-alpha  contributes “to the
regulation of the hedgehog signalling. pathway in ER alpha-

.. Positive gastric cancer. Br J Cancer, 2010;102:738-47.

13. Nakamura M, Kubo M, Yanai K, Mlkarm Y, Tkebe M, ‘Nagai S,
et al. Anti-patched-1 antibodies suppress’ hiedgehog signaling
© pathway .and pancreatic cancer proliferation. Anticancer Res.
. 2007;27:3743-7.

14.. Koga K, Nakamura M, Nakashima H, AklyosluT KuboM SleN
et al. Novel link between estrogen Teceptor d]phd and hedgehog‘

" pathway in bieast cancer. Anticancer Res. 2008:28:731-40.

&) Springer

15.
16.

17.
<. .. infection in cells expressing an artificial complementary peptide.

18.

Nagai S, Nakamura M, Yanai K, Wada J, Akiyoshi T, Nakashima
H, et al. Glil contributes to the invasiveness of pancreatic cancer
through matrix metalloproteinase-9 - activation. Cancer Sci.
2008;99:1377-84.

Campbell W, Kleiman L, Barany L, Li Z, Khor(.hld A, Fujita E,
et al. A novel genetic algorithm for designing mimetic peptides
that interfere with the function of a target molecule. Microbiol
Immunol. 2002;46:211--5.

Hosokawa M, Imai M, Okada H, Okada N. Inhibition of HIV-1

Biochem Biophys Res'Commun. 2004;324:236-40.
Shimomura Y, Kawamura T, Komura H, Campbell W, Okada N,

~Okada H. Modulation of procarboxypéptidase R (ProCPR) acti-

19.

20.

23.

2.

vation by complementary peptides to thrombomodulin, Microbiol

Immunol. 2003;47:241-5.

Fujita E, Farkas I, Campbell W, Baranyi L, Okada H, Okada N.
Inactivation of C5a anaphylatoxin by a peptide that is comple-
mentary to a region of C5a. J Immunol. 2004;172:6382-7.
Okada H, Imai M, Ono F, Okada A, Tida T, Mizue Y, et al.
Novel complementary peptides to target molecules. Anticancer
11;31:2511-6.
yi L, Campbell W, Ohshxma
;1 H. The antisense homology
protexm that encodes blologlcdlly a
1995;1:894-901.
Akiyoshi T, Nakamura M, Yanai K ngdl S, Wada I Koga K,
et al. Gamma-secretase inhibitors enhance taxane-induced mitotic
arrest and apoptosis in colon cancer cells. Gastroenterology.
2008;134:131-44,

Nakamura M, Zhou XZ, Kishi' S, Lu KP. Involvement of the.
telomeric protein Pin2/TRF1 in the regulation of the mitotic

ujimoto’ S, Boros M,
a new motif within

- spindle. FEBS Lett. 2002;514:193-8. -

24,

25.
. nandez-Zapico ME,. Hanahan D. GLI1 is regulated through-
. Smoothened-independent mechanisms in neoplastic pancreatic

26.
27.
28.

29.

‘Lauth M, Bergstrom A, Shimokawa T, Tostar U, Jin Q, Fendnch

V, et al. DYRKI1B-dependent autocrine-to-paracrine shift of -
Hedgehog signaling’ by -mutant RAS. Nat Struct Mol ‘Biol.
2010;17:718-25.

Nolan-Stevaux O, Lau J, Truitt ML, Chu GC, Hebrok M, Fer-

ducts and mediates PDAC cell survwal d.l‘ld trdnsformdnon
Genes Dev. 2009;23:24-36.

Stecca B, Mas C, Clemeént V, Zbinden M, Correa R, Piguet V,
et al. Melanomas require HEDGEHOG-GLI signaling regulated
by interactions between GLIL and the RAS—MEK/AKT pdthways .
Proc Natl Acad Sci USA. 2007;104:5895-900.

Ji Z, Mei FC, Xie I, Cheng X. Oncogenic KRAS activates
hedgehog signaling pathway in pancreatic cancer cells. J Biol -

Chem. 2007;282:14048-55.

Abe Y, Oda-Sato E, Tobiume K, Kaw.mchl K Tdyd Y, OLdmoto K,

_etal. Hedgehog signaling overrides p53-me¢hated tumor suppression

by activating Mdm?2. Proc Natl Acad Sci USA. 2008;105:4838-43.
Katoh Y, Katoh M. Integrative génomic -analyses on: GLI2:

- mechanism of Hedgehog priming through basal GLI2 expression,
_and interaction map of stem cell :slgmlmg network thh P53, Int J

" Oncol. 2008;33:881-6.

30."
-~ neural stem- cell and tamour cell numbers.
©.2009;28:663-76.

31.

Stecca B, Ruiz i Altaba A. A GLI1-p53 inhibitory loop ‘controls:
-EMBO - J.

Moore PS, Sipos B, Orimdlnl S. Sono C Real FX, LemomeNR i

et al. Genetic profile of 22 pdncrcatlc carcinoma cell lines.
*" Analysis of K-ras, p53, pl6 and DPC4/Smad4. Virchows Arch :
- :2001;439:798-802.

32..

Feldmann G, Dhara S, Fendrich V Bedja D, Beaty R, Mullcndorc

.M, et al. Blockade of hedgehog signaling inhibits pancreatic

cancer invasion and metastases: a new paradigm for combination

" therapy in solid cancers. Cancer Res. 2007;67:2187-96.



J Gastroenterol

33.

34.

35.

36.

37.

Ingham PW, Nystedt S, Nakano Y, Brown W, Stark D, van den
Heuvel M, Taylor AM. Patched represses the Hedgehog signal-
ling pathway by promoting modification of the Smoothened
protein. Curr Biol. 2000;10:1315-8.

Pepinsky  RB, Rayhorn P, Day ES, Dergay A, Williams KP,
Galdes A, et al. Mapping sonic hedgehog-receptor interactions by
steric interference. J Biol Chem. 2000;275:10995-1001.

Martin V, Carrillo G, Torroja C, Guerrero 1. The sterol-sensing
domain of Patched protein seems to control Smoothened activity
through Patched vesicular trafficking. Curr Biol. 2001;11:601-7.
Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson
RL, et al. The tumour-suppressor gene patched encodes a can-
didate receptor for Sonic hedgehog. Nature. 1996;384:129-34.
Goodrich LV, Johnson RL, Milenkovic L, McMahon JA, Scott
MP. Conservation of the hedgehog/patched signaling pathway
from flies to mice: induction of a mouse patched gene by
Hedgehog. Genes Dev. 1996;10:301-12.

38.

39.

40.

41.

Olsen CL, Hsu PP, Glienke J, Rubanyi GM, Brooks AR.
Hedgehog-interacting protein is highly expressed in endothelial
cells but down-regulated during angiogenesis and in several
human tumors. BMC Cancer. 2004;4:43.

Guimaraes AR, Rakhlin E, Weissleder R, Thayer SP. Magnetic
resonance imaging monitors physiological changes with anti-
hedgehog therapy ‘in pancreatic adenocarcinoma xenograft
model. Pancreas. 2008;37:440-4.

Nakamura K, Sasajima J, Mizukami Y, Sugiyama Y, Yamazaki
M, Fujii R, et al. Hedgehog promotes neovascularization in
pancreatic cancers by regulating Ang-1 and IGF-1 expression in
bone-marrow ~ derived pro-angiogenic cells. PLoS One.
2010;5:¢8824.

van den Brink GR, Bleuming SA, Hardwick JC, Schepman BL,
Offerhaus GJ, Keller 17, et al. Indian Hedgehog is an antagonist
of Wnt signaling in colonic epithelial cell differentiation. Nat
Genet. 2004;36:277-82.

a Springer



