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Abstract

Intracellular uptake of cyclic RGD peptides

in integrin ayPs-expressing tumor cells

Soyoung Lee
Program in Biomedical Radiation Sciences
Graduate School of Convergence Science and Technology

Seoul National University

Introduction: The cyclic Arg-Gly-Asp (cyclic RGD) peptide is well-known as
a binding molecule to the integrin ayf3 recognition sequence within fibronectin.
Although numerous results have been reported by usage of cyclic RGD peptide-
based ligands for cancer diagnosis and therapy, but the distinct mechanisms and
functions of cyclic RGD peptide-integrin binding to cancer cells are still being
investigated. Particularly, in order to develop more efficient diagnostic probes
and effective therapeutic drugs, there have been attempts to develop various
cyclic RGD peptides that increase the efficiency of intracellular delivery. In this

study, | evaluated the internalization efficacy of different types of cyclic RGD



peptides (i.e., monomer-, dimer- and tetramer form) in integrin owps-

overexpressing cancer cells.

Methods: Western blot and flow cytometric analysis were used to measure the
expression of integrin a.fz in U87MG human glioblastoma (high-expression)
and CT-26 mouse colon cancer (low-expression) cells. Cytotoxicity analysis
was performed to determine the appropriate cyclic RGD concentration for use
in the experiment. To compare the cellular internalization of different types of
cyclic RGD peptides, confocal microscopy and transmission electron
microscopy (TEM) imaging were performed with fluorescent dyes (FITC and
TRITC) conjugated cyclic RGD peptides.

Results: Western blots showed that U87MG cells has integrin ayf3 expression
but CT-26 only has only integrin a, expression. Flow cytometry analysis with
an integrin ayfs recognizing antibody demonstrated that U87MG cells exhibited
relatively high integrin o.ps expression. In contrast, CT-26 did not show
integrin oyPs expression. Cytotoxicity assay indicated that all cyclic RGD
peptides (0-200 pM) had at least 70 - 80% of viability to U87MG cells. Through
apoptosis analysis, it was confirmed that apoptosis did not happen even after
48 hours of treatment at the concentration of cyclic RGD peptide used in the
experiment. Fluorescence images of cyclic RGD dimer peptides showed the
highest cellular internalization compare to cyclic RGD monomer and tetramer
peptide. TEM results clearly visualized the endocytic cellular internalization of

integrin avfB3 and correlated with confocal microscopic results.



Conclusion: These in vitro data suggest that the cyclic RGD dimeric forms are
expected to have an increased ability to internalize through integrin oyfs
compared to their monomeric counterpart. These results support the rationale
for the use of cyclic RGD dimer peptides for imaging, diagnosis, and therapy

of integrin aBs-rich glioblastoma.

Keywords: Cyclic RGD peptides, Integrin oyBs, Intracellular uptake,

Glioblastoma
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INTRODUCTION

1. Integrin avps

;\(111

Y

=oF 1k ¥ A4 (tumor-induced angiogenesis) & F9F 4l

=
b
2
2
1o
il
r
>,

B AEelse WE wE Ay Fw A4

AAA L] stF -l s AlAEM A9l 714 (Extracellular

Matrix, ECM) &] ®13-& 323ttt (1-3). of2] A7tel]l m=w, AL
714 &5 Wy Alx ols B HAS Ax F2 FEA s
ZHEEG @, °o"d  Ax  Fx F&d T s
A 2™ (integrin) = A2 713 M o @ Alo]e] AT E

FHFor THshs T A FEAClH, SIHEII I (integrin
family) S AT THolA 25 /Mo MR 2 o @ B o)FE o] g
WA E 3 18 9 - L 8 A B- AH fRoE FAH

=
uh7k% okl 2 (transmembrane glycoproteins) ZZ5°|t} (1,5-7). o]

O

BE QEI™ 25 FolM QEIR afss A dE A H<

2. Cyclic RGD peptides

o}l 2 7] —Fgfo] Al — o} A 3} 2 E 4k (Arg-Gly-Asp, RGD)
8



Fefol== A EQ7]A AEQl vitronectin®  fibronectin U ol A
AE| 1S AXs= HER, AE sl A 1™ afsdt
Az Agst(9-12). AH 1 st RGD HEFO]= 7] AgHE
A1 afse] Fel WstE st Qu2H AxE 9 It=
A A3 EE FUHAT)E Aow dEA 9lvk(12-14) (Figure 1).
o] Aol Ruy AdE| 1 ops2t RGD HEFOI= F wE

OO}:

AgYoz Qs RGD ol

o\
kKl

A gk g A5E 913
YEEA TeFe A 7F Eds] &Y (14-16). 53], RGD
HFetol=e]  Fxol AddEe #E A=A Al Il o]
oful Al AR o] Foj7 AEe] RGD HEFO] = (linear RGD peptide)
wrt 1213 e RGD FEFe] = (cyclic RGD, cRGD) 7} A} <HgA) 2
Je|ZHHE] AFHE7E 2 R WIS OH(17), cRGD
FEefol =71 sk AQl ©EFEA (monomer) Rtk F Ul (dimer) i 1
ool thFAl (multimer) 2 A ¥ F=7E AdelA Bk &

ok AFE W AUAS HoFE= Aow BHuEATH(I8). cRGD

ggydy  FHZd A 9@ H(5IE FAY 7bEE
ZHFA X 2 A (theranostics) ©4] ¢cRGD | Eelol= & &8-3 Ald7}
H 1% U T}H(16,19).



Tl wE WiE FEE BAFOEA V] FY Y F59

HIUEAO(18, 20), AmFHAMs T £HNM W vz
HER Q3 AmFForAE AAE HRT FYAMEANA Y

MRS FAAA 5 ot 29 F Sz AL O 49 92

-

183 B 4 31om cRGD HEfol= e QHI1H afss F o
FTHAEL A JFsAdel  Hu®  wp glovk(21)  ApAsH

AdAR7 Rud £ mlvlsie. oo & Ao A= cRGD7}t

Hetel = (Table Dol AL 539 A% v #9 582 v o

RGD peptides

Integrin o, B,

?', v& Cancer Cellular Membrane/
4

: Tumoral Endothelium

Figure 1. RGD peptide binding integrin owfs
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3. Purposes

o] Aol AMgEE FEQ cyclic RGD HEto| == A3
ATE Farste] FAste] FHIFTE (22). WA DdEFEAIQ] (RGDK)
9} ¢(RGDyK), 18]a o]ZA9l  Ns-c(RGDFK)-c(RGDyK), ADIBO-
[c(RGDfK)], ©]™, A&l ADIBOT-[c(RGDfK)]s-c(RGDyK) 7} it}
o] Aoa AlEEE= cyclic RGD olEFAY A%, 27t Ns-
¢(RGDfK)-¢(RGDyK)ZE 1, ADIBO-[c(RGDfK)]; += 3 2}al ¥7|3}al,
AFeEA] 91 ADIBOT-[c(RGDfK)]s-c(RGDYK) = 4 & W&}t w3t
FITC-N3-c(RGDfK)-c(RGDyK) = FITC-1, TRITC-ADIBO-[c(RGDfK)]:
+ TRITC-3, FITC-ADIBOT-TRITC-[c(RGDfK)]s-c(RGDyK) = FT-4

(FITC, TRITC-4) = 35} t}(Table 1, Figure 2).

9 sFEss olgsted, dHI™E apfs A= o

<

MEF, 53] AT FAF WEAEZFQ UBTMG AMEFoA vk

B
=

cyclic RGD F]Elo]=29] A 9 25 H7HP (19, 23-25).
HA, MEIZY afs G L A AEZFAA QE I afs TS
shlstar, AE 1™ afss TS F HMETANA thFst cyclic
RGD #t=<cl sl Az 54 #4418 T8t 1811 s
cyclic RGD =59 AX #¢ A5 ¥ues A HdFo=

F24 Aude Eel olmxE FSsrth E# cyclic RGD

Pepol =7t Aghd Ael 1™ afe] SEAEHEY B AE W o9

11
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FITC-1

NH_C(RGDfK)
NH ¢(RGDyK)

TRITC-3

NH ¢(RGDfK)
NH ¢(RGDfK)
N



NH C(RGDfK)
M NH C(RGDfK)

NH C(RGDfK)
NH C(RGDyK)

FT-4

Figure 2. The structure of cyclic RGD peptides (22)
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MATERIALS AND METHODS

Cells and culture conditions

A7 FAF WEAMEFQ USTMGS American Type Culture
Collection (ATCC, Rockville, MD)ellA 13k Minimum
Essential Medium Eagle (MEM, Welgene)ollA skt 3 i
TUAE] CT-26% ot AEFL3  (KCLB) oA F-wijated]
Dulbecco’s Modified Eagle’s Medium (DMEM, Welgene, Daegu,

Korea) = Althufjeksto] 7191 th. BEe Al

B

= 10% 9
2 Elold % (Fetal bovine serum(FBS), Gibco) % 1% &AY#]|—
FRAHA 4 (mL F 10,000 w9 HAYAF, 10 mg
AE#Eulo]Al W 25 yo ¢FEE A B 3E3F Gibco, St. Louis,
MO)o] HZF¥ €13 mjxoM 5% CO, W 37°C %7o=

Hl F = A

Western blot anaylsis

Phenylmethylsulfonyl Fluoride (PMSF) Protease <A %
Phosphatase ©] A #| (Cat # 11873580001, Sigma) £} 7] Pierce ™
IP Lysis M3 (Cat# 87787, Sigma) & AF&3to] ALolA xS
FZ3t) 5 pg S-S SDS-PAGE (10%)% -3k, PVDF

15



HAuele] EX93t. frgdS 5% 2Af+ H= Bovine
Serum Albumin(BSA) & 338t Tris &% < (TBS-T; 10mM Tris,
150mM NaCl, 0.1% Tween-20)& %Hfraks oA 60 & &<t
E27e v 1 5, grdde F-JdHI™ o A @
5000, Cat # ab179475, Abcam) S+ 3F—<1H 7% Bs (1: 2000, Cat #
13166, Cell Signaling) %+ 3 — B-actin (1: 5000, A5441, Sigma) ¢} 1
AIZE &k AE F HlBEgels TBS-TOlA 3 3 @3tk
a8 1 A Eek & E7] 1gG, HRP &1 A (1: 2000, Cat #
7074S, Cell Signaling) T+ & "h$2 IgG, HRP 14 &4 (L
3000, Cat # 7076S, Cell Signaling) A2-ollA] 1 A|ZF A ]38t TBS-
TZ 3 3] AlHS 5, W g @il WMes AE5H] 96
Chemiluminescent Substrate (Cat#34578, Thermo Fisher Scientific, MA,
USA)= wFa13lod ChemiDoc Imaging System(Bio-rad, CA, USA) ©. &

skl 519},

In vitro Cytotoxicity

=HlE cRGD 3}=29 Alx 4= #Qlsty] £8l, CCK-8
(Dojindo, Japan)S AMg3&te] AEFASS H7bsldTh USTMG
M 3E(7 x 108 cells/mL, 0.2 mL)E 96-well cell culture plate(SPL, South
Korea)oll ] 24 A|%F &<t viekalditt. 71& wiAE #™ 5, 0,

0.5, 5, 50, 100, 150, 200 ¥ 500 uM2] cRGD 3}3&ES E3al=

16



AMEE WA E 48 AIZE FRF Atk AxE E8E 545
9l&ll, 100 pLe] CCK-8 &°¥(10% CCK-8 + 90% MEM Hj#])2 7}

115 s

O -

welloll A 7Fst #, 37°ColA 1 A|7F H<F wjel

?‘é

o,

1:101|

(Optical Density, OD)+= 450 nmol|A] #3354 (PowerWave™ XS
Microplate Reader, BioTek Instruments, Inc., South Korea)=

=795,

Clonogenic assay

96-well cell culture plate(SPL, South Korea) ©l well & 4 x
10°70¢] UBTMG A& FF3skar 37°ColA 24 ARF &<
HjekstaAtt. 71 vl A4 3, cRGD 3}3E 0, 0.5, 5, 50, 100,
150, 200 % 500 pM = E§ol= AMEL WA E 37°CellA 24
Ay Eek AYskh w-S F3 F 200 uL DPBSE 2 3
AR sta @ AAF AASAT 50 L] A AE vho] &l

2N05 g in 20% methanol 100 mL)S 2t wellel FH7}skar,

Ao A 20 & Ft wrRksty AHlagith SRTFE 4 3] AlF
F A2 2 A FF AR F A ZHY F colonyE:
A+t cRGD vAg] tixT9 colony /MFES 100% =

17



Apoptosis assay

24-well cell culture plate (SPL, South Korea)l] well & 8x 10%71 ¢]
UBTMG A|XXE 538kl 37°CeollA 24 Az E<F HjeFsigitt.
71 W #] AA F, ¢(RGDFK), c(RGDyK)S 400 uM, 1, 3 200 pM,

4= 100 pM & EFsHE AlZ A E 37°Cell A 48 AlZE <t

Aesck. kg TR F, AEZE BT HolFy, d4¥e
e sl Ax 2Hs Jhebebdh 500 L DPBS® A XE 2

3] A #sla 1 X Binding Buffer(Cat# 51-66121E, BD) 100 puL®
A EE Fo]Fo] 5mLS] FACS tube(Cat#352052, Corning) = Z}7}
%7 2kl 5 uL9] FITC Annexin V(Cat# 51-65874X, BD) £} 5 uL

PI(Cat# 51-66211E, BD) & 3 7}3to] ofFA 15 & <t 224

kst A skdth 2] FHult) 400 ul 1 X Binding Buffer
= #H7keka, 1 A o2 FAIE 24 7](BD Accuri™ C6 Plus

Flow Cytometer, BD, USA) = 2] &} 31t}

Fluorescence cell imaging of cellular uptake

USTMG A= 8-well plate(Cat # 30408, SPL) | well & 3 x
10* AIXEE 0.2 mLe wiA| o] ATk 24 Al E<F wjekst &

7}7} FITC-1, TRITC-3, FT-4 (FITC, TRITC-4) S 200 uM, 200 pM,

100 yM 2] %= 15 &, 30 &, 45 + % 1 A)ZF <t

18



Aelatdltt. AEE DPBSE Al st AlEe] & ¢l Aol 7153t
DAPI7} 5921+ Prolong Gold Antifade Mountant (Cat # P36935,
Invitrogen)S =] 2]3lo] UBTMG A9 S Mg Jad
USTMG AX: Fx7383dul7 (LSM 800, Carl Zeiss, Germany)<

bt

ol

a2

Electronic microscopic imaging

Electron Microscopy Using Quantum dot labeled antibody.

vk & &-AlgE CD51/CD61 (Integrin owfs) FITC (Cat# 11-
0519-42, Invitrogen)°ll Quantum dot Siteclick 3# %#] 7]E (Cat #
S10453, Invitrogen) & ©]-&-3to] w7 #ZE AP FAE

e 24 " AL Vee #Qlshy] flE UsTMG AlE

=

gl CT-26 Aol #A"Go] EAE FAS Hlste] FAE
A% FRAAU Ao E FYG ekt UBTMG Al =5 6-well plate

13 &]t AP ska AE B

X
N
o,
Q
<
=i
o
Py,
@
O
o
o
o
-
S

A" dAE 2 A o A v, EYAS A glsh
AES FolFa, 3 & Fok AXE gaigste] 7tek kgl

o]l  AEXE 2% =FEFEYH S| = (glutaraldehyde, GAA,

2

Cat#16537-15, EMS, USA) &N 3FF = I A F T

bk AN Alx 255 @Hststy] fa dadk F,



A2} #wu]F(Cat¥ JEM-1400, JEOL USA, Inc.,

i A2l &k



RESULTS AND DISCUSSION

Results

AH 2 apsd T ALE H7bsh] f8 A" EFo=
A28 wfsd A AEWUSIMG) 9 A A E(CT-26)=

AdEsle] Adett (27, 28). 4R wEel o], USTMGOl A

A28 o 7} BAEYT CT-2600 % Qe 29 o, 7} 23 = QA

A 17 By & USTMGOlA = ZHAHSG oY, CT-2604+= 2Hd

YE7h dgow SIHAUTE (Figure 3(A). F7H= AlxE x|

SA A|EQ CT-2600A4= AH| 23 ops2] WEEo] thxdtol Hla

0.2%% LEFRETE (Figure 3(B)).
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(=X
=
)
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A E521%24 (Proliferation  assay) = =338, ©E  sue
FE/2 4] (Clonogenic assay) ©] $Ith. A XZS 22 0] A LAYEH -2



50, 100, 150, 200, 500 uM ©] R 11, TegAl], o)Al 2 AFA] cyclic RGD
FEfo] = (¢(RGDFK), ¢(RGDyYK), 1,3 4 4)°] Z}z} o uM F o 1]l
200 uM FEolX  76.25%, 67.63%, 82.29%, 72.53% Yl 54.24%29]
AzAAEES AP vigl= ZF 343k= (c(RGDfK), c(RGDyK), 1, 3
2 4)o] thgk 500 pM FEolA ] AEZEEL 0 uM FEe] Bl
7}7}; 73.45%, 45.91%, 63.81%, 38.36% %! 55.28% 1 Z OoZ vjE}yT)
(Figure 4(A)). 70 % ©]49] MEAEHS Hols &8 7IT2%,
RGD HE}o]= Z2=of ulg} cRGD FElo] =9 55 kA= 400
uM, O] A= 200 uM, AFFAl 7]F 100 pM o2 A A st o] %

Agel AHgahen,

_/':

kA 9} o]#kA]  cyclic RGD (c(RGDfK), c(RGDyK), 1,3) S Efo] =]
AZYEHLS 27 50.96%, 51.99%, 62.37%, 34.89% ©]il, AFA
cyclic RGD FE}o]=91 4 o st M¥EAELHL 0 uM ol 13|

AEAER] 1338%90 S BRIGTE ol XA 4 2 ApgaY

g tE FFEEA vlE  AEAYEZE] wE Fo=w
X o F ) (Figure 4(B)).

OFFEAA EAS Ed] 48 Al7F Eor cRGD HEO|=EE

AYPS v, hRFolME= 95.8%, ¢(RGDFK)E 92.5%, c(RGDyK)+:
22



94.3%, 1 & 96.5%, 3 < 95.4%, 4 & 939 %= A X7} A S

9135} T}, (Figure 4(C)).

FITC-1 3gE A2 + (Figure 2) ol A= Fx7 dAn|4S %39

FITC A9z Al W, A% el RGD Feto] =7t #5]5o]

Q&S i £ gttt TRITC3 3eE e oA cRGD
Aefol|Erb mpvbA R FE2A #AvAES F3 TRITC AdolA

QIS W, UBTMG AlEE cRGD HEetol=7} YAz} HUS <&

‘] {

ARt FT-4 AGFelrE 324 dAv]jid o= TRITC 9 FITC
Adold B AE o §9 ddS omAR F1d = UAA,
AZ W 9 d@4e] FITC-1 o]y TRITC-3 Bt A2 dloA dst

3}

& gl 4 33l (Figure 5).

C
©
\l
<
®
__>E4‘
F
2
>
p
(u
eiti}
ftjo
=
X
=
00{'
é
H
[
=
2
ACH
>,
=
BN
d
=2

Hl&] &3¢ o]ulx]E Qdot 655 I 4l FITC IpgoA &lgd 4

Agwe ¥4 4 e FA 2F% wastel Aol

ol A A ZE3 FARH JEIR aps THEO]
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Discussion

B AT Nt RGD WEPOIZE] FFAY vRES Frjstn
AL 0 FUS FANA ARAGFFECRAL AT A5HS
geletil, QEI afy FLA AEZFZ olgsle] i

EFQl e cRGD FEFo]=9] A W 9= B7Fsk3ivh

Agle]  AE3E7] AE AEYEEOC T0% S HQ cRGD
Az )7
Ao AFEE cRGD HEFo]|=9] s=E RGD 7iel wet zhzb
GFA FEFo] =& 400 puM, o] ZFA EFO]=(1, 3) = 200 pM, AFEA]

AEFO] = (4) = 100 pM £ A A 513 T}

==W8s 49 A, A4 cRGD HEl=55 AP F

o elA  Ax  FH el QEI™e  A=dte] AETE
ZHolEelA  olgsks Aol gl Alx A= R

FEdTol fashe dyE vEhRliY FE88ede 2



AZFHEAAAE RGD Akl = shghge] e AL A9

els 9ol flvkar Al

FEFO] == 400 pM, o]=FA FEFOI=(1, 3)+= 200 pM, AFEA]
AEFO] = (4) = 100 pM 2 A A 5131 T}

olojA FxAAWMA W AxHEwAG o|uAE Fl FHFo
=99 kst o] cRGD HEFO] =7 QEH I afs o AEeto]
M 32 F95 vl &35SIt} FITC-fluorescence intensity ratio &
ol olFA L AbFAlel HlE HuY FS FY AE o]
Jojt 7S golsl ol TRITC 2 fluorescence intensity of A=

A, AFFAIZES] Aol E &I T ¢ Ui o= FT-4 2 TRITC

emission 3 =7 A, FITC o 9%t &4 W= & TRITC 7}

13l TRITC <] fluorescence intensity 7} 2457 =] +=



AW E Aol A cRGD HEto]=9] FHeF RGD 7iel wE
Az U Fd A= Aol AxzdeA] A= FHG A7) oA
ol 7b des AHHOE FRlEth. Holdt FoR WA
FEfo] = ¢(RGDFK) ¥} c¢(RGDyK) o Zx} &w|d MEoA A
Wz olgld A mA" A" Jy 9@ Ariel] Aelrt
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Figure 3. Protein expression level of integrin a.ps positive and negative cell
lines. (A) Western blot shows integrin oyfs expression level of U87MG and CT-
26. (B) Flow cytometric assay shows integrin oz expression level of U87MG

and CT-26.
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Figure 4. Cell cytotoxicity assay of various cyclic RGD peptides. (A)
Proliferation assay. (B) Survival assay (Clonogenic assay). (C)

Apoptosis assay
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Figure 5. Comparison of cellular internalization among various cyclic

RGD peptide moieties in confocal imaging.
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(A) Confocal microscopic assay

(B) Flow cytometric assay
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Figure 6. Confocal imaging and flow cytometric assay of QD conjugated

antibody.
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Figure 7. Visualization/Quantification of clustering and endocytosis

of cyclic RGD peptides bound integrin owpa.
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Table 1. The analog for cyclic RGD peptides.

Compound Structure
c(RGDfK) c(RGDfK)
¢(RGDyK) c(RGDyK)
1 Nz-c(RGDyK)-c(RGDfK)
3 ADIBO-[c(RGDfK)].
4 ADIBOT-c(RGDyK)-[c(RGDfK)]s
FITC-1 FITC-N3-c(RGDyK)-c(RGDfK)
TRITC-3 TRITC- ADIBO-[c(RGDfK)]>
FT-4

FITC-ADIBOT-TRITC-¢c(RGDyK)-[c(RGDfK)]s
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