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In this study, to enhance transfection efficiency by promoting the escape of the liposomes from the
endosome to the cytosol and the nuclear localization of plasmid DNA, nuclear localization signals
(NLS) peptides were used for condensing plasmid DNA encoding luciferase (pCMV-Luc) and embeding
it into AG73-PEG liposomes. As a result, AG73-PEG liposomes showed selective gene delivery to cells
via syndecan-2. Efficient gene transfection was observed. The efficacy was further enhanced in the
combination of Bubble liposomes and US exposure. Thus, the combination of AG73-PEG liposomes
with NLS peptides and BLs and US may be useful method to achieve selective and efficient gene
delivery. This method may be also expected to a gene transfection system to mesenchymal stem cell in
application of ex vivo non-viral gene therapy
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RITHEAL, ENEAEENE ST 2EE 7/
JEEDORENED LI TWh. L, £
OENEOREMENEH I TS, HEE
X, ZNETITHRRBERERE T AEAY
R =5 (NTNLYRY—DN) ORIFREITV,
ZDONRT IR Y — ABNHHR OB EA
V=& H e EHRE LTS (R Suzuki
et al, J. Control Release, 117, 130, 2007,
Y. Negishi et al, J. Control Release, 132,
124, 2008). ZiuE, NTNURY—AIZ1
~ 2MHz DGR ERZBAT 2L, Fv
BT —va VR (N7 VORREE) fES
A7 vy y A, MIEEIZ—iE Mo/ L
T, ET BB T A MBNIZEANT S
EWVOZRMEORmWEANIETHD. EORE
P2 A, ARVEIZ K DB BEE M (MSC) ~dD
B FEANEZRALD, BAINLHEDN
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7o, BT, PEE LI, B TEARTT R
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— VA Ko TRV IAEERIC Bk
BHEREZFIHT 5 L, BIEFEALLR,
RIS EATHIZEERB LTS (V.
Negishi et al, Mol Pharm., 7, 217, 2010).
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LLTEZLNTWDY T 20, MSC
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— (FACS) 2LV fiEhT L7=. MSC OFR#IZEE
LTI, ~UARBREXOEIL, 10% FCS
Z G LTz MSC B R T & % MF-medium
T, 5% CO, fFHE T, 37° C [T TH#& L,
Sub—confluence T 3 L 7= # A % 0.25%
EDTA-Trypsin WWEIC L VT 4 v ahb#
BEL, Rtk SEBRICEEA L7
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DOPG, DOPE, distearoylphosphatidyl
ethanolamine—PEG,y,,~OMe (DSPE-PEG,,,~OMe ;
HAHAR), F£721% distearoylphosphatidyl
ethanolaminefPEGZOOO*maleimide
(DSPE-PEG,pppMal) ik %,  NEE AR
DOPG : DOPE : DSPE-PEGyp = 2 : 9 © 0.55
LB X 9T, lipid film Z2FHI L7~ FHf
L7 BE & 137. 5 nmol @ lipid £film{Z 250
wL @ pDNA/poly-7-lysine complex (DPC) %
Mz, vortex I2TC lipid film Z5&E L 7-.
TNENAB Y = — 52— % OB AL
BLCURY —LZWRAIL LT, VR —
LEXRTF RO THDL~Y LA IR
FEMEAERT D Cys—AGTS X7 F R&IRE
L, |BIETA v Fax—FL7 BT, &
Fritrae—2AFa—7 ZHNTERA
v 77— (10 mM HEPES buffer; pH 7.4) T
R D Cys—AGT3 X7 F R & FRE L AGT3 &
fifi PEG U AR Y — L& 3. WEBRR TEAK
(B8 L CiX, HEPES buffer (10 mM; pH 7.4)
(2 0.1 mg/ml DOIRETHEM LI 126 uL @
poly-/-lysine (PLL) &, ZE& @ pDNA (0.1
mg/mL) ZVRA L vortex 45 Z & THEMIC
fH HAEH & pDNA/poly-/-lysine complex
(DPC) & L7z

B) VR Y —LDRLAYA KX, L BAORM
FWHELL 7= DPC & U AR Y — AL & D HEPES
buffer (10 mM; pH 7.4) ZHAWTHEIR L,
NICOMP380 ZLS (Particle Sizing Systems)
EHWTR YA X, € EMEHELE.
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SHELL 7= MSC & 5X 10! cells/well & 725
£ 91T 48 well culture plate |ZEfE%, 1
BfEEEL, VAR—¥—@&Bzre LTy
=7 —¥ & RKH 32 pDNA (pcDNA3-Luc) % %}
A L7- AG73 {&fifi PEG U A Y—2 (pDNA; 3
wg/mL) ZMNZ, 37° C, 4WpMEER L=, #*
D%, 10% FCS &47 DMEM &N % 7=.
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PR 7o REE & 137, 5nm010)11p1d film
(2250 uL @ DPC &M%, 10 F3[H=EiR CHfE
L, vortex LT lipid film PR L. Z
NaNAT Y = — 4 — % v 5 4 RS
LfEEL“C)*J‘/ LR L7z, UARY

ICHIEEED 1 mol%%5y D st—AGT3 X7 F
]\75:/5': L, 30 IR TA o F=2X—F L,
st-AGT3 fEfi ) AR Y — LGz, LAY
ANV — AT & HEPES buffer (10 mM; pH
7.4) & M v TA R L, NICOMP380 ZLS
(Particle Sizing Systems) % FWTHi+
AR, { EAEHELE.
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FHELL 72 MSC & 5X 10* cells/well & 725
£ 917 48 well culture plate (IWAKI) Z#%
Fif%, | ARESE L, WmyELssC 2 [mks
L7=%%, FCS &4 L7\  DMEM ([ZASHa L, L
A= —EzTE LN T2T—FERE
Bl4 % pDNA (pcDNA3-Luc) % #F A L 7=
Cys—-AG73 f&fifi PEG VU &~ ¥ — A (pDNA; 3
wg/mL) ZMZ, 37° C, 4WpMEER L=, #*
D%, WMEEMT 2 EERELEAEO
Cys—AGT3 {EAfi PEG VU &R Y — A% RE L,
10% FCS &4 DMEM % % 7-.

(7) MSC % Hl\ 7= i85 -8 Bl A

s L7z MSC & 20 WR553#, PBS
T2 [EPEHE L, Lysis Buffer (0.1% Triton
X-100, 0.1 M Tris-HCI, 2 mM EDTA) (Z°7C,
AR & VAR U7z, & OVfRIR % 12000 rpm,
mOE, o BEEManiir e L.
F OHH R E -, Luciferase JEMHERIE %
ITo7. PR L7l ik & 96 well R D
A4 7L — 1k (Microlite, Thermo) IZ¥sIN
L, VI A—#%— (LB96V, Berthord) %
A, luciferin ¥k (Promega, Luciferase
Assay System) 100 uL ZIRINBOFENES
10 FRIAIE L7z, Luciferase J& M I3 HM T
HigF D% 237 1 mg #4720 ORI E
ICHHE L7 T&H 5 Relative Light Unit
(RLU) / mg protein & L CHKiLL7-.

(8) R8NLS ~7FF RDOAHL

R8NLS ~X7"F K%, invitrogen |[Z& k& 4K
FEH U772, EFRICHEHA L2 RNLS X7 F KD T
2 BEBRLANILL FIZRd@Y ThHhbH. (N K
#i) RRRRRRRRPKKKRKV  (C )

(9) AG73 {&fifii PEG-NLS U AR YV — A D7
pDNA/RSNLS/PEI complex (DRNPC) @ FH iz 1
VNI, pDNA 13, HEPES buffer (10 mM; pH 7. 4)

(2 0.1 mg/mL OPEFET 100 pL AL, N/P
FIZE U 7= R8NLS % HEPES buffer (10 mM; pH
T.AOWEML 100 uLICFREE L. 2o %
BEOL7-1%, 1mg/ml OPEFETS50 o LFaRL
72 PEI Z X BITNZ vortex 5 2 & THE
FINCFEEAEF SHDRNPC & L7~ ik,
WL AEE & 137.5 nmol O 11p1d film
(DOPG : DOPE : DSPE-PEG,y, =2 @ 9 : 0.55)
K%ommmwm%mz,mﬁﬁiﬁfﬁ
B L, vortex LC lipid film Z%& L7-.

IRnAENZA Y = — &% — (BRANSONIC
2510; BRANSON) # FHV> 5 AR AL L
TURY =&ML LTz, VRY—L4L
NTF RORIGEHM THD~ LA I RikE
MHAEAT S Cys—AGT3 <7 F REZEAL

FRTA v FaX—hLT &6, BA
Ttro—2AFoa—7 ZHVWTCIYRY =LK
WD 1000 [FEOFEH Ny 77— (10 mM
HEPES buffer; pH 7.4) T—Bpi@EHT L, KRN
JD Cys—AGT3 ~X7"F K&FRZE L AGT3 (Effi
PEG-NLS VAR Y —2%&5-. ALV KRV
— A0 & D HEPES buffer (10 mM; pH 7.4)
ZHWTHIR L, NICOMP380 ZLS (Particle
Sizing Systems) Z#HWTHI 31 X, (
AL Z W E LT,

(10) 293T-Syn2 #lifu D FHHd

Syndecan—2 % = 3 Bl L 7= 293T #f g
(293T-Syn2 Al B ) £ 0.4 wug/mL @
puromycin (Sigma) Z & de 10% FCS & A DMEM
H1C, air @ €0, (95 @ 5) F, 37° CIZTH;
# L 7=. Sub-confluence L’_ LM &
0.25% Trypsin (GIBCO) ALBRIZ LV F 4 w3
nﬂgﬂ%L1MRBaﬁPﬂ¢ IR,
EERIZER L.
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DU R —LOFHE

. K B O H & L T
dipalmitoylphosphatidylcholine (DPPC; H
AAE), DSPE-PEG,o0-OMe (HAHIIE) @ 2
FioZ f A L, J§ & # gk A DPPC
DSPE-PEGyp~OMe = 94 : 6 (molar ratio) &

HEHIlc, Zuuakilh @ VA4V Far
Jb—F )L 1 PBS=1:1:1IZRMELT-.

IhE7a—T78y =/ —%— (20 kHz)
(ULTRASONIC PROCESSER VP-5; TAITEC) % H
WT 4 EBERAE L2, n—% 1) —=x
NIRL—F—ZRAWCHMIEMZ-EEL, U
R —=L&B{l. FonktI Ry —Lh%,
Extruder (Lipex Biomembrane Inc.) Z i\
T pore size 0.2 um @ poly carbonate

membrane (whatman) %83 Z & TR &%



F1100-200 nm IZFRBL L 7=,  Z D% pore size
0.45 um @ cellulose acetate syringe
filter (IWAKI) ZHWTABIEEZIT- 7=
H O & FEBRIZH W,
@V R Y — L~DEE T ZADEA
ALY AR Y — A (BEEMEFEE; 1 mg/ml)
TS A T IVRICE SR EE T A Th 58
—7w¢mfmﬂy%@TfﬁAL,:n%
INZBL Y = /r— % — (42 kHz) (BRANSONIC
25105 BRANSON) Z W THFRME L, N
TN R Y — b DGR 2 R LT
(12) AGT3 &R PEG-NLS V 2R Y — A2 Xk 5 Eix
TEA

L 7= 293T-Syn2 HH A & 1X10°
cells/well & 725 X 51T 48 well culture
plate (IWAKI) (Z#EFEf%, 2 AfETER L, &
MiER T 2 [EIPeE L=k, FCS 28/ L7
VN DMEM (252 #8 L, LAR—F—Efz & LT
VY7 2T — ¥ & 3B 9 5 pDNA
(pcDNA3-Luc) ## A L7= AGT3 {&fifi PEG-NLS
URY—AZM%, 37° C, 4 FrfEEsE L1-.
Z O, M TEREMT 2 [[IYEE LRI O AGTS
Effi PEG VAR Y —2h%&ERE L%, 10% FCS
45 DMEM & h0 Z 7-.

(13) st=AGT3 B U R Y — LN T NV IY KR Y
— A EHER A LB B EA

FHHEL L 7= MSC & 5X 10" cells/well & 725
£ 912 48 well culture plate (IWAKI) (Z#%
TEfL, 1 OB L, LAR—F—HEaTréL
TNy 7 =27 —8%E3FKE 3 25 pNA
(pcDNA3-Luc) ZEH A L7z st-AGT3 & U
V—AEMZ, 37° C, AR L. F0
%, MEMIERHC 2 S LARRIO Y R Y —
LERRELRE, AR LIZAT VYR Y — 4
WML, EeNcBERRN e — 7%
well IZFEAL, BERBEHN (ARG
Frequency; 2 MHz, Intensity; 1.0 W/cm?)
(SONOPORE KTAC-3000; NEPA GENE) L7-. #E
MG T 2 BIYEF L, REIONT LY KRY
— L& RE L%, 10%FCS &4 DMEM 00 %
7.

(14) 293T-Syn2 #iE O BT IO M

ST A L7 293T-Syn2 Hifa % 20 R
K238, Lysis Buffer (0. 1% Triton X-100,
0.1 M Tris-HC1, 2 mM EDTA) % 100 L Jn

2 CHIE 2 AR LTz . F OWRIRK % 12000 rpm,

mL, Sonlz EEEMambRE L.
FHEL L 7 MRS R 20 uL & 96 well KD
4 F 7L —1 (Microlite, Thermo) IZ¥N
L, VI A—%— (LB96V, Berthord) %

Fvy, luciferin I8k (Promega, Luciferase
Assay System) 100 pL ZIRIMNFE O EZ
10 FPRIMIE L7-. Luciferase JEMEITHIMHhH
MR D 2 237 1 mg Y720 ORI
IZH L7-fE T3 B Relative Light Unit
(RLU) / mg protein & L CHEF LT~
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B FANE LT AGT3 7 F NER Y R
V—ArEwPHEL, FNEHANWCTOELETEA
LB, 612, BB FEARIORBZR
OmEEHBE LT, BEBITHEST T ROF
H, NIV URY — L BENRE 20
HT LT, ACT3ERY RY —LbDx> K —
LT A —T 2R L, AGT3 AR R Y — A
DBETHANEEZEBMIEH Z L2l A
7.

(1) _7°F FEfiV R Y — L DFH
mm&f%F%HM@im_FAé&t«7
F REMY RN Y — L2l L=, JREIC
i=LER EmmkDWE%%m,it,ﬁ%
FERRICIE, Dil 2 L. d@osE@ans
FExDYRY—L&EMSCIZHML, oM
FAEAEF 28 PRSI TR . T ORER,
AGT3 X7 F RIERG U R Y — LTI, Lhiisg
WM BEERSZRD -0kt L, A7
T TN TF R (AGTIT) ZAERMiLT- U R
V= DT F RREM U R Y — DG A
WZBWTE, FEACHAEERIZRED LA
Molz. ZDOZ EnD, ACT3 X7 F NEHGY
R —LDOMSC~DBETF¥ VT —& LT
DA REMED RIR STz,

(2) MSCIZHBIT B > v F B v DIFBUFAT
TFIZVHERTF R AGTS DLk H—L
LTCTEZLNTVD //777/27% MSC 12
HELTWDI N EERT ATy T
By 2K ERNC, 7Je—H A hA MU —
(FACS) IZ X v fifbT LT=. ZOfER, HRE
DY TH2REPRO LN, ZDZ L
MWD, AGT3 X7 T NEM Y R Y —AiE, v
FhH2xBMLUTMSC EMHEAEAT L2 &N
IRENTE.

(3) B EAZIED in vitro FEM
RO BEEZBE 2 T, AGT3 X7 F NERG Y
RV —AlZ poly-L-1lysine Z W T/ 7 =
FS—YP@EETFEa—RNLERBE T I AI R
OWEZITV, Zhax AWV TCEE FEAZR
Frlz. FORER, HMIEN~OEY AL,
WTELLLDODOHE B FREELOHRIX
BOLNRENoTz. EHIZARAT ALY RY — A
CRRT R RO 2R 2, B EE T



FE ORI, RO b eh o7 (Fig. 1A).

ik,%%%ﬁ)%/ L DR NE A % 1
LT PEG ZHWARWATFT U AL AGT3 &
iU AR Y — A (stAGT3 VAR Y —L4) OFHE A
1172572012, AT T Uk AGT3 _TF K
ZHAWT, VRY—LOFMITERE ACTS %
B s w7= 277 U At AGT3 BV &R Y —
L (StAGT3 VR Y —1) OFEA RS, MSC

~DOBIGFEANERZITo7-. LL2RD,
NTNYRY — L EBERRAIHZIT-

Th, BFERBETRBLOERITIBO b
ot (Fig. 1B).
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Fig. 1. Effect of BLs and US on gene transfection by
AG73-modified liposomes.

MSC were treated with non-labeled, AG73-PEG liposomes
(pDNA,; 3 pg/mL) for 4 h at 37°C(A). MSC were treated with
non-labeled, st-AG73 liposomes (pDNA; 3 pg/mL) for 4 h at
37°C(B). After incubation, the cells were washed and BLs
were added. The cells were exposed to US (Frequency: 2028
kHz, Intensity: 1.0 W/cm?,) and cultured for 2days and then
luciferase activity was determined. Data are shown as means
+SD (n=4).
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L, BVl m%%ﬂm%%ﬁfé Lt
LC&7e. &bl BMEREETAZEAL
tvﬁy~Af%éﬂ7w)Ty~A&%
TR 2 BT 2 & T, AGT3ER U R Y
— LD RY — AT A —T R L,

AGT3 (R U 7R Y — A D E 138 A L) R % 1
MIELZEEHLMNELTWNAS., LIL,

NTNVYRY — L EBERERANOHHIC X
D, BN S-S, e
W TOZREIRHIE S TWRW., Z07=d),
HMAEE R~ BTSSR
ERTENIL, SO 58EFEANEDOTT
RIS, 22T, BTV
(NLS) _XT7°F ROEFINZ T VX = % 8 O
B SHTZ R8T TF R&{EHA L, RSNLS &35
Z&T, pDNA EEZEMICEGIERZ R S,
FhEYRY —LIZHWNE LT ACTS B
PEG-NLS U iR Y — A DVERLZ R 2, W As -
NN E S BITHBAEETH D et Lic
ZLOICVER—F—EGTE LTy 7o
*%ﬁ%%ﬁﬁ6pmAkM®@ NIV
YV —IZEFA L, PEG S5 R#IZ AGTS =T F
F%@%LKAWS@%HMMBUKY%A
ZIELLU 7=, F77, AGT3 &R PEG-NLS U AR
— % VT 293T-Syn2 flaIZ %) Ui s i
ANZEATV, BAEFEANFELZFANL 72, AGT3
&4 PEG-NLS U 78 ¥V — A DR+ 4 X%
#7180 nm, & B 2nV THo7-. £7-,
AGT3 fERi PEG-NLS U 7R Y — A & HW = &5+
BT, 293T-Syn2 flfgiciWT, HER
Ny T 2T —BEEDO EENRBDO LN
(Fig. 2).
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Fig. 2. Effect of gene transfection by AG73-PEG-NLS
liposomes.

293T-Syn2  cells were treated with non-labeled,
AGT3-PEG-NLS liposomes (pDNA; 3 pg/mL) for 4 h at
37°C.The cells cultured for 20 h and then luciferase activity
was determined. Data are shown as means = SD (n =
4).*p<0.05.
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Fig. 3. Effect of BLs and US on gene transfection by
AG73-PEG-NLS liposomes.

293T-Syn2  cells were treated with non-labeled,
AG73-PEG-NLS liposomes (pDNA; 3 pg/mL) for 4 h at
37°C. After incubation, the cells were washed and BLs (120
pg/mL) were added. The cells were exposed to US
(Frequency: 2028 kHz, Intensity: 1.0 W/cm?) and cultured for
20 h and then luciferase activity was determined. Data are
shown as means + SD (n = 4). *p<0.05.

(5) AGT73 {Effi PEG-NLS VR Y — L% iz,
293T-Syn2 M ~DBIZFEANIZ, T
RY— LK EHEEWRFEZOFAL, EnTE8A
RO MNAIRETH DB a Lz,
293T-Syn2 FIMIIZIBVNT, AGT3 &R PEG-NLS
VRV —LEROZEBETEATE, AT
VARY — A BERBROFHZITR S Z
ETCHERBRFEANFEOTLENED b
7= (Fig. 3).
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B Y AR Y — LOERIZEZI L, 293T-Syn2
AARIC®T L, BB E T EAENZED
Nni-. TOBILEFEADRIFIAT VIR —
L HERBAOHICE D RN AIFET
HHZ ELRETE.

MSC ~DNR 2B EANE RI=-T720D
21, MSC ~DBIE Y IAHZDIEKIZIT T
72K, BABGBFOMBENHELEZETHD
EEZLND. REICBWTHEE I
AGT73 {&ffi PEG-NLS U iR Y —A0%, AGT3 7

F NIz X DRIl ~OBFIMEOHI K & NLS |2 X
HBNELETFOE~OBITERIE T 5 &
W) T MSC &2 W= ex vivo BN
EEATHOTZDOERRY =L e LT, HfFE
N, 5%, ABEFENY —LEHNT,
MSC ~DRhRA BB FEA T AT L OFEE
ICEIF &2,
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