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Abstract Background and Aims: Sonodynamic therapy (SDT) is an emerging tumor treatment method that

primarily utilizes low-intensity ultrasound (US) to activate sonosensitizers, leading to the production of

cytotoxic reactive oxygen species (ROS) that kill cells. This study was conducted with an attempt to

develop a novel nanoparticle (NPs) formulation containing a sonosensitizer and the small interfering

RNA (siRRS1) of tumor-related gene RRS1 to observe its anticancer effects on colon cancer, to provide

new strategies for colon cancer treatment.

Methods: RRS1 RNA-Seq data were downloaded from the TCGA and GEO databases, and clinical

pathological data were collected from 80 patients with colon cancer at Hunan Provincial People's

Hospital. The expression of RRS1 in colon cancer and its relationship with prognosis were analyzed. The

proliferation and apoptosis of colon cancer cells transfected with siRRS1 were observed. The

sonosensitizer tetra (4-carboxyphenyl) porphyrin (TCPP), gene carrier DSPE-PEI, and siRRS1 were
assembled into TCPP@DSPE-PEI-siRRS1 NPs (T@D-siRRS1 NPs). After structural characterization

and examination of cellular uptake and ROS generation capabilities in vitro, the anticancer effects of

T@D-siRRS1 NPs on colon cancer were assessed in cell experiments and tumor-bearing mouse models.

Results: Both database analysis and clinical specimen testing indicated that RRS1 expression in colon

cancer tissues was higher than that in adjacent normal tissues, and high expression was associated with

poor prognosis (HR=1.88, 95% CI=1.27-2.79, P=0.002). Univariate and multivariate analyses showed

that RRS1 mRNA expression was an independent risk factor for overall survival in colon cancer patients
(HR=1.354, 95% CI=1.447-2.215, P=0.031). Knockdown of RRSI significantly reduced the

proliferation capacity of colon cancer cells and increased apoptosis (both P<0.05). Characterization

results showed that the particles were uniform and stable; T@D-siRRS1 NPs entered cells through

endocytosis, where TCPP could generate singlet oxygen ('O2) under ultrasound irradiation. Subsequent

in vitro and in vivo experimental results demonstrated that transfection with NPs carrying siRRS1 or
TCPP (T@D-control siRNA, T@D-siRRS1) combined with US resulted in varying degrees of growth
inhibition in colon cancer cells, with the T@D-siRRS1 NPs+US treatment showing the strongest effect

(all P<0.05). Moreover, no significant damage was observed in the vital organs of mice treated with

T@D-siRRS1 NPs+US.

Conclusion: T@D-siRRS1 NPs plus US integrate SDT and gene therapy, producing an effective

synergistic cytotoxic effect on colon cancer cells. Additionally, T@D-siRRS1 NPs demonstrate good

safety and biocompatibility, suggesting potential for clinical application.

Key words Colonic Neoplasms; Sonodynamic Therapy; Genetic Therapy; Ribosome Biogenesis Regulatory Protein Homolog
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Figure 1 Schematic diagram of the synthesis and therapeutic mechanism of T@D NPs
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e (DSPE) . 1- (3- —HIJLEILNEL) -3- 2 Kk
Z M (EDC), N-fAET P (NHS) ., %
W W 25K (PEI2SK) W FE BRI B 255 9,
10-8 5 -— (H ) Z N (ABDA)
27, T'-ZRAFOLE T LWEE (DCFH-DA) I H I
MBI T AR R A A 5 siRNA B G50 5 4
P4 AR A RS B G ko

1.3 LWHE

1.3.1 20 3% 7 Fo siRNA 55 4= N 25 17 988 41 O kK
Lovo 3 [ H [ i iCell 2R HE AR AR . &
55 % 5 5 VWO 10% JA 48 17 /9 DMEM ¥ 33
FEB AN, IEME T 37 C . 5% CO, iR L IR 3%
#i o Lipofectamine 3000 i#F 17 siRNA ¥4 ¢ . % b
SIRRS1 My S I 21, % Y %) B8 siRNA  (siNC) Hy X

1.3.2 qRT-PCR #= Western blot  Lovo 41l il siRNA %%
Ye 48 h )5, il i qRT-PCR il Western blot % iF % 44
K o TRIzol ik 5 (Invitrogen) M &5 17 %58 40 Hd
(Lovo) FRHEEUE RNA, SuperSeript i3 5% i Bt i 71 £
(FEBR /R B ) 8 45 5 19 RNA 0 5% 5% ¢DNA,
SYBR &% {6 PCR TR R (FEER CHL/RBHE) Pk
SEF 26 %E 7 PCR 7500 240 (M HAW RS
PB4y Mt B cDNAL L GAPDH 1 Sl 4 X B8,
27T mRNA MR R A 1 . 45 R DL —f A
BB AR o B SR A T PK PBS YR 29k, TF
T 20 G5 W P R 10 min. ] BC 8 11 B
W & (Sangon Biotech, V) Wl %2 85 H ik 1 .
SDS-PAGE 43 &5 S it U FE S AR T (20 pg) IF56 745 5]
Rlw — M (PVDF) B Lo 5% Wi RE 4 W% 50) 3
M S 5 —%T (1:1200, NO.AF03364. Absin,
H) 754 CTMHE 12 ho #id 5 HOR i 5 Ak 9 i1
BCHr (1:1000, A-10651, @il =J& . ) 5
B kA I A BT A, A AR XU £SO L
% %% (Odyssey, LICOR, USA) I W54,
1.3.3 CCK-8 %% CCK-8 L% (Dojindo Molecular
Technologies, Inc) HI T Ki I Lovo 2 ML{E 71 o % 4f
Ji 22 B AE 96 FL AR (1 x 10* 40 Jfl/AL) FF4E 0. 24,
48, 72, 96 h HEATAG I o A AL ol ACKS DU 2% i
(100 wL; 55 CCK-8 WY L], 9:1), 7E37 C
TWEE 3 hJE, BEARACK M 450 nm 4b i WOt B
(OD) fA.

1.83.4 @i XK Annexin V-FITC/PT XL 4 Vi =X 240
A SR A ARG 00 e 9 £ 0 T % . Lipofectamine 3000

8¢ % T@P siRNA NPs #% 44 siRNA 48 h, J1 vk PBS ¥
V3, M E R AR B TV S i,
Jf H 5 FITC A5 3K 09 BB 2 11V Piik (40 M5 5 4%
AR FBALTIRE PI (1: 100 Fs B ) fEE IR FME
15 min, J5ef5 F DL @ H 500k 0 B 40 i

1.3.5 DSPE-PEI. T@D-siRRS1 NPs #94-5%, B DSPE
(1.0 eq) TH P hn A 10 mL 05 3%, A EDC
(20 eq) . NHS (2.0 eq), 7E40 CHEE FHEFESNY 3 he
FROKVE3 R, THJGIKCEEFRATH, B2 R E L
fik; 159 DSPE i fLHs . PEI25SK (1.0 eq) FHH, fi
A2 mL S5 %5, A DSPE {E L BE (5.0 eq)
FRIEFE S5 ming BE TR, MAZEK 4 mL#%
i, 1000 Da i #7 4% % fr 24 ho Uk T B A] 75 3|
DSPE-PEI. #f 3 mg TCPP % fi# T 3 ml — H 3 W7 X
(DMSO) ¥ ", 8 mg DSPE-PEI ¥ T 20 mL /K &
W ERETE AR IR, B R TCPP ¥ i 212 % A
DSPE-PEI/KIW Y, 4RZE 5 46 B 15 min J5 H] 500 Da
BENTAEENT 24 h, SRERE (022 pm) S WG
3 %] TCPP@DSPE-PEI NPs (T@D NPs) . Jill A siRRS1
BI W] [ 47 2H % 1 T@P-siRRS1 NPs ,

1.83.6 MTT 5% MTT 3 & I K [ 36 57 % JioJgg 2
MBI B A E T 96 fLl b, &4 4 Bl
A PBS. siRRS1+PBS. T@D-siRRS1 NPs. T@D-siNC
NPs, HHiFR4 h TR (1 Wem®, 5 min).
i ORAIE siRRS1 72 43 & #8 HAE W) 22 Dy hg . R fE I
J&i P B F% 48 b, il bR SO W 4 B AE 450 nm Ab (1)
ODfH .

1.3.7 4#R4FROS A MM E LI ABDA-Na,/EH 0,43k
I, WF5E T@D-siRRS NPs 7£ 7K i i H ROS 1) 7= £ fig
1o FE2 mL KW A ABDA-Na, (120 nmol/L,
80 pL) I T@D-siRRS (100 pL). A (1.0 W/em?)
MOHE, WLk FIRA WS/ W ok (uv-
vis) 1AE1L

1.3.8 % 3 T@D-siRRS1 NPs #9 #& B Lovo 4 JiY
(45 e 240 B ) Ok VP-4 i 983 48 i X T@D-siRRS1
NPs F 4 HUAE 77 0 Lovo 4 M 3Rl T 6 FLAL P 15 72 &
25 60% I}, Sl A T@D-siRRS1 NPs K %W (100 pL) o
fifi FH {80 B 2¢Ot B8 (DMIL LED, #kF) it A
[vi] B[] 1 2 S 1

1.8.9 @ je i ROS #9442 K5 ill T@D-siRRS1 NPs 4fl
JitL N ROS 4 2 W BE 1 o DCFH-DA 1 Ry 5 41 46 I 41
JitE P ROS A= il o Lovo 4B EE 72 T 6 fLAL P, FE85 5%
MLH A PBS (100 pl.) 5§ T@D-siRRS1 NPs 7K ¥
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(100 pl) FH53% 4 h, SR i A DCFH-DA #£ £t 4k
ZEMEE 30 min, US (1 W/em?) %525 minJ5, 1648
SR R T A G
1.3.10 th W £ 3 fe sk LA 54T SLE B & W)
(R R N S (= B < B || AR N GG 1 5
4307272311031256555) o ¥ Lovo 45 Ji7 Ji 20 M v 5 T
ANERAT AR, EE ST /NER R R MR AR . ek
I T@D-siRNA 1) 2 O6 MR fE 1. MEAERKEA
400 mm® I, % N TE ST 200 uL T@D-siRNA . /N3 ¥y
W15 2 4 (PerkinElmer's VIS Lumina 111) i 35 /)y B
BT Mg i 5 e AR . #: R ok, PP Al T@D-siRNA
MK 2597 8. T IR AR BGA 2 50 mm® 247,
INERBENL S A T4, 45 H: (1) PBS4L; (2) PBS+
US#41; (3)siRRS1+PBS4; (4) T@D-siNC 4 ; (5) T@D-
siNC+US 41 ; (6) T@D-siRRS1 4 ; (7) T@D-siRRS1+
US4l ; SIS 25 e, XM ok 47 48 7 IR 5
(1 W/em®, 10 min) . fe 5, 3R HUAS [F] 40 275 7 B
HENPELSE o L B WRE) . M 4%
Z R EE WA . AFAFET72 h )5, BUNR
JiE I R A7 A 4% 2 W e W, AT s
2553 1
1.4 SitFEhE

S5 243 7 % 1 SPSS 22.0 50 F . TCGA ¥
T RRS1 7E45 i S o7 1 4P Y 22 Rkl g R4
DESeq2 (version 1.26.0) 58l . P48 78 & 2 [A] fY
AH OGP FH Pearson AH OC 2 BOIVAL o W9 20 ] 11 2 9 R
8 R e #5 56; . Kaplan-Meier 35 1 Log-rank %65 38 73
Mrif B m B AAE (0S) F . Cox ] KUK ] I A5 2
Sy AT OS [ Al 7 FiJ5 &R o P<0.05 7 25 5% i i 2

/JIL%::S(O
2 # R
2.1 RRS1#E&ZBERHRIEFTREMNE

TCGA U5 i H 1992 8 RNA-seq 3 42 RRS1
mRNA 7E A [6] b 9 v ) 32 35 . XF RRS1 mRNA 7£ Jif
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AR S IEF AL P ER KRS T EH,
RRS1 mRNA 76 £ & 45 [ 9 76 N 1 15 g b i 3R
ik (4 P<0.05) (& 2A) . i TCGA F1 GSE149289
B 1 43 BT RRS1 mRNA 75 45 i 9 20 20 RN iz 55 2 41
2R, [WFE K BLRRST mRNA 78 45 iz 8 i
o 2P Y SRR TR 07 IE R 41 (33 P<0.05)
(151 2B) o 80 il It K 45 J i B A< 1 — 20 35 UiE RRS1
TE 25 W e L2010 i3 8 (P<0.05) (E20) . Wde
Il R 80 191 4% 17 85 He & W KL, Kaplan-Meier 4= 7750 #1
7R, RRS1E M & RIXWEEAEI0S%E (HR=
1.88, 95% CI=1.27~2.79, P=0.002) ([52D); #H X
NSRSl iR NS I B A S B T T N L e N
(HR=2.658, 95% CI=3.266~2.572, P=0.002) . RRS1
mRNA % ik (HR=1.354, 95% Cl=1.447~2215, P=
0.031) E&5iE oS fa R E (£1),
2.2 RER{E RRS1 345 77 40 E A 52 M

%t iRRS1 J5 , qRT-PCR Fll Western blot 52 4
Y5 IE siRNA AU FE YL 0%, 45 T R W] siRRS1 5 e mT LA
B B AR 40 L 9 RRST mRNA #1 RRS1 25 [ 19 % ik
(K 3A-B) ., FfiJ5, CCK-8 523 %7, Mifik RRSI
FEIR AT LA Lovo MU AY3EFE (1513C) 5 4 A i =X
AREEFFH, @K RRS1 235 7T 500 Lovo 40 i (1) I/
T (EI3D).
2.3 T@D-siRNAWLEHIRIE

DSPE-PEI, siRNA. T@D NPs., T@D-siRNA NPs
F1TP NPs 7K % W 19 58 40 T UL W i % 3% (UV-vis)
(1 4A) o #E 412 nm 3K T, T@D-siRNA NPs 7£
610 nm Ab W 7R 20 B 2¢O (18 4B) 5 L,
T@D-siRNA NPs EA7 i & 2¢ 6 g i Fe ik . R4
HiH 4% (SEM) 43 #F T@D-siRNA NPs (197 5 Fll ki 42
SN, XU NPs BRI SR IEA ., kiR
JE N 29~90 nm (&4C) . shAGHEUGT (DLS) 45
RWIR, NPs ARSI S22 HAZH 95 nm, £ 531
PEFE BN 0355, i — 2 R W NPs 1 KL 42 43 Aii ¥4 25)
([E4D) o 7 d J5 90 KA R A A2 43 A AR5 7E 96 nm
UGB B RAFR R E M.
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P<0.01
Pe0; 0{’<0 .01 i) P01
P<0.01 P<0.01 P<0.01

= .01

P

P<0.001

HR=1.88 (1.27-2.79)
P=0.002

F*ﬂl

B2 RRSIMRZESEREXSH  A: RRSIEZFETAIRIAKE; B: B4 0T RRS1 RS 798 21 2URIIE # HEUh Y

Kik; C: HPEAMIHTIRRFEA H RRST AL ; D: RRS1 RIS AR R A B H 1R LA
Figure 2 Analysis of RRS1 expression and its clinical significance A: Expression levels of RRS1 in pan-cancer; B: Database
analysis of RRS1 expression in colon cancer tissue versus normal tissue; C: Immunohistochemical analysis of RRS1

expression in clinical samples; D: Prognostic comparison between patients with high and low expression of RRS1

R1 S0 RFERE OSHHIMEZ N

Table 1 Analysis of factors influencing the OS in 80 patients with colon cancer

AE 1.321(0.883~1.335) 0.063 — —
ez 1.092(0.542~1.778) 0.923 — —
JigEE RN 1.324(4.015~26.977) <0.001 2.658(3.266~2.572) 0.002
I ERAL 3.235(0.547~2.421) 0.445 — —
CEA 1.019(1.025~1.214) 0.022 1.213(0.754~1.214) 0.231
RRS1 1.875(1.251~2.346) 0.019 1.354(1.447~2.215) 0.031
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—@—siRRS1
—-siNC

E3 HEANRONRERRRSIMNEHBEAMBTIE A RT-PCRIZIMFYHCR; B: Western blot Kl % Y& 1 s C:
CCK-8 SHa A5 I wiff RRS 1 XM HE T AR s D AR ARG B I RRS 1 XS 240 T 9 2 )
Figure 3 Detection of transfection effects and the impact of RRS1 transfection on colon cancer cells A: gRT-PCR detection
of transfection efficiency; B: Western blot detection of transfection efficiency; C: CCK-8 assay to assess the impact of
RRS1 knockdown on cell proliferation; D: Flow cytometry to evaluate the effect of RRS1 knockdown on cell apoptosis

—— DSPE-PEI

——T@D NPs

——T@D-siRRS1 NPs
siRRS1

—— T@D-siRRS1

Il T@D-siRRS1

T@D-siRRS1

_//“\-\.___’.

ZEMRMERN A AFNPsUV-vis; B: T@D-siRRSI NPs KIFKIZEIERE; C: T@D-siRRS1 NPs 1Y SEM K14 ;

D: T@D-siRRS1 NPs £E/K I (14 Bsf [l 44 DLS
Figure 4 Structural characterization analysis A: UV-Vis spectrum of different NPs; B: Fluorescence spectrum of T@D-
siRRS1 NPs in aqueous solution; C: SEM image of T@D-siRRS1 NPs; D: Time-dependent DLS of T@D-siRRS1 NPs in

aqueous solution
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2.4 T@D-siRNA#paRELFN ROS £ i RE Tt &
'0, /& ROS By E 2 =, W] filk & 40 i & A= 4
7=, ABDA-Na, fE & ROS £ i # 4 iF 1 T@D-
siRNA NPs 7K %5 W 5 88 75 48 BT 10, 19 2 iU BE ) -
ABDA-Na, ZKIFW I UV-vis E I 3004 (320 nm,
359 nm. 378 nm), 7E T@D-siRRS1 NPs 17 7E [ 175 10
T, AR 3 AR B T REAR (81 5A) 5 &
A T@D-siRRS1 NPs 7 7E (Y 15 D0 &, Wl e O 7 A
5 (E15B) . 405 nm Kb (4 WO BE 55 8 75 4 BRI (1] 52
RE LM RR (K 5C), XL RIEN T T@D-
siRRS1 NPs 768 75 4 T H25 R 4719 10, 42 il ae 1 -

ROk, WFE Lovo 40 i X} T@D-siRRS1 NPs [1) £ B,
45 BB, T@D-siRRS1 NPs & 30 min 5, Lovo 4
i BLLT 5 S, 120 min J5 H BRAC SR (0 41 (2 %6
B, 120 min J5 Lovo 40 Jifd 7 LA K & 4% B T@D-
siRRS1 NPs; fifi il DCFH-DA 1E 3 ROS 45 %1 6 il
T@D-siRRS1 NPs 7E 4 il 9 ROS (9 4= 1L fig 71, 45 3R
7R, 7E T@D-siRRS1+US 21 &b P 1% 21 g b n] X% )
S B 4R (5 92 Ot . PBS 41 . PBS+US 41 il T@D-
siRRS1 ZH M AR WM EE B 4t (4,901 (K1 5D-E) . &5 R
FHA, 76 #7518 5 T@D-siRRS NPs 75 4i Jf 1 fig A 3%
Hu = ROS o

1.2 1.2
T@D-siRRS1+US H,0+US
1.04 0 min 1.04 0 min 10
0.8 0.8 0.94
J;g. 0.6 5 min :; 0.6 5 min ;o
= . > 084
= 0.4 = 044 -
0.24= 0.24 0.71—m— T@D-siRRS!
— - —8—H0
0.04 0.0 405 nm
0.6
300 400 500 600 700 800 300 400 500 600 700 800 0 2 4 6 8 10
1< (nm) A 1< (nm) B Fif (] (min ) (0
0 min 30 min 45 min 120 min

PBS PBS+US
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