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ABSTRACT: Pancreatic cancer (PC) stands for the most intractable malignancy. Gemcitabine (GEM) is one of the few approved
first-line treatments for PC patients. The fast clearance, demanded high dosage, and existence of drug resistance have, nevertheless,
posed not only a significant limitation to its clinical efficacy but also serious toxicity concerns. KRAS®"?” mutation is identified as a
key driver in many PC patients, and its expression level shows a correlation with drug resistance and mortality. Here, we explored
KRAS®"?P siRNA-gemcitabine oligonucleotide chimeras (siKRAS-G,) as a dual prodrug that was designed to specifically silence
KRASC1?P gene and sensitize PC cells to GEM for the synergistic treatment of PC. siKRAS-G, conjugates with 1, 2, 3, 4, or S units of
GEM were synthesized and delivered using cRGD-decorated polymersomes. Interestingly, the proapoptotic activity of siKRAS-G,,
was shown to highly depend on the number of GEM, in which three GEM units (siKRAS-G;) were found to be optimal and induced
strong apoptosis of PANC-1 cells (apoptosis rate: 64.2%). In contrast, minimal cell apoptosis was discerned for siKRAS, siKRAS-G,,
siKRAS-G,, and free GEM (9-fold of that in siKRAS-Gj;). siKRAS-G;, while showing similar KRAS mRNA silencing ability to siKRAS,
markedly enhanced the downregulation of KRAS protein in vitro and in vivo. Accordingly, siKRAS-Gj significantly outperformed
siKRAS and siScramble-G; in both tumor inhibition and survival benefits. The targeted delivery of the siKRAS-gemcitabine prodrug
conjugate has emerged as an appealing treatment for pancreatic cancer.

1. INTRODUCTION (NCT03608631)."> Poly(lactic-co-glycolic acid) polymeric
implant KRAS“*’_LODER is in phase II clinical trials
(NCT01676259)."

Gemcitabine (GEM), a nucleoside derivative of cytosine, is
one of the few first-line treatments for PC patients.'* GEM can
inhibit the tumor cell growth by replacing the nucleoside
cytosine in the DNA replication process.'”'® The fast
clearance, demanded high dosage, and existence of drug
resistance have, however, posed not only significant limitation

Pancreatic cancer (PC) is known as the most intractable
malignancy.' Unlike other cancers, there is little success in the
development of molecular targeted drugs against PC to date.”
KRAS mutations, particularly KRAS“'?P, are identified as a
main driver of PC in patients.” > KRAS®*” mutation not only
promotes the development and progression of PC but also
leads to other problems such as oxidative phosphorylation
dysfunction and drug resistance.”” KRAS®?P was long
regarded as an “undruggable” target” until a small-molecule
inhibitor called MRTX1133 was recently developed.® Target- Received: August 19, 2024 e :
ing KRAS®'?" with siRNA drugs provides an emerging and Revised: ~ November 21, 2024 i
valuable strategy for treating PC.”" For instance, CD47- Accepted:  November 21, 2024
mediated iExosomes with siRNA targeting KRAS®'*" have Published: December 5, 2024

been shown to increase survival in PC mouse models,'" and

such a therapy is now in a phase I clinical trial
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Table 1. siKRAS, siScramble, siKRAS-G, (n = 1—5), and siScramble-G; Used in This Study

Entry Name Strand Sequence (5’ - 3°)
1 KRAS sense GGAGCUGAUGGCGUAGGCATT
St
antisense UGCCUACGCCAUCAGCUCCTT
NH,
S
N
. sense GGAGCUGAUGGCGUAGGCATT-0O 0 N\\(
2 SIKRAS-Gy  isense  UGCCUACGCCAUCAGCUCCTT K /0 0
PN F
0 o .
“Fn
. sense GGTGCTGGCGAGCTGAAGATT
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antisense UCUUCAGCUCGCCAGCACCTT
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antisense
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to its clinical efficacy but also serious toxicity concerns. " In

recent years, combination therapies'””” and targeted delivery
strategies” > have been explored to enhance the antitumor
efficacy of GEM. For example, the combination therapy of
GEM with nab-paclitaxel was able to extend the overall survival
of patients.””** The combination of GEM with RNAi therapy
is a promising treatment strategy for PC.”**7** GEM in
combination with KRAS siRNA (siKRAS) brought about better
antitumor effects and survival than GEM alone.”” Never-
theless, conventional combination therapies are mostly
suboptimal due to the inherent differences in the physico-
chemical properties and pharmacokinetic behavior of different
drugs.’®™>* The attempts to using mesoporous silica nano-
particles and micelles for the targeted delivery of GEM showed
modest improvement.”***

Here, we explored KRAS®'*P siRNA-gemcitabine oligonu-
cleotide chimeras (siKRAS-G,) as a dual prodrug that
specifically silences KRAS“'?® gene expression and sensitizes
PC cells to GEM for the synergistic treatment of PC (Scheme
1). siKRAS-G, is unique as it enables simultaneous intracellular
codelivery of siKRAS and GEM at prescribed ratios. cRGD-
installed bioresponsive chimeric polymersomes (cRGD-BCP),
prepared from coself-assembly of the poly(ethylene glycol)-b-
poly(trimethylene carbonate-co-dithiolane trimethylene carbo-
nate)-b-polyethylenimine (PEG-P(TMC-DTC)-PEI) triblock
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copolymer and cRGD-functionalized PEG-P(TMC-DTC),
were used as the delivery vehicle.”> PC cells have been
reported to overexpress the o,f; integrin.36 Strikingly, our
results show that the number of GEM plays a critical role and
siKRAS-G; induces a strong synergistic pro-apoptosis effect to
PC cells in vitro and to PC tumor in vivo. The siKRAS-
gemcitabine prodrug conjugate provides an emerging treat-
ment strategy for PC.

2. EXPERIMENTAL SECTION

2.1. Fabrication of siKRAS-G, and cRGD-BCP-siKRAS-G,,.
KRASS'?P siRNA-gemcitabine conjugates (siKRAS-G,) with varying
numbers of gemcitabine (n = 1—5) were synthesized with high yields
and purity using standard procedures on a solid-phase oligonucleotide
synthesizer. cRGD-BCP-siKRAS-G,, was fabricated by adding a
dimethylformamide (DMF) solution of PEG-P(TMC-DTC)-PEI
and cRGD-PEG-P(TMC-DTC) (molar ratio: 84.3:15.7) into
siKRAS-G,, in phosphate buffer followed by dialysis, as previously
reported.” The drug loading content, size, and stability of cRGD-
BCP-siKRAS-G,, were studied.

2.2. In Vitro Transfection of siKRAS-G,. PANC-1 cells were
seeded in 12-well plates (200,000/well) for 24 h, treated with siKRAS-
G,, siScramble-G,, or siKRAS encapsulated in cRGD-BCP (final
siRNA concentration = 50, 100, or 200 nM, n = 3) for 6 h, and then
further cultured in drug-free medium for 1, 2, or 3 days. KRAS mRNA
in the cells was quantified using a quantitative real-time polymerase

https://doi.org/10.1021/acs.chemmater.4c02335
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Scheme 1. KRAS®"?" siRNA-Gemcitabine Oligonucleotide Chimeras (siKRAS-G,,) as a Dual Prodrug that Specifically Silences
S¢1?P Gene Expression and Sensitizes PC Cells to GEM for the Synergistic Treatment of PC*
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“cRGD-functionalized bioresponsive chimeric polymersomes (cRGD-BCP) are used as targeted delivery vehicle. cRGD-BCP efficiently loads and
delivers siKRAS-G; to PC cells, leading to simultaneous intracellular release of siKRAS and GEM. siKRAS and GEM cooperatively promote cell
apoptosis and necrosis by affecting the RAF/MEK/ERK and PI3K/AKT/mTOR pathways.
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Figure 1. GEM unit number of siKRAS-G, significantly affects the proapoptotic activity in vitro. Representative flow cytometry histograms of
annexin V-APC/7-ADD staining (A) and relative apoptosis rate (B) of PANC-1 cells treated with PBS, empty polymersomes, siKRAS (200 nM),
GEM alone (5.4 M), and a mixture of siKRAS (200 nM) and GEM (600 nM); siKRAS-G,, (n = 1-5) (final siRNA conc.: 200 nM, final GEM
conc. = 200—1000 nM) encapsulated in cRGD-BCP for 48 h. ** p < 0.01 and *** p < 0.001.

11883 https://doi.org/10.1021/acs.chemmater.4c02335

Chem. Mater. 2024, 36, 11881—-11891


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02335?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

A B
212 212 [150 M
< 10 =10 [J 100 nM
Zos Z 08 [ 200 nM
Eos 06
é 0.4 E 0.4
i slllnalln.la,

PBS  §iKRAS siKRAS-G3 siKRAS-Gs

PBS §iKRAS  siKRAS-Gy siKRAS-Gs

Figure 2. In vitro of KRAS mRNA by siKRAS-G,, encapsulated in cRGD-BCP. Relative KRAS mRNA expression was measured by RT-qPCR in
PANC 1 cells after 48 h (A) and 72 h (B) of treatment (n = 3). Final expression was normalized to GAPDH and presented relative to PBS.
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Figure 3. siKRAS-G; induces a strong synergistic effect to PANC-1 cells. (A) Cell viability (n = S) and (B) CI plot of PANC-1 cells after 48 h of
treatment with siKRAS, siScramble-G;, siKRAS-G;, and siScramble-G; + siKRAS encapsulated in cRGD-BCP. (C) Representative flow cytometry
histograms of annexin V-APC/7-ADD (siRNA dosage: 100 nM), (D) apoptosis rate (n = 3), and (E) CI plot of PANC-1 cells treated with siKRAS,
siScramble-G;, and siKRAS-G; encapsulated in cRGD-BCP at different final siRNA concentrations for 24 h.

chain reaction (RT—qPCR) and normalized to the phosphate-
buffered saline (PBS) group.

KRAS protein expression in PANC-1 cells after the above treatment
(siRNA concentration: 200 nM) for 72 h was measured by Western
blot (WB) using GAPDH as a reference (30 ug, n = 3) and
normalized to the PBS group. Detailed procedures for RT—qPCR and
WB are provided in the Supporting Information.

2.3. Apoptosis Studies. PANC-1 cells were seeded in 12-well
plates (200,000/well). After 24 h, the culture medium was gently
removed, and siKRAS-G,, siScramble-G,, or siKRAS encapsulated in
cRGD-BCP (final siRNA concentration = 200 nM, n = 3) in fresh
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culture medium was added and incubated at 37 °C and 5% CO, for
48 h. The cells were then treated with trypsin and collected for
treatment with Annexin V-APC/7-AAD staining at room temperature
in the dark for 15 min. Measurements were performed on a BD FACS
Calibur flow cytometer.

2.4. Synergistic Effect Studies. PANC-1 cells (10,000/well)
were seeded in 96-well plates. After 24 h, siKRAS-G,, siScramble-G,,
or siKRAS encapsulated in cRGD-BCP (final siRNA concentration
siRNA: 0.1—1000 nM, n = 3) in fresh culture medium was added and
incubated at 37 °C and 5% CO, for 48 h. The cells were washed with
PBS three times. Cell counting kit-8 solution (10% in DMEM) was

https://doi.org/10.1021/acs.chemmater.4c02335
Chem. Mater. 2024, 36, 11881—-11891
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Figure 4. siKRAS-G; affects RAF/MEK/ERK and PI3K/AKT/mTOR pathway signaling in vitro. (A, B) Western blot analysis of cell lysates and
(C) semiquantitative analysis of KRAS protein from PANC-1 cells after 72 h of treatment with siKRAS, siScramble-G;, and siKRAS-G; encapsulated
in cRGD-BCP (final siRNA conc.: 200 nM). * p < 0.05, ** p < 0.01, and *** p < 0.001.

added, and the mixture was incubated for another 1 h. The
absorbance at 450 nm was measured using a microplate reader. The
percentage of cell viability was calculated by comparing the
absorbance of samples to the PBS group. The Chou—Talalay method
was applied to study the synergistic effect by calculating the
combination index (CI) and the fraction affected (Fa) through
CompuSyn software. Fa-CI curves were constructed by using
CompuSyn software, and the range of Fa was set from 0.10 to 0.97.
The value of CI at Fa = 0.5 was used to determine the synergistic
effect: CI < 1.0 was regarded as a synergistic effect, while CI < 0.5 was
regarded as a strong synergistic effect.

2.5. Intracellular Signaling Study. PANC-1 cells (200,000/
well) were seeded in 12-well plates. After 24 h, siKRAS-Gg, siScramble-
G;, or siKRAS encapsulated in ¢cRGD-BCP (final siRNA concen-
tration = 200 nM, n = 3) in fresh culture medium was added and
incubated at 37 °C and 5% CO, for 72 h. The epidermal growth
factor (50 ng/mL) was added to the mixture to incubate for 10 min.
Cells were lysed in the lysis buffer with protease and phosphatase
inhibitors, and the protein was quantified using a BCA protein assay
kit. The cell lysates containing the same amount of proteins were
further subjected to Western blotting measurements using 10%
sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) to
determine p-AKT, p-ERK, and p-P70S6K (GAPDH as an internal
reference). Detailed procedures are provided in the Supporting
Information.

2.6. RNA Sequencing. PANC-1 cells (400,000/well) were seeded
in 6-well plates. After 24 h, siKRAS-G;, siScramble-G;, or siKRAS
encapsulated in cRGD-BCP (final siRNA concentration = 100 nM, n
= 3) in fresh culture medium was added and incubated at 37 °C and
5% CO, for 48 h. The cells were lysed on ice with TRIzol, and an
RNA-seq study was performed by Novogene Co., Ltd. (Beijing, P. R.
China). Difference and enrichment analyses were completed using
NovoMagic.

2.7. Therapeutic Efficacy of siKRAS-G; in PANC-1 Tumor-
Bearing Mice. All mouse experiments were conducted under the
approval of the Institutional Animal Care and Use Committee
(IACUC) of GenePharma (Suzhou, P. R. China). PANC-1 cells (5 X
10°) were mixed with Matrigel and implanted into the right dorsal
abdomen. Mice bearing subcutaneous tumors received siKRAS-Gs,
siScramble-Gs, or siKRAS encapsulated in cRGD-BCP (final siRNA
dose: 1 or 3 mg/kg) or PBS via intravenous administration on days 0,
4, 8, and 12 following the size of tumor reaching 150 mm?® (n = 8). All
mice were weighed, and the volume of the tumor was measured with
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calipers every 4 days. On day 13, three mice from each group were
sacrificed, and tumors and other major organs were collected and used
for histological staining, immunoblot, and qRT—PCR studies. Tumors
were photographed and weighed, and the tumor inhibition rate (TIR)
was calculated using the following equation: TIR (%) = (1—tumor
weight of the treated group/tumor weight of the PBS group) x100.
The survival rates were recorded (n = S), and mice were considered
dead when mice were dead, loss in mouse body weight >15%, or
tumor volume >2000 mm?.

2.8. Statistical Analysis. Data are presented as the mean =+
standard deviation (SD). One-way analysis of variance (ANOVA) was
applied to determine the statistically significant differences among
groups. The Kaplan—Meier survival rate and median survival time
were analyzed by using GraphPad Prism 7. *(p < 0.0S) was regarded
as statistically significant, while **(p < 0.01) and ***(p < 0.001) were
considered highly significant.

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of siRNA-G,, Chimeras. The
combination of chemotherapy with RNAI therapy has emerged
as a potentially powerful strategy to manage malignant
tumors.®” The synergy of this combination is, however, most
likely not optimal because chemotherapeutics and siRNA have
completely different pharmacokinetics, and it is challenging to
deliver them to the target at a constant ratio. In this study, we
designed KRAS®'*P siRNA-gemcitabine oligonucleotide chi-
meras (siKRAS-G,) as a dual prodrug and systemically
investigated the ratio of two drugs on the treatment of
prostate cancer (PC). We have previously screened a highly
specific siRNA sequence against KRASC'?P 35 Here, we
synthesized five siKRAS-G, chimeras with varying GEM
numbers from 1 to S and siScramble-G; as a control. The
structures of siKRAS, siScramble, siKRAS-G,, and siScramble-G;
are given in Table 1. All of the compounds were prepared with
high yields using the standard procedures on a solid-phase
oligonucleotide synthesizer and purified by preparative HPLC.
HPLC showed a good purity of more than 90%. The mass
spectrum and polyacrylamide gel electrophoresis (PAGE)
confirmed their successful synthesis.

https://doi.org/10.1021/acs.chemmater.4c02335
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Figure 5. RNA-seq analysis of PANC-1 cells treated with siKRAS, siKRAS-G;, and siScramble-G; encapsulated in cRGD-BCP for 48 h. (A)
Heatmap of hierarchical clustering with DEGs. Red and blue indicate high and low gene expressions, respectively. (B) DEGs in a volcano plot (fold
change >2 and P value <0.05) showing 580 upregulated genes (red) and 316 downregulated genes (green). (C) GO enrichment analysis and (D)
KEGG pathway analysis of DEGs of siKRAS-G; relative to those of siKRAS.

3.2. Effect of GEM on the Proapoptotic Activity and
Gene Silencing Efficiency of siKRAS-G,. We have shown
previously that cRGD-decorated chimeric polymersomes
(cRGD-BCP) mediated the targeted delivery of siKRAS to
PC in vivo.” siKRAS-G, could be stably encapsulated into
cRGD-BCP to yield cRGD-BCP-siKRAS-G,, with a small size
of ca. 68 nm (Table S1) and quantitative loading of siKRAS-G,
at 5—15 wt % (Table SI and Figure S1). Interestingly, the
apoptosis assays showed that the GEM number in siKRAS-G,
played a crucial role in its proapoptotic activity to PANC-1
cells (Figure 1A). While siKRAS-G; and siKRAS-G, brought
about only a moderate increase of apoptosis rate compared to
siKRAS (13.6 and 17.1% versus 5.4%, respectively), siKRAS-G;
resulted in massive apoptosis with an apoptosis rate of 64.2%
(Figure 1B). No more increase of apoptosis rate was observed
upon further increasing the GEM number to 4 and 5. These
similar apoptotic activities of siKRAS-G;, siKRAS-G4 and
siKRAS-G; indicate that after the silencing of the KRAS gene, a
minimal amount of GEM is sufficient to inhibit DNA synthesis
and induce apoptosis through caspase signaling. In contrast,
cRGD-BCP-siKRAS plus 3 equiv. free GEM induced essentially
the same apoptosis as cRGD-BCP-siKRAS, signifying the
importance of GEM conjugation to siKRAS. Notably, free
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GEM even at 27 equiv. (i.e, 9-fold that in siKRAS-G;) caused
little cell apoptosis. The high apoptotic activity of siKRAS-G; is
likely due to its effective silencing of KRAS®'*? gene expression
that sensitizes PC cells to the GEM. KRAS®'?? overexpression
was reported to be a reason for drug resistance in PC, and
silencing of KRAS“?P could effectively enhance chemo-
therapy.6’9 It is remarkable that siKRAS-G, shows such a
high apoptotic activity at only 3 units of GEM (equiv to 600
nM free GEM).

The chemical modification of the siRNA sequence might
alter its gene silencing activity.””*” Here, we studied the gene
silencing ability of siKRAS-G; and siKRAS-G; in PANC-1 cells
and compared them with siKRAS. The results showed that
siKRAS-G;, siKRAS-Gs, and siKRAS all could effectively silence
KRAS“?P mRNA and GEM conjugation had not much
influence on both the gene silencing efficacy and duration
(Figure 2). siKRAS-G; achieved 92.3% knockdown of KRAS
mRNA in PANC-1 cells at 72 h (siRNA concentration: 200
nM). Given its optimal KRAS silencing and strong apoptotic
activity, siKRAS-G; was selected for further studies.

3.3. Synergistic Antitumor Effect of siKRAS-G;. We
further studied the synergistic antitumor effect of siKRAS-G;
using siKRAS and siScramble-G; (sequences shown in Table 1)
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Figure 6. siKRAS-G; inhibits the tumor growth in vivo. Mice bearing PANC-1 tumors were treated with siKRAS (3 mg/kg), siScramble-G; (3 mg/
kg), and siKRAS-G; (1 mg/kg and 3 mg/kg) encapsulated in cRGD-BCP and PBS on day 0, 4, 8, and 12 via i.v. injection. (A) Tumor growth
curves; (B) body weight changes; and (C) Kaplan—Meier survival curves (n = S). (D) Photo of excised tumors and (E) analysis of tumor inhibition
rate (TIR) on day 13 (n = 3). * p < 0.0S, ** p < 0.01, and *** p < 0.001.

as controls. As shown above, free GEM induced little cell
apoptosis at such a low dosage (600 nM), partly due to its
inferior cell uptake. Figure 3A shows that the codelivery of
siKRAS and siScramble-G; using cRGD-BCP led to a little
increase in the inhibitory effect on PANC-1 cells compared to
siKRAS alone, while siKRAS-G; exhibited clearly better
inhibition of PANC-1 cells than siKRAS and siScramble-G,
combination. The combination index (CI) calculated using the
Chou—Talalay method indicated a strong synergistic inhibitory
effect for siKRAS-G; (CI < 0.5, Figure 3B). This suggests that
GEM and siRNA are more effective in tumor cell inhibition
when delivered as a single drug. Moreover, Figure 3C,D shows
that neither siKRAS nor siScramble-G; induced significant cell
apoptosis at 24 h incubation, while siKRAS-G; caused
significant early apoptosis. The CI analysis based on apoptosis
at different concentrations confirmed a strong synergistic effect
of siKRAS-G, (Figure 3E).

3.4. Mechanistic Analysis of the Synergistic Effect of
siKRAS-G; at the Protein and Gene Levels. It was
reported that KRAS protein inhibition and its protein
phosphorylation inhibition pathway could improve the
therapeutic efficacy of GEM formulations.***" In KRAS
mutant pancreatic cancer, the activation of the KRAS protein
triggers downstream effector signaling pathways, such as the

RAF/MEK/ERK and PI3K/AKT/mTOR pathways, to
promote tumor cell proliferation and survival, and PI3K/
AKT/mTOR pathway activation is associated with drug
resistance to small-molecule antitumor drugs, such as
GEM.*#

To understand the mechanism of the synergistic effect of
siKRAS-G;, the effects of siKRAS, siScramble-G;, and siKRAS-
Gj; on the KRAS protein and the protein phosphorylation of its
associated RAS downstream signaling pathway were inves-
tigated.

Western blotting confirmed that siKRAS-G; had a superior
inhibitory effect on protein phosphorylation of both the RAF/
MEK/ERK and PI3K/AKT/mTOR pathways (Figure 4).
Specifically, p-AKT/AKT in the siKRAS-G; group was reduced
by a factor of 3.4 and 2.7 compared with siScramble-G; and
siKRAS groups, respectively, p-P70S6K/P70S6K was reduced
by a factor of 2.3 and 1.6, and p-ERK/ERK was reduced by a
factor of 1.5 and 1.3 (Figure 4A). Moreover, siKRAS-G;
significantly downregulated the KRAS protein compared to
siScramble-G; (***p) and siKRAS (*p) (Figure 4B,C).

RNA sequencing (RNA-seq) was used to investigate the
genetic level differences in PANC-1 cells after cRGD-BCP
transfection with siKRAS-G;, siKRAS, or siScramble-G;. As
displayed in Figure SA, all groups differed genetically from the
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Figure 7. siKRAS-G; affects RAF/MEK/ERK and PI3K/AKT/mTOR pathway signaling in vivo. Mice bearing PANC-1 tumors were treated with
siKRAS (3 mg/kg), siScramble-G; (3 mg/kg), siKRAS-G; (1 mg/kg and 3 mg/kg) encapsulated in cRGD-BCP, and PBS on day 0, 4, 8, and 12 via
i.v. injection (n = S). On day 13, three mice from each group were sacrificed. (A) Relative KRAS mRNA expression from tumor lysates measured by
RT-qPCR; (B) Western blotting of KRAS protein and (C) semiquantitative analysis of KRAS protein from the tumor lysates; and (D) Western
blotting of RAS downstream signaling pathway proteins. * p < 0.05, ** p < 0.01, and *** p < 0.001.

PBS group and from each other. The siKRAS-G; group
expressed obviously high levels of tumor suppressor-related
genes (LATS2, LZTS1, TP63, TPS3I3, etc.), in addition to
invasion suppressor-related genes (siKRAS) and proliferative
suppressor-related genes (GEM). Additionally, a volcano plot
illustrated that siKRAS-G; differed from siKRAS in 580
upregulated genes and 316 downregulated genes (Figure
5SB). The GO functional enrichment analysis revealed that
differentially expressed genes (DEGs) were enriched for both
diphosphate metabolic processes and ion channel activity
functions in the siKRAS-G; group compared to siKRAS (Figure
SC). Metabolic processes, ion channel activity, and glycolytic
pathways were known to associate with tumor progression and
drug resistance.”’~** Further KEGG pathway analysis showed
that the siKRAS-G; group had enrichment of genes for
glycolysis, receptor interactions, and tumor-related signaling
pathways relative to the siKRAS group (Figure SD). Moreover,
cytokine—cytokine receptor interactions and the PI3K—AKT
signaling pathway were significantly enriched in the siKRAS-G;
group, revealing that synergistic effects may be associated with
phosphorylation and resistance processes (Figure SD). There-
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fore, the potent synergistic antitumor effect of siKRAS-G; is a
result of the significant inhibition of PI3K/AKT/mTOR and
RAF/MEK/ERK signaling pathways as well as the regulation
of metabolic processes, ion channel activity, and glycolytic
pathways.

3.5. Therapeutic Activity of cRGD-BCP-siKRAS-G;
toward PC Tumor-Bearing Mice. We next evaluated the
antitumor activity of siKRAS-G,, chimeras in nude mice bearing
subcutaneous PANC-1 tumors. Mice were intravenously
injected (i.v.) with PBS, siScramble-G; (3 mg/kg), siKRAS (3
mg/kg), or siKRAS-G; (1 mg/kg, 3 mg/kg) on days 0, 4, 8,
and 12. All oligonucleotides were delivered using cRGD-BCP.
The results showed that the three siKRAS and siKRAS-G;
treatments significantly delayed tumor growth without obvious
weight loss (Figure 6A,B), while siScramble-G; did not have
advantages over the PBS group. Among them, siKRAS-G; (3
mg/kg) exhibited the highest antitumor activity, demonstrating
a dose dependency and synergistic effects. Both siKRAS-G; and
siKRAS treatments significantly extended the mouse survival
time compared to PBS and siScramble-G;. The median survival
time (MST) of siKRAS-G; at 3 mg/kg group reached 74 d, in
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contrast to the 53 and 28 days for siKRAS and siScramble-G;,
respectively (Figure 6C). Notably, the siKRAS-G; group at 1
mg/kg achieved the same MST as siKRAS at 3 mg/kg. The
photos of tumors excised on day 13 confirmed the best
inhibitory effect of siKRAS-G; (Figure 6D). The tumor
inhibition rate (TIR) of the siKRAS-G; (3 mg/kg) group
was 82.8%, significantly higher than that of the siKRAS (**p)
and siScramble-G; (***p) groups (Figure 6E). These results
verify the synergistic effect of siKRAS-Gs.

The H&E and TUNEL staining of tumor slices showed that
three siKRAS and siKRAS-G; groups caused significant
shrinkage, nuclear chromatin condensation, apoptosis, and
necrosis of tumor cells compared with the PBS and siScramble-
G; groups, and siKRAS-G; (3 mg/kg) induced the most
apoptotic and necrotic cells (Figure S2). In addition, siKRAS-
G; (3 mg/kg) led to a reduction in the proliferating cell
nuclear antigen (PCNA) and an escalation in cleaved caspase-3
in tumor slices.

KRAS gene silencing and pathway protein phosphorylation
inhibition in the tumors were further examined. The WB
results showed that siKRAS (3 mg/kg), siKRAS-G; (1 mg/kg),
and siKRAS-G; (3 mg/kg) all significantly downregulated
KRAS mRNA (***p), with silencing efficiencies of 91.9, 84.5,
and 98.2%, respectively (Figure 7A). Immunoblotting showed
that siKRAS (3 mg/kg) could achieve 50.1% protein
downregulation, while siKRAS-G; (3 mg/kg) achieved a
greater downregulation of KRAS protein (¥*p) up to 69.9%
(Figure 7B,C). It is of interest to note that siKRAS-G;, despite
affording nearly complete silencing of KRAS mRNA, induces
only partial downregulation of the KRAS protein. This
discrepancy originates from the fact that siKRAS-G; can only
prevent the production of more KRAS protein but cannot
remove the KRAS protein already existing in the tumor. The
combination of the siKRAS and KRAS inhibitor might further
improve the therapeutic efficacy. The phosphorylation levels of
PI3K/AKT/mTOR and RAF/MEK/ERK pathway proteins
showed inhibitory effects similar to those in vitro (Figure 7D).
The above results confirm that siKRAS-Gj is a highly potent
dual prodrug that achieves synergistic treatment of PC when
delivered by cRGD-decorated chimeric polymersomes.

4. CONCLUSIONS

We have demonstrated that a new dual prodrug, KRAS siRNA-
GEM chimeras with minimal three units of GEM (siKRAS-G;),
achieves strong synergy in the inhibition of pancreatic cancer,
when delivered by cRGD peptide-modified bioresponsive
chimeric polymersomes (cRGD-BCP). siKRAS-G; has shown
over one magnitude higher proapoptotic activity compared to
siKRAS plus free GEM control. Notably, the in vivo studies in
the PANC-1 tumor model display that siKRAS-Gj; achieves
nearly complete silencing of KRAS“?? mRNA in the tumor
and significantly better downregulation of KRAS“?" protein
over the siKRAS counterpart, leading to superior tumor
inhibition and survival benefits to all controls. The therapeutic
effect of siKRAS-G; might further be improved by proper
chemical modification of siKRAS sequences, which can
augment its stability and gene silencing duration. The
siKRAS-G; prodrug with a precise molecular structure, easy
synthesis, and excellent anticancer performance has a high
potential for clinical translation. This dual prodrug strategy
that elegantly combines siRNA and chemodrugs provides a
new treatment for different malignancies.
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