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Background: The evident side effects and decreased drug sensitivity significantly restrict the use of chemotherapy. However,
nanoparticles based on biomaterials are anticipated to address this challenge.

Methods: Through bioinformatics analysis and colon cancer samples, we initially investigated the expression level of RNF8 in colon
cancer. Next, we constructed nanocarrier for delivering siRNF8 based on DNA tetrahedron (si-Tet), and Doxorubicin (DOX) was
further intercalated into the DNA structure (si-DOX-Tet) for combination therapy. Further, the effects and mechanism of RNF8
inhibition on the sensitivity of colon cancer cells to DOX chemotherapy have also been studied.

Results: RNFS8 expression was increased in colon cancer. Agarose gel electrophoresis, transmission electron microscopy, and size
distribution and potential analysis confirmed the successful preparation of the two nanoparticles, with particle sizes of 10.29 and 37.29
nm, respectively. Fluorescence imaging reveals that the carriers can be internalized into colon cancer cells and escape from lysosomes
after 12 hours of treatment, effectively delivering siRNF8 and DOX. Importantly, Western blot analysis verified treatment with SOnM
si-Tet silenced RNF8 expression by approximately 50% in colon cancer cells, and combined treatment significantly inhibited cell
proliferation. Furthermore, the CCK-8 assay demonstrated that si-Tet treatment enhanced the sensitivity of colon cancer cells to the
three chemotherapeutic drugs. Significant more DNA damage was detected after treatment with both si-Tet or si-DOX-Tet. Further
flow cytometry analysis revealed that si-DOX-Tet treatment led to significantly more apoptosis, approximately 1.6-fold higher than
treatment with DOX alone. Mechanistically, inhibiting RNF8 led to decreased ABCG2 expression and DOX efflux, but increased
DNA damage, thereby enhancing the chemotherapeutic effect of DOX.

Conclusion: We have successfully constructed si-DOX-Tet. By inhibiting the expression of RNF8, it enhances the chemotherapy
sensitivity of DOX. Therefore, this tetrahedral FNA nanocarrier offers a new approach for the combined treatment of colon cancer.
Keywords: DNA framework nucleic acid, RNFS8, chemosensitivity, RNAi, colorectal cancer

Introduction

Colorectal cancer (CRC) is now the third most prevalent malignant tumor and the second leading cause of cancer-related mortality
among 36 cancer types across 185 countries worldwide, according to the most recent global cancer burden data published by the
International Agency for Research on Cancer of the World Health Organization.'* Adjuvant and neoadjuvant chemotherapy play
crucial roles in the treatment of CRC. Recent advancements in chemotherapy have markedly enhanced the short-term outcomes of
cancer. Nevertheless, severe side effects and reduced chemosensitivity are the primary causes of treatment failure.> > Doxorubicin
(DOX) or Doxil® is a potent anthracycline antibiotic extensively researched for its potential in treating various cancers, including
CRC, and has shown encouraging anticancer effects. ® DOX can intercalate into DNA, thereby inhibiting DNA synthesis,
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causing DNA damage, and inducing apoptosis in cancer cells.”'® However, due to its short half-life and poor tissue targeting, high
doses of DOX are usually required to effectively kill cancer cells, resulting in cytotoxicity and serious side effects (especially
irreversible cardiotoxicity), accompanied by the development of drug resistance, limiting its clinical application.'' Statistically,
cardiotoxicity induced by DOX occurs in as many as 25% of patients.'* Excessive oxidative stress, DNA double-strand breaks
(DSBs) resulting from topoisomerase 2 (Top2) poisoning, and mitochondrial damage are the primary contributors of damage to
cardiomyocytes, leading to cardiotoxicity through various mechanisms such as autophagy, apoptosis, ferroptosis, and
pyroptosis.'*'? Damaged myocardium causes progressive decrease of left ventricular ejection fraction, thinning of ventricular
walls, arrhythmia, and even heart failure, which ultimately leads to an increased risk of death in cancer patients.&12 Hence, there is
a pressing requirement to devise more efficient chemotherapy sensitization strategies to increase the therapeutic effect and
improve the prognosis and long-term survival of CRC patients.

Ubiquitination involves the attachment of ubiquitin molecules to substrate proteins through a series of ubiquitinating enzymes,
including E1, E2, and E3,'* thereby regulating protein activity, cellular localization, interaction with other proteins and protein
stability.">™'” Tt is extensively involved in a range of human diseases such as neurodegenerative diseases, inflammation, and
cancer.'> 7 The fate of the substrate proteins is determined by the distinct linkage of the mono- and/or polyubiquitin chains. For
instance, K48-linked ubiquitination primarily facilitates the proteasomal degradation of substrate proteins, whereas K63-linked
ubiquitination has been demonstrated to activate protein functions and engage in signaling pathways.'®2° Increased K63-linked
ubiquitination has been reported to overactivate oncogenic signaling and promote tumor progression.”’ RNF8 is classified as
a ring finger E3 ligase, and numerous studies have elucidated its specific roles in DNA damage repair, regulation of cell cycle
progression, and protection of telomere ends.'®!” Clearly, RNF8 deficiency leads to genomic instability and tumorigenesis in
mice.'®**> However, recent studies have reported that RNF8 promotes cancer progression, including epithelial-mesenchymal
transition (EMT), metastasis and chemotherapy resistance.”> >’ Ren et al reported that RNF8 promoted colon cancer proliferation
by binding B-catenin and promoting its nuclear translocation through K63 polyubiquitination, consequently inducing c-Myc
expression.”> Another study revealed that RNFS is overexpressed in lung cancer, which regulates Akt activation through K63-
linked ubiquitination, leading to lung cancer cell proliferation and chemoresistance, and positively correlated with poor survival of
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non-small cell lung cancer (NSCLC) patients.”” Similarly, in Lee’s study, they reported that RNFS8 was upregulated in breast
cancer, and RNFS could directly activate Twist (an important transcription factor in EMT) via K63-linked ubiquitylation, which
further causes Twist to localize to the nucleus to play a cancer-promoting role, leading to the development of chemotherapy
resistance.”® Therefore, RNF8 may be an effective target for sensitizing chemotherapy, and inhibition of RNF8 may improve the
efficacy of chemotherapy in individuals with CRC.

In recent years, numerous studies have highlighted the prospect of nanocarriers in the diagnosis and treatment of CRC,
including iron oxide nanocrystals, quantum dots, poly (lactic-co-glycolic acid) NPs, dendrimers, carbon nanotubes, liposomes,
silica NPs, gold NPs, DNA nanotechnology, nanoemulsion system, etc. 1129732 Based on the distinct properties of different
nanocarriers, generally, inorganic nanoparticles are typically well-suited for cancer imaging owing to their robust stability and
minimal biodegradability. Conversely, organic nanoparticles, while less stable, exhibit high biocompatibility and can be utilized
for drug delivery following suitable modification.* Nanoparticles can be designed in diverse sizes and structures to enhance drug
solubility and biostability, facilitate drug targeting and controlled release, and ultimately achieve increased tumor accumulation
and prolonged blood circulation times.>* > Compared with traditional treatment, it improves the diagnosis and treatment effect
and the survival chance of CRC patients.”*** Structural DNA nanotechnology, initially introduced by Ned Seeman, enables DNA
to be folded into a wide variety of shapes through pre-design and strict base complementary pairing.>®>° Examples include DNA
tetrahedron, DNA prism, DNA nanotube and planar DNA origami.***! DNA nanostructure technology offers several advantages,
including pre-designed shape, easy surface modification and high biocompatibility.**** And with high drug loading capacity,
DNA nanostructure is considered as a safe and effective drug delivery system for CRC treatment.*'** For example, Jorge et al
fused DNA tetrahedron with 5-fluoro-2'-deoxyuridine oligomers (FdU,,) for the treatment of CRC cells, which notably increased
the therapeutic sensitivity of the cells. Compared to conventional 5-FU and FdU, FdU,, modified DNA nanostructures induced
a higher rate of CRC cell apoptosis and demonstrated increased cytotoxicity.*® Given the pivotal roles of RNF8 in DNA damage
repair, apoptosis and chemosensitivity, we aimed to develop new strategies to sensitize DOX chemotherapy and reduce its toxic
side effects by inhibiting RNF8 with siRNA using DNA nanostructure as a carrier. In contrast to the electrostatic loading of siRNA
on the surface of cationic inorganic nanoparticles, the complementary DNA-DNA binding allows for the easy integration of small
RNA fragments into DNA nanostructures without the need for chemical modification. This feature is advantageous in reducing
siRNA leakage during transport, making it a promising candidate for siRNA delivery.*’>°

In the current study, we aim to utilize DNA tetrahedron (Tet) as the core to design and construct si-Tet and si-DOX-Tet. The
former involves linking siRNF8 to the DNA tetrahedral core via a stretch of DNA, while the latter is loaded with DOX on top of
this. The nanoparticles were characterized using gel electrophoresis, size distribution and zeta potential analysis, and transmission
electron microscopy (TEM). We conducted further analysis of their interactions with cells and confirmed safety and efficacy
in vitro. RNF8 can be effectively silenced by si-Tet, which increases the chemotherapy sensitivity of DOX in the treatment of
colon cancer cells. The combined effect of the two can also more effectively inhibit colon cancer cells. In summary, si-DOX-Tet is

an effective platform for tumor treatment as it integrates gene silencing and chemotherapy.

Materials and Methods

Materials and Cell Lines

All DNA and RNA sequences used for the assembly of FNAs were synthesized and purified by Sangon Biotech (Shanghai) Co.,
Ltd., and dissolved in ultrapure water to 50 M and stored at —20°C. Primers were also synthesized by Sangon Biotech (Shanghai)
Co., Ltd. RIPA buffer (high), PMSF, SDS-PAGE loading buffer, 30% acrylamide-bisacrylamide, agarose, Tris, EDTA-Na,, ECL
Western Blotting Substrate, ammonium persulphate, Hoechst 33342 Stain solution, Lyso-Tracker Green, CCK-8 Cell
Proliferation and Cytotoxicity Assay Kit, Annexin V PE/7-AAD, Penicillin-Streptomycin Liquid were purchased from Beijing
Solarbio Science & Technology Co., Ltd. RPMI 1640, fetal bovine serum, TRIzol RNA Isolation Reagents and PageRuler™
Prestained Protein Ladder were purchased from Thermo Fisher Scientific Inc. DNA Marker I, SuperReal PreMix Plus (SYBR
Green), FastKing gDNA Dispelling RT SuperMix were purchased from TIANGEN Biotech(Beijing) Co.,Ltd. All primary and
secondary antibodies were purchased from Proteintech Group, Inc. The universal SAP kit (mouse/rabbit universal) was purchased
from ZSGB-BIO. Doxorubicin hydrochloride, oxaliplatin, and 5-fluorouracil were purchased from MedChemExpress. Ethanol,
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isopropanol, magnesium acetate, glacial acetic acid, and magnesium chloride were purchased from Damao Chemical Reagent
Factory. All reagents were analytical reagents. The solvent used in the experiments was ultrapure water.

Human normal colonic epithelial cell FHC as well as four human colon cancer cell lines (HCT116/RKO/SW480/
SW620) were obtained from the American Type Culture Collection (ATCC, Rockville, Maryland, USA). All cells were
cultured in RPMI 1640 medium containing 10% fetal bovine serum in an incubator with a carbon dioxide concentration
of 5% and a constant temperature of 37°C. Short tandem repeat signatures were identified for each cell line.

The tissue microarray, containing 96 samples from 48 cases, was purchased from Shanghai Wellbio Company for
immunohistochemical staining. In addition, 20 samples were collected from 10 cases of colon cancer patients who
underwent surgery at Lanzhou University Second Hospital in 2022 and were used for Western blot analysis. Consent was
obtained from the patients prior to the collection of all samples in this study. The experimental protocols were approved
by the ethics committee of Lanzhou University Second Hospital and adhered to the tenets of the Declaration of Helsinki.

RNA Isolation and Quantitative Real-Time PCR

When the confluence of cells in each group reached 80%-90%, the cells were harvested, and total RNA was extracted using
TRIzol RNA Isolation Reagent. The purity and concentration of RNA were determined by nanodrop. cDNA synthesis was
performed using the FastKing cDNA first-strand Synthesis Kit from Tiangen, and further real-time quantitative PCR analysis was
performed using the SuperReal PreMix Plus reagent and real-time PCR system (PikoReal 96, Thermo Fisher). All primers are
listed in Table S1, and GAPDH is the reference gene. The relative expression of genes was calculated using the AACt algorithm.

Western Blot

Whole cell lysates from each group were obtained using RIPA lysates, and protein concentrations were determined using
the BCA assay. Western blot was performed as described previously,'” RNF8/y H2A.X/ABCB1/ABCC1/ABCG2
antibodies were used to detect the target proteins, and GAPDH was used as an internal control to ensure equal sample
loading. Finally, horseradish peroxide-labeled secondary antibody was used to decompress the ECL liquid substrate, and
the resulting fluorescence signal was detected by a chemiluminescence imaging system (MiniChemi, Sage Creation).
Grayscale analysis of the bands was performed using Image].

Immunohistochemistry

The tissue microarray was consisted of 48 pairs of paraffin-embedded colon cancer samples and corresponding adjacent
normal tissues. After dewaxing and rehydration, antigen retrieval was performed with citrate buffer, followed by antigen
blocking of tissue samples with PBS containing 10% goat serum for half an hour at 37°C. Samples were incubated overnight
with primary antibody against RNF8. After washing, biotin-labeled goat anti-mouse secondary antibody and alkaline
phosphatase-labeled streptavidin triple antibody were further added sequentially. Finally, the immune response was visua-
lized using DAB and the images were acquired by scanning using pathological section scanner (HS6, Leica). Three of these
pairs were not included in the statistics due to breakage and are identified by the red box in the Figure S1E.

Preparation of FNAs
FNAs were synthesized according to the methods described in Christian Wiraja and Xiao’s work.**>" Four strands
(a, b, ¢, and d) were mixed in equal proportions (20 pL each strand) in 1 mL of TM buffer (10 mM Tris, 5 mM
MgCl,, pH = 8.0), heated to 95°C and cooled rapidly to 4°C to form Tet. While for si-Tet, the core tetrahedron
with sticky end was first synthesized using the same method with four strands (a, b, ¢, and d with sticky end). The
core part was then mixed with siRNF8 with sticky end at a ratio of 1:1, and the mixture was cooled at a rate of
0.1°C/min from 35°C to 20°C to form si-Tet, which was purified using a 30Kd ultrafiltration centrifuge tube by
centrifuging at 14,000 g for 10 min. The sequences that assembled the FNAs were all listed in Table S2.

FNAs and DOX were mixed in a certain proportion and incubated on a shaker at 80 rpm at 25°C for 1 h to load DOX
into FNAs, and excess DOX was removed by ultrafiltration.
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Characterization of FNAs

The obtained FNAs were analyzed by agarose gel electrophoresis and TEM. Briefly, FNAs, DOX-loaded FNAs, and the single
strands composing FNAs were separately mixed with DNA loading buffer, and electrophoresis was carried out with 1.5% agarose
gel at a constant voltage of 80 V for 80 min at 4°C. Finally, the images were acquired by the gel imaging system. For electron
microscopy analysis, samples were dropped onto copper mesh coated with polyethylene formaldehyde support membrane and
stained with 2% aqueous uranyl acetate, air-dried, and analyzed using electron microscopy (Tecnai F30, FEI). The zeta potential
was measured using Zetasizer Nano (Malvern) following the manufacturer’s guidelines. And the size distribution measurements
of FNAs were conducted by dynamic light scattering (DLS) using a Zetasizer Nano (Malvern). Specifically, purified si-Tet as well
as si-DOX-Tet were diluted using TM buffer to a final concentration of 1 uM. The mean hydrodynamic diameter of the two was
determined via cumulative analysis. The DLS determinations were predicted based on the electrophoretic mobility of FNAs in
aqueous medium. Electrophoretic mobility was assessed using a plastic sample cell in general mode and the measurements were

repeated three times for each independent sample. The final average particle size is based on three independent replicates.

DOX Loading and Release Efficiency

The quantification of DOX was carried out by microplate reader (Synergy NEO2, Agilent). The absorbance at 480 nm of DOX at
different concentrations (0, 15.625, 31.25, 62.5, 125, 250, 500, 1000, 2000 uM) was detected to establish the standard curve of
concentration and absorbance value. To analyze the maximum drug loading of si-Tet, 200 uL of si-Tet (1 uM) were mixed with
different volumes (1, 2, 5, 10, 20, and 50 uL) of DOX (1 mM) and incubated at 25°C for 1 h at 80 rpm on a shaker. For the groups
with flocculent precipitates, the supernatant was collected as unloaded DOX by centrifugal centrifugation at 14,000 g for 10 min.
The maximum DOX loading was further calculated by measuring the absorbance value of DOX at 480nm before and after
incubation. For the analysis of DOX release efficiency, si-Tet was first loaded with the maximum amount of DOX and centrifuged
to obtain the precipitate, and then the precipitate was resuspended in PBS at pH = 5.0 or pH = 7.4, respectively, and incubated at
37°C for 24 h. During this period, the supernatant was collected by centrifugation at the indicated time points (3, 6,9, 12, and 24 h)
and the absorbance value at 480 nm was measured. The precipitate was resuspended with the same volume of corresponding fresh
PBS and the incubation continued. The cumulative release of DOX was analyzed based on the amount of DOX released at each
time point.

Cellular Internalization of FNAs

To analysis cellular internalization of FNAs, cy3 was modified at the 5 ‘end of b-strand to obtain cy3-labeled si-Tet (cy3-si-Tet).
HCT116 cells were plated in 6-well plates and cy3-si-Tet was added to a final concentration of 5 nM. Cells were collected at
different time points (0, 3, 8, 24 h), and the fluorescence intensity of cy3 in cells was detected by flow cytometry (NovoCyte
Quanteon, Angilent) and fluorescence microscopy (BX43, Olympus), respectively. The escape of cy3-si-Tet and si-DOX-Tet
from lysosomes after being internalized by the cell was further analyzed using fluorescence microscopy. Lyso-Tracker Green and
Hoechst 33342 were added to label lysosomes and nuclei, respectively. Images were collected at 6, 12, and 24 hours by
fluorescence microscopy (BX43, Olympus) and the subcellular localization of cy3-si-Tet was analyzed by ImagelJ.

Intracellular DOX Measurement
Si-DOX-Tet and free DOX were separately added to the medium to analyze whether FNAs could facilitate DOX
transport, and DOX was quantified as 1 pM. 12 h later, HCT116 cells were harvested for analysis of intracellular DOX
fluorescence intensity by flow cytometry (NovoCyte Quanteon, Angilent), and untreated cells served as controls. The
excitation and emission light of DOX used were 488 nm and 590 nm, respectively.

HCT116 cells were cultured in medium containing 50 nM of Tet or si-Tet for 48 h, respectively. DOX was added to
a final concentration of 5 uM and incubated for 1 h, whereupon the medium was replaced with drug-free medium and
incubated for an additional 1 h. The cells were harvested and the fluorescence intensity of DOX in the cells was
determined by flow cytometry (NovoCyte Quanteon, Angilent).
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Proliferation Assay

The detection of cell proliferation is carried out using the CCK-8 and according to the manufacturer’s standard
instructions. HCT116 cells were plated in 96-well plates with 100 uL of medium per well containing approximately
3000 cells. After 6 h, the medium was treated differently and incubated for 72 h. CCK-8 assay was performed every 12
h and the absorbance value at 450 nm was measured using a microplate reader (spark, TECAN).

Chemotherapy Sensitivity

The toxicity of different chemotherapeutic drugs to HCT116 cells and RKO cells was detected by CCK-8 assay. Cells
were cultured in media containing Tet and si-Tet, respectively, referred to as the Tet group and the si-Tet group. Different
concentrations of chemotherapeutic agents were added, and incubation continued for 72 hours. All wells were replaced
with 100 pL of RPMI 1640 medium (containing 10 puL of CCK-8 reagent), incubated at 37°C for 1 h, and the absorbance
value at 450nm was measured by microplate reader (spark, TECAN). The half maximal inhibitory concentration (ICsg)
value was calculated to compare the sensitivity of the two groups of cells to chemotherapy drugs.

Flow Cytometry Detection of Cell Apoptosis

Cell apoptosis was detected by flow cytometry using Annexin V-PE/7-AAD apoptosis detection kit. HCT116 and RKO cells were
first cultured in medium containing 50 nM of Tet or si-Tet, namely Tet group and si-Tet group. After 24 h, some of these cells were
replaced with medium containing DOX-Tet or si-DOX-Tet to form DOX-Tet group and si-DOX-Tet group. Here, the concentra-
tion of DOX was normalized to 300 nM. The cells were incubated for a further 24 h, digested using trypsin without EDTA, and
resuspended after collection by gentle centrifugation. Cells in each group were stained with Annexin V-PE/7-AAD in the dark for
15 min and then examined by the flow cytometry system (NovoCyte Quanteon, Angilent).

Statistical Analysis

All experimental data were from three independent replicates and were presented as mean + standard error (SEM).
Student’s 7-test and two-way ANOVA were used to analyze the differences between groups, and p<0.05 was considered
statistically significant. GraphPad Prism 9 was used for statistical analysis and chart making. In all figures, * represents
p<0.05, whereas **, *** and **** represent p<0.01, p<0.001 and p<0.0001, respectively.

Results

RNF8 Expression is Increased in Colon Cancer

With UALCAN, > we retrieved the expression levels of RNFS in colorectal cancer samples from the TCGA database, which
included 41 normal colon tissues and 286 cases of colon cancer. Compared with normal colon tissues, RNF8 expression was
elevated in colon cancer at all stages, irrespective of lymph node metastasis (Figure 1A, Figure S1A and Table S3). The TCGA

also collected 10 rectal tissues and 166 rectal cancer samples. Transcriptome analysis revealed a similar expression profile, that is,
RNF8 was also upregulated in rectal cancer (Figure S1B-D and Table S4). Next, we collected human normal colon epithelial cells
(FHC) and human colon cancer cells (HCT116/RKO/SW480/SW620). Total RNA and whole cell lysates were extracted to
analyze the expression of RNF8 in the colon cancer cell lines was analyzed using RT-PCR and Western blot, respectively.
Compared to FHC, all four colon cancer cell lines expressed higher levels of RNFS (Figure 1B and C). We subsequently assessed
the expression of RNF8 in 10 pairs of colon cancer and corresponding adjacent tissues by Western blot analysis and obtained
consistent results (Figure 1D and E). Furthermore, immunohistochemical analysis of RNF8 expression patterns in 45 pairs of
colon cancer tissues and adjacent tissues yielded consistent results (Figure 1F and Figure S1E). We finally analyzed the impact of
abnormally elevated RNF8 on the survival of CRC patients. Notably, CRC patients with high RNF8 expression had a poorer
prognosis, suggesting that RNF§ inhibition may prolong the survival of CRC patients (Figure 1G). Overall, RNF8 was

abnormally highly expressed in colon cancer.
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Preparation of Tetrahedral FNAs

By mixing the four pre-designed DNA single strands in equal proportions, we first obtained DNA tetrahedra (Figure 2A and S2A).
To suppress RNF8 expression level in colon cancer, we designed and generated siRNF8-loaded FNA based on Tet. The basic
tetrahedral core is composed of four single-stranded DNA strands (a, b, ¢, and d with sticky end). And siRNF8 is connected to the
tetrahedral core through complementary pairing of its sticky end with the sticky end of d (Figure 2A). Due to the malleability of
DNA sequences, for tracing, cy3-labeled b-strands were used to assemble to form cy3-labeled DNA tetrahedron when necessary.
Alternatively, DOX can easily intercalate into double-stranded DNA to form DOX-loaded FNAs (Figure 2A and B). Based on
this, we intend to investigate the combined treatment of gene silencing and chemotherapy using nanoparticles.

Characterization of Tetrahedral FNAs

For the obtained si-Tet, after purification, they were firstly characterized by gel electrophoresis, and the tetrahedral and
siRNF8 fractions that make up the FNAs were shown in the upper panel of Figure 2C. Next, the size distribution of the
nanoparticles, with an average particle size of 10.29 nm and zeta potential of —17.92 mV, was analyzed using a zeta
potentiometer (Figure 2D). In addition, the synthesis of nanoparticles was also verified by TEM, and the size of the
nanoparticles was relatively uniform, about 10 nm, as shown in the electron microscope photos (Figure 2E).

Subsequently, we loaded DOX into tetrahedral FNAs, and as seen by gel electrophoresis after DOX loading, the band traveled
a smaller distance than in the unloaded case due to the increased molecular weight (Figure 2C and Figure S2B). However, with the
increased DOX loading, the positive charge of DOX neutralized the negative charge of DNA, resulting in weakened charge
repulsion, flocculent precipitation in the solution, and obvious tailing in electrophoresis. The precipitate obtained by centrifugation
was the tetrahedral FNAs loaded with DOX, and the supernatant was the unloaded DOX (Figure 2B). Therefore, the difference
between the total DOX and the unloaded DOX was the drug loading of DOX (Figure S2C). To determine the maximum drug
loading capacity of si-Tet, we added different concentrations of DOX until the drug loading was constant, and about 1
M tetrahedral FNA could load 210.46 M DOX (Figure S2D and E). Next, the particle size distribution and zeta potential of the
drug-loaded tetrahedral FNA were also analyzed. After drug loading, the average particle size was increased to about 37.29 nm,
and the zeta potential was also neutralized to —6.15 mV (Figure 2D). These results were consistent with the deterioration of the
stability of the system and the formation of precipitation. Finally, the synthesis of drug-loaded tetrahedral FNA was also verified by
TEM (Figure 2E).

The stable loading of DOX by si-DOX-Tet in the circulation and timely release of DOX in an acidic environment of the tumor
site are essential for the cytotoxicity of DOX. For this purpose, si-DOX-Tet was incubated in PBS at pH = 5.0 and pH = 7.4,
respectively, and the release of DOX was observed after incubation for different times. When it comes to physiological
environments, less than 10% of DOX was released after 24 hours, which is approximately 8.69%. In an environment with pH
=5.0, DOX was rapidly released from si-DOX-Tet, reaching approximately 36.46% at 6 hours, and ultimately nearly half of DOX
was released at 24 hours (Figure 3A).

Cellular Internalization of FNAs

DNA FNAs are ideal drug delivery carriers due to their intrinsic biocompatibility. We first verified whether Tet had any
effect on cell growth at concentrations ranging from 0 to 100 nM by CCK-8 assay. The results showed that Tet had good
biological safety and had no effect on cell proliferation within the range of 100 nM (Figure S3A). We next use cy3-si-Tet
to investigate its interaction with colon cancer cells. The internalization of cy3-si-Tet into HCT116 cells was detected by
flow cytometry and fluorescence microscopy within 24 h after cy3-si-Tet treatment. As shown in the Figure 3B and
Figure S3B, the cy3 fluorescence signal was barely observed in the cells at 3 h, and flow cytometry results also showed
the same baseline fluorescence intensity at 3 h as in control cells. Obvious intracellular fluorescence signal was tested at 8
h and 24 h, especially at 24 h. The same results were verified by flow cytometry.

Endo/lysosome-mediated endocytosis plays an important role in the cellular uptake of nanoparticles. We used lysosome green
probe to label lysosomes and further tracked the localization of si-Tet after its entry into the cell by fluorescence microscopy.
Firstly, at 6 h, a clear cy3 fluorescence signal was visible on the cell membrane, whereas the cy3 fluorescence signal could be
observed in the cytoplasm at 12 h. More importantly, its coincidence with green fluorescence suggested that si-Tet was
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Figure 2 Characterization of tetrahedral FNAs. (A) Schematic diagram of tetrahedral FNAs synthesis. And a, b, ¢, and d in the figure represent the four single strands used
to assemble the DNA tetrahedron. (B) Picture of si-Tet and si-DOX-Tet. The precipitate in the figure is si-DOX-Tet obtained by centrifugation after loading DOX of
maximum drug loading capacity. (C) Agarose gel electrophoresis of tetrahedral FNAs. The image above shows si-Tet, tetrahedral part, and siRNF8 part; The figure below
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Figure 3 Cellular internalization of si-Tet. (A)The curve of DOX release from si-DOX-Tet incubated in PBS buffer of different pH values. (B) HCT1 16 cells were incubated
with cy3-si-Tet for different times, and the fluorescence signal intensity of cy3 was analyzed by flow cytometry. (C) HCTI 16 cells were treated with cy3-si-Tet for different
times. The subcellular localization of si-Tet was analyzed by fluorescence microscope, and Lysosome was labeled with Lyso-Tracker Green. Scale bar = 20 um. (D) HCT1 16
cells were treated with free DOX or si-DOX-Tet for 12 hours, and the efficiency of tetrahedral FNA transport of DOX was analyzed by flow cytometry.

successfully internalized into the cell and localized to lysosomes. Moreover, the cy3 fluorescence signal filled the cytoplasm at 24
hours, and the green fluorescence signal of the lysosome probe was also significantly reduced, suggesting that si-Tet successfully
escape from the lysosome, which is crucial for the gene silencing effect (Figure 3C). DOX exerts its anti-cancer effect mainly via
entering the nucleus and inserting between bases, affecting gene replication and causing DNA DSBs. Twenty-four hours after the
addition of si-DOX-Tet, we also observed the successful entry of DOX into the nucleus (Figure S4A). To investigate whether si-
Tet could facilitate DOX entry into cells, we incubated the cells with 1 uM DOX or 100 nM drug-loaded tetrahedra (containing 1
uM DOX) respectively. After 12 hours, significant DOX fluorescence signals were detected in both groups by flow cytometry
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with no remarkable difference (Figure 3D). In conclusion, our synthesized FNAs were successfully internalized into cells in vitro
and, more importantly, escaped from lysosomes, thus playing the role of gene silencing and chemotherapy.

Evaluation of the Efficiency of Silencing of RNF8 by Si-Tet

Interestingly, by flow cytometry, obvious cy3 fluorescence signal was observed in almost all cells (Figure S4B),
manifesting the tetrahedron FNA can be used as efficient delivery carrier. Next, we investigated whether si-Tet could
effectively silence RNF8 gene expression in HCT116. After 48 hours of incubation with 50 nM Tet, there was no effect
on RNF8 expression compared with control cells. However, the level of RNF8 was significantly inhibited by si-Tet at 50
nM. More pronounced RNF8 inhibition was observed after adding more si-Tet (100 nM) (Figure 4A). Consistent results
were also observed in RKO cells (Figure 4B). Similarly, Tet had no significant effect on the proliferation of HCT116
cells, whereas si-Tet could interrupt cell proliferation (Figure 4C). Based on this, we continued to test the effect of drug
loaded tetrahedra FNAs on cell proliferation. As expected, after drug loading, HCT116 cell proliferation was significantly
inhibited compared with the Tet group, while the si-DOX-Tet group exhibited stronger tumor inhibition (Figure 4D).

Si-Tet Mediated Inhibition of RNF8 Increases Chemotherapy Sensitivity of Colon

Cancer Cells

To determine whether RNF8 inhibition increases the sensitivity of colon cancer cells to chemotherapeutic drugs, the ICso of DOX
to colon cancer cells was analyzed by CCK-8 assay. The results showed that the addition of si-Tet led to a nearly 2.5-fold decrease
in the ICsy of DOX to colon cancer cells compared with the Tet group, which was 100.7 nM, while the latter was 261.2 nM. We
further tested two other chemotherapy drugs, oxaliplatin and 5-FU, which represent widely used chemotherapeutic agents in
numerous cancers. Inhibition of RNF8 resulted in a significant reduction in ICs, of oxaliplatin to HCT116 from 5.96 uM to 1.27
UM, while for 5-Fu, si-Tet also resulted in a significant reduction in ICsq of HCT116 (Figure 4E and Figure S5). The above results
indicated that RNF8 expression inhibition in HCT116 increases its sensitivity to the three chemotherapeutic agents. Furthermore,
consistent results were also observed in RKO cells, treatment of si-Tet also leads to an increase in the sensitivity of RKO cells to
three chemotherapy drugs (Figure 4F and Figure S5). In summary, si-Tet can effectively inhibit the expression of RNFS, impair
cell growth in colon cancer cells, and increase sensitivity to chemotherapy drugs.

Si-DOX-Tet Treatment Induced Significant DNA Damage and Apoptosis in Colon

Cancer Cells

Considering the genomic toxicity of DOX and the important role of RNF8 in DNA damage repair, we further evaluated the DNA
damage in cells after RNF8 inhibition by examining the expression level of y H2A.X. si-Tet treatment resulted in increased y H2A.
X levels in HCT116 and RKO cells compared with Tet treatment. More interestingly, after 24 hours of si-DOX-Tet treatment,
significantly higher y H2A.X levels were detected in both HCT1116 and RKO cells compared with DOX-Tet treatment,
suggesting that si-DOX-Tet treatment caused more unrepaired DNA DSBs (Figure 5A and B). Accumulated unrepaired DNA
damage can lead to apoptosis, which is crucial for inhibiting tumor proliferation by chemotherapy drugs. To verify si-Tet-induced
RNF8 expression reduction could give rise to tumor cell apoptosis, we subsequently analyzed cell apoptosis using flow cytometry.
After co-incubation of HCT116 cells with Tet or si-Tet, we detected the apoptosis level of each group of cells using flow
cytometry. The results showed that inhibition of RNFS led to an increase in cell apoptosis, and DOX treatment also caused partial
cell apoptosis. More importantly, gene silencing of RNF8 combined with DOX treatment led to one-third of cell apoptosis
(Figure 5C). Similar results were also verified with RKO cells, and the combination therapy significantly increased cell apoptosis
(Figure 5D). Overall, si-DOX-Tet-mediated combination treatment resulted in more DNA DSBs and apoptosis.

RNF8 Silencing Resulted in the Inhibition of ABCG2 as WVell as Intracellular DOX

Accumulation

It is worth noting that after DOX treatment, we detected stronger DOX signals in the cells of the si-Tet group through
flow cytometry (Figure 6A), indicating that inhibition of RNF8 caused more DOX to accumulate in the cells. ATP-
binding cassette (ABC) transporters actively expel chemotherapeutic drugs out of the cell after decomposing ATP to
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Figure 4 Effective Silencing of RNF8 by si-Tet. (A) HCT 116 cells were treated with Tet, 50 or 100nM si-Tet, and RNF8 expression levels were analyzed by Western blot. (B)
The silencing efficiency of RNF8 by si-Tet was determined by Western blot in RKO cells. (C) The proliferation of cells was evaluated using the CCK-8 assay. The
concentration of both Tet and si-Tet was 50nM. (D) Analysis of proliferation of HCT I 16 cells with different treatments. The concentrations of DOX loaded to Tet and si-Tet
are both 200 nM. (E and F) CCK-8 method was used to calculate the ICs of three chemotherapeutic drugs to colon cancer cells. The E panel shows HCT116 cells and the
F refers to RKO cells. * represents p<0.05, whereas **, *** and **** represent p<0.01, p<0.00| and p<0.0001, respectively. ns = no significance.

obtain energy, weakening the efficacy of chemotherapy, and playing a crucial role in tumor drug resistance. We
hypothesized that RNFS inhibition might affect the expression or function of ATP-binding cassette (ABC) transporters,
leading to increased intracellular DOX accumulation. To verify this, we tested three key factors in the ABC family,
including ABCB1, ABCCI1, and ABCG2. Total mRNA was extracted from the Tet and si-Tet groups, and RT-PCR
analysis showed that the expression level of ABCG2 in the si-Tet group was significantly reduced, while ABCB1 and
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ABCCI1 were not affected by RNF8 inhibition (Figure 6B). Further Western blot analysis also confirmed a decreased
ABCG?2 expression at the protein level (Figure 6C). Taken together, these results suggested that RNF8 inhibition causes
a reduction in efflux of DOX by ABCG2, thereby increasing the therapeutic efficacy of DOX.

Discussion

Despite advancements in chemotherapy strategies for CRC, the low sensitivity to chemotherapy drugs and associated
side effects continue to pose significant obstacles. Studies have reported that only a minority of patients benefit from
adjuvant chemotherapy, exposing most patients to unnecessary toxicity.>*>> This implies that there is an urgent need to
develop effective chemotherapy sensitization strategies to improve the survival and prognosis of CRC patients. In this
study, the DNA tetrahedron was employed for the concurrent delivery of siRNF8 and DOX, resulting in a substantial
enhancement of the chemotherapy efficacy of DOX via gene therapy, effectively suppressing the growth of colon cancer
cells.

To date, numerous studies have indicated that the dysregulation of the RNFS is linked to various types of tumors and
is implicated in multiple tumor processes, including tumor proliferation, metastasis, and chemotherapy resistance.'®*2¢
Firstly, RNF8 serves as a significant factor in DNA damage repair and plays a critical role in preserving genome stability
through the regulation of DNA DSBs, which are the most detrimental form of genomic damage. RNF8-deficient mice are
prone to developing lymphoma, thymoma, breast cancer, etc, suggesting that RNF8 is a tumor suppressor.'®?
Conversely, numerous studies have demonstrated that RNF8 may have a crucial role in the progression of tumors. By
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analyzing colon cancer samples from TCGA database, clinical samples, and colon cancer cell lines, we identified that
RNF8 was upregulated in different stages of colon cancer. And CRC patients with high RNF8 expression had a worse
prognosis, aligning with the findings of Ren’s work. They observed an upregulation of RNFS8 expression and correlated
with poor prognosis of colon cancer patients through immunohistochemical staining of 99 colon cancer samples and 78
benign samples. In addition, RNF8 has also been reported to promote chemotherapy resistance in breast and lung cancer,
and in this study, inhibition of RNF8 mediated by si-DOX-Tet did promote colon cancer cell apoptosis induced by DOX
treatment, increasing the chemotherapy sensitivity of DOX.?"-**

However, there is currently no research on increasing CRC chemotherapy sensitivity by inhibiting RNFS, particularly via the
delivery of siRNF8 with nanocarriers. To suppress RNFS in colon cancer, we designed and assembled si-Tet and si-DOX-Tet. The
synthesis of both was characterized by gel electrophoresis, particle size and potential analysis, and TEM. Of utmost significance,
the introduction of DOX did not alter the integrity of si-DOX-Tet. In addition, we also noticed that significant DOX release was
detected under pH = 5.0 conditions, while in a neutral environment, DOX release from si-DOX-Tet was markedly slow.
Mechanistically, DOX can intercalate into DNA through electrostatic attraction in a neutral environment, and the release of
DOX from DNA FNAs depends on passive degradation in an acidic environment. In PBS buffer with pH = 5.0, the alteration in
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surface charge of DNA FNAs and DOX weakens the electrostatic interaction, leading to the release of DOX from si-DOX-Tet.
Ensuring consistent stability in the circulation or culture medium, while achieving controllable and efficient drug release in the
acidic endosome/lysosomal environment of tumor targets, is essential for the successful delivery of drugs through
nanocarriers.’®>” In general, si-DOX-Tet can serve as an effective DOX carrier for on-demand DOX loading and release. The
raw materials of tetrahedral FNAs are deoxy-ribonucleoside triphosphates (ANTPs) and ribonucleoside triphosphates (NTPs).
Therefore, addition of Tet at the highest concentration of 100 nM did not impact the viability of colon cancer cells. The simple
design and synthesis, outstanding biocompatibility, and high drug loading capacity of DNA nanostructures render them as
exceptional vehicles for the concurrent delivery of siRNA and DOX.

The cell membrane is negatively charged.*®>° As mentioned earlier, the negative charge carried by the phosphate group of
DNA or RNA leads to electrostatic repulsion between the two, which is not favorable for the internalization of DNA FNAs into
cells.” The loading of DOX may partially improve this situation. In fact, the size, shape, and base sequence of DNA FNAs are
important factors that affect cellular uptake. DNA tetrahedron is transported to lysosome in a microtubule dependent manner
through endocytosis.”* Combining flow cytometry and fluorescence microscopy analysis, we noticed that after 6 hours of
treatment with cy3-si-Tet or si-DOX-Tet, the tetrahedral FNA was mainly localized on the cell membrane. By 8 hours,
a portion of the FNA could already be detected in the cytoplasm. After 12 hours, a large amount of DNA FNA and DOX were
detected in the lysosome. In general, colon cancer cells showed a high uptake efficiency of tetrahedral FNA as they were detected
in almost all cells. However, the acidic environment of lysosome will destroy the DNA FNAs. Only successfully escaping from
lysosome can ensure the efficiency of gene silencing and the toxicity of DOX. Therefore, we continued to track cy3 and DOX, and
at 24 hours, we observed cy3 signals spreading throughout the cytoplasm, as well as fluorescence signals of DOX in the nucleus.
After 48 hours, we extracted whole cell lysate and observed significant inhibition of RNFS8 expression levels. These results
indicated that the tetrahedral FNA was successfully internalized into cells and effectively silenced genes. Further, we also
observed that si-Tet mediated RNFS8 deficiency resulted in proliferation inhibition of colon cancer cells, and the 1Cs of three
chemotherapy drugs to colon cancer cells was reduced, indicating a notable enhancement in chemosensitivity.

In eukaryotic cells, DNA damage triggers the recruitment of multiple post-translational modification (PTM) factors as
switches to regulate cell cycle, DNA repair, and apoptosis, known as DNA damage response (DDR).*"** Upon the formation
of DSB, ataxia telangiectasia mutated/ataxia telangiectasia and RAD3-related protein (ATM/ATR) kinases are initially recruited
to the damage sites and activated, thereby inducing phosphorylation of histone variant H2AX (y H2A.X).°*% It subsequently
recruits DNA repair related proteins, including RNFS, to accumulate at the site of damage to facilitate the completion of DNA
repair. y H2A.X plays a crucial role in early DNA damage response and is widely regarded as the primary indicator for measuring
DSB levels.**%> RNF8 accumulates rapidly at the damaged sites during the repair and facilitates recruitment of repair proteins
such as p53-binding protein 1 (53BP1) and breast cancer susceptibility protein 1 (BRCA1) to the damaged chromatin by
regulating ubiquitination of histone H2A and H2AX, thus being indispensable for the repair process.®"** In our prior study, we
employed RNF8 knockout model mice and observed that RNFS is essential for DNA damage repair in mouse neurons. The
deficiency of RNF8 alone is adequate to induce neuronal pathology, resulting in neuronal degeneration.'” DOX inhibits Top2 by
forming covalent Top2-DOX-DNA complex, leading to DSBs.*” When DNA damage is severe and irreparable, it will induce cell
apoptosis.®> The notably elevated levels of y H2A.X and cell apoptosis following si-Tet and si-DOX-Tet treatment suggested
elevated DNA damage, and RNFS inhibition increased the sensitivity of DOX treatment.

Tumor cells have been found to develop various mechanisms to resist chemotherapy, with more than 100 genes identified as
being linked to reduced sensitivity to tumor chemotherapy.®® Among them, the ATP binding cassette (ABC) proteins superfamily
is responsible for the elimination of chemotherapy drugs from the cells, especially ABCB1, ABCC1, and ABCG2.°"" The
substantial reduction in ABCG2 expression following RNFS silencing is accountable for the notable elevation in intracellular
DOX levels. Increased intracellular DOX induced the formation of more DNA damage. Xu et al reported that RNFS8 expression is
increased in lung cancer. In the context of DNA damage induced by DOX treatment, it can regulate Akt activation through K63-
linked ubiquitination, promoting lung cancer cell survival and chemotherapy resistance. In our study, inhibition of RNF8 also
leads to DNA damage repair defects caused by DOX. In general, after treatment with si-DOX-Tet, cell proliferation slowed down,
and apoptosis increased significantly, si-DOX-Tet exhibited a significant and effective inhibitory effect on colon cancer.

Nevertheless, further investigation is required to elucidate the precise mechanism through which RNF8 regulates ABCG2.
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Conclusion

In summary, we constructed si-DOX-Tet based on the advantages of DNA FNAs and the fact that the expression of RNF8 is
significantly increased in colon cancer. The nanocarrier facilitates the co-delivery of siRNF8 and DOX to colon cancer cells for
collaborative therapy, achieving both drug delivery and increased drug efficacy. This DNA based nanocarrier can be precisely
predesigned to carry a specific ratio of siRNF8 and DOX, with simple, controllable, and efficient synthesis. Studies on the
interaction between cells and nanocarriers shown that si-DOX-Tet can be internalized into cells and escape smoothly from
lysosomes, ensuring siRNF8 and DOX are delivered to the cytoplasm and nucleus, respectively. Subsequent in vitro investigations
demonstrated that the overexpression of RNF8 in colon cancer cells could be effectively inhibited by si-Tet, thereby slowing down
their proliferation and increasing sensitivity to chemotherapy drugs. si-DOX-Tet mediated gene suppression combined with
chemotherapy can significantly induce DNA damage and apoptosis of colon cancer cells. Mechanistically, RNF8 inhibition leads
to the inhibition of ABCG2 expression and reduces DOX efflux, thereby enhancing the chemotherapeutic efficacy of DOX. The
DNA FNAs utilized in this study exhibit favorable biocompatibility, and the type and amount of siRNA and chemotherapy drugs
loaded are precisely adjustable Moreover, it can be designed to connect nucleic acid aptamers, DNA probes, and antisense nucleic
acids to achieve a variety of functions. Overall, the si-DOX-Tet constructed in this study demonstrates the great potential of DNA
FNAs in the precise and efficient treatment of tumors.
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