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Antisense oligonucleotides (ASOs) are a class of therapeutics
targeting mRNAs or genes that have attracted much atten-
tion. However, effective delivery and optimal accumulation
in target tissues in vivo are still challenging issues. CT102
is an ASO that targets IGF1R mRNA and induces cell
apoptosis. Herein, a detailed exploration of the tissue distri-
bution of ASOs delivered by liposomes was carried out. A
formulation that resulted in increased hepatic accumulation
was identified based on multiple intermolecular interactions
between DCP (cytidinyl/cationic lipid DNCA/CLD and
DSPE-PEG) and oligonucleotides, including hydrogen
bonding, p-p stacking, and electrostatic interactions. The
structurally optimized CT102s present a novel strategy for
the treatment of hepatocellular carcinoma. The gapmer
CT102MOE5 and conjugate Glu-CT102MOE5 showed superior
antiproliferation and IGF1R mRNA suppression effects at
100 nM in vitro and achieved greater efficacy at a lower
dose and administration frequency in vivo. Combined tran-
scriptome and proteome analyses revealed that additional
associated targets and functional regulations might simulta-
neously exist in ASO therapy. These results showed that a
combination of lipid encapsulation and structural optimiza-
tion in the delivery of oligonucleotide drugs has favorable
prospects for clinical application.

INTRODUCTION
Oligonucleotides (ONs) are highly potent drug molecules that have
been effectively used for the treatment of various diseases.1–4 They
act directly on mRNA and drastically inhibit de novo protein synthe-
sis of a targeted gene through posttranscriptional gene silencing.5

However, the transfection of ONs, especially the biological stability
and precise delivery into the target tissue or respective cell types,
has always been challenging.6–8 Recently, a combination of chemical
modifications, mainly to the phosphodiester linkage and 2ʹ-ribose po-
sition, essentially resolved in vivo stability.9 Various new delivery
methods are emerging to enhance target tissue accumulation and
cellular uptake.10,11
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SNALP, represented by Onpattro, which hit the market in 2018,
comprised the pH-sensitive ionizable lipid DLin-MC3-DMA, shield-
ing lipid PEG-DMG, helper lipid DSPC, and cholesterol.12,13 Onpat-
tro is transported in vivomainly through ApoE in the circulatory sys-
tem and enters the cell via receptor-mediated pathways. Currently,
essentially all clinical or research lipid materials are cationic lipo-
somes.14–17 Cationic lipids can efficiently encapsulate polyanionic
ONs. Nevertheless, irreversible damage to cell membranes raises un-
avoidable toxicity issues. To achieve effective encapsulation, the pro-
portion of cationic lipids relying solely on electrostatic interactions in
the final formulation must be relatively high and immobilized. The
factors affecting the in vivo distribution of ONs after lipid delivery
have been relatively obscure.18 On the basis of SNALP, Siegwart
and co-workers19,20 added SORT molecules with different structures
to achieve tissue targeting. They correlated the tissue-targeting prop-
erties with the apparent pKa of lipid nanoparticles (LNPs). After
extensive screening, they obtained a pKa-related tissue property dis-
tribution index with a high reference value. In addition to the lipid
structure, the surface electrical properties of liposomes affect organ-
specific distribution. LoPresti et al.21 achieved efficient mRNA deliv-
ery to the spleen and lungs by replacing helper lipids with charged al-
ternatives in LNPs. Unfortunately, lipid delivery research for ON
drugs has not been as detailed as mRNA delivery research. Although
there are some case reports of the delivery of ONs to extrahepatic tis-
sues,22 such as the lungs,23 the specific mechanism has not been
elucidated.

GalNAc conjugation, another novel strategy for biopharmaceutical
innovation, has facilitated the production of four related drugs (givo-
siran, lumasiran, inclisiran, and vutrisiran).24–26 This strategy
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eliminates the need for lipid carriers since the GalNAc moiety can
target the asialoglycoprotein receptor (ASGPR) on the surface of he-
patocytes and mediate drug endocytosis.27 This technology has
become a mainstream strategy to achieve liver-targeting delivery of
ONs and significantly reduces the dosing frequency to 1–6 months/
time by s.c. administration.28–30 In addition, it is not rare for other
monosaccharide or polysaccharide molecules to target receptors on
cell membranes for drug delivery.31–33 Tumors exhibit enhanced
glucose uptake to maintain their rapid cellular proliferation. Accord-
ingly, Patra et al.34 designed and synthesized a series of glucose-
cisplatin conjugates to enhance uptake by tumor cells while reducing
the toxic side effects of cisplatin drugs. Moreover, the mannose recep-
tor is a critical pattern recognition receptor in the innate immune sys-
tem, which is mainly present on the cell membrane surface of macro-
phages and dendritic cells. The development of mannose-related
agents targeting this receptor is also a popular research topic.35,36

Herein, CT102 is a phosphorothioated deoxyoligonucleotide target-
ing the human insulin-like growth factor type 1 receptor (IGF1R)
gene, which can effectively inhibit the proliferation of hepatocellular
carcinoma (HCC) cells.37 Previous studies have shown that DCP (cy-
tidinyl/cationic mixed lipids, DNCA/CLD/DSPE-PEG, Table S1), a
novel transfection system based on hydrogen bonding andp-p stack-
ing, can deliver various ON drugs into cells with high efficiency.38–43

The combined encapsulation effect of various intermolecular forces
makes the ratio of the formulation components more flexible depend-
ing on the context, and the cationic lipid levels can be negligible.
Compared with sorafenib, DCP-CT102 achieved greater efficacy at
a dose of �2 mpk administered every other day.44

In this study, through the delivery of DCP lipids and adjustment of
various formulation conditions, the optimal ratio of liver-targeting
formulation and ideal extrahepatic accumulation conditions for drugs
were obtained. A series of chemically modified gapmers and terminal
conjugates of CT102 were constructed. The duration of drug action
and stability in vivo was significantly improved. CT102MOE5 showed
superior cell proliferation inhibition and IGF1RmRNA-silencing ac-
tivity. Furthermore, greater drug efficacy at a lower dose and dosing
frequency for the specific CT102MOE5 conjugate was achieved by
enhanced endocytosis via glycosylation. Subsequent transcriptomic
and proteomic studies have shown that CT102s can act on the
IGF1RmRNA and multiple other tumor apoptosis-related pathways.

RESULTS
Optimal screening of formulations based on tissue distribution

in vivo

Based on previous work,44 an appropriate molar ratio of carriers
(lipid/antisense oligonucleotide [ASO] = 60:1) was preliminarily
determined. In this study, the composition ratio of DNCA/CLD
was changed to 60:0 (termed DNCA), 40:20 (termed Mix-1), 30:30
(termed Mix), and 20:40 (termed Mix-2) to explore the influence of
the formulation ratio on the distribution characteristics in vivo. Eight
groups were constructed by changing the ratio of DNCA/CLD and
incorporating PEG (1%, 6%) (Figure S1). The specific tissue distribu-
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tion of CT102 was investigated at 4 h, and 1, 4, and 7 days after
administration. The five major organs, namely heart, lung, liver,
spleen, and kidney, were harvested for fluorescence quantification
in vitro. The comparison of quantitative fluorescence in each tissue
at different time points for each formulation is discussed in detail
in section S1 (Figure S2–S4). DSPE-PEG (1%) was the proper addi-
tion for balancing accumulation time in vivo and liver-targeting char-
acteristics (Figures S5 and S6). One day after administration, the fluo-
rescence quantification of each formulation was analyzed separately.
Table 1 shows that different ratios of compositions lead to different
distribution patterns in vivo. The drug distribution in the liver fluctu-
ated between 30% and 60% under different formulation conditions.

Subsequently, we characterized the basic properties of different for-
mulations with 1% PEG incorporation to investigate their relation-
ship with in vivo distribution patterns. First, except for the pure
DNCA group, the other formulation groups showed nearly 100%
encapsulation efficiency (Figure S7A), suggesting that the variability
of the carrier ratio of this delivery system relied on hydrogen bonding,
p-p, and electrical interaction forces.With the gradual increase in the
proportion of cationic lipids, the surface potential also gradually
increased (Figure S7B, DNCA/-8.2 mV, Mix-1/-3.4 mV, Mix/
3.9 mV, Mix-2/9.8 mV). Particle size also showed an increasing trend
to a certain extent (Figure S7C). The reason for this observation may
be that some ASOs attach to the surface of the ON-lipid complexes.
With the increase in the proportion of cationic lipids, negatively
charged ASOs are more likely to bind with positively charged lipids,
thereby promoting an increase in particle size. Therefore, to avoid
toxicity problems caused by excessive positive charge while ensuring
substantial hepatic accumulation, Mix (DNCA/CLD/PEG/ASO = 30/
30/0.6/1) was identified as the optimal formulation and was used for
follow-up experiments.

Structural optimization and activity screening of CT102 gapmers

To further improve antitumor efficacy, CT102 was modified with
20-OMe, 20-OMOE, and 5-methylcytosine. The specific gapmer
modification modes are shown in Table S2. The CCK8 results (Fig-
ure 1A) showed that the antitumor activity increased by increasing
20-ribose modification sites. Among them, CT102MOE5 had the great-
est efficacy. The 20-ribose modification greatly increases target affinity
and serum stability, thereby enhancing antitumor efficacy. The gene-
silencing level of the target mRNA of CT102MOE5 was also signifi-
cantly higher than that of CT102, and approximately 80% gene
silencing was achieved (100 nM, Figure 1B). The apoptosis experi-
ment demonstrated (Figures 1C and 1D) that CT102MOE5 signifi-
cantly enhanced the ability to induce late apoptosis, nearly twice
that of CT102 (57% vs. 31%). Therefore, CT102MOE5 was finally
determined to be the optimal candidate, and subsequent molecular
conjugation was carried out using CT102MOE5.

Construction of CT102MOE5 conjugates and formulation

characterization

Table S3 lists the structural information of different conjugates of
CT102MOE5, which are mainly divided into G3 with three GalNAc



Table 1. Fluorescence quantitative analysis (ratio of fluorescence intensity) of different formulations of CT102 in organs 24 h after administration (n = 5)

Organ ASO (%) DNCAa (%) Mix-1a (%) Mixa (%) Mix-2a (%) DNCAb (%) Mix-1b (%) Mixb (%) Mix-2b (%)

Heart 3.0 0.8 1.8 3.0 2.4 1.9 5.2 1.8 5.4

Lung 3.6 0.1 2.3 3.8 1.3 1.9 5.7 1.8 4.0

Liver 4.6 18.4 45.2 64.5 57.8 2.4 30.2 32.2 40.6

Spleen 0.5 7.2 24.4 15.7 27.3 1.0 4.6 4.7 11.0

Kidney 88.3 73.5 26.4 13.0 11.2 92.8 54.4 59.5 39.0

DNCA, Mix, Mix-1, and Mix-2 represent DNCA:CLD molar ratios of 60:0, 40:20, 30:30, and 20:40, respectively.
aRepresents 1% DSPE-PEG incorporation in formulations of ASOs.
bRepresents 6% DSPE-PEG incorporation in formulations of ASOs.
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molecular clusters and monosaccharide structures with different
types of sugars, such as acetylgalactosamine (Gal), acetylglucosamine
(Glu), andmannose (Man). Due to the length and connectionmethod
of the linker, the conjugates were subdivided into sG, Gal(N/O),
Glu(N/O), and Man(N/O). Among them, N represents the connec-
tion mode of the amide bond, and O represents the connection
mode of the ether bond.

Due to the similar structures of various conjugates, some representa-
tive candidates were selected for submicroscopic characterization,
zeta potential analysis, and particle size investigation (Figure S8).
The particle size of each conjugate was greater than that of
CT102MOE5, among which G3-CT102MOE5 had the largest particle
size, reaching 143 nm, indicating that the molecular weight of each
conjugate has a direct influence on the particle size. The metabolic
stability of each representative conjugate was also investigated (Fig-
ure S9). In general, the original sequence CT102 has relatively excel-
lent enzyme resistance and serum stability due to the phosphoro-
thioate modification, and was not completely degraded in serum for
8 days. Moreover, the stability of CT102MOE5 is more prominent,
and the degradation proportion at all time points in the experiment
is very small. The gapmer already possessed strong serum stability,
and the conjugates did not significantly increase serum stability.
Effect of chemical modification and conjugation on distribution

in vivo

The distribution and accumulation time of CT102, its representative
gapmer CT102MOE5, and conjugate G3-CT102MOE5 in vivo were
further compared. Both CT102 and CT102MOE5 showed excellent
liver accumulation ability by intravenous administration. From the
in vivo imaging and quantitative fluorescence analysis, the gapmer
CT102MOE5 significantly enhanced the in vivo stability. The fluores-
cence signal lasted more than 30 days after a single dose, while the un-
modified CT102 was only about 3 weeks (Figure S10). The conjugate
G3-CT102MOE5 should theoretically further prolong the half-life of
ASOs, but quantitative fluorescence analysis showed that the differ-
ence is not apparent (Figure 2A). It was observed that the fluorescent
signal of CT102MOE5 and G3-CT102MOE5 can reach 40 days after a
single dose in the investigation of the longest residence time in vivo.
The reason should be that both phosphorothioate and gapmer modi-
fication significantly increased the enzyme resistance of the ASO and
prolonged its half-life, so the gain of the conjugation on stability is not
outstanding. Moreover, the imaging results of the first 3 days showed
that G3-CT102MOE5 presented better liver accumulation ability than
that of CT102MOE5 (Figure 2A).

Further fluorescence quantification of G3-CT102MOE5 andCT102MOE5

in the main organs was carried out. The fluorescence signal of G3-
CT102MOE5 was stable and continuous in the liver (Figure 2B), and it
still exhibited noticeable liver accumulation after up to 15 days, making
it an ideal liver-targeting agent.ComparedwithCT102MOE5 (Figures 2C
and 2D), the proportion of fluorescence intensity of G3-CT102MOE5

increased by�10% in the liver at the same time point. Therefore, these
results suggest that GalNAc3 conjugation and lipid delivery have a
synergistic effect, and combining the two can further improve the
liver-targeting ability. In conclusion, G3-CT102MOE5 has the optimal
liver-targeting ability and is worthy of further efficacy experiments.
Comparison of the transmembrane ability of modified CT102s

Subsequently, the differences in the transmembrane ability of modified
CT102s inHepG2 andHuh7 cells were compared using flow cytometry
6 h after administration. The drug uptake rates in HepG2 cells were
CT102 (62.5%), CT102MOE5 (67.3%), G3-CT102MOE5 (70.1%), and
Glu-CT102MOE5 (74.2%) (Figures 3A and S11). In Huh7 cells, drug up-
take rates were CT102 (86.4%), CT102MOE5 (87.8%), G3-CT102MOE5

(89.5%), and Glu-CT102MOE5 (91.6%) (Figures 3B and S11). Therefore,
both G3 and Glu conjugates improved the uptake of drugs to a certain
extent, which may be a result of glycosylated receptors on the cell sur-
face. Moreover, tumors exhibit enhanced sugar uptake properties to
maintain their rapid cell proliferation, which is beneficial for increasing
tumor cell-specific endocytosis of drugs and improved uptake rates
were more evident in HepG2 cells.

The specific intracellular localization of each modified CT102 was
investigated by confocal microscopy. Every modified CT102 entered
the cells and a high proportion of nuclear colocalization was observed
6 h after administration (Figure 3D). Interestingly, we found that the
proportion of conjugate G3-CT102MOE5 in the nucleus was signifi-
cantly reduced. Through analysis of the ASO fluorescence intensity
in the nucleus and cytoplasm (Figure 3C), it was observed that the
transnucleus capability of G3-CT102MOE5 was inferior to that of
CT102MOE5 and Glu-CT102MOE5 (p < 0.01). This result suggested
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 809
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Figure 1. Antitumor activities of CT102 gapmers/Mix in HepG2 cells

(A) The proliferation inhibitory activity of each gapmer/Mix. (B) The silencing activity of CT102 and CT102MOE5 nanoparticles on target IGF1RmRNA. (C) The ability of CT102

and CT102MOE5 nanoparticles to induce cell apoptosis. (D) Flow cytometry analysis of the cell cycle influenced by CT102 and CT102MOE5 nanoparticles. ASO, 100 nM, n = 3;

***p < 0.001, ****p < 0.0001; data are represented as mean ± SD.
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that, although the conjugation structures may improve cellular uptake
to a certain extent, the size of a conjugated structure affects the ability of
an ASO to enter the nucleus. The distribution of an ASO in the nucleus
is an essential part of its overall activity. Therefore, the inconsistency
between the intracellular uptake and intranuclear distribution of the
conjugated structures, especially G3-CT102MOE5, and their activities
deserve further confirmation in vitro and in vivo.

The antiproliferative ability and gene silencing of CT102MOE5

conjugates

The difference in activity of each conjugate was compared by exam-
ining the cell proliferation inhibition and target mRNA-silencing
ability. According to the results, the conjugates did not affect the anti-
sense activity, and several had slightly increased activity (Figures 3E
and 3F). In terms of target gene-silencing activity, there was no
significant difference between the conjugate groups, and the activities
of Gal-CT102MOE5, Glu-CT102MOE5, and Man-CT102MOE5 were
slightly increased. The CCK8 results showed that the conjugates
generally had higher cell proliferation inhibition on HepG2 cells,
which was consistent with the higher cellular uptake rate found in
HepG2 than Huh7 cells in the flow cytometry experiment. In addi-
tion, a longer linker length in the monosaccharide conjugates pro-
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duced inferior effects. Long-chain conjugates (Gal(N/O), Glu(N/O),
and Man(N/O)) had decreased inhibitory activity against cell prolif-
eration compared with that of short-chain conjugates (Gal, Glu, and
Man). Based on the above results, Gal-CT102MOE5, Glu-CT102MOE5,
Man-CT102MOE5, and G3-CT102MOE5 were determined to be the
optimal structures for subsequent in vivo efficacy experiments.

Antitumor efficacy in vivo

Tumor development after administration of different formulations was
monitored every 7 days by a small animal in vivo imager (Figure S12).
The tumor bioluminescence growth results of the drug efficacy in mice
for 28 days (Table 2; Figures 4A and 4B) showed that, compared with
sorafenib and CT102, CT102MOE5 and several other conjugates had
significantly different antitumor efficacy, indicating that CT102MOE5

could enhance tumor growth inhibitory activity through 20-OMOE
gapmer modification. Moreover, the conjugate groups (G3/Gal/Glu/
Man-CT102MOE5) were superior to the CT102MOE5 group, and the
average tumor size on day 28 was 15.0, 9.4, 7.5, and 18.2 times that
of day 0 (CT102MOE5, 24.6 times). Glu-CT102MOE5 had the most
robust tumor inhibitory effect among all drug groups, and the tumor
growth fold change within 1 week after drug withdrawal was the small-
est, only 1.1 times.



Figure 2. Biodistribution of CT102MOE5 and G3-CT102MOE5 encapsulated with Mix

(A) Biodistribution and quantitative fluorescence analysis of CT102MOE5 and G3-CT102MOE5 in BALB/c nude mice treated with GenOpti (blank, a), CT102MOE5/Mix (b),

CT102MOE5 (c), G3-CT102MOE5/Mix (d), and G3-CT102MOE5 (e) by tail intravenous injection. Images were taken at 2, 12, and 24 h and at 2, 3, 6, 9, 15, 21, 28, 35, and 40 days

by an in vivo imaging system. (B) Quantitative fluorescence analysis of G3-CT102MOE5/Mix in tissues. (C) Quantitative fluorescence analysis of CT102MOE5/Mix in tissues. (D)

Quantitative fluorescence analysis of G3-CT102MOE5/Mix and CT102MOE5/Mix in the liver. Mix: DNCA/CLD/PEG/ASO = 30/30/0.6/1, n = 3, *p < 0.05, data are represented

as mean ± SD.

www.moleculartherapy.org
Afterward, quantitative evaluation of intratumoral target gene knock-
down and immunofluorescence analysis of IGF1R protein were per-
formed. The results showed that the silencing of the target gene
IGF1R (Figure 4C) was consistent with the changes in protein expres-
sion (Figures 4D and 4E). The gapmer CT102MOE5 further enhanced
the in vivo activity of CT102, effectively silencing IGF1R mRNA
expression levels (p < 0.001), and reducing subsequent protein
expression (p < 0.01). Compared with CT102MOE5, G3-CT102MOE5
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 811
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Figure 3. Activity evaluation of modified CT102s/

Mix in vitro

(A and B) Flow cytometry analysis of the cellular uptake

of modified CT102s in HepG2/Huh7 cells (100 nM, 6 h,

n = 3). (C) The proportion of modified CT102s

colocalized with nucleus in HepG2 cells (n = 5). (D)

Confocal imaging of intracellular localization of modified

CT102s in HepG2 cells (red represents ASOs, blue

represents nucleus). Scale bar, 50 mm. (E and F) The

proliferation inhibitory activity and silencing activity on

the target IGF1R mRNA of each CT102MOE5 conjugate

in HepG2 and Huh7 cells (100 nM, n = 5, p value was

compared with CT102). *p < 0.05, **p < 0.01; data are

represented as mean ± SD.
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showed no advantage at the gene and protein levels. However,
compared with CT102MOE5 and G3-CT102MOE5, Glu-CT102MOE5

further enhanced gene silencing and inhibited protein expression
levels (p < 0.05). Overall, the activity data results showed that Glu-
CT102MOE5 significantly inhibited tumor growth and was determined
to be the optimal active structure to combat HCC cells.

In vivo safety verification

To investigate the safety of DCP-encapsulated ASO formulations
in vivo, changes in mouse body weight, biochemical blood indexes,
and pathological sections were measured. Throughout the experi-
mental period, there was no significant difference in the body weight
of the mice (Figure S13B), indicating that each ASO formulation was
well tolerated. In addition, the blood samples collected at the end of
the experiment showed that the levels of aspartate aminotransferase
812 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
(AST), alanine aminotransferase (ALT), total
bilirubin (TBIL), urea nitrogen (BUN), and
creatinine (CREA), which are biochemical
blood indexes of liver and kidney function,
were all within the normal range in each group
(Figure S13A). Hematoxylin and eosin (H&E)-
stained paraffin sections showed (Figure S13C)
prominent tumor infiltration in the saline
group. Liver injury was more severe in the sa-
line group than in the other groups, so normal
liver tissue could not be harvested. However,
the liver tissues of the ASO groups were rela-
tively normal, and no severe damage was found.
In conclusion, the in vivo safety of each formu-
lation was effectively verified.

Functional mechanisms of modified

CT102s

The functional mechanisms by which the
modified CT102s caused biological changes
were studied. The protein expression levels of
IGF1R, AKT, p-AKT, PI3K, and p-PI3K were
investigated by western blotting. After the
administration of CT102, CT102MOE5, and
Glu-CT102MOE5 for 24 h, the IGF1R protein level was significantly
decreased, and both the gapmer CT102MOE5 and the conjugate
Glu-CT102MOE5 efficiently inhibited the phosphorylation levels of
PI3K and AKT, among which Glu-CT102MOE5 showed the most sig-
nificant inhibition ability (Figure 5A).

Moreover, the cell proliferation inhibition and gene-silencing activ-
ities of ASOs (CT102, N-04, N-06) and siRNAs (siIGF1R-1,
siIGF1R-2) targeting IGF1R mRNA were compared (Figure 5D).
Among them, the target mRNA site of ASO N-04 is separated from
that of CT102 by 52 bases, which is near the end of exon 1. ASO
N-06 targets the second exon of IGF1R mRNA, which partially over-
laps with the siIGF1R-1 targeting site. The targeting site of siIGF1R-2
is the same as that of CT102. At the same concentration (50 nM), the
IGF1RmRNA-silencing activity of ASOs and siRNAs in HepG2 cells



Table 2. Protocol for the administration of ASO formulations

Group Mice Name Dose Administration Frequency

1

5–6/group

saline (blank) 100 mL

i.v.
every 4 days, 6 times in total
(day 0, 4, 8, 12, 16, 20)

2 CT102/DCP

2 mpk

3 CT102MOE5/DCP

4 G3-T102MOE5/DCP

5 Gal-CT102MOE5/DCP

6 Glu-CT102MOE5/DCP

7 Man-CT102MOE5/DCP

8 sorafenib (positive control) 20 mpk i.g. every day, 20 times in total
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was comparable (Figure 5B), and there was no significant difference
(�60%). The results of cell proliferation inhibitory activity showed
(Figure 5C) that CT102 (70.9%) had significantly stronger inhibitory
activity on HepG2 cell proliferation than that of N-04 (48.5%), N-06
(42.5%), siIGF1R-1 (21.3%), and siIGF1R-2 (22.6%). These results
indicated that CT102 exhibits antitumor activity in a complicated
manner and suggested that CT102 not only inhibits IGF1R expression
but also might act on other apoptosis-related genes.

Transcriptomics and proteomics analysis of modified CT102s

Thus, transcriptomic and proteomic analyses were carried out to eval-
uate possible targets of modified CT102s in vitro. The results showed
thousands of altered mRNAs and proteins, and many signaling path-
ways were modified (Figures 6B and S14). Compared with the empty
lipids (Mix), CT102 had 13 genes and proteins upregulated and 5
genes and proteins downregulated at the same time (Figure 6A).
The differentially expressed genes were enriched in a variety of tu-
mor-related signaling pathway protein genes. In addition to the
known changes in tyrosine kinase receptor-mediated signal transduc-
tion via IGF1R, there are also significant differences in PPAR, P53,
DNA replication, mismatch repair, and other signaling pathways
(Figures 6C–6E). Besides, through rational chemical modification,
the results showed that the number of genes and proteins affected
by the gamper CT102MOE5 and conjugate Glu-CT102MOE5 decreased,
which enhanced the “on-target” effect of CT102 to some extent. The
proteomic results showed that approximately 25% of the differentially
expressed proteins in the CT102, CT102MOE5, and Glu-CT102MOE5

groups were localized in the nucleus (Figure S15), including func-
tional proteins involved in transcription, phosphorylation, phospha-
tase activation, and DNA/RNA binding proteins. It was found that
modified CT102s could decrease IGF1R mRNA expression levels in
both the nucleus and cytoplasm (Figure 6F) and had a significant ef-
fect on the expression of GAS2 (GenBank: NM_001143830), POLA2
(GenBank: NM_002689), LGALS2 (GenBank: NM_006498), and
IGFBP1 (GenBank: NM_000596), which have functional roles in
the occurrence and development of tumors, possibly by imperfect
base pairing (Figure 6G; Table S4). In addition, Glu-CT102MOE5

also inhibited the phosphatidylinositol signaling, necroptosis, and
Wnt signaling pathways. Genes related to pantothenic acid and
CoA biosynthesis were also remarkably downregulated (Figure S16).
DISCUSSION
ASOs hold great therapeutic promise for the treatment of nervous
system diseases, muscle diseases, cardiovascular and metabolic dis-
eases, eye diseases, and cancer as a result of their precise targeting
and relatively easy preparation.45–47 However, their effective delivery
in vivo remains a major obstacle. Unfortunately, since the first LNP-
delivered siRNA was introduced into the pharmaceutical market in
2018, no LNP-delivered ON drug has entered phase III clinical trials,
indicating the limitations of existing lipid delivery technologies based
on electrostatic interactions. In this study, we used DCP, a lipid deliv-
ery system based on hydrogen bonding, p-p stacking, and electro-
static interactions, to achieve efficient transfection of the ASO
CT102 into HCC cell lines.

Studies have shown that delivery of ASOs by liposomesmay not be well
correlated in vivo and in vitro.48 Therefore, we screened and optimized
formulations based on in vivo distribution rather than in vitro activity.
An excellent liver-targeting formulation (DCP) was obtained through
systematic quantitative fluorescence investigation of different organs.
Herein, it seems that there is a linear relationship between the propor-
tion of lipid components, surface charge, particle size, and distribution
pattern in vivo. Differences in the proportion of lipids directly affect the
surface electrical properties, which may significantly affect the forma-
tion and properties of surface protein crowns during its transportation
in vivo,49,50 thus affecting the interaction of liposomes with tissues and
cell surfaces. The ONs encapsulated in DNCA only have a high nega-
tive charge and obvious extrahepatic distribution (Table 1; Figure S1).
However, a surface charge that is too negative will affect cellular uptake
andmay cause a decrease in encapsulation efficiency. The ASOs tended
to be distributed in the liver when the surface electricity of the formu-
lation was greater than 0 mV. However, toxicity caused by a high pos-
itive charge should also be considered. A formulationwith a surface po-
tential between �8 and 0 mV (Mix-1) has optimal encapsulation
efficiency but low accumulation in the liver, which is not suitable for
the treatment of HCC. Eventually, Mix (DNCA/CLD/PEG/ASO =
30/30/0.6/1, 1% PEG, molar ratio, surface potential 3.9 mV) was deter-
mined as the final formulation ratio based on various factors.

Next, the structural optimization and delivery study of ASO CT102 in
the treatment of HCC were carried out. In vitro experiments showed
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that the activity of gapmer CT102 was significantly improved when it
was modified with 2ʹ-OMOE. The silencing level of target genes
reached nearly 80% (100 nM), which could be related to increased
target affinity (Figure 1). On this basis, some glycoconjugates further
promoted cell proliferation inhibition and target gene silencing,
which might be accomplished through enhanced cellular uptake by
glycosyl receptors on the cell surface (Figures 3A and 3B). In terms
of in vivo efficacy, modified CT102s reduced the dose and dosing in-
terval (2 mpk/4 days) by DCP delivery due to excellent serum stabil-
ity. Moreover, the tumor inhibitory effect of the conjugate was also
improved, and Glu-CT102MOE5 showed the best antitumor prolifera-
tion effect (Figure 4).

It is worth mentioning that the GalNAc3 conjugation strategy is
rarely used to treat HCC because ASGPRs are expressed at low
levels on the surface of HCC cells. However, there is also a view
that the receptor is highly abundant on the surface of liver cells.
Even if the ASGPR expression is low, the remaining receptor
amount is sufficient to mediate drug entry into the cell.51,52 There-
fore, Ionis Pharmaceuticals generated a GalNAc3-ASO for the
treatment of HCC. However, subsequent in vivo verification
showed that the conjugate did not show a significant difference
compared with the nonconjugate, which was also attributed to
the above-mentioned low ASGPR expression.53 Herein, we also
constructed a GalNAc3-ASO, G3-CT102MOE5, and obtained
similar activity results through intravenous liposomal administra-
tion instead of subcutaneous administration. We found that the
biological distribution of ASO in the nucleus played a pivotal
role in its overall activity. Through the confocal colocalization
experiment (Figures 3C and 3D), we believe that another major
reason for the decreased activity of G3-CT102MOE5 is the influence
of the large conjugation group on its nuclear entry ability. The
above results provide guidance for the structural design of ASO
conjugates in the future. In addition to the targeting significance
of the conjugate group, the size of the group and the length of
the linker also need to be carefully considered. A conjugated moi-
ety that is too large and a linker that is too long may be ineffective.

The PI3K-AKT signaling pathway is abnormally activated in many
cancer types, plays a central role in tumor cell proliferation and
survival,54 and is necessary for regulating cell proliferation, differ-
entiation, and apoptosis. Analysis of protein expression showed
that CT102 and its derivative conjugates (especially Glu-
CT102MOE5) could effectively reduce the synthesis of the target
protein IGF1R to varying degrees, thereby inhibiting the down-
stream PI3K-AKT signaling pathway and subsequently suppress-
ing tumor growth (Figure 5A). Interestingly, we found that
ASOs and siRNAs targeting IGF1R mRNA showed significant dif-
Figure 4. Antitumor efficacy of modified CT102s/Mix formulations on orthotop

(A) Bioluminescence comparison of tumors treated with ASOs/Mix at different time po

analysis of IGF1RmRNA expression level in tumor tissue of each treatment group (n = 3

compared with the saline group (n = 5). (E) Immunofluorescence assays were used to ev

represents the protein expression of IGF1R, and blue represents the nucleus. Scale ba
ferences in their antiproliferation abilities, while their target gene-
silencing ability was similar, suggesting that ASOs may have more
functional roles in cells than siRNAs have (Figures 5B and 5C).
Although both antisense and RNAi are effective RNA-silencing
technologies, ASOs act on more signaling pathways and cycles
through multiple mechanisms, thus showing better efficacy in in-
hibiting tumor development.

Therefore, the potential mechanisms, especially the specific roles of
such a large proportion of modified CT102s in the nucleus, are worth
exploring. Combined with the results of transcriptomic and proteo-
mic analysis, modified CT102s not only play a role in the PI3K-
AKT pathway activated by tyrosine kinase but also function in
DNA replication, anti-inflammation, the immune microenviron-
ment, and many other processes affecting tumor growth (Figure 6).
Also, they could interact with other mRNAs via imperfect matches
(such as GAS2, POLA2, and LGALS2), thereby downregulating the
expression of the related proteins and jointly inducing the apoptotic
process of tumor cells (Table S4). These results demonstrated that
ASOs cannot only bind to mature mRNA to hinder translation and
exert silencing activity. There are many possibilities for their role in
the nucleus, such as binding to the pre-mRNA, initiating the cleavage
mechanism, and blocking the processing of the pre-mRNA to form
mature mRNA. They may also combine with complementary dou-
ble-stranded DNA in the nucleus to form a triplex,55 suppress the
transcription of DNA, or bind to transcription factors or transcrip-
tion complexes through the aptamer mechanism to effectively influ-
ence their transcription,56–58 resulting in the upregulation of related
genes or proteins indirectly, such as IGFBP1.

In conclusion, this study offers a promising ASO formulation possess-
ing longer-lasting anti-HCC efficacy and reveals the function and
mechanism of modified ASOs delivered by DCP lipids, which exhibit
excellent potential for further clinical application.
MATERIALS AND METHODS
ASO synthesis, cell culture, and preparation of ASO liposome

nanocomplexes

All ASO samples were synthesized by an ABI-394 DNA synthesizer in
the laboratory. Specific sequences, modification information, and
synthesis methods are described in the supplemental information.
The human HCC cell lines HepG2 and Huh7 (Procell Life Science &
Technology, Wuhan, China) were cultured in DMEM (ZhongkeMai-
chen Technology, Beijing, China) supplemented with 10% fetal
bovine serum (FBS, Gibco, Grand Island, NY) in a 5% CO2 incubator
at 37�C. The ASO liposome nanocomplexes were constructed as
described previously.44
ic HCC model mice

ints. (B) Bioluminescence growth rate of different groups (n = 5–6). (C) Quantitative

). (D) Percentage of fluorescence intensity of IGF1R protein of each treatment group

aluate the protein expression of IGF1R in tumor tissues of each treatment group; red

r, 50 mm. *p < 0.05, **p < 0.01, ***p < 0.001; data are represented as mean ± SD.
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Figure 5. Functional mechanisms of modified CT102s

(A) Protein expression of IGF1R and PI3K-AKT pathway-

related proteins (n = 3, p value was compared with Mix).

(B) Gene-silencing activity of ASOs and siRNA targeting

IGF1R mRNA in HepG2 cells (50 nM, 24 h, n = 3). (C)

Proliferation inhibitory activity of ASOs and siRNAs

targeting IGF1R mRNA in HepG2 cells (50 nM, 48 h, n =

3). (D) The sequence information of ASOs and siRNAs

targeting different regions of IGF1R mRNA. ns p > 0.05,

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data

are represented as mean ± SD.
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The construction of different ASO conjugates

The synthesis of all conjugate precursors and confirmed data are
described in detail in the supplemental information (Figures S17–
S51). All conjugates were constructed by reactive ester reactions
816 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
or phosphoramidite methods, followed by a
standard DNA purification protocol, and target
samples (Table S5) were obtained with high
purity.

Particle sizes and zeta potentials test

The ASO nanocomplexes (ASO: 1 mM) were
diluted in 1� PBS (Zhongke Maichen Technol-
ogy) solution (0.4 mL), and filtration by 200 nm
LiposoFast-Basic LF-1 (Avestin) was performed
before measurement. The sizes and zeta poten-
tials were measured using a Zetasizer Nano ZSP
instrument (Malvern Instruments) with photon
correlation spectroscopy at a scattering angle of
90�, 20�C. Data were analyzed using an ELS-
8000 software package.

TEM analysis

The ASO nanocomplexes (ASO: 5 nmol) were
dissolved in PBS (100 mL). Then the nanopar-
ticles were visualized using the uranyl acetate-
negative staining method. The sample was drip-
ped onto the PARA film and covered with a
copper mesh transparent film. The film was
removed after 1–2 min and the liquid was
removed from the edges with absorbent paper.
Afterward, the copper mesh was stained with
1% uranyl acetate for 1 min and observed
through a JEM-1400 Plus transmission electron
microscope (JEOL, Japan).

Serum stability assay

Unformulated ASOs (10 pmol/well) were incu-
bated in 1� PBS at 37�C containing 50% FBS.
The samples were collected at the indicated
time points and frozen in an ultralow tempera-
ture freezer at �80�C. Subsequently, 2 mL 6�
DNA loading buffer (DingGuo, Beijing, China) was added to each
sample, followed by vortexing. Then, all samples were electrophor-
esed on 20% polyacrylamide gels at 110 V for 120 min. The gels
were visualized by 5 mL/gel 10,000� SYBR Gold (Life, Invitrogen,



Figure 6. Potential targets of modified CT102s/Mix

(A) The KEGG enrichment analysis results classified the functional genes and proteins that were differentially expressed between the CT102/Mix andMix group. The p values

were less than 0.05 and the fold changes weremore than 2 for gene expression analysis and 1.2 in protein expression analysis. (B) The number of genes regulated by CT102/

Mix, CT102MOE5/Mix, and Glu-CT102MOE5/Mix in comparison with the Mix group. (C–E) The number of genes and proteins regulated by CT102/Mix or CT102MOE5/Mix or

Glu-CT102MOE5/Mix in comparison with the Mix group. (B–E) The p values were less than 0.05, and fold changes (FC) weremore than 2. (F) Silencing efficiency of intranuclear

and cytoplasmic IGF1R mRNA (50 nM, n = 3). (G) Quantitative analysis of GAS2, POLA2, LGALS2, and IGFBP1 mRNA expression levels by qPCR assay (50 nM, n = 3; ns

p > 0.05, *p < 0.05, **p < 0.01; compared with Mix, data are represented as mean ± SD).

www.moleculartherapy.org
CA) in 1� TBE (25 mL) and photographed using a ChemiDoc XRS
System (Bio-Rad).

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8, Biorigin, Beijing, China) assay was
used to evaluate the antiproliferative activity of ASO nanocomplexes
(ASOs: 100 nM). HepG2 cells (1�104 per well) or Huh7 cells (6� 103

per well) were seeded into 96-well plates. After incubation in a 5%
CO2, 37�C incubator for 24 h, ASO nanocomplexes were added
and incubated for 48 h. NC-CT102 (NC, 50-TCC TCG GCA GCC
TGT CTA CA-30) was used as a negative control. Then, 100 mL
CCK-8 substrate was added to a 96-well plate according to the
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 817
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manufacturer’s protocol. The absorbance at 450 nm was measured
using a microplate reader (Molecular Devices). The relative cell
viability was calculated by the equation:

½ðRA � REÞ = ðRB � REÞ� � 100%

RA, RB, and RE were defined as the absorbance of experimental sam-
ples, untreated samples and blank controls, respectively.
qRT-PCR assay

HepG2 cells were seeded into 12-well plates at a density of 1� 105 per
well (Huh7 cells, 5� 104 per well) and cultured in a constant temper-
ature incubator at 37�C with 5% CO2 for 24 h. ASO nanocomplexes
were added for further incubation for 24 h, and the medium was dis-
carded. Total RNA was extracted using TRIzol Reagent (Life, Invitro-
gen, CA) as recommended by the manufacturer and quantified.
cDNA was synthesized using a reverse transcription system (Prom-
ega, Madison, WI). Real-time PCR was performed using an
Mx3005P qPCR System (Agilent) and SYBR Green qPCR Master
Mix (Promega). The primer sequences used are as follows: IGF1R
PCR Primer (forward, 50-CTG CCT CAT TAC CTG GCT CAC
TA-30; and reverse, 50-CAC CAT GCC ACT TTC CCT TGT-30),
b-actin PCR primer (forward, 50-CCA ACC GCG AGA TGA-30,
and reverse, 50-CCA GAG GCG TAC AGG GAT AG-30). The
primers were synthesized by Sangon Biotech (Shanghai, China).

Apoptosis assay

Cellular apoptosis was evaluated using an Annexin V-FITC/PI
Apoptosis Detection Kit (BD, Franklin Lakes, NJ). HepG2 cells
were seeded into 12-well plates at a density of 1 � 105 cells per well
and grown for 24 h. The wells were treated with ASO nanocomplexes.
After 24 h of transfection, the cells were detached with 0.25% trypsin
(no ethylene diaminetetraacetic acid, CC034, Zhongke Maichen),
washed with 4�C PBS twice, and resuspended in 100 mL of 1� binding
buffer. Next, 5 mL annexin V-FITC and 5 mL PI were added to each
sample, and the cells were incubated at room temperature for
20 min in the dark. The stained samples were then evaluated using
a CytoFLEX instrument (Beckman Coulter, Miami, FL).

Cell uptake assay

Huh7 and HepG2 cells were seeded into 12-well plates at a density of
1 � 105 cells per well and grown for 24 h. The cells were treated with
100 nM Cy5.5-ASO nanocomplexes (or GenOpti as a control) in 10%
FBS DMEM for 4 h. After that, the cells were harvested by trypsiniza-
tion and centrifuged at 1,000 � g for 3 min, and precipitates were
washed with 4�C PBS. Cellular uptake was immediately observed us-
ing a CytoFLEX instrument (Beckman Coulter).

Confocal microscopy assay

HepG2 cells were grown on 14-mm confocal observation dishes for
24 h (1� 105 cells per well). Then, 100 nM Cy5.5-labeled ASO nano-
complexes were added to the culture medium. After incubation for
6 h in the dark, the culture medium was removed, and the cells
were fixed in 4% formaldehyde for 15 min and washed twice with
818 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
PBS. Cells were then stained with Hoechst 33342 (Solarbio, Beijing,
China) for 20 min and observed under a Zeiss confocal microscope
(Carl Zeiss MicroImaging). Confocal images were obtained using
ZEN software (Carl Zeiss MicroImaging) and analyzed by ImageJ
software.

Biodistribution assay

All animal experiments were approved by the Committee for Animal
Research of Peking University (no. LA2017194). All animal proced-
ures conformed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications no. 86-23,
revised 1985). Specific pathogen-free (SPF)-grade female nude mice
(4–6 weeks) were obtained from Beijing Vital River Laboratory Ani-
mal Technology (China) and kept in the Department of Laboratory
Animal Science, Peking University Health Science Center.

The BALB/c-nude SPF-grade healthy female mice weighed approxi-
mately 20 g for 4–6 weeks and were randomly divided into experi-
mental and control groups (n = 3 or 5). Each group was administered
the appropriate ASO or vehicle at a dose of 1.5 mg/kg via the tail vein.
The experimental group was injected with different formulations of
Cy5.5-ASOs, while the control group was injected with pure solvent.
Fluorescence imaging of mice was performed using an IVIS spectrum
instrument (PerkinElmer) at different time points after administra-
tion. The mice were sacrificed by cervical dislocation at different
time points. The heart, lung, liver, spleen, kidney, and other organs
were harvested and placed on a black imaging plate. Fluorescence im-
aging was conducted again, and the fluorescence intensity was used to
represent the amount of ASO accumulation in each organ.

Antitumor efficiency

HepG2-Luc cells (Cobioer Biosciences, Nanjing, China) in situmodel
mice were constructed by Beijing Vitalstar Biotechnology. In brief,
6-week-old female BALB/c-nu/nu nude mice were selected. HepG2-
Luc cells (5� 106) were injected into the armpit of each nude mouse.
Ten days later, the axillary tumor mass was extracted and evenly
divided into equal parts. Subsequently, mice were anesthetized. The
liver was exposed openly, and the tumor mass was sutured to the
mouse. Afterward, the wound was sutured, and mice were fed a
normal diet after waking up. Two weeks later, the mice were injected
intraperitoneally with the substrate D-luciferin (Yeasen Biotech-
nology, Shanghai, China). An IVIS spectrum instrument was used
to measure the total bioluminescence flux for tumors in vivo. The
mice with positive fluorescence staining in the liver were randomly
divided into different groups and then given treatment.

Sorafenib (Aladdin, Shanghai, China) was selected as the positive
control. In addition, there were the blank, CT102, CT102MOE5,
G3-CT102MOE5, Gal-CT102MOE5, Glu-CT102MOE5, and Man-
CT102MOE5 groups (Table 2). After the first administration, mice in
each group were intraperitoneally injected with the substrate luciferin
every week and then subjected to in vivo imaging to observe and
compare the tumor progression of the mice in each group. The
weights of the mice were recorded during the whole experimental
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period. Mice were dissected on the 28th day, and the effect of each
AOS on tumor growth was analyzed and compared. Moreover, the
peripheral blood of mice was taken, and the plasma was separated.
Wuhan Service Biotechnology performed various blood biochemical
tests for liver and kidney function, including AST, ALT, TBIL, BUN,
and CREA tests. Frozen tumor sections from each group were pre-
pared, and intracellular IGF1R protein expression was evaluated us-
ing immunofluorescence (Wuhan Service Biotechnology). The
results were analyzed by SlideViewer and ImageJ software. Liver sec-
tions were also used for H&E staining, and the main observed lesions
were photographed using a pathological slice scanner (Hamamatsu,
NanoZoomer).

Western blot analysis

Total protein was extracted from whole-cell lysates using an RIPA
lysis buffer kit (Thermo Scientific, Invitrogen). Equal amounts of pro-
tein samples were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred onto polyvinylidene fluoride
membranes, and the membranes were blocked with 5% nonfat
milk for 1 h. The membranes were incubated with specific primary
antibodies, including anti-IGF1R (ab182408, Abcam), anti-PI3K
(ab32089, Abcam), anti-p-P13K (ab182651, Abcam), anti-AKT
(ab18785, Abcam), and anti-p-AKT (ab38449, Abcam), at 4�C over-
night. On the following day, the membranes were incubated with
appropriate secondary antibodies at 37�C for 1 h. Protein bands
were visualized using an enhanced chemiluminescence kit.

Human transcriptome array 2.0 transcriptome microarray

analysis

Samples were submitted to Novogene. In brief, HepG2 cells were
seeded in six-well plates at 1 � 106 cells per well 1 day before trans-
fection. After the cells reached approximately 50% confluence, they
were transfected with CT102, CT102MOE5, and Glu-CT102MOE5

nanocomplexes (ASOs: 100 nM). After incubation for 24 h, RNA
was extracted from cells using TRIzol reagent according to the stan-
dard protocol. Total RNA was used as input material for the RNA
sample preparations. In brief, mRNA was purified from total RNA
by using poly-T oligo-attached magnetic beads. Fragmentation was
carried out using divalent cations under elevated temperature in First
Strand Synthesis Reaction Buffer (5�). First-strand cDNA was syn-
thesized using random hexamer primers andM-MuLV Reverse Tran-
scriptase, and then RNaseH was used to degrade the RNA. Second-
strand cDNA synthesis was subsequently performed using DNA
polymerase I and dNTP. The remaining overhangs were converted
into blunt ends via exonuclease/polymerase activities. After adenyla-
tion of the 30 ends of DNA fragments, adaptors with hairpin loop
structures were ligated to prepare for hybridization. To preferentially
select cDNA fragments 370–420 bp in length, the library fragments
were purified with the AMPure XP system (Beckman Coulter, Bev-
erly, CA). After PCR amplification, the PCR product was purified
by AMPure XP beads, and the library was finally obtained and
sequenced by the Illumina NovaSeq 6000. Differential expression
analysis of two conditions/groups (two biological replicates per con-
dition) was performed using the DESeq2R package (1.20.0).
Liquid chromatography-mass spectrometry/mass

spectrometry proteomic analysis

Samples were submitted to Novogene. In brief, HepG2 cells were
seeded in six-well plates at 1 � 106 cells per well 1 day before trans-
fection. After the cells reached approximately 50% confluence, they
were transfected with CT102, CT102MOE5, and Glu-CT102MOE5

nanocomplexes (ASOs: 100 nM). After incubation for 24 h, the cells
were collected and stored at �80�C. The sample was transferred to a
1.5-mL centrifuge tube and lysed with DB lysis buffer (8 M urea,
100 mM TEAB [pH 8.5]), followed by 5 min of ultrasonication on
ice. The lysate was centrifuged at 12,000 � g for 15 min at 4�C, and
the supernatant was added to 1 M DTT and incubated for 1 h at
56�C and subsequently alkylated with sufficient iodoacetamide for
1 h at room temperature in the dark followed by an ice bath for
2 min. Tandem mass tag labeling was performed after salt removal
by proteases. The separated peptides were analyzed using a Q Exactive
HF-X mass spectrometer.

Statistical analysis

All data in this study are mean values from at least three independent
repeated experiments, and the error line represents the standard de-
viation. One-way t test was used for analysis of two groups of inde-
pendent data, one-way ANOVA was used for analysis of multiple
groups of independent data, and p values were obtained to determine
significance. GraphPad Prism 8.0 software was used for all statistical
analyses.
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