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Gene therapy, as a cutting-edge approach for disease intervention,
relies heavily on advancements in gene silencing techniques. For
instance, CRISPR-Cas9 has emerged as a leading gene-editing tool
due to its ability to introduce precise cuts at specific genomic loci,
enabling targeted gene insertion, deletion, or modification. In this
study, we developed a simple and effective gene silencing strategy
by introducing a nucleic acid self-assembly module into the
3’ untranslated region (UTR) of mRNA. This module demonstrated
significant gene silencing efficacy in eukaryotic cells through the
formation of RNA aggregates. To systematically investigate its
regulatory mechanism on translation efficiency through the for-
mation of higher-order RNA structures, we quantitatively analyzed
both mRNA and protein expression levels. Furthermore, our mod-
ular 3’ UTR sequences can be integrated with classical 5° UTR
elements (e.g., TOP sequences) to construct a multidimensional
post-transcriptional regulatory network. This technology expands
the diversity of existing UTR element libraries and offers a reservoir
of programmable regulatory elements for applications in synthetic
biology. It enables the construction of orthogonal combinations of
multidimensional elements, tailored to specific gene expression
regulation needs.

Gene silencing is a fundamental mechanism that controls gene
expression by inhibiting transcription or translation of target
genes. It plays essential roles in cellular homeostasis,' genome
stability,> antiviral defense,®® and therapeutic regulation.”™"
Conventional gene silencing strategies, such as RNA interfer-
ence (RNAi), antisense oligonucleotides, and CRISPR-Cas-based
genome editing, have advanced both basic research and clinical
applications. However, these approaches still face key limita-
tions, including off-target effects, incomplete silencing effi-
ciency, and difficulty in achieving multiplexed or reversible
regulation. Therefore, developing precise, programmable, and
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of Corn aptamer at 3’ UTR of mRNA

Zhuoer Jin,t Yuhan Yang,T Chunfa Chen, Zhe Zhang, Qiao Ren,
and Hua Zuo o' *

Zhihong Cui,

New concepts

This study introduces a novel gene silencing strategy utilizing the RNA
aptamer Corn, a 28-nucleotide (nt), single-stranded RNA that sponta-
neously homodimerizes and aggregates into condensate-forming RNA
nanostructures, by incorporating it into the 3’ untranslated region
(3’ UTR) of eukaryotic mRNA. Incorporation of Corn aptamer into the
3/ UTR induces mRNA aggregation, thereby impairing translation without
affecting mRNA stability. This approach is distinct from existing gene
silencing methods like RNA interference (RNAi) by utilizing self-
assembled RNA nanostructures to obstruct protein translation, instead
of directly degrading the mRNA or disrupting gene expression at the
transcriptional level. The simplicity of this method, along with its low
cytotoxicity and effective gene silencing capability, presents a promising
alternative for therapeutic applications in gene therapy. The concept of
RNA-induced mRNA aggregation as a gene silencing mechanism offers
new insights into how RNA structures can be engineered to regulate gene
expression, advancing applications in synthetic biology and biomedicine.

biocompatible post-transcriptional regulation tools remains an
important goal for gene therapy and synthetic biology.

In recent years, nucleic acid nanostructures have emerged as
versatile platforms for constructing programmable regulatory
systems.”®?° DNA and RNA molecules can self-assemble into
defined architectures through predictable base pairing, enab-
ling the creation of nanoscale frameworks for gene delivery,*>*
molecular sensing,”>° biocomputing devices,>*>* and smart
material development.3%3%:3

With the continued advancement of RNA nanostructure
research, their potential in gene silencing has garnered growing
interest. Currently, RNA nanostructures primarily achieve tar-
geted gene silencing through the delivery of siRNA, modulation
of miRNA levels, ribozyme-mediated cleavage of viral RNAs, and
enhancements within CRISPR-Cas9 technology. Guo et al
reported the first multivalent RNA nanoparticle for gene silen-
cing, pRNA. Subsequent studies engineered this into an
X-shaped RNA nanoparticle, with its four arms complementary-
paired to siRNA for targeted gene silencing.*>”° Jaeger et al.
utilized inverse kissing loop complexes to form RNA nanorings.

This journal is © The Royal Society of Chemistry 2026
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These siRNA-loaded nanorings were further assembled into nano-
particles, creating multifunctional RNA vectors for targeted gene
silencing.>~° Lee et al. demonstrated that rolling circle amplifica-
tion generates long RNA strands that self-assemble into sponge-
like spherical architectures. Linking multiple siRNAs onto these
structures enabled highly efficient gene silencing in vivo.**' Roh
et al. also constructed siRNA nanoparticles via rolling circle
amplification, which exhibited favorable biostability and tumor-
targeting capabilities.”> Yang et al designed a novel bivalent
aptamer-terminus-free siRNA junction nanostructure. This formed
via the self-assembly and nick ligation of three RNA strands,
demonstrating superior gene silencing efficacy.** Shapiro et al.
assembled RNA nanorings functionalized with six shRNAs target-
ing distinct regions of HIV-1, achieving suppression of HIV
replication in cells.*® Shu et al. reported an anti-miR-21 therapeutic
agent designed using a pRNA-3WJ motif-based nanostructure,
applying in an orthotopic mouse tumor model resulted in tumor
regression.** Guo group conjugated ribozymes to pRNA or the
3W]J motif and applied them against HBV, enabling cleavage of the
HBV genomic RNA and subsequent inhibition of viral replica-
tion.">*® These show the application of RNA nanostructures for
gene silencing holds considerable promise.

In this study, we introduced a tandem repeat of the RNA
aptamer, Corn,”” a 28-nucleotide (nt), single-stranded RNA
aptamer containing guanine-rich regions that fold into G-quad-
ruplex structures, spontaneously homodimerize, and aggregate
into condensate-forming RNA nanostructures, into the 3’ untrans-
lated region (3’ UTR) of eukaryotic mRNA. These RNA motifs
effectively induced gene silencing. Our results revealed that the
engineered 3’ UTRs significantly affected both mRNA stability and
protein translation efficiency, with their primary regulatory effect
exerted at the level of translation. Furthermore, integrating the
engineered 3’ UTRs into diverse eukaryotic expression vectors
demonstrated the generality of its capability to downregulate
recombinant protein expression.

Materials and methods

Ampicillin sodium solution (100 mg mL "), yeast extract, tryptone,
sodium chloride, agar, real-time quantitative PCR 8-tube strips and
caps (100 pL), diethylpyrocarbonate (DEPC)-treated water, skim-
med milk powder, color pre-stained protein marker (15-130 kDa),
Coomassie Brilliant Blue G-250, N,N’-methylenebisacrylamide,
and acrylamide were purchased from Sangon Biotech (Shanghai)
Co., Ltd., China. Tris base, glycine, 1.0 M Tris-HCI (pH 6.8), 1.5 M
Tris-HCI (pH 8.8), and bicinchoninic acid (BCA) protein quantifi-
cation kit were obtained from Dingguo Changsheng Biotechnology
Co., Ltd., Beijing, China. Acetic acid, isopropanol, and methanol
were sourced from Titan Technology Co., Ltd., Shanghai, China.
Ammonium persulfate (APS) was purchased from Macklin Bio-
chemical Technology Co., Ltd., Shanghai, China.

Construction of recombinant plasmids

Target gene fragments were amplified by PCR using PrimeSTAR
Max DNA Polymerase (Takara). Following separation via agarose
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gel electrophoresis, the target fragments were purified and sub-
sequently ligated into linearized vectors using the Hieff Clone®™
Universal One Step Cloning Kit (Yeasen Biotechnology, China).
The recombinant plasmids were then transformed into Escherichia
coli Trelief 500 competent cells and cultured at 37 °C overnight.
Single colonies were screened for target gene insertion by PCR
using 2x GoTaq Green Master Mix (Promega). Colonies yielding
positive PCR results were sent to Sangon Biotech (Shanghai) Co.,
Ltd. for DNA sequencing.

In vitro transcription of RNA

RNA was transcribed in vitro from DNA templates using the T7
High Yield RNA Transcription Kit (Novoprotein Scientific).
Subsequently, 30 pL of nuclease-free water and 30 pL of 8 M
lithium chloride were added to 20 pL of transcription products,
followed by thorough mixing. The mixture was incubated at
—20 °C for 1 h. After centrifugation, the supernatant was
discarded, and the RNA pellet was washed three times with
ice-cold 70% ethanol prepared in nuclease-free water. Residual
ethanol was removed by SpeedVac drying, and purified RNA
was resuspended in nuclease-free water for concentration
measurement.

Measurement of melting temperature of RNA

Purified RNA (20 pg) was dissolved in 720 pL of DEPC-treated
water and transferred to a 1.5 mL microcentrifuge tube.
Subsequently, 80 uL of 10x buffer A (100 mM KCl, 50 mM Tris,
10 mM MgCl,) was added, followed by thorough mixing via
vortexing. The tube was briefly centrifuged for 1 min to collect
droplets from the walls. The sample was then incubated at
37 °C for 30 min in a metal heating block. Following incuba-
tion, the solution was transferred to a 1 mL double-path quartz
cuvette. UV-Vis absorption spectra were recorded using a UV
spectrophotometer in “Thermal” mode under the following
parameters: temperature range: 20-95 °C, ramp rate: 1 °C min?,
bandwidth: 2 nm, response time: 4 s, the melting curve of the
circular aptamer was monitored at 260 nm.

Analysis of RNA by electrophoresis

For each RNA sample, 2 nug RNA was dissolved in 1 pL 10 x
buffer A (100 mM KCl, 50 mM Tris, 10 mM MgCl,) and 2 pL
5x RNA loading buffer. The mixture was adjusted to a final
volume of 10 pL by adding DEPC-treated water, thoroughly
mixed by vortexing, and briefly centrifuged for 1 min to collect
any residual droplets. Samples were then incubated at 37 °C for
30 min. Following incubation, RNA samples were loaded onto a
2% agarose gel to analyze electrophoretic mobility.

Fluorescence analysis of cells by flow cytometry

After post-plasmid transfection for 72 h, the cell culture plate
was removed. Complete medium was discarded, and cells were
washed three times with PBS buffer. After 1 min of trypsin
digestion, digestion was terminated by adding complete
medium. Cells were collected into a 2 mL centrifuge tube
and centrifuged at 1000 rpm for 5 min. The supernatant
was discarded, and the pellet was washed twice with PBS.
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Cells were resuspended in 600 uL PBS buffer, filtered through
a 200-mesh cell strainer, and immediately subjected to flow
cytometry to detect GFP fluorescence intensity. Mean GFP
fluorescence intensity of 10000 cells per sample was measured
using the FITC-A channel (excitation laser: 488 nm; emission filter:
530 £ 15 nm) with three biological replicates per group.

Fluorescence analysis of cells by laser confocal microscopy

After post-transfection for 48 h, the cell culture plate was removed.
Culture medium was discarded, and cells were washed three times
with PBS buffer. Subsequently, 100 puL of 4% paraformaldehyde
solution was added to each well to fix cells for 20 min at room
temperature. The fixative was discarded, and cells were washed
three times with PBS buffer. 3,5-Difluoro-4-hydroxybenzylidene-
imidazolinone-2-oxyme (DFHO)solution was then added to each
well at a final concentration of 10 pM, followed by incubation at
37 °C for 30 min. After discarding the DFHO solution, cells were
washed three times with PBS. DAPI nuclear stain was added and
incubated for 10 min at room temperature. The dye was discarded,
and cells were washed three times with PBS. Cell climbing sheets
were mounted upside-down on glass slides using antifade mount-
ing medium. Cellular fluorescence was observed using laser
confocal microscopy.

Evaluation of cellular cytotoxicity

Cells in the logarithmic growth phase with optimal viability
were trypsinized and seeded into a 96-well cell culture plate,
followed by overnight incubation. When cell density reached
70-80%, transfection was performed with 100 ng plasmid per
well. After post-transfection for 24 h, CCK-8 reagent was added
and incubated for 1 h. Absorbance at 450 nm was measured for
each well, and cell viability was calculated using the following
formula:

Cell viability (%)

Absorbance("eated well) — AbSOI‘bance(blank well) % 100%.

Absorbance ypreated cell well) — Absorbance plank weir)

Optical density and fluorescence analysis of yeast cells

Single colonies were picked and inoculated into 2 mL SD liquid
medium, cultured overnight at 30 °C. Subsequently, 5 uL bac-
terial culture was diluted to 200 pL with the same SD medium.
The mixture was transferred to a 96-well plate, covered with a
plate lid, and used for optical density and fluorescence inten-
sity measurements. Using a Synergy H1 Hybrid Reader (BioTek)
at 30 °C, ODg, (optical density at 600 nm) and fluorescence
intensity (excitation: 485 nm; emission: 530 nm) were measured
every 2 h for 12 h under continuous shaking. All experiments used
at least three randomly selected colonies as biological replicates.

Results and discussion

Eukaryotic mRNA comprises five primary components: the
5’ cap structure, the 5" UTR upstream of the initiation codon
(AUG), the coding sequence (CDS), the 3’ UTR downstream of
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the termination codon, and the 3’ polyadenylated tail (poly(A)
tail). While the 5" UTR and 3’ UTR do not directly encode
proteins, they critically regulate mRNA translation and protein
expression.**UTRs govern mRNA subcellular localization, trans-
lation efficiency, and mRNA stability."* Both 5’ and 3’ UTRs
modulate protein expression levels: the 5’ UTR primarily regulates
translation initiation,*® whereas the 3’ UTR predominantly influ-
ences mRNA stability and half-life.>!

Impact of Corn on RNA aggregation

During dimerization, neither Corn monomer forms base pairs
or helical structures with its counterpart. Based on this, we hypo-
thesized that the Corn RNA aptamer could drive the multimeriza-
tion of transcribed long mRNAs.

To test this, we engineered the Corn RNA aptamer into the
3’ UTR of mRNA to promote its assembly into multimeric RNA
complexes. Specifically, we designed sequences containing 1, 3,
5, or 7 tandem repeats of the aptamer and inserted them
into the 3’ UTR of green fluorescent protein (GFP) mRNA to
investigate how dimerization-capable Corn structures influence
mRNA aggregation (Fig. 1a and Table S1). We first amplified the
target gene fragment and linearized the plasmid vector by PCR,
then constructed recombinant plasmids for heterologous GFP
expression in HEK 293T cells using in vitro seamless cloning
(Fig. S1). The plasmid architectures are illustrated in Fig. 1b.
Based on the number of Corn repeats inserted into the 3’ UTR, the
recombinant plasmids were designated as GFP-1 x Corn, GFP-3 x
Corn, GFP-5 x Corn, and GFP-7 x Corn. A plasmid containing the
wild-type 3’ UTR without Corn insertion was used as a control;
after insertion of the GFP gene into its multiple cloning site
(MCS), this construct was designated GFP-WT.

Using the recombinant plasmids GFP-1 x Corn, GFP-3 x
Corn, GFP-5 x Corn, GFP-7 x Corn, and GFP-WT as templates,
we performed PCR to specifically amplify the GFP and 3’ UTR
regions, yielding five target DNA fragments (Fig. S2), these
fragments were transcribed in vitro into corresponding RNA
segments, designated 1 x Corn, 3 x Corn, 5 x Corn, 7 x Corn,
and WT. Denaturing agarose gel electrophoresis confirmed the
expected RNA sizes, minimal degradation, and high purity,
thereby supporting their use in subsequent experiments
(Fig. S3). Native agarose gel electrophoresis (1%) under
intracellular-mimicking buffer conditions revealed that, the
3 x Corn, 5 x Corn, and 7 x Corn samples exhibited slower-
migrating bands compared with WT and 1 x Corn, indicating
the formation of higher-order RNA structures with more copies
of Corn (Fig. 2a). As the number of Corn repeats increased,
slower-migrating bands became more prominent, indicating
that multimerization of Corn structures hindered RNA electro-
phoretic mobility. This demonstrated that the engineered Corn
RNA aptamer directed the formation of RNA aggregates.
We hypothesized that, in a cellular environment, these Corn-
induced aggregates could obstruct the nuclear export of GFP
mRNA through nuclear pores, thereby mediating gene silencing.

Subsequently, we measured the melting temperature (7',) of
the Corn-containing RNAs to assess thermal stability (Fig. 2b
and Table 1). The results demonstrated that insertion of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Design of the UTRs for GFP mRNA and the functional elements of the plasmid constructs. (a) 3’ UTR containing different copies of the Corn RNA
aptamer inserted to promote mRNA aggregation. (b) The vector pcDNA3.1(+) contains resistance genes for kanamycin (KanR) and ampicillin (AmpR),
along with the origin of replication(ori). The constructs are composed of the promoter, the 5" UTR region, the RBS, the reporter gene (GFP), a variable 3’

UTR region, and the transcriptional terminator.
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Fig. 2 The effect of Corn RNA aptamer on the formation of RNA aggregates. (a) The in vitro transcribed multimeric Corn RNAs analyzed by agarose gel
electrophoresis. (b) The ultraviolet absorbance values at 260 nm for multimeric Corn RNAs recorded at varying temperatures. (c) Correlation analysis

between the number of Corn RNA aptamer repeats and the T,, values.

Corn RNA aptamer increased the Ty, value compared to the WT
group. Furthermore, the T;, gradually increased with a higher
number of Corn RNA aptamer repeats. The Ty, of the 7 x Corn
RNA increased by 8 °C compared to the WT group, indicating a
significant enhancement in RNA thermal stability. Linear corre-
lation analysis between the T, values and the number of Corn
RNA aptamer repeats yielded the fitting equation Y = 0.65X +
72.17, with a correlation coefficient of R* = 0.9657 (Fig. 2c).

Table 1 The T,, values of the Corn containing RNAs

Group Tm (°C)
WT 69.0
1 x Corn 73.1
3 x Corn 74.0
5 x Corn 75.0
7 x Corn 77.0

This journal is © The Royal Society of Chemistry 2026

This indicates a strong positive correlation between the num-
ber of Corn repeats and Ty,, suggesting a direct relationship
between structural stability and the number of repeating units.

Interestingly, the denaturation curve of the 7 x Corn group
exhibited a biphasic sigmoidal shape rather than a typical
single sigmoidal transition. This likely arised because the
extended sequence length of the 7 x Corn RNA enables the
formation of new, relatively independent structural domains
within the molecule. Weak interactions between these domains
may lead to the lower-temperature transition peak, corres-
ponding to the unfolding of non-G-quadruplex structural ele-
ments. This biphasic profile reflected the inherent structural
complexity of the 7 x Corn RNA molecule.

Regulation of GFP expression by the Corn RNA aptamer

Based on our previous observation that insertion of the Corn
RNA aptamer into RNA induced RNA aggregation in vitro, we
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next transfected the recombinant plasmids into HEK 293T cells
to investigate the regulatory effect of Corn on protein expres-
sion in eukaryotic cells. We first qualitatively assessed GFP
protein expression 72 h after post-transfection. Compared with
the GFP-WT group, the GFP-1 x Corn, GFP-3 x Corn, GFP-5 x
Corn, and GFP-7 x Corn groups exhibited progressively dimin-
ished GFP fluorescence with increasing Corn repeats. And the
results revealed a clear inverse correlation between the number
of inserted Corn RNA aptamer repeats and GFP fluorescence
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intensity. This indicated that RNA aggregates formed through
multivalent Corn RNA aptamers impaired GFP expression in
HEK 293T cells.

To further assess differences in GFP protein expression
among the groups in HEK 293T cells, we employed flow
cytometry and western blotting to quantitatively measure GFP
levels (Fig. 3a and b). Consistent with the qualitative fluores-
cence observations shown in Fig. S4, quantitative analysis
revealed a progressive decrease in GFP fluorescence intensity,
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Fig. 3 Regulation of GFP expression and mRNA level by the Corn RNA aptamer. (a) Results of western blot. (b) Quantitative analysis of the expression
differences of GFP in HEK 293T cells by flow cytometry. (c) Relative values of GFP expression levels in each group. (d) Correlation analysis between the
relative fluorescence intensity and the number of repeats of the Corn RNA aptamer. (e) The relative content of mRNA detected by RT-gPCR.
(f) Correlation analysis between mRNA stability and protein expression level. The results are presented as mean =+ standard deviation (n = 3), ***p < 0.001

compared with the GFP-WT group.

236 | Nanoscale Horiz., 2026, 11, 232-242

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5nh00510h

Published on 23 October 2025. Downloaded on 3/2/2026 11:38:05 AM.

Communication

as measured by flow cytometry, and a corresponding reduction
in western blot band intensity across the GFP-1 x Corn, GFP-3
x Corn, GFP-5 x Corn, and GFP-7 x Corn groups compared to
the GFP-WT control (Fig. 3c). This decrease correlated with an
increasing number of inserted Corn RNA aptamer repeats.
Linear correlation analysis between the relative fluorescence
intensity and the number of Corn RNA aptamer repeats yielded
the equation Y = —0.08592X + 0.9901, with a correlation
coefficient R> = 0.9292 (Fig. 3d). Statistical analysis of the flow
cytometry results confirmed that the GFP suppression rate
increased positively with the number of Corn repeats. When
the number of Corn repeats reached seven, the suppression
efficiency approached its maximum value, approximately 50%.
Notably, no significant difference in suppression rate was
observed between the GFP-5 x Corn and GFP-7 x Corn groups.
These results demonstrated that RNA aggregates formed
through multivalent Corn RNA aptamers impaired GFP expres-
sion in HEK 293T cells.

Regulation of mRNA levels by the Corn RNA aptamer

To elucidate the regulatory mechanism of gene expression, we
examined mRNA stability and protein translation efficiency.
We assessed the in vivo levels of GFP mRNA using reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
(Fig. 3e). The RT-qPCR results revealed a progressive increase in
the relative abundance of GFP mRNA with a higher number of
inserted Corn RNA aptamer repeats. This observation, combined
with our previous finding of elevated RNA melting temperature
(T1m) measured by UV spectrophotometry, indicated that the Corn
RNA aptamer enhanced the stability of GFP mRNA within the
cells. Furthermore, we performed linear correlation analysis
between the relative mRNA abundance in the GFP-WT, GFP-1 x
Corn, GFP-3 x Corn, GFP-5 x Corn, and GFP-7 x Corn groups
and the previously measured relative GFP protein fluorescence
intensity from flow cytometry. The analysis yielded the linear
fitting equation Y = —0.5581X + 1.551, with a correlation coeffi-
cient R> = 0.9719 (Fig. 3f). This demonstrates a strong inverse
correlation between mRNA levels and protein expression. These
results indicated that the Corn structures within the 3’ UTR
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GFP-1xCorn

DAPI

10 pm
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View Article Online

Nanoscale Horizons

primarily reduced protein expression by inhibiting the protein
translation process.

Morphological observation of Corn RNA aptamer within cells

To further elucidate the mechanism by which the Corn RNA
aptamer influences gene expression, we conducted a series of
analyses. After transfecting the recombinant plasmids into cells
for 48 h, we stained the cells with 3,5-difluoro-4-hydroxybenzyl-
idene-imidazolinone-2-oxyme (DFHO), a dye that binds to the
Corn RNA aptamer, and observed the intracellular morphology
of GFP mRNA containing the Corn sequence using confocal
laser scanning microscopy (CLSM).

Owing to partial spectral overlap between the green fluores-
cence of GFP and the yellow fluorescence generated by DFHO
bound to the Corn RNA aptamer, the yellow signal is masked by
the stronger green fluorescence; nevertheless, a few bright
spots are still discernible in the images. Distinct nuclear bright
foci were observed in cells expressing GFP fused with 1x, 3x,
5x, or 7x Corn aptamer repeats, whereas such features were
absent in the GFP-WT control group (Fig. 4). We suspected that
this may have resulted from GFP mRNA aggregation within the
nucleus induced by the Corn aptamer. Notably, the number of
these spots increased with a higher number of Corn aptamer
repeats. This finding confirmed our previous hypothesis that
multivalent Corn aptamers may hinder the transport of GFP
mRNA through nuclear pore complexes into the cytoplasm,
consequently impairing GFP protein translation.

Regulation of other genes by the Corn RNA aptamer

The regulatory effect of the Corn RNA aptamer on gene expres-
sion observed in HEK 293T cells was consistent with that in
HelLa cells, where the introduction of Corn into the 3’ UTR led
to reduced GFP expression (Fig. S5 and S6).

To further explore the regulatory potential of the engineered
Corn RNA aptamer in other genes, we inserted multivalent
Corn repeats into the 3’ UTR of a luciferase reporter gene
(Fig. 5a and Fig. S7). Both flow cytometry and western blotting
results demonstrated that Corn reduced luciferase expression
(Fig. 5b and Fig. S8).

GFP-5xCorn GFP-7xCorn

Fig. 4 The morphology of mMRNA containing Corn within cells observed by confocal laser scanning microscopy. Scale bar: 10 um.
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Fig. 5 Regulation of other protein expression by our designed UTRs. (a) The designed UTRs were cloned downstream of the luciferase gene to control
its expression. (b) The impact of the designed UTRs on luciferase protein levels. (c) Insertion of the 5" UTR of a-globin and NASAR upstream of GFP, and
the 3’ UTR of a-globin and NASAR downstream of GFP, followed by a 5 x Corn sequence to control GFP expression. (d) The combined impact of the
engineered 5" UTR (a-globin/NASAR) and 3’ UTR (a-globin/NASAR + 5 x Corn) on GFP protein expression compared without 5 x Corn. (e) The designed
UTRs were cloned downstream of the GFP gene in pESC-TRP to control its expression. (f) Quantitative analysis of the expression differences of GFP in
WAT11 by flow cytometry. The results are presented as mean + standard deviation (n = 3), ***p < 0.001 compared with the WT group.
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Subsequently, we selected the human-derived a-globin gene
and the NASAR UTR sequence independently designed by Dong
et al.>® (Table S1), inserting a 5 x Corn element into the 3’ UTR
of both constructs (Fig. 5¢). Results showed that 5 x Corn still
reduced GFP protein expression (Fig. 5d), this indicated that
the gene expression impairment function of our engineered
Corn regulatory element is not affected by the presence of other
UTR regulatory elements.

Finally, we investigated the regulatory effect of Corn in
different eukaryotic expression systems. We engineered multi-
valent Corn RNA aptamers into the pESC-TRP expression vector
within the Saccharomyces cerevisiae WAT11 strain (Fig. 5e and
Fig. S9). Results demonstrated that Corn exerts an analogous
suppressive effect on gene expression in the yeast expression
system (Fig. 5f and Fig. S10, S11).

Our study establishes a novel approach for gene expression
suppression. However, potential challenges and limitations
remain for its application. A key consideration is whether the
introduced exogenous Corn sequences impact host cell fitness.
Cytotoxicity assays revealed that the insertion of the Corn RNA
aptamer does not adversely affect cellular viability, prolifera-
tion, or normal cellular activities, as evidenced by healthy cell
growth (Fig. S12-S14). This indicates that our method holds
substantial potential for future applications.

Conclusion

In this study, we systematically investigated the regulatory
function of the engineered RNA aptamer, Corn, within mRNA
UTRs and its potential for gene expression control. By construct-
ing recombinant plasmids with varying numbers of Corn repeat
units, we elucidate the molecular mechanism by which this
aptamer regulates gene expression through the formation of
stable aggregates.

Our results demonstrated that inserting the Corn RNA
aptamer into the 3’ UTR of a GFP reporter gene in eukaryotic
cell models led to a significant negative correlation between
the number of Corn repeats and protein expression levels.
Maximum suppression efficiency (~50%) was achieved with 7
repeats. This regulatory effect exhibits broad applicability
across diverse models, including HEK 293T cells, HeLa cells,
and the Saccharomyces cerevisiae WAT11 strain. Thermal stabi-
lity analysis of in vitro transcribed RNA revealed that the
Corn-induced G-quadruplex structures exhibited significant
temperature dependence. Ty, value increased progressively with
the number of repeats, with the 7 x Corn RNA showing a
substantial ATy, of +8 °C compared to wild-type, confirming a
direct relationship between structural stability and repeat unit
number. Native gel electrophoresis showed a pronounced
reduction in RNA migration rate with increasing Corn
repeats, with evident slower mobility observed for high-repeat
constructs. Combined with fluorescence results observed
by confocal microscopy, this steric hindrance likely impedes
the interaction of mRNA with nuclear pore complexes, thus
establishing that impaired nucleocytoplasmic transport
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efficiency constitutes a key mechanism for the observed gene
suppression.

Notably, while the Corn RNA aptamer significantly sup-
pressed protein translation efficiency, RT-qPCR analysis revealed
a concomitant increase in mRNA stability. The relative abundance
of 7 x Corn RNA was approximately 1.3-fold higher compared to
WT RNA. This coexistence of enhanced stability and translational
suppression uncovers a dual regulatory mechanism mediated by
RNA secondary structure in post-transcriptional control. Further-
more, the inhibitory effect of the Corn on GFP expression was
robustly corroborated by integrated analysis using western blot-
ting and flow cytometry. Validation of this regulatory strategy
through genetic circuit experiments, where the target gene was
replaced with luciferase, confirmed its broad applicability. This
establishes a novel paradigm for synthetic biology component
design. Critically, in terms of biosafety assessment, cytotoxicity
assays and analysis of reference gene expression levels demon-
strated that the introduction of the Corn did not significantly
impact cellular proliferation, indicating excellent biocompa-
tibility. This lays a crucial foundation for its potential applications
in gene therapy and related fields.

In addition, the modularity and programmability of this
RNA aptamer-based gene regulation system make it readily
compatible with existing gene editing technologies such as
the CRISPR-Cas system. By incorporating the engineered UTR
elements alongside CRISPR-mediated genome modulation,
synergistic control over both transcriptional and post-trans-
criptional processes could be achieved. This integration could
enable precise spatial and temporal regulation of gene expres-
sion, allowing for fine-tuning of dosage-sensitive or context-
dependent genes. For example, a CRISPR/dCas-based transcrip-
tional activator or repressor could modulate gene transcription,
while the Corn-containing 3’ UTR simultaneously governs
translation efficiency and mRNA stability. Such a dual-layer
regulatory strategy would substantially enhance control accu-
racy in cell and gene therapies.

Liu et al.>® inserted the Corn RNA aptamer into the 3'UTR of
mRNA transcribed in an Escherichia coli (E. coli) expression
system, resulting in a significant increase in protein expression
levels. The regulatory effects of Corn RNA aptamers on protein
expression in E. coli and eukaryotic cells are completely oppo-
site. We speculate that this difference may be attributed to the
lack of cellular structures, such as a nucleus, in E. coli, a
prokaryote. In E. coli, transcribed mRNA can form aggregates
and directly interact with ribosomes in the cytoplasm for
translation, without the need for nuclear export. Moreover,
transcription and translation occur in coupling in E. coli. Since
the Corn RNA aptamer is in the 3'UTR of mRNA, when the
mRNA is completely transcribed and formed aggregates, each
mRNA strand already carries a certain number of ribosomes.
This makes it easier for ribosomes to quickly bind to the next
mRNA strand after translation is completed. This thereby
increased the expression level of the protein. Eukaryotic cells
have more complex cellular structures and translation mechan-
isms. mRNA aggregates may have difficulty being transported
from the nucleus to the cytoplasm and bind to ribosomes to
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initiate the translation process, thus achieving the effect of
gene silencing.

Our study proposed a dual post-transcriptional suppression
strategy within the nucleus, in which biocompatible short-
stranded RNAs self-assemble into nanostructures and induce
mRNA aggregation inside the nucleus. Compared to existing
technologies, this system offers distinct advantages, including
enhanced design simplicity and improved biosafety. Its straight-
forward sequence design and reduced risk profile make it a safer
alternative to gene-editing tools such as CRISPR. This study offers
novel insights into the development of RNA structure-based gene
regulation tools, expanding the potential applications of nucleic
acid therapeutics in biomedical fields.
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