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The use of nucleic acid-based nanostructures as synthetic biological tools to
interface with and regulate cell processes remains challenging. A major
obstacle lies in nuclear delivery and retention within live eukaryotic cells. Here,
we present a platform of single-stranded RNAs that can co-transcriptionally
fold into defined nanostructures and assemble into rings, ribbons, and
nanonet-like architectures. We validate the formation of these structures in
vitro using atomic force microscopy. Then, we demonstrate the functional
integration of fluorescent aptamers and RNA sensing capability within the
single chain by co-folding with these structures. Notably, we show that the RNA
nanonets can be co-transcriptionally produced and assembled directly inside
the nucleus of live human cells. We use confocal live-cell imaging and trans-
mission electron microscopy to reveal well-defined nanostructure patterns
retained in the nucleus. Together, these results establish a genetically enco-
ded, self-assembling RNA nanostructure system with programmable geometry
and localization, providing a foundation for the development of RNA-based

nanodevices to examine biological properties in live cells and tissues.

RNA plays essential roles in genetic regulation, catalysis, and molecular
organization'. A critical aspect of RNA function is its subcellular loca-
lization, which is tightly regulated in living cells. Most RNA molecules,
including messenger RNAs (mRNAs), are transcribed in the nucleus,
undergo processing, and are subsequently exported to the cytoplasm.
Other types of RNAs, such as long non-coding RNAs (IncRNAs), are
often retained in the nucleus, functioning in gene regulatory pro-
grams. There are complex mechanisms controlling RNA localization
that involve nuclear export signal sequences and specialized RNA
structures>’. Due to its complexity, understanding and potentially
controlling the subcellular localization of RNA, particularly synthetic
RNA nanostructures that do not occur naturally, has remained a
challenge. A promising strategy is co-transcriptional folding, wherein
RNA self-folds while being transcribed by RNA polymerase. This
approach ensures higher fidelity and yield of desired nanostructures to
be produced in large-scale, using cost-effective materials and, more

importantly, allows the in vivo assembly of RNA nanostructures by
directly interacting with components of living cells.

Previous works in synthetic co-transcriptional RNA design
employed multiple strategies, such as antiparallel crossover*®, branch-
kissing loops’, and stem-loops with kissing loops®, to create diverse RNA
assemblies. These co-transcriptional folding RNA structures have been
expressed and engineered to work in various environments, including E.
col®, synthetic lipid membranes®, and living cells”". However, direct
visualization of the structure-defined, synthetic RNA nanostructures in
living eukaryotic cells, particularly in the nucleus, has not been achieved.
The ability to generate and retain synthetic co-transcriptional RNA
assemblies inside the nucleus will help us understand the requirements
for RNA subcellular localization as well as push forward applications in
RNA-based imaging technologies, specific RNA biosensing for disease
diagnosis, and new therapeutics based on simultaneous targeting of
entire cellular pathways rather than single molecular components.
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One strategy that has shown promise in nucleic acid nano-
technology is the use of parallel crossovers, a structural feature that
was initially developed in DNA nanotechnology™", later adapted to
RNA structures®, and recently used to fold single-chain DNA and
RNA?8, This design feature enables the construction of single-
stranded motifs without internal kissing loops, offering advantages
in both structural stability and modular assembly.

Here, we report a systematic design strategy for the rational
creation of a category of co-transcriptionally folded RNA nanos-
tructures that assemble into nanorings, linear arrays, and extended
two-dimensional lattices. The design incorporates RNA paranemic
cohesion for stable secondary structure formation and terminal kis-
sing loops for higher-order assembly. These synthetic RNA motifs are
compact, modular, and able to fold during transcription both in vitro
and in live human cells. By integrating light-up RNA aptamers into the
designs, we enable fluorescent visualization of these nanostructures
in vitro and in living human cells. Furthermore, we demonstrate that
RNA arrays can function as sequence-selective sensors by integrating
split aptamers to detect RNA targets in vitro. Notably, we demonstrate
direct visualization of assembled RNA 2D arrays remaining inside the
nuclei of human cells after transient transfection using electron
microscopy. This work expands the capabilities of RNA nanotechnol-
ogy and provides new routes for nuclear-localized RNA materials in
biosensing, intracellular imaging, and gene regulation.

Results

Design of co-transcriptional folding RNA nanostrcutures based
on paranemic cohesions

We developed a systematic design method that allowed single-
stranded RNA (ssRNA) nanostructures to fold co-transcriptionally by
leveraging RNA A-form parallel crossovers and terminal kissing loops
(KLs) for higher-order assembly into rings, linear arrays, and lattices. A
synthetic structural feature, RNA paranemic cohesion (PC), was
employed in the RNA tiles to enable the continuous single-strand
routing (Fig. 1A, B and Supplementary Fig. 1). For the higher-order
assembly between ssRNA tiles, three types of RNA KLs were employed,
including 180° RNA KLs, 120° RNA KLs, and RNA branch kissing loops
(BKLs), to create a variety of assemblies (Supplementary Figs. 2 and 3).
In 180° RNA KLs and 120° RNA KLs interactions, two terminal loops
hybridize at angles of 180° and 120°, respectively. The BKL features an
additional helix extending from one side of the terminal loop, enabling
branching in the assembled structures.

To design a tile, generally, we first determined the overall struc-
ture of an RNA tile, including the number and locations of paranemic
cohesions. Each RNA PC domain contains top two strands and bottom
two strands, forming stable secondary structural units. RNA KLs were
incorporated at the terminals not only for the single-stranded routing
but also for encoding the matching rules between tiles, enabling pro-
grammable formation of lattices and arrays. Figure 1A shows an
example of designing a ssRNA tile containing two PC domains and two
KL domains. We planned the routing of the single-chain RNA by
introducing an additional parallel crossover at the center of the tile to
bridge the two helices, allowing us to connect all domains into a single
continuous circular strand. Then, we chose the location of the 5" end to
initiate transcription, with the formation of stem loops, by creating a
nick position on the circular strand.

After the structural design, the sequence design of a tile was
conducted by following several steps. Generally, we first assigned the
sequences of certain nucleotides at key locations, such as 5" end, kis-
sing loops, and PC domains. Then, we will generate sequences domain
by domain from 5" down to the 3’ end (steps 1 to 4 in Fig. 1C) to ensure
the formation of the correct secondary structure of each stem loop
and to allow these domains to further interact through paranemic
cohesion to form the overall shape (detailed sequence assignment
protocol in “Materials and Methods”).

We designed five ssRNA tiles with different geometries and
interactive motifs by varying tile length, the number and locations of
crossovers, and the incorporation of KLs and BKLs, resulting in the
formation of nanorings, linear arrays, and 2D lattices (Fig. 2A). In our
co-transcriptional protocol, DNA template, T7 polymerase, and NTPs
were added to a mica surface and assembled at 37 °C. By using this
protocol, all ssRNA tiles were capable of assembling co-tran-
scriptionally, generating well-formed structures as shown by atomic
force microscopy (AFM) images. Array sizes and structural quality
improved when RNA was subjected to post-transcriptional purification
and controlled thermal annealing.

For the five designs, AFM revealed distinct assembly behaviors
(Fig. 2B and Supplementary Fig. 4). D1 used 120° RNA KL interactions
and formed hexagonal rings. D2 and D3 generated zigzag and linear
arrays, mediated by 120° and 180° RNA KLs, respectively. D4 and D5,
which differ in the number of paranemic cohesion domains, both
produced 2D waffle-like lattices, enabled by the orthogonal
arrangement of located BKLs and 180° RNA KLs. These results
demonstrate the feasibility of using paranemic cohesion and kissing
loops to construct structurally diverse artificial ssSRNA tiles and
assemblies that can fold co-transcriptionally, allowing us to create
complex and functional synthetic RNA nanostructures, such as RNA
tiles with defined curvature and the integration of functional
aptamers.

Curved RNA tiles for nanoring assembly

Curvature is an interesting synthetic structural feature that has been
demonstrated in DNA origami'>?°, showing precise control over com-
plex nanostructures. We introduced this structural feature into our
ssRNA tile system to show the robustness of our design methods. In
our ssRNA tiles, each tile body comprises two continuous double-
stranded RNA helices, allowing us to introduce curvature by inserting
or deleting nucleotides between crossovers. To explore this strategy,
we designed and characterized three curved tiles (D6 to D8) with dif-
ferent sizes, bending, and routings (Fig. 2C). D6 and D8 have the same
overall length with 11 nt deletion in the bottom helix relative to the top
helix, generating asymmetry that introduces curvature. The only dif-
ference between them lies in the position of the central crossover. D7
shares the same crossover position as D6 but features longer helical
segments between the two PC domains: the upper helix spans 4.5 turns
and the lower helix spans 3.5 turns, compared to D6, which has 3.5
turns and 2.5 turns, respectively. AFM images revealed that all three
curved tiles successfully assembled into nanorings, confirming that the
engineered curvature was sufficient to induce ring formation (Sup-
plementary Figs. 18-23). To compare their assembly behavior quanti-
tatively, we measured the diameters of the resulting nanorings and
fitted their distribution curves (Fig. 2D). D8 produced rings with dia-
meters closest to those expected for a pentamer ring, consistent with
the angular contribution of the 1Int deletion. D6 formed rings with
smaller diameters, indicating tetrameric or smaller assemblies,
potentially due to the specific placement of its crossover. D7 showed a
broader size distribution, likely reflecting the increased flexibility of
the longer RNA helices in this design.

Although RNA kissing loops have been well-characterized in var-
ious biological and synthetic contexts, their behavior within co-
transcriptionally folded ssRNA nanostructures, particularly their sen-
sitivity to buffer conditions relative to tile stability and higher-order
assemblies, remains less well understood”. Having successfully
designed ssRNA tiles with curvature that assemble into nanorings, we
leveraged these finite-sized architectures to study the intermolecular
interaction of 180° RNA kissing loops under varying ionic conditions.
Our parallel crossover-based ssRNA structures are uniquely well-suited
for this investigation because the individual tiles contain no internal
KLs, and the KLs are used exclusively at the termini for intermolecular
assembly. Therefore, any changes in KL interactions affect only the
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Fig. 1| Design, folding, and cellular assembly of co-transcriptionally folded
ssRNA tiles. A Schematic design of a ssRNA tile, Design 3 (D3). ‘RNA KLs' refers to
RNA kissing loop motifs, and ‘RNA PC’ denotes RNA paranemic cohesion. The 3D
model shows the composition and folded conformation of the ssRNA tile.

B Routing map of the co-transcriptional folding of D3. The blue line indicates the
first half of the D3 sequence, and the red line indicates the second half. C Schematic
of the co-transcriptional folding and assembly of Design 4 (D4) tile in the human
cell nucleus. Step 1: RNA polymerase binds the DNA template and begins
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synthesizing the first paranemic cohesion domain, leaving an open stem-loop
structure. Step 2: The first half of D4 is completed, forming half of the RNA PC
domain and one branched arm containing an RNA branch kissing loop (BKL). Step
3: The second half of the RNA PC domain is synthesized and pairs with the first half,
forming a stabilized RNA PC configuration. Step 4: The second branched arm with
an RNA BKL is transcribed, completing the folding of D4. Tile monomers subse-
quently assemble into lattices within the nucleus via RNA kissing loop interactions.

nanoring formation, without compromising the structural integrity of
individual ssRNA tiles.

We first test directly annealed D8 samples in a set of TA buffers
containing 0, 0.5,1, 2, 4, or 6 mM Mg?". The nanoring formation started
to be observed when the Mg?* concentration reached 0.5 mM or higher
(Supplementary Figs. 25-27). Notably, D8 monomers folded into the
target tile shape with some level of deformations even under 0 mM
Mg?*, as confirmed by AFM imaging, indicating that individual ssSRNA
tiles can fold across a broad range of ionic buffer conditions. This data
aligns with the previous report that ssSRNA origami based on paranemic
cohesion can be stably stored in phosphate-buffered saline (PBS)
without the addition of Mg cations for months, remaining intact™. In
addition, KL-mediated ring formation required elevated Mg** levels,
suggesting that KL interactions for higher-order assembly are sensitive
to ionic strength. Similar results were also reported in a previous
study?, where stem-looped KL tiles were used to study their assembly
under 0, 1, and 5 nM of Mg*", and the results showed that conformation

of the higher-order RNA assemblies can be stabilized by the addition of
magnesium.

Integration of fluorescence aptamers into RNA assemblies

To introduce the functionality of ssRNA tiles and facilitate their use
in vivo, we incorporated fluorescent RNA aptamer sequences into the
tile designs. Specifically, we used the Broccoli aptamer and a split
Broccoli aptamer, both of which enhance the fluorescence of small-
molecule dye DFHBI-IT??*. To preserve the co-transcriptional folding
and structural integrity of the tiles, we tested four designs, D9 to D12,
with different aptamer-inserting locations within the RNA tile
sequences that were based on the previously validated D3 and D4 tile
frameworks (Fig. 3A-C). Each design employed a different strategy for
aptamer integration. D9 had an aptamer tagged at the 3’ end of the tile
sequence. D10, a larger design, placed the aptamer sequence near the
3" end but internal to the strand. D11 displayed the aptamer as an
extension from a kissing loop, while D12 incorporated the split
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Fig. 2 | Programming ssRNA tiles to assemble into arrays and finite-sized
nanorings. A Schematics of Design 1 to 5 (D1-D5) and their intended assemblies.
B AFM images of D1 to D5 assemblies under co-transcriptional folding. D1 forms
hexamer rings. D2 generates zigzagged 1D arrays using 120° RNA KLs. D3 forms
linear 1D arrays mediated by 180° RNA KLs. Both D4 and D5 assemble into waffle-
like 2D lattices. However, D5 contains two paranemic cohesion domains and thus
forms larger unit cells than D4, which contains only one. Scale bar: 200 nm; inset
images: 200 x 200 nm. Each experiment was repeated independently three times
with similar results. C Designing ssRNA tiles with intrinsic curvature. The schematic
shows how curved tile D8 assembles into nanorings (N=4, 5, or 6 monomers)

20 30 40 50

Ring diameter (nm)
through 180° KL interactions. In these designs, the inner RNA helix is shorter than
the outer helix by one helical turn (colored navy). Specifically, D6 has 3.5 turns in
the upper helix and 2.5 turns in the lower helix; D7 has 4.5 turns in the upper helix
and 3.5 turns in the lower helix. Compared to D6 and D7, D8 has no additional
crossover between helices and features 2.5 turns in the upper helix and 1.5 turns in
the lower helix. Scale bar for AFM images: 100 nm. D Statistical analysis of ring
diameter distributions. Diameters of rings assembled from D6, D7, D8, and D1 were
measured and plotted to compare size variations. Gaussian fitting was applied. D1
forms hexamer rings by relying on 120° KLs, not structural curvature.

Broccoli sequence separately at 5" and 3’ ends. These designs were
optimized to maintain robustness during folding while accommodat-
ing the aptamer sequences at different locations. All four designs were
transcribed and assembled directly without purification and annealing.
AFM imaging confirmed the successful formation of the intended
assembilies for all four designs (Fig. 3C and Supplementary Fig. 29). D9
and D10 formed 2D lattices, while D11 and D12 assembled into linear
arrays. Fluorescent measurements after 1 h of transcription revealed
that D9 and D12 produced stronger signals than D10 and D11 (Fig. 3B),
indicating possible preferred terminal locations for integrating apta-
mer sequences.

Scaffolded RNA sensors based on split aptamers

To explore the sensing applications of ssRNA tiles in vitro, we designed
D13, a tile incorporating a split Broccoli aptamer and a target-
responsive domain for RNA detection. RNA sensing is a useful
approach for disease diagnostics and gene expression studies®*. We
chose a target sequence derived from the KRAS Proto-Oncogene

GTPase, a known biomarker for multiple cancer types with a higher
impact on pancreatic and colorectal cancers??. Inspired by our pre-
vious study, that multistranded RNA tiles can incorporate a split
Broccoli aptamer and a target-responsive domain for RNA sensing®’,
we present a ssSRNA tile D13 to explore the sensing application in vitro.
As shown in Fig. 3B, D13 consists of two RNA helices connected by a
single crossover, where one helix features two 180° KLs at both ends
and the other helix is capped with two T-junction loops. The target-
sensing domain is split across the 5’ and 3’ ends of the tile, flanking the
split Broccoli aptamer. Upon hybridization with the target RNA, the
complementary sensing regions bring together the split aptamer
fragments, reconstituting the aptamer core and activating fluores-
cence in the presence of DFHBI-IT (Supplementary Fig. 28). AFM
images showed the co-transcriptionally assembled D13, with unpaired
sensing domains hanging out from the tile body (Supplemen-
tary Fig. 40).

To evaluate sensing performance, we measured the dose-
response curve of DI3 against increasing concentrations of the
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target RNA (Fig. 3D). A significant increase in fluorescence was
observed between 5 and 10 nM target RNA, indicating a low detection
threshold. We also tested the dye response curve in the presence of
both ssRNA tiles and target RNA, and the RNA target response curve
with ssRNA tiles and dye present (Supplementary Fig. 44). Both
experiments were performed in a one-pot, co-transcriptional system
without any purification or annealing, demonstrating the sensor’s

R4

compatibility with rapid, scalable workflows. In addition to sensitivity,
we assessed the specificity of D13 by testing various mutated RNA
targets, M1 to M7, that were derived from a previous work®. M1 to M4
contained 12nt, 8nt, 2nt, and 3nt substitutions, respectively, and pro-
duced fluorescence levels comparable to the negative control. M5 to
M7, with Int, 5nt, and 2nt mutations, generated reduced but still
detectable signals relative to the fully matched target (Fig. 3E-G and
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Fig. 3 | Functional assembly of light-up ssRNA arrays and sensors by incor-
porating RNA aptamers. A Schematics illustrate the synthesis, assembly, and
fluorescence activation of D10. D10 is a ssRNA array embedded with fluorescence
aptamers. B Fluorescence measurements of D9 to D12 after transcription from (A).
All samples were tested after the same transcription time without additional pur-
ification or annealing. C Models, routing maps, and AFM images of D9 to D12. In our
design, D9 to D12 represent different methods for inserting aptamer sequences for
comparison. D9: RNA Broccoli aptamer appended to the 3’ end. D10: Broccoli
aptamer embedded internally, near the 3’ end. D11: Broccoli aptamer inserted into
the middle of the strand, forming part of a branch kissing loop (BKL). D12: Broccoli

aptamer split into two halves, with the first half at the 5’ end and the second half at
the 3’ end. D9 and D10 assemble into 2D lattices, while D11 and D12 form linear
arrays. AFM images of aptamer lattices and arrays assembled via co-transcriptional
protocols. Arrows in the AFM images of D11 and D12 indicate alternating aptamer
positioning along the linear arrays. Scale bar: 300 nm; inset size: 300 x 300 nm.

D Schematics of D13 as an RNA sensor. E Schematics of the sensing domain of D13
hybridized with target RNA and the sequences of each mutation. F Sensitivity
testing of D13 for target RNA detection. G Specificity testing of Co-APT V5 against
RNA targets with different mutation numbers and locations. Fluorescence intensity
data are reported as means + standard errors (SE) from n =6 experiments.

Supplementary Fig. 45). This partial activation likely results from the
specific locations or minimal number of mismatches, which may per-
mit partial hybridization to facilitate the aptamer core formation,
suggesting that the specificity of our sensor is also influenced by
structural factors of the split aptamer in addition to the number of
mismatches. Although the current sensing experiments are conducted
in a cell-free synthetic system, previous studies of RNA biosensing
using split Broccoli*®* suggest that this sensor design potentially can
also be adapted in living cells for visualizing and monitoring RNA
assembly.

Folding and assemble RNA structures in human cell nuclei

Building upon the in vitro characterization, we next assessed whether
our designs could be applied in biologically relevant settings. We
selected D4 and D10, forming large nanonet-like configurations
(Figs. 2A D4 and 3B D10) to generate expression plasmids (Supple-
mentary Figs. 72-74) and evaluate their co-transcription and in vivo
assembly by transfecting human embryonic kidney 293FT cells
(HEK293FT) (Fig. 4A). Their expression was analyzed by quantitative
Reverse Transcription-PCR (RT-qPCR) and the nanostructures were
visualized by confocal imaging. Prominent expression of both RNA
structures was observed 24 h after transfection (Fig. 4B and Supple-
mentary Fig. 46). Since most of the RNA tiles form double-stranded
RNA helices upon folding, we used monoclonal J2 antibodies, which
detect double-stranded RNA helices larger than 40 bp irrespective of
the sequence®. These antibodies are widely used for detecting double-
stranded RNA of viruses in infected cells*. To monitor transfection
efficiency, we co-transfected HEK293FT cells with the D4 and D10
expression plasmids along with a plasmid expressing mCherry as a
transfection marker, followed by immunostaining with J2 monoclonal
antibodies. At 24 h post-transfection, we observed 68.50% and 67.09%
of cells expressing mCherry showed assembled D4 and D10, respec-
tively (Supplementary Fig. 69). We analyzed the subcellular distribu-
tion of these assemblies, classifying them as nucleus only, nucleus and
cytosol, or cytosol only. For D4, 48.97 % of cells showed nuclear dis-
tribution, 47.59% showed both nuclear and cytosolic, and 3.59 %
showed cytosolic only localization (Supplementary Fig. 70). For D10,
3.59% showed nucleus only, 88.11% showed nuclear and cytosolic dis-
tribution, and 11.15% cytosolic only (Supplementary Fig. 71). Notably,
our assemblies localize primarily within the nuclear compartment and
we observe distinct dSRNA-positive structures in most cells transfected
with either D4 or D10 (Fig. 4C Top left panels, Supplementary
Figs. 47 and 48). Both of these nanostructures displayed the expected
nanonet-like configuration (Fig. 4C Top right panels, Supplementary
Fig. 49 and 50). To further validate the structural assembly, we co-
transfected cells with D4, which contains a Broccoli aptamer, and
performed live-cell imaging 24 h post-transfection in the presence of
DFHBI-IT and Hoechst. These live imaging studies revealed a similar
nuclear nanonet-like configuration (Fig. 4C, Bottom panels, Supple-
mentary Figs. 51-54) to the nanostructures observed in immunos-
tained cells using J2 monoclonal antibodies (Fig. 4C, Top panels). To
probe for the dynamic properties of the assembled nanostructures, we
leveraged the photochemical sensitivity of the DFHBI-1T fluorophore.
DFHBI-IT has been shown to undergo rapid isomerization and

dissociation from the Broccoli aptamer upon laser illumination®. We
therefore performed live-cell photobleaching experiments and
observed rapid loss of fluorescent signal within the photobleached
region, followed by recovery within 30seconds (Supplementary
Figs. 55 and 56). The observed nanostructures further support the
dynamic binding of DFHBI-IT to correctly folded RNA tiles. Collec-
tively, these results validate the co-transcriptional expression and
proper self-assembly of our designed RNA tiles within the nucleus of
human cells.

Given the resolution limits of confocal microscopy and the
nanoscale dimensions of the RNA tile subunits, we sought to further
characterize their assembly in HEK293 cells by performing Transmis-
sion Electron Microscopy (TEM) on the two selected tiles, D4 and D10
(Fig. 4C, Top panels). TEM analysis revealed large organized synthetic
nanostructures with architectural assembly patterns that are con-
sistent with the ones observed by immunofluorescence (Fig. 5A-C and
Supplementary Figs. 57-66). We observed distinct waffle-like 2D arrays
(Fig. 5B inset 5, Fig. 5C inset 7) that closely resemble those formed by
co-transcriptional folding using T7 RNA polymerase visualized by AFM
(Figs. 2B D4 and 3B D10). Side-by-side comparisons between AFM and
TEM images at the same scale showed that D4 and D10 can efficiently
assemble into nanonet-like structures both in vitro and in vivo, inside
human cell nuclei. This was further demonstrated by the similar dis-
tances measured between the neighboring lines of these arrays in the
AFM and TEM images (Supplementary Figs. 67).

Collectively, using both fluorescence cell imaging and TEM, D4
and D10 exhibit a co-transcriptional self-folding into a nanonet-like
configuration inside human cell nuclei, with a striking similarity to the
in vitro nanostructure demonstrated by AFM. Our TEM images show
the integrity of nuclear components in D4-transfected HEK293 cells.
For instance, the TEM shows clear nucleolar structures along with well-
defined heterochromatin and euchromatin regions (Supplementary
Figs. 59-61). Thus, we present a clear demonstration, both in vitro and
in vivo, that our designed synthetic RNA nanonet-like structure is co-
transcriptionally folded within human cells and is more prominently
visible in the nucleus.

Discussion

In summary, we present a design framework for single-stranded RNA
tiles that fold co-transcriptionally through paranemic cohesion
domains and further assemble into defined rings, 1D, and 2D arrays. We
incorporated light-up aptamers using different insertion strategies and
validated their generated fluorescent signal upon transcription. In
addition, we engineered one of the ssRNA tiles, D13, to contain an array
of split aptamer sensors that can respond to target RNA with nano-
molar sensitivity and sequence discrimination.

Particularly, our in vivo study demonstrates that two ssRNA
designs, D4 and D10, that assemble into 2D arrays, primarily localize
within the nuclear compartment in human cells, suggesting de novo
designed, co-transcriptionally folded RNA structures can have their
preferred intracellular localization. For natural RNA molecules, a key
determinant of nuclear retention is the presence or absence of nuclear
export signals. Protein-coding mRNAs contain sequence elements that
recruit the transcription-export complex to facilitate their transport
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Fig. 4 | Expression and co-transcriptional folding of D4 and D10 RNA structures
in mammalian cells. A Schematic of the experimental workflow. Cells are trans-
fected with a plasmid encoding the RNA tile along with an mCherry expression
vector as a transcriptional marker for 24 h. In the nucleus, the RNA co-
transcriptionally assembles into large nanostructures. Assembly is visualized by
confocal microscopy using the J2 antibody, which detects double-stranded RNA
helices longer than 40 bp, and by live-cell imaging of the DFHBI-1T fluorophore
bound to the Broccoli aptamer. B Quantification of RNA expression levels 24 h post-
transfection by real-time qPCR using primers specific to D4 and D10 RNA

o

BE+5
5E+5
4E+5
3E+5
gm 2E+5
1E+5

\ 0E+0

RNA Aptamer Imaging
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structures. Relative expression levels are presented as a mean + SEM of three
technical replicates. The experiment was repeated three times independently with
similar results. C The top three panels: co-transcriptional assembly of D4 and D10,
detected by immunofluorescence with J2 antibody. High-magnification images
show nuclear localization and structure of D4 and D10 assemblies by J2 staining.
The bottom two panels: visualization of D10 live-cell assembly via DFHBI-1T binding
to the Broccoli aptamer. High-magnification live-cell images show Broccoli-tagged
D10 RNA nanostructures within the nucleus.

through nuclear pores®. In contrast, many nuclear-retained IncRNAs
lack sequence-based export signals. Instead, previous studies have
suggested that natural IncRNAs often adopt highly structured con-
formations, which favor interactions with nuclear proteins involved in

genomic and epigenomic regulation, impeding their nuclear
export®®¥. For the synthetic RNA nanostructures, the published
example of expressing branch-KL-based RNA assembilies in living cells
has shown their RNA predominantly in the cytoplasm', potentially due
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A
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Fig. 5 | Transmission Electron Microscopy (TEM) of D4 and D10 RNA structure
assembly in mammalian cells. Representative TEM images of transfected cells
showing: A Empty vector control, B D4 structure, and C D10 structure at increasing
magnifications. The images represent preparations of two samples with similar

results. Major cellular structures are labeled as follows: C - cytosol, N -

nucleus, Nu - nucleolus, H - heterochromatin, E - euchromatin. Insets 5 and 7 show
the interpretation of array assembly patterns, with outlines indicating the structural
organization of the RNA tiles.

to the initial formation of loose secondary structures that allow for
export before higher-order assembly. In our work, the HEK293 cells
engineered to express either D4 or D10 through transient transfections
form stable, large net-like structure assemblies in nuclei. These sSRNA
tiles may be produced rapidly to form large assemblies, and the ones
that are too large and/or too structured to undergo nuclear export. But
the factors influencing the localization of these RNA structures require
comprehensive investigation in future studies. Possible considerations
include structural factors (e.g., size, geometry), sequence design, the
transfection method, and other parameters affecting nuclear traffick-
ing processes.

Our findings suggest that RNA structure and folding dynamics
may play a crucial role in RNA localization. This has important impli-
cations for the design of synthetic RNA nanostructures intended for
nuclear applications, such as RNA-based biosensors, gene regulatory
systems, or nuclear scaffolding materials. Future work will focus on
elucidating the exact mechanisms governing nuclear retention,
including potential interactions between our RNA assemblies and
nuclear retention factors. Additionally, we project the use of these
nanostructures as biosensors in live human cells and tissues capable of
functioning as biosensing nanosponges that light up upon specific
binding to a multitude of microRNAs, whose upregulation is detected
in various diseases, including cancer.

Intriguingly, our RNA nanostructures can be viewed as mesh-like
assemblies, which, based on size and general shape, resemble a syn-
thetic version of the nuclear matrix, providing support and organiza-
tion to the cell nucleus. The nuclear matrix functions as a structural
framework involved in organizing the 3D genome, influencing chro-
matin structure and its ability to interact with transcription regulatory
complexes, which consequently affect gene expression and cell
physiology™®. For future studies, we will design structural configura-
tions with specific domains that link the 3D genome with Lamins,

which are nuclear matrix proteins known to dynamically change gene
expression by modifying the structure of the 3D genome known as
Lamin-associated domains (LADs)*°. This will enable us to investigate
the functional impact of RNA-based nanonets, which can be used as
inducible “synthetic LADs” to modulate 3D chromatin arrangements
and gene expression profiles, thereby affecting cell function.

Overall, this study not only introduces a structural approach for
co-transcriptionally assembled RNA nanostructures but also reveals a
previously unreported RNA nuclear localization and retention prop-
erty. Our work highlights the potential for engineering synthetic RNA
localization mechanisms through structural design, opening new
directions in RNA nanotechnology and synthetic biology.

Methods

Structural design of RNA tiles

RNA helices were created in Tiamat*® using the Create Strand function.
Helices were rotated and transferred to preferred positions where
parallel crossover could be added manually. The number of nucleo-
tides at the paranemic cohesion (PC) should be 8, and at least one turn
(1Int) was used to space between neighboring PCs. Take D3 as an
example, we built two paranemic cohesions with an 8 nt length.
Between two paranemic cohesions, we made a center parallel cross-
over to route this RNA tile into a single strand. The distance between
this crossover and the two paranemic cohesions was 11 nt and 14 nt to
increase the stability of RNA tiles. The space between PC and kissing
loop was chosen at 8 nt to increase the stability of the structure. 180°
RNA kissing loops were derived from natural HIV RNA (PDB_ID: 1B8R)*
and 120° RNA kissing loops originated from ColEl plasmid from
Escherichia coli (PDB_ID: 2BJ2)*2. RNA branch kissing loops originated
from this published research’. RNA tiles were drawn in Adobe Illus-
trator and arrays were built by moving monomers together. Molecular
models were rendered by UCSF Chimerax*’ in Fig. 1A.
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Sequence assignment of RNA tiles

First, we make the first two nucleotides at 5’ GG to facilitate the RNA
transcription. Then we add the sequence to the kissing loops. The total
number of G and C bases in every kissing loop is 3. Next, we assign the
sequence of PC domains. 4 out of 8 nt at PC are assigned G or C to
increase the stability of cohesion. Then we assigned the rest of the RNA
tile by the Generate Sequence function of Tiamat with the following
settings: Unique Sequence Limit 4; Repetition Limit 4; G repetition
Limit 3; G-C Percentage 0.5; Check Sliding Base Yes; Operation Time
Out 8. Then G-U wobble pairs were added every 8 to 11 base pairs
except for the paranemic cohesion and kissing loop region. After this,
we break the tile into domains containing half of a paranemic cohesion
and steps in the order of transcription (step 1 in Fig. 1C). NUPACK** and
mFold* are used to predict the secondary structures of the half
paranemic cohesion domain. If the predicted structure differs from the
one we designed, we modify the nucleotides near the unexpected
secondary structures until NUPACK and mFold output the correct
secondary structures. This step ensures that the domain of step 1 of
our tile can fold correctly during transcription. Then, we proceed to
the step 2 domain (Fig. 1C) and repeat this process until both software
outputs the correct folding of our structure at step 4.

Preparation of ssSRNA

The subsequent RNA sequences were translated to DNA templates. T7
promoters and PCR primers were added to the 5’ and 3’ (sequence can
be found in the Sequence section of this document) and ordered as
gBlock DNA from Integrated DNA Technologies (IDT). The gBlock DNA
was then diluted to 4 ng/uL in water and amplified by PCR with Tag PCR
Kit, from New England Biolabs (NEB). The sample was denatured for
1min at 95 °C, followed by 25 cycles at 95 °C for 30's, 50 °C for 1 min,
and 70 °C for 2 min. The final extension was at 70 °C for 5min. PCR
product was subjected to denaturing polyacrylamide gel purification
and used for RNA transcription with the HiScribe® T7 High Yield RNA
Synthesis Kit (NEB) using its protocol. RNA product was then subjected
to another round of denature polyacrylamide gel purification
before use.

Co-transcriptional assembly protocol

Co-transcriptional assembly was performed on mica, unless otherwise
noted. A freshly peeled mica (Ted Pella) was stuck on a metal disk and
was placed in a petri dish with wet filter paper to reduce humidity. This
petri dish was kept at 37 °C in a PCR chamber with 80 uL of 1x TAE Mg
buffer (40 mM Tris base, 20 mM acetic acid, 12.5mM magnesium
acetate, and 1 mM EDTA, with a pH of 8.2) added to the mica. A 20 L
sample was made with 30 ng DNA template, 0.01 uL T7 enzyme, 8 uL
NTPs, 1uL DTT, and 1x TAE Mg buffer instead of T7 buffer. All ingre-
dients are from the T7 kit if otherwise noted. This sample was then
transferred to the warm mica and allowed to cool stepwise from 37 °C
to 20 °C over 2 h. D14 and D6 to D8 were co-transcriptionally assem-
bled in solution in a 20 pL sample system with 30 ng DNA template, 1 uL
T7 enzyme, 8 uL NTPs, 1uL DTT, and 1x TAE Mg buffer at 37 °C for 2 hrs.

Annealing assembly protocol

Purified RNA was annealed on mica if not specifically noted. For
assembly on mica, the mica preparation process was the same as the
co-transcriptional protocol. After preparation, the petri dish was
placed in a PCR chamber at 70 °C with 100 uL of 1x TAE Mg buffer. Prior
to assembly, the RNA underwent a quick heating-cooling process
(90 °C for 3 min, 4 °C for 5min). Then, 500 ng of RNA was diluted in
20 pL of TAE Mg buffer and heated to 70 °C before being added to the
warm mica. This sample underwent a stepwise cooling ramp from
70 °C to 20 °C overnight (-12 h). D14 and D6 to D8 were annealed and
assembled in solution in a 20 uL sample system with 500 ng of RNA
diluted in 20 pL of TAE Mg buffer, and underwent a stepwise cooling
ramp from 70 °C to 20 °C overnight (-12 h).

AFM imaging

AFM imaging was carried out using Dimension FastScan AFM from
Bruker in ScanAsyst in Liquid mode and ScanAsyst-Fluid+ tip from
Bruker. Sample on mica was washed with 200 uL TAE Mg buffer before
imaging and 2 uL 100 mM NiCl, solution was added to improve con-
trast. For the sample prepared in solution, 0.5 uL was diluted with TAE
Mg buffer to 80 uL and mixed with 2 uL. 100 mM NiCl, solution before
adding to the mica. Auto controlled peak force setting was used for all
samples. Ring diameter measurement in Fig. 2D of the manuscript was
performed using ImageJ, and the data were processed using the
Gaussian fitting function in OriginPro software.

Fluorescence measurements
Sample preparation. Experimentally, D13 was cotranscribed with
HiScribe® T7 High Yield RNA Synthesis Kit (NEB) for 1h. Then, the
reaction mixture, without further purification, was directly diluted to
0.5 uM for specificity testing, and the concentration of D13 was calcu-
lated based on the OD260 reading from the Nanodrop. Noted that the
in vitro transcripts always contain elongated or shortened byproducts,
so that the calculated concentration is higher than the concentration of
pure D13, and the accurate concentration of D13 was not quantified.
M1 to M7 are seven RNA mutants adapted from our multistranded
RNA tile study”. Unpurified cotranscriptional products of D13 (0.5 uM)
were mixed with each RNA target (0.5uM, purified) and DFHBI-IT
(10 uM), and annealed at 37 °C in a thermocycler for 30 min.

Measurement. Fluorescence signals were collected on a Horiba
Fluorolog-3 spectrofluorometer with excitation at 470 nm and emis-
sion wavelengths at 505nm. The fluorescence test of the co-
transcriptional sample was performed after overnight transcription
(-12 h) of the ssRNA tile using the T7 Kit protocol. A 1 uL transcription
product was diluted to 50 uL in HEPES buffer containing 100 mM
potassium chloride and 1 mM magnesium acetate. 1uL 0.5 mM (Z2)-4-
(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-
one (DFHBI) was added before testing.

Plasmid construction

Col-BKL and Co-APT-V2 expression plasmids were generated using
standard molecular cloning techniques. Synthetic gBlocks encoding
D4 and D10 (IDT) were used as templates for PCR amplification to
introduce EcoRI and Agel restriction sites. The PCR products and the
pLKO.1-puro vector (Addgene #8453) was digested with EcoRI-HF and
Agel-HF (New England Biolabs) restriction enzymes and purified using
the QIAquick PCR Purification Kit (Qiagen) according to the manu-
facturer’s instructions.

The purified, digested inserts and vector were ligated using T4
DNA Ligase (NEB) at room temperature for 1h, followed by heat
inactivation at 65 °C for 20 min. Four microliters of the ligation reac-
tion were transformed into One Shot Stbl3 chemically competent E.
coli (Thermo Fisher Scientific) using heat shock. Colonies were
screened by colony PCR using primers flanking the insertion site in the
pLKO.1 vector (U6 promoter forward: 5-CTC GAG CCG CGG CCA AAG
T-3’; reverse: 5-GAG GGC CTA TTT CCC ATG ATT CCT T-3).

Positive clones were expanded overnight in LB medium contain-
ing ampicillin, and plasmids were isolated using the CompactPrep
Plasmid Kit (Qiagen).

pLKO.1 puro was a gift from Bob Weinberg (Addgene plasmid #
8453; http://n2t.net/addgene:8453; RRID: Addgene_8453)

Cell culture and transfection

HEK293FT cells were obtained from Invitrogen (Cat# R70007) and
cultured on Matrigel-coated tissue culture plates in Dulbecco’s Mod-
ified Eagle Medium (DMEM; Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS; HyClone), 1% non-essential amino
acids (NEAA; Sigma), 1% GlutaMAX (Gibco), 1% sodium pyruvate
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(Sigma), and 1% penicillin-streptomycin (Gibco). Cells were maintained
at 37°C in a humidified incubator with 5% CO, and passaged twice
per week.

For transfection experiments, cells were trypsinized the day
before and plated onto Matrigel-coated coverslips (for immuno-
fluorescence) or chambered dishes (for live imaging) at a density of
2.5x102%t0 4.5 x 102 cells per well. On the day of transfection, 290 ng of
expression plasmid and 10 ng of mCherry vector were diluted in Opti-
MEM (Gibco) and mixed with polyethyleneimine (PEI) at a final DNA:
PEI ratio of 1:4. The mixture was incubated for 20 min at room tem-
perature to allow transfection complexes to form. Cells were washed
and fresh antibiotic-free medium was added prior to the addition of
transfection complexes. After a 6-hour incubation, the medium was
replaced with fresh complete medium. Cells were either fixed or col-
lected for downstream experiments 24 h post-transfection.

Immunofluorescence

Fixed cells were washed three times with PBS and permeabilized with
0.5% Triton X-100 (TX100) in PBS for 10 min at room temperature. To
reduce non-specific binding, cells were blocked with a solution con-
taining 2% goat serum, 1% BSA, 0.2% skim milk, 0.1 M glycine, and 0.1%
TX100 in PBS for 1 h at room temperature.

Primary antibody incubation was performed overnight at4°Cin a
humidified chamber using mouse anti-dsRNA (J2 clone, Nordic-MUbio)
diluted 1:250 in 0.1% BSA in PBS. The following day, the cells were
washed six times by gently dipping them in a beaker containing 0.1%
TX-100 in PBS. Cells were then incubated with Cy2- or Cy5-conjugated
secondary antibodies (Jackson ImmunoResearch) for 1h at room
temperature in a dark, humidified chamber.

After secondary incubation, cells were washed again and mounted
using Vectashield Vibrance with DAPI (Vector Laboratories). Mounted
slides were allowed to cure overnight at room temperature.

Images were acquired using a Zeiss LSM980 confocal microscope,
using either a 20x or 63x oil immersion objective. DFHBI-IT was visua-
lized through EGFP filter with shortened detection range (490-552 nm)
to reduce mCherry bleed through. Image processing and analysis were
performed using ZEN Blue (Zeiss) or ImageJ (NIH) software.

Quantitative PCR

Total RNA was extracted using TriPure Isolation Reagent (Roche)
according to the manufacturer’s protocol. RNA concentration was
measured using a QuickDrop spectrophotometer (Molecular Devices),
and 1 pg of total RNA was used to synthesize cDNA using the LunaScript
RT SuperMix Kit (New England Biolabs). cDNA was subsequently
diluted 1:10 in TE buffer.

gPCR was performed using Luna Universal qPCR Master Mix (NEB)
on a CFX384 Touch Real-Time PCR Detection System (Bio-Rad). Each
10 pL reaction contained 5 pL of Luna Master Mix, 1 uL of diluted cDNA,
and 250 nM of each primer.

Gene expression was quantified using the AACt method, nor-
malized to Gapdh, and reported as fold change relative to the control
vector. All reactions were performed in at least three technical repli-
cates, and error bars are presented as SEM.

Transmission electron microscopy

Cultured cells were collected by sedimentation, and the resultant
pellets were fixed using 2.5% glutaraldehyde and 2.0% paraformalde-
hyde in 0.1 M Sodium Cacodylate buffer. After fixation, pellets were
post-fixed in 1% osmium tetroxide, and block stained in 1% aqueous
uranyl acetate, followed by dehydration and embedding in Embed812
resin (Electron Microscopy Sciences). Ultrathin sections were cut,
collected on copper grids, and post-stained using uranyl acetate fol-
lowed by Reynolds’ lead citrate solution. Images were acquired using a
Thermo Fisher FEI Tecnai 12 BioTwin Transmission Electron Micro-
scope (Thermo Fisher Scientific) equipped with a Gatan OneView

CMOS (4 K by 4 K) camera (Gatan). Image processing and analysis were
performed using Gatan Digital Micrograph or ImageJ software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
main text and its Supplementary Information. The raw data and sta-
tistical analysis of fluorescence intensity in this study are provided in
the Source Data files. Any additional requests for information can be
directed to, and will be fulfilled by, the corresponding authors. Source
data are provided with this paper.
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