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The interaction between RAD51 and BRCA2 plays a key role in homologous
recombination (HR), a critical DNA repair mechanism essential for the survival
of cancer cells. Disrupting this interaction increases the sensitivity of cancer
cells to chemotherapeutic agents. Here, we employed in silico methods to
design aptamers—customized single-stranded oligonucleotides—specifically
engineered to bind RADSI. These aptamers were developed with the aim of
selectively modulating RAD51’s nuclear recruitment and its role in DNA repair
processes. The leading candidate displays high affinity for RAD51, competing
with BRCA2 for the same interaction site in vitro, as confirmed through bio-
layer interferometry (BLI) and fluorescence lifetime imaging microscopy
(FLIM). In pancreatic cancer cells, we show that the aptamer impairs HR by
altering the stress-induced nuclear localization of RAD51 and BRCA2, thereby
reducing DNA repair efficiency and promoting the accumulation of DNA
damage. Notably, when combined with the PARP inhibitor olaparib, the
aptamer triggers synthetic lethality (SL) in a dose-dependent manner, an effect
that is also preserved in 3D spheroid models. Our study showcases an aptamer-
based approach for selectively targeting protein interactions within DNA
repair pathways, introducing a promising avenue for SL-based treatments
applicable to a wide range of cancers.

Cell growth and division inevitably cause DNA damage, which is
normally resolved by dedicated repair pathways'. In cancer cells,
rapid proliferation increases the likelihood of damage accumulation,
leading to frequent activation of repair mechanisms**. Over time,
sustained growth drives cancer cells to become highly proficient at
engaging these pathways>’. The specific pathway recruited depends
on the nature of the lesion, such as strand breaks, base loss, or
deamination’.

Double-strand DNA breaks (DSBs) are among the most deleter-
ious forms of damage. Their repair primarily relies on homologous
recombination (HR) or non-homologous end joining (NHEJ)°. The
choice between these pathways, dictated by the cell cycle stage and
the nature of the break’, is critical for preserving genomic stability and
ensuring cell viability.

HR is a high-fidelity repair pathway that uses a homologous DNA
sequence—most often the sister chromatid—to restore genome
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integrity. At the core of this process is RADS1, a key protein that
mediates strand invasion and homology search®’. RAD51 assembles on
single-stranded DNA into nucleoprotein filaments that are critical for
homologous recombination and DNA repair'®". Its conformational
flexibility underlies RADS51’s pivotal role in the accurate resolution of
DSBs'™.

Upon DNA damage, RADS1 is recruited to the nucleus by BRCA2,
primarily through its interaction with eight highly homologous BRC
repeats within BRCA2. Beyond recruitment, BRCA2 ensures the proper
loading of RADS1 onto single-stranded DNA at the break site, enabling
nucleoprotein filament formation>**, BRCA2 also facilitates filament
disassembly once repair is complete. The RAD51-BRCA2 interaction is
therefore essential for the correct execution of homologous recom-
bination. Targeting this complex has attracted significant attention in
drug discovery, as its disruption could impair DNA repair—a vulner-
ability particularly critical in cancer cells that depend heavily on HR for
survival. Although a high-resolution structure of the full RAD51-BRCA2
complex is not yet available, the high-affinity interaction between
RADSI1 and BRC4, the fourth BRC repeat of BRCA2, has been exten-
sively characterized. BRC4 binds two specific pockets on RAD51'¢: the
first pocket, which accommodates the FXXA motif, corresponds to
residues Alal57-Met210, while the second pocket, which interacts with
the LFDE motif, involves residues Asnl196-Ser214 and
Ser239-Gly260"7 . Molecules that selectively target this interface
could sensitize cancer cells to DNA-damaging agents, thereby enhan-
cing the efficacy of combined treatments***.

The combination of anticancer drugs is a widely adopted strategy
to improve therapeutic outcomes, often exploiting the principle of
synthetic lethality (SL)*% SL occurs when the simultaneous disruption
of two genes or pathways results in cell death, whereas perturbation of
either component alone is insufficient to induce lethality”. In BRCA-
mutated cancers, where homologous recombination (HR) repair is
compromised, SL can be achieved with poly(ADP-ribose) polymerase
(PARP) inhibitors such as olaparib*, which block the completion of
DNA repair through the base excision repair (BER) pathway®.
Extending this rationale, the combination of PARP inhibitors with HR
inhibitors in BRCA-proficient tumors sensitizes cancer cells to treat-
ment regardless of their genetic background®”. This dual-targeting
strategy—conceptually aligned with what we have defined as “fully
chemically-induced SL"*® —leverages common DNA repair dependen-
cies and broadens the applicability of synthetic lethality, offering a
promising avenue to improve therapeutic efficacy across cancers with
high unmet medical needs. As such, it represents a paradigm shift in
oncology, with the potential to transform treatment strategies and
significantly improve patient outcomes®°,

In the literature, small organic molecules, peptides, and peptido-
mimetics have been designed to target the RADS5I-BRCA2
interaction”"*, However, none of these candidates have progressed
to clinical development, and, to the best of our knowledge, no active
clinical programs currently focus on compounds disrupting this inter-
face. This underscores the complexity of disrupting BRCA2/RADS1
interaction, pinpointing the urgent need to develop new, potent
molecules endowed with this mechanism of action and able to trigger
synthetic lethality. This work investigates the use of aptamers as a
strategy to disrupt the RAD51-BRCA2 interaction, thereby impairing HR
within the framework of synthetic lethality. Aptamers are short, single-
stranded oligonucleotides that bind specific targets with high affinity
and selectivity through their unique three-dimensional structures and
tailor-made sequences® ¢, Compared with conventional small mole-
cules or antibodies, aptamers offer several advantages: they can be
synthesized at high yield and low cost, are readily amenable to chemical
modification to enhance stability and specificity”’, and exhibit low
immunogenicity, making them generally well tolerated®. Their com-
pact size and defined structure also facilitate penetration into tissues
that are often less accessible to larger biomolecules®. Aptamers have

already found applications in therapeutic, diagnostic, and research
settings, and their versatility positions them as promising candidates
for next-generation biomedical strategies, particularly in targeted drug
delivery and personalized medicine®**°.

To date, the predominant method for aptamer generation has
been the Systematic Evolution of Ligands by Exponential Enrichment
(SELEX), a laboratory-based procedure that relies on iterative cycles of
selection and amplification of candidate sequences**. While SELEX
can yield aptamers with high affinity for target proteins, it remains
time-consuming, labor-intensive, and often limited in producing
highly specific oligonucleotides. Recent progress in computational
approaches has begun to overcome these limitations. In particular, we
and others have demonstrated the power of in silico aptamer design,
including the generation of de novo RNA aptamers against TDP-43, a
protein implicated in neurodegeneration, which highlights the preci-
sion and efficacy of algorithm-driven strategies*>*’. In this work, we
applied our in-house algorithm catRAPID****, a computational tool
that predicts protein-nucleic acid interaction propensities by inte-
grating secondary structure, hydrogen bonding, and van der Waals
contributions***¢, to design aptamers specifically targeting the
RAD51-BRCA2 interaction. Previous efforts had already explored
aptamers as inhibitors of RADS1. For example, Martinez et al. identified
three SELEX-derived aptamers able to interfere with RAD51-ssDNA
complex formation, but their dissociation efficiency was limited,
restricting their potential for therapeutic application*’. By contrast, the
sequences described here were rationally designed to selectively dis-
rupt RAD51-BRCA2 binding, a distinct and clinically relevant interac-
tion at the core of homologous recombination.

Our results show that these in silico-generated aptamers not only
bind RADS1 with high specificity but also impair its functional inter-
action with BRCA2, thereby reducing HR activity and synergizing with
PARP inhibition within a synthetic lethality framework. Both biophy-
sical and cellular data strongly support their activity, positioning these
aptamers as a promising next-generation strategy for the development
of nucleic acid-based therapeutics in cancer treatment.

Results

In silico-designed aptamers bind a specific region of RAD51

We developed an in silico pipeline to design aptamers that selectively
bind to specific regions of RAD51. To interfere with RADSI interactions
with BRCA2, we focused on two key areas around the RAD51-BRC4
interaction pockets, FXXA and LFDE, which we named Region 1 and
Region 2 (Supplementary Fig. 1A, B). Additionally, we included a third
area, known as the helix-hairpin-helix (HhH) motif, involved in non-
sequence-specific DNA binding. This part, designated as Region 3,
serves as an internal control to evaluate whether the binding in Region
1 or Region 2 is stronger (Supplementary Fig. 1C). The catRAPID
algorithm was used to design aptamers of 9-16 nucleotides in
length***%, This falls within the range of 10-20 nucleotides that we
previously exploited to successfully design aptamers (Table 1)*°.
Indeed, by limiting aptamers’ length, we aim to ensure direct interac-
tion with the binding interface. Longer structures can indeed expose
additional sites for unintended protein interactions, increasing the risk
of off-target effects***°.

For all resulting sequences, an interaction score with each of the
defined RADS1 regions was predicted, and the aptamers were ranked
based on these scores, with the condition that the values were higher
than those of a negative protein control, actin B. The results consist of
a series of aptamers characterized by repetitive short motifs rich in G
(Table 1 and Supplementary Table 1). When comparing the catRAPID
scores relative to the predicted interaction propensities, all of the
generated sequences display a higher value for Region 2 compared to
Region 1 or Region 3 (Supplementary Table 1). According to the pre-
dictions, the aptamers generated with catRAPID would preferentially
bind Region 2 of RADS], thus specifically disturbing the interaction
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with BRC4 on the pocket LFDE. As a negative control, the interaction
scores for rcApt—the reverse complementary sequences of the top-
scoring aptamer (Aptl)— was also included and the scores resulted to
be close to 0.

Interaction studies validate the predicted binding of selected
aptamers towards RADS1

The predicted binding propensities between the aptamers with an
interaction score for Region 2> 8 and purified RAD51 were validated
(Supplementary Fig. 3). Aptl reverse complementary sequence—rcApt
—was used as a negative control. The binding affinities of the aptamers
were determined by identifying their dissociation constants (K s)
using biolayer interferometry (BLI): the stronger the interaction, the
lower the Ky (Fig. 1). To ensure a tight binding towards the target
protein, the aim was to identify those aptamer sequences with a Ky for
RADS51 <1uM.

Table 1| Summary of aptamer details

tamer sequence Aptamer sequence catRAPID score -

Region 2

Aptl GGGGCGGGGCGGGGC 12.47
Apt2 GGGGGGGGGGGGGGG 12.44
Apt3 CGGCGCGGCGCGGCG 10.83
Apt4 GCGGGGGCGGGG 10.14
Apt5 CGGGCGGGCGGG 9.31
Apt6 GCGGGCGCGGGC 8.36
Negative control

rcApt GCCCCGCCcccaeeeee 0.75

Selected aptamer sequences with a catRAPID score for Region 2 > 8 and their calculated
catRAPID scores for Region 2. Sequence and scores for the negative control rcApt are also
included. The top-scoring aptamers and the negative control are characterized by a length of
12-15 nucleotides.

Scores highlighted in bold indicate strong binding.
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Fig. 1| Analysis of aptamer binding to RADS51. A BLI analysis illustrating the
binding kinetics of the first 6 aptamers (Aptlto Apt6) and a negative control (rcApt)
with RADSI protein at 25 °C. Each curve represents the interaction profile of an
individual aptamer, from which their respective binding affinities towards RAD51
can be extrapolated. Spheres: experimental points; line: curve fitting. The curve
relative to rcApt is reported as raw data, since no binding response was registered.

The highest catRAPID interaction scores, 12.47 and 12.44,
respectively, were found for Aptl and Apt2, which exhibited the lowest
determined Kgs of 116 £14nM and 138+4nM (Fig. 1A). Kgs of
188 £13nM and 413 £ 11 nM were displayed by Apt3 and Apt4, both
associated with a catRAPID score of around 10. K4s of 936 + 39 nM and
exceeding 2 uM were presented by Apt 5 and 6, both assigned catRA-
PID interaction scores below 9 (Fig. 1A). As predicted, the negative
control rcApt exhibited no binding (Fig. 1A).

The results of these analyses indicate that the sequences of Aptl-
Apt6, predicted by catRAPID to interact strongly with RAD51, displayed
a trend where a higher catRAPID score correlated with lower K4 values
(Fig. 1A). A notably robust negative correlation of —0.85 was uncov-
ered, thereby confirming that the affinity trend is in accordance with
the catRAPID score and that the algorithm was able to correctly predict
the aptamers with the highest binding probability (Fig. 1B).

An in silico-designed aptamer can disrupt RAD51 filaments

in vitro

Following the prediction of binding propensities between the top 6
aptamer candidates and RADS], their effect on the protein oligomer-
ization state was investigated. Aptl was selected as the aptamer with
the highest affinity based on computational predictions and in vitro
evaluations.

The impact of Aptl on RADS1 oligomerization was assessed using
negative staining transmission electron microscopy (TEM), incubating
RADS51 with increasing concentrations of Aptl (Fig. 2 and Supplemen-
tary Fig. 4A, B). In agreement with the literature, also in this study
RADSI in isolation forms mainly worm-like helical fibrils (Fig. 2A)*.
Upon incubation of RADS51 with equimolar concentrations of Aptl, no
visible effect was observed (Fig. 2B). However, increasing the con-
centration of Aptl to six times that of RAD5I1 resulted in the almost
total disruption of the long worm-like fibrils that were replaced by
smaller oligomers (Fig. 2C). The resulting ring-like arrangements of the

oligomers displayed an average diameter of 13.3+1.4nm
Apt3 Apt4
Ky =188+13nM Ks=413+11nM
0 2 4 0 2 4
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Three replicates were performed, and the mean and standard deviation were cal-
culated for each point within the binding curves. Below each curve, the dissociation
constant (Ky) is indicated. (ND = not detectable). B A scatter plot showing the
correlation between experimentally determined Kys of the aptamers with RADS51
and their affinities predicted by the catRAPID algorithm for Region 2. Source data
are provided as a Source Data file.
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Fig. 2 | Negative staining TEM images of RADS]1 fibrils/oligomers in the pre-
sence and in the absence of Aptl. A RAD51 by itself, displaying the characteristic
fibril structure. B RADS1 incubated with Aptl at a molar ratio of 1:1, exhibiting
similar supramolecular structures. C RAD5I1 incubated with Aptl at a molar ratio of
1:6, revealing a significant reduction in the presence of long fibrils, accompanied by

the formation of smaller oligomeric structures. D RAD51 incubated with Aptl at a
molar ratio of 1:12, resulting in the complete abrogation of fibrils. Experiments were
performed in biological triplicate, and data were collected from eight images per
experiment. Source data are provided as a Source Data file.

(Supplementary Table 2). A further increase in the concentration of
Aptl to twelve times that of RADS51 led to the complete disruption of
the oligomers (Fig. 2D), indicating that the aptamer significantly
affected RADSI quaternary structure, particularly in terms of filament
stability. Incubating RAD51 with the highest concentration of the
negative control aptamer, rcApt, did not perturb the filamentous
structure of the protein (Supplementary Fig. 4C).

These results indicate an interference exerted selectively by
Aptl—and not by rcApt—on the oligomerization state of RADS51. By
interfering with RADS51 quaternary structure, the aptamer might also
affect the protein’s ability to repair damaged DNA via HR.

Computational predictions confirm the structural alterations in
RAD51 filaments induced by APT1

To gain atomistic details on the mechanisms by which Aptl dis-
assembles RADSI filaments, structural predictions of RAD51 fibrils in
the presence of increasing copy number of Aptl (1, 6 or 12) were per-
formed using AlphaFold 3 (Fig. 3). As a control, the same predictions
were repeated with rcApt (Supplementary Fig. 5).

Following up on one of the resolved structures of a RAD51 filament
in which one helical turn corresponds to 6.6-7.3 RADS51 protomers per
turn®?, the prediction of the RADS51 filament was attempted with both six
and seven monomers. It was found that the former was better suited to
obtain a model (Fig. 3A) that closely resembled the X-ray helical struc-
ture of RADSI in the absence of the ssDNA filament to be repaired,
defined as apo protein (PDB ID: SNWL)*. A relevant difference between
the deposited structure and the model here proposed is the recon-
struction of the unresolved loop from Ala271 to Gly288. This portion
(part of L2 in Pellegrini et al.”” connecting B-strand B5 to B-strand B6) was
crucial to properly model the interaction with the aptamers®. The pre-
diction of the structure including 7 RADS51 copies was perfectly over-
lapping with the one containing 6 copies, with the seventh protomer
beginning a new helical turn, and it is not reported to avoid redundancy.

The model here proposed is characterized by a pitch of 1254,
fitting the previously reported range of 112-134 A* for the apo protein.
This reconstruction of RADSI fibril structure was used as a reference to
evaluate the predicted complexes formed by the protein filament with
increasing copies of Aptl molecules.

In the model with one copy of Aptl, the aptamer interacts with five
of the six RAD51 molecules forming the filament, without impacting its
structure (Fig. 3B). In accordance with the design, the aptamer is
located in a different groove (Supplementary Fig. 2B) compared to the
protein’s ssDNA binding site identified by cryoEM (PDB ID: 8PBC)**. In
particular, the aptamer lies juxtaposed to the DNA binding site used for
repair, sharing with it the interaction with the backbone atoms of a few
amino acids only (Supplementary Table 3). In this configuration, the
pitch length shrunk to 115 A, still in accordance with the deposited apo
structure (second assembly of the SNWL PDB)*, In this framework, 17
out of 25 predicted models were found binding Apt1 at a different spot
than the RAD51 ssDNA binding site (Fig. 3B); in other 5 configurations,
Aptl was bound to the ssDNA binding site; in 3 out of 25 models, Aptl
was binding the filament at different spots with weak and non-specific
interaction, or not binding at all.

To interpret the TEM results, the effect of 6 copies of Aptl on the
disassembly of one RADS5I filament was predicted (Fig. 3C). The
resulting model revealed the loss of the helical turn of RADS51 filament
and the rearrangement of the six RADS51 protomers into a circular
complex, with each of the aptamer molecules intercalating between
adjacent chains. This peculiar structure for a RADS1 oligomer dis-
played an approximate diameter of 13 nm, qualitatively resembling the
smaller non-filamentary oligomeric structures identified by TEM ima-
ging at the 1:6 molar ratio (Fig. 3C). According to the structural pre-
dictions, the amino acids of RADSI filament involved in the interaction
with the aptamer only partially overlapped with the ones found in the
model comprising one RAD51 filament and one Aptl molecule (Sup-
plementary Table 3): among them, Arg229, Arg235, Leu238, Ser239,
Ala271and Asn290. Conversely, the unique intermolecular interactions
borne by the annular-shaped complex involved some of the residues of
the reconstructed loop: Phe279, Ala280, Ala281, Asp282 and Pro283.
Statistically, the proposed circular oligomeric structure was observed
in 15 out of 25 predictions. Conversely, in only 5 out of 25 predictions,
the RADSI filament was able to maintain its structure in the presence of
six copies of Aptl. Among these, five showed non-specific interactions
with the filament, and only one bound to the ssDNA binding site. In the
remaining 5 predictions, the oligomeric structure was disrupted,
yielding a mix of dimers and trimers connected by aptamers.
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Fig. 3 | Structural prediction of RADS51 fibrils/oligomers in the presence and
absence of Aptl. A RADS51 by itself (6 protomers), displaying the characteristic fibril
structure. B One filament of RAD51 in complex with one Aptl molecule, exhibiting a
similar supramolecular structure with A. C One filament of RADS51 in complex with
six Aptl molecules, revealing a reorganization of the protofilament into a hex-
americ annular structure. D One filament of RAD5I1 in complex with 12 Aptl

molecules, resulting in the complete abrogation of the fibrils. In this latest case, two
trimers are interacting with several copies of the aptamer. Each protein chain is
shown in a different color using the cartoon-based representation (chain A in
orange, B in magenta, C in cyan, D in pink, E in silver and F in green). Each aptamer
copy is reported as a blue ribbon, with the sugar rings in yellow and the nucleo-
bases in red.

Recapitulating the TEM condition with the highest amount of
aptamer, RADSI filament was then modeled with 12 Aptl molecules.
None of the AlphaFold 3 generated structures resulted in a helical
filament, nor in a circular structure. Instead, the filament is broken in
two parts, resulting in two trimers interconnected with the apta-
mers, mostly in a non-specific arrangement (Fig. 3D). Indeed, nine
out of 12 aptamer strands were only bound to the proteins by means
of non-specific and non-conserved contacts, lying between the two
trimers and establishing occasional interchain base pairs with other
aptamer copies. There are two exceptions: i) two Aptl molecules
binding the RADS1 protomers (Fig. 3D) at a similar spot as in the one
filament-one aptamer model (Fig. 3B), mostly via the same amino
acids (Supplementary Table 3), albeit with a different binding mode;
ii) another aptamer contacting the protein between chain E and F (in
silver and green, respectively, in Fig. 3D), close to Asp274-Pro283.

Both the target patches involved in the interaction with the
nucleotides of Aptl are part of the Region 2 of RAD5], the target area
for which the aptamers were specifically designed (Supplementary
Figs. 1B and 2 and Supplementary Table 3). Instead, in contrast with
Aptl, the structural predictions in the presence of an increasing
copy number of rcApt show that also in silico the control aptamer is
not able to interfere with the RADS5I1 filament formation (Supple-
mentary Fig. 5).

The aptamer affects BRC4-RADS5I1 interaction

To rigorously assess the binding specificity of the designed aptamers
to the targeted pockets on RADS5I, Fluorescence Lifetime Imaging
Microscopy (FLIM) was employed. This technique enables us to probe
molecular interactions with high precision by measuring changes in
fluorescence lifetimes, which can indicate binding events at a mole-
cular level*. Here, FLIM was used to investigate whether the apta-
mers could effectively influence the interaction between RAD51 and
the BRC4 peptide.

The best performing aptamer, Aptl, was selected to be studied
with this technique and labeled with Texas Red (Fig. 4). As a control,
rcApt, which does not bind RADS5I (Fig. 4), was included.

The FLIM experiments were performed in various conditions: the
lifetime fluorescence of Texas Red directly conjugated to Aptl and to
rcApt was measured alone, in the presence of RADS5I, and in the pre-
sence of RAD51 together with BRC4. The fluorescence lifetime decay of
Aptl was analyzed before (Fig. 4, point A) and after (Fig. 4, point B) the
addition of RADS], revealing an increase in the slow component (Tsjow)
from 5.01+0.1ns to 5.32 + 0.2 ns (Table 2). This increase of Ty, indi-
cates an interaction between RADS5I1 and Aptl. Introducing BRC4 into
this system (Fig. 4, point C) led to a reduction in T4,y down to 5.09 ns,
suggesting a partial displacement of Aptl from its binding site by
BRC4, thus reintroducing the aptamer into solution. The observed
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intermediate lifetime of 5.09 + 0.1 ns supports the theory that Aptl was
both in solution and partially bound to RADSI, indicating that its
interaction with RADS1 affects the protein’s capacity to bind BRCA2.

Furthermore, the decomposition of the fluorescence signal into
ratios of “slow” and “fast” components revealed the presence of mul-
tiple fluorescent states, each of which differentially influences the
fluorescence lifetime. The fast component, indicating a short lifetime,
suggests rapid return to the ground state, whereas the slow compo-
nent, indicating a longer lifetime, suggests a slower return. The
increase in the Aptl’s slow component from 0.71 to 0.82 upon adding
RADS], and its subsequent return to 0.71 with the addition of BRC4,
supports that BRC4 and Aptl both target a common region of RAD51
(Table 2). Predicted complexes from AlphaFold 3 showing the posi-
tioning of BRC4 and Aptl at their respective binding sites on the RAD51
filament are presented in Supplementary Fig. 6, along with the model
of the RADS1 oligomer in the presence of excess BRC4 peptide (Sup-
plementary Fig. 7). A parallel experiment with rcApt consistently
showed a constant Tg0, Of 5.01+0.1ns under all tested condi-
tions: alone, in the presence of RADS], and in the presence of RADS51
and BRC4 (Fig. 4, points D, E, F). This uniformity in decay time irre-
spective of the presence of RAD51 or BRC4 across these conditions
confirms that the negative control rcApt does not interact with either
molecules.

To further validate the results obtained by FLIM, BLI was also
employed (Supplementary Fig. 8). BLI experiments were conducted by
immobilizing biotinylated Aptl onto streptavidin-coated biosensors

0.6
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0.4

0.3

0.2

0.1

0.1 0.3 0.5 0.7 0.9 11
G

Fig. 4 | FLIM analysis of Apt1 affecting RAD51 and BRC4 interaction. Phasor plot
from FLIM analysis showing sine component (S) and cosine component (G) on the
axes, for the fluorophore Texas Red conjugated to the aptamers Aptl and rcApt.
Points A-F correspond to different experimental conditions. A Aptl alone. B Aptl
after incubation with RADSI1. C Aptl with RAD51 followed by the addition of BRC4.
D rcApt alone. E rcApt after incubation with RADSL1. F rcApt with RADS1 followed by
the addition of BRC4. D-F Results are perfectly overlapping. Source data are pro-
vided as a Source Data file.

and measuring RADS51 binding in the absence or presence of increasing
concentrations of BRC4. In the absence of BRC4, the RAD51-Aptl
interaction produced a strong binding response. The addition of
increasing concentrations of BRC4 progressively reduced the
RAD51-Aptl signal, indicating clear competition between the aptamer
and the peptide.

These findings provide strong evidence that the designed apta-
mers are interacting with the intended regions on RADS5], validating
the in silico predictions and confirming that the aptamers have the
potential to disrupt the RAD51-BRCA2 interaction, offering a promising
strategy for impairing the homologous recombination pathway in
cancer cells.

The aptamer alters the cellular localization of RAD51 and BRCA2
The aptamers’ effects against RADS1 activity in a cellular environment
were assessed in pancreatic ductal adenocarcinoma (PDAC) BxPC-3
cells. This cell line was selected as a BRCA2-proficient PDAC model in
our experiments for its high RAD51 expression, absence of BRCA2
mutations, and presence of mutations in the classic PDAC driver genes
TP53 (Y220C, missense variant), CDKN2A (gene deletion) and SMAD4
(gene deletion)”’. The aptamer sequences were stabilized against
nuclease activity with the introduction of locked bases. Aptl, the best-
performing aptamer, and the negative control rcApt were selected for
further investigations.

Under physiological conditions, RADS51 is distributed mostly in the
cytoplasm. To participate in DNA repair via HR, RAD51 is recruited
from the cytosol into the nucleus and brought to the damage site by
BRCA2°%°, Upon recruitment to the nucleus in response to DSBs, both
RADS51 and BRCA2 accumulate at the damage site, forming distinctive
nuclear foci, regions of DNA where the damage occurs®®. One way to
investigate the effect of the aptamers on the BRCA2-driven RADS1
nuclear recruitment is to evaluate the subcellular localization of the
proteins under stress. To recreate stressed conditions, cisplatin was
employed. Cisplatin is a double DNA breakage compound that forms
covalent bonds with DNA bases, leading to the creation of adducts,
which can distort DNA'’s structure®®,

Laser scanning microscopy with Single-Photon Avalanche Diode
(SPAD) was employed to assess the subcellular localization of RADS1
and BRCA2 under DNA damage conditions®, in the presence or
absence of increasing concentrations of Aptl (Fig. 5 and Supplemen-
tary Fig. 9). Under unstressed (physiological) conditions, RAD51 was
primarily cytoplasmatic, while BRCA2 showed a diffuse distribution
across the cytoplasm and nucleus (Fig. 5A). Following cisplatin treat-
ment, both proteins accumulated in the nucleus (Fig. 5A), consistent
with their roles in homologous recombination repair®*. However, co-
treatment with Aptl impaired this nuclear relocalization in a dose-
dependent manner (Fig. 5A). At 25 uM Aptl, protein distribution was
unaffected; 50 pM induced minor, non-significant changes (Fig. 5A).
100puM and 200pM Aptl markedly reduced RADS1 nuclear

Table 2 | Fluorescence lifetime imaging

Point Condition Trast (NS) Tstow (NS) G(°) S (°) Fast component ratio Slow component ratio
A Apt1 11+£0.2 5.01+£0.1 0.322 0.368 0.29 0.7

B Aptl+RAD51 1.34+0.1 5.32+0.2 0.226 0.355 0.18 0.82

Cc Aptl +RAD51+BRC4 1.22+0.3 5.09+0.1 0.304 0.367 0.29 0.7

D rcApt - 51+0.1 0.128 0.329 - 1.0

E rcApt + RAD51 - 51+0.1 0.128 0.329 - 1.0

F rcApt + RAD51+BRC4 - 51+0.1 0.128 0.329 = 1.0

Faster (Tsasr) and slower (Tsiow) cOmponents of the fluorescence decay lifetime, sine component (S), cosine component (G), and values for fast and slow components ratio obtained from fluorescence
lifetime imaging microscopy (FLIM). These measurements refer to the fluorophore Texas Red conjugated to Apt1 and rcApt aptamers, detailing variations upon the addition of RAD51 and BRC4. The
observed change in t values for Apt1in the presence of RAD51 substantiates a binding between them. On the other hand, the t values for the control molecule, rcApt, remain unchanged, confirming

its lack of interaction with RAD51.
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Fig. 5| Effect of increasing concentrations of Aptl on RAD51 and BRCA2 nuclear
localization in response to DNA damage. A High-resolution immunofluorescence
images of a single BXPC-3 cell untreated or treated with increasing concentrations
of Aptl in combination with cisplatin. Nuclei are stained with DAPI (blue); RADS1 is
shown in green; BRCA2 in red. Scale bar: 10 um. B Bar graphs illustrating the image-
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(orange) and BRCA2 (blue) under DNA damage conditions and increasing con-
centrations of Aptl. Experiments were performed in biological triplicates, and data
were collected from approximately 500 cells per condition. Source data are pro-
vided as a Source Data file.

accumulation and prevented BRCA2 nuclear enrichment, restoring a
distribution resembling unstressed conditions (Fig. 5A). Pearson’s
correlation analysis confirmed the statistical significance of this effect
at 100 uM and 200 pM Aptl (Supplementary Table 4). No impact was
observed with the reverse complementary control rcApt (Supple-
mentary Fig. 10, Supplementary Table 4). To further quantify these
effects, image-based analysis classified nuclear fluorescence intensity
(NFI) for RAD51 and BRCA2 (Fig. 5B). In untreated cells, RADS1 and
BRCA2 NFIs averaged ~10% and ~-5%, respectively (Fig. 5B). Cisplatin
increased RADS1 NFI to ~-50%, while BRCA2 showed two distinct
populations centered at ~15% and ~35% (mean ~20%) (Fig. 5B). Aptl at
25 puM or 50 uM did not significantly alter these distributions, though
BRCA2’s bimodal pattern was lost at 50 uM (Fig. 5B). At 100 uM Aptl,
RADSI1 NFI dropped to ~15%, and BRCA2 shifted to -35% (Fig. 5B). At

200 pM, both proteins’ NFIs approximated untreated levels (RAD51 ~
5%; BRCA2 ~ 43%, (Fig. 5B).

Furthermore, to quantitatively assess the effect of Aptl on RAD51
nuclear localization, we employed immunofluorescence microscopy.
RADS5I1 nuclear fluorescence was measured under physiological con-
ditions, under stress-induced conditions (cisplatin treatment), and
following co-treatment with increasing concentrations of Aptl. Under
physiological conditions, nuclear RADS51 fluorescence represented
approximately 10%, increasing to 65% following cisplatin treatment
(Supplementary Fig. 11). Co-treatment with 25uyM and 50 uM Aptl
resulted in moderate decreases to 56% and 42%, respectively. A more
pronounced reduction was observed with 100 uM and 200 uM Aptl,
lowering nuclear fluorescence to approximately 25% and 10%,
respectively (Supplementary Fig. 11). In contrast, treatment with the
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negative control rcApt had no significant effect (Supplemen-
tary Fig. 10).

In addition, a pixel-based colocalization study of RAD51 and
BRCA2 was conducted to gain further insights on Aptl’s mechanism of
action at the molecular level (Supplementary Fig. 12 and Supplemen-
tary Table 5). For this purpose, 10 representative cells per condition
were selected. The Manders’ coefficient (M) was employed to quantify
the degree of colocalization between RAD51 and BRCA2 nuclear sig-
nals. By determining M, the fraction of RADS51 signal (green) over-
lapping with BRCA2 signal (red) at the pixel level was quantified. Values
range from O (no colocalization) to 1 (complete colocalization). Under
unstressed conditions, the NFI of both RAD51 and BRCA2 was minimal,
resulting in an M value close to zero, consistent with the absence of
both proteins in the nuclear compartment (Supplementary Table 5).
Upon cisplatin treatment, RAD51 and BRCA2 accumulated in the
nucleus to facilitate HR, reflected by an increased M value of 0.44,
indicating that over 40% of nuclear RAD51 is found in close proximity
to nuclear BRCA2 (Supplementary Table 5). Co-treatment with Aptl
resulted in a dose-dependent reduction of nuclear colocalization.
Specifically, when combining cisplatin with 25uM or 50 uM Aptl, M
values were approximately 0.35 and 0.33, respectively, suggesting that
this aptamer dose cannot affect RADS51 and BRCA2 nuclear colocali-
zation (Supplementary Table 5). At higher concentrations (100 uM and
200 uM Aptl), M values were reduced to near zero, indicating a marked
impairment of RAD51-BRCA2 colocalization (Supplementary Table 5).
Treatment with 200 uM negative control rcApt had no observable
effect, maintaining an M of 0.42, a result similar to that of cisplatin-only
treated cells, thereby confirming the specificity of Aptl action (Sup-
plementary Table 5).

This analysis supports the hypothesis that Aptl interferes with the
nuclear colocalization of RADS1 and BRCA2 in a dose-dependent
manner, potentially affecting HR-mediated DNA damage repair.

The aptamer impairs homologous recombination efficiency
leading to DNA damage accumulation

To investigate the aptamers’ impact on RAD51-BRCA2-dependent HR,
Aptl and rcApt ability to affect HR efficiency was assessed at the single
effective concentration of 100 nM in BxPC-3 cells, using the functional
HR reporter assay “HR-Quick Assay” (HR-QA), also employed in our
previous publications investigating RAD51-BRCA2 small molecule
inhibitors***"¢>¢¢, HR-QA data show that, while rcApt did not affect
HR efficiency compared to control cells (CTRL), Aptl induced a sig-
nificant and strong (50.5%) inhibition of HR activity (Fig. 6A), in line
with the reduced Aptl-mediated RADS1 nuclear localization and fur-
ther supporting Aptl negative effect on HR activity. To corroborate
HR-QA data, additional HR inhibition studies were performed with the
mClover-Lamin A assay (mCL-HR). This assay exploits a HR-mediated
insertion of an mClover-containing homologous sequence into a Cas-
9-generated DSB in the Lamin A gene (LMNA). After the Cas-9-operated
cleavage, the DNA DSB is repaired via HR with the mClover-containing
homologous sequence, resulting in the reconstitution of a fluorescent
mClover-Lamin A fusion protein. Since this assay requires highly
transfection-permissive and proliferating cells, mCL-HR was per-
formed on HEK293 (whose higher transfection efficiency was pre-
viously assessed®) instead of BXxPC-3 cells, characterized by a lower
transfection efficiency and a slower doubling time®”%, Consistently
with HR-QA results, mCL-HR data show a significant dose-dependent
(50-100-200 nM) effect of Aptl on HR efficiency (50nM: 80.9%;
100 nM: 51.2%; 200 nM: 38.9%) compared to control cells, while rcApt
did not significantly impact HR activity in the same treatment condi-
tions (Fig. 6B). These data emphasize the downstream effect of the
interference that Aptl exerts on RADS5I-BRCA2 interaction, high-
lighting the potential of Aptl as inhibitor of RADS51-BRCA2-
dependent HR.

If HR is impaired, cells cannot promptly repair DSBs. In particular,
cancer cells, characterized by higher replication rates, heavily rely on
HR-mediated DNA damage repair®. These pathophysiologic condi-
tions, coupled to DNA quality control deficiencies (e.g., due to TP53
mutations) often observed in different tumor types, make cancer cells
more susceptible to DNA damage accumulation’ >, In this regard, a
prolonged HR inhibition results in increased DNA damage, further
exacerbated upon the inhibition of PARP-mediated SSBs DNA repair
mechanisms’. Therefore, to investigate the potential of the aptamers
in halting DNA repair and amplifying drug-induced DNA damage
accumulation, we analyzed DSB events by quantifying the number of
foci formed by phosphorylated histone variant yH2AX"* using IF”* after
exposure to the aptamers, alone or in combination with the drug
olaparib. Olaparib, a PARP inhibitor (PARPi), is primarily used in cancer
patients affected by mutations in the BRCAI or BRCA2 genes*”. These
mutations impair the cells’ ability to repair DNA through the HR
pathway, leading to increased reliance on alternative repair mechan-
isms, such as PARP-mediated base excision repair. By inhibiting PARP
enzymes, olaparib exacerbates DNA damage accumulation in these
already compromised cancer cells, ultimately leading to cell death.
This single olaparib concentration of 10 uM was chosen to approx-
imate clinically relevant olaparib plasma concentrations (Cpin =1 pM,
Ciax = 8.5 UM) reported in adult pancreatic cancer patients with BRCA2
germline mutations receiving olaparib 100mg BID in co-administration
regimens with other drugs, such as gemcitabine?"”.

The baseline levels of DSBs were investigated in cells left to grow
for three days (Fig. 6C-E). In the absence of aptamers, approximately
12% cells were positive for yH2AX foci (Fig. 6C-E). However, in the
presence of Aptl the cells positive to foci reached 21.1%, a significant
increase compared to both cells untreated and treated with the
negative control rcApt (10.9%, Fig. 6C-E). This result suggested that
Aptl, but not rcApt, interfered with physiological repair processes.

IF microscopy was employed to assess the effect of Aptl and of
the negative control rcApt on YH2AX levels, in the presence of the
PARP inhibitor olaparib. Only 14% of untreated cells were positive for
YH2AX foci (Fig. 6C-E). Cells treated with olaparib and Aptl showed a
significant increase in YH2AX foci (54.2%) compared to cells treated
solely with olaparib (30.9%) (Fig. 6E). In contrast, cells treated with
olaparib and rcApt showed a negligible increase in YH2AX foci (35.3%)
(Fig. 6C-E). The increment in the number of these species induced by
Aptl in combination with olaparib is indicative of the accumulation of
DNA damage that escapes repair mechanisms. A concurrent and sus-
tained inhibition of both DNA DSBs and SSBs repair ultimately leads to
genomic instability, chromosome aberrations and the acquisition of
mutations’. Therefore, the extent of genomic instability in BXxPC-3 after
the exposure for 24, 48 or 72 h to Aptl or rcApt (100 nM), alone or in
combination with 10 uM olaparib, was assessed by evaluating the
presence of micronuclei, small DNA-staining bodies outside the main
nucleus. In line with previous results on DNA damage, only Aptl
amplified olaparib-induced micronuclei formation at 48 h and further
exacerbated after 72 h exposure, while rcApt was found ineffective
(Supplementary Fig. 13). Altogether, these data are consistent with
Aptl ability—but not rcApt—to affect HR efficiency and to amplify
olaparib-mediated DNA damage accumulation, further supporting its
mechanism of action and suggesting a potential SL profile for Aptl.

The aptamer induces synthetic lethality in cancer cells in com-
bination with OLAPARIB

Once established, the effect of the aptamers on physiological accu-
mulation of YH2AX foci, their impact on cell viability was assessed to
investigate aptamer/PARPi synergism and to confirm SL manifestation.
To sensitize target cells to treatment by combining olaparib with an
aptamer acting as HR inhibitor, BXPC-3 cells were exposed to
increasing concentrations of Aptl and rcApt (50, 100 and 200 nM),
alone or in combination with 10 pM olaparib (0.1% DMSO as vehicle
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Fig. 6 | Aptl inhibits homologous recombination. A Effect of Aptl and rcApt
(100 nM) on HR efficiency (measured via HR-QA) in BXPC-3 cells. Results are
expressed as mean = SD (n =4). Statistical analysis was performed with one-way
ANOVA followed by Dunnett’s multiple comparison test. B Analysis of HR-positive
(mClover-Lamin A-positive) HEK293 cells after administration of increasing doses of
Aptl or rcApt (50, 100 and 200 nM. Results are expressed as mean + SD (n=4).
Statistical analysis was performed with one-way ANOVA followed by Dunnett’s
multiple comparison test, with *p < 0.01 and ***p < 0.0001. Experiments were per-
formed in biological quadruplicates, and data were collected from ten images per
condition. C Bar chart showing the percentage of BxPC-3 cells positive for yH2AX foci

OLAP

72 h after transfection with Aptl or rcApt, alone or in combination with 10 uM ola-
parib (OLAP). Results are expressed as mean + SD (n =3, 10 images per sample).
Statistical analysis: two-way ANOVA followed by Tukey’s multiple comparison test;
(%%p < 0.0001 vs CTRL; #*p < 0.0001 vs OLAP; ***p < 0.0001 vs aptamer alone).

D, E Immunofluorescence images of BxPC-3 cells stained for yH2AX foci 72 h after
transfection with aptamer alone (D) or co-treated with 10 pM olaparib 48 h (E). Insets
highlight a cell positive for yYH2AX foci. Scale bar: 50 um. Experiments were per-
formed in biological triplicates, and data were collected from ten images per con-
dition. Source data are provided as a Source Data file.

control, CTRL). Our results demonstrate that, while rcApt did not
significantly impact cell viability at any tested concentration,
Aptl showed a clear dose-dependent reduction in viability (50 nM:
83.5%; 100 nM: 74.5%; 200nM: 71.9%) and significantly amplified
olaparib-mediated death (50nM: 54.4%; 100 nM: 51.4%; 200 nM:
40.2%) in BXPC-3 cells (Fig. 7A). Drug interaction index (i.index) cal-
culations were then performed to quantify the extent of potential
synergism between aptamers and olaparib (as detailed in the Materials
and Methods section). A synergistic effect was observed only for Aptl
at both 100nM (i.index = 0.836+0.050) and 200nM (i.index
0.719 + 0.054), confirming our original hypothesis and the manifesta-
tion of a chemically induced SL. In parallel, to explore the selectivity of
the aptamer/olaparib co-administration for cancer cells, the potential
toxicity (cell viability <80% vs CTRL, as indicated by the red threshold)
of the combination was assessed in the non-cancerous epithelial cell
line MCF-10A, following the same treatment regimen employed for
BXPC-3 cells. Our data show that both single agents (i.e. Aptl, rcApt and
OLA) and the aptamer/olaparib combinations were unable to sig-
nificantly affect cell viability at the same concentrations tested on

BxPC-3 cells (Fig. 7B). These results are consistent with literature
data indicating cancer cells’ overdependency on DNA damage
response pathways and their consequent upregulation®. Highly pro-
liferating cancer cells like BXPC-3 overexpress RAD51 and over-rely on
RADS51-BRCA2-dependent HR®. This renders a RAD51-BRCA2/PARP
inhibition-based SL strategy effective to selectively kill tumor cells.
Conversely, non-cancerous cells like MCF-10A display a full comple-
ment of DNA repair pathways, mitigating the impact of RAD51-BRCA2/
PARP inhibition on cell viability. This may be due to a higher com-
pensation for the aptamer/PARPi-induced loss of individual DNA
damage repair pathways’. These findings strengthen and extend our
initial observations demonstrating that the combined Aptl/PARPi
treatment significantly enhances SL in a dose-dependent manner only
in cancer cells, while its cytotoxic effect on normal cells appears
minimal.

This analysis provides critical insights into the optimal con-
centration ranges to maximize cancer cell death through dual inhibi-
tion of DNA repair pathways while concurrently limiting cytotoxicity in
normal tissues. To gain further insight into the potential of our
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Fig. 7 | Impact of Aptl on DNA repair and cell viability in 2D and 3D models
under synthetic lethality conditions. A-C Cell viability after 72 h treatment with
increasing Aptl or rcApt doses (50, 100, 200 nM) alone or in combination with
10 pM olaparib (OLAP) in BXPC-3 cells (A), MCF-10A cells (B) or BxPC-3 3D spher-
oids (C). D-F Representative brightfield and live/dead staining images (D), time-
course spheroid volume quantification (E) and cell death assessment (F) of BxPC-3

3D spheroids after 72 h treatment with increasing 200 nM Aptl alone or in com-
bination with OLAP. Results are expressed as mean + SD. Experiments were per-
formed in n=>5 biological replicates. Statistical analysis: two-way ANOVA followed
by Tukey’s multiple comparison test, with $p < 0.05 or %*p < 0.01 vs CTRL; *p < 0.05,
#p<0.01 or #¥p<0.001 vs OLAP; *p < 0.05 or **p < 0.01 vs aptamer alone. Source

data are provided as a Source Data file.

approach to effectively tackle PDAC and the possibility of Aptl future
development as a pharmacologic agent within the SL rationale, we also
tested combinatorial effects in BxPC-3 3D spheroids, which better
replicate in vivo tumor conditions of cell-cell and cell-matrix
interactions”. Following our established protocol, we evaluated cell
viability, spheroid volume, and cell death. Consistent with our 2D data,
rcApt did not significantly impact cell viability in the 3D system, while
Aptl produced a dose-dependent reduction in viability when admi-
nistered alone (50 nM: 85.2%; 100 nM: 83.1%; 200 nM: 79.5%) and fur-
ther amplified olaparib-mediated cancer cell death (50 nM: 70.1%;
100 nM: 59.4%; 200 nM: 50.5%) (Fig. 7C). Notably, in the 3D setting,
synergistic interaction was observed only at 200 nM Aptl (i.index =
0,794 +0,039), likely reflecting differences in drug resistance and the
more difficult accessibility of 3D spheroids compared to monolayer
cultures’”’®. To further evaluate Aptl antineoplastic effects, we mon-
itored changes in 3D spheroid volume during a time-course treatment
with Aptl at the dose effective in 3D cultures, i.e. 200 nM, alone or in
combination with 10 pM olaparib (OLAP). In agreement with cell via-
bility results, single agents slightly but significantly decreased spher-
oid volume (Aptl 200 nM: 81.8%; OLAP: 80.9%), which was further
reduced by their association (Aptl + OLAP: 69.9%) (Fig. 7D, E). More-
over, live/dead staining with vital dyes Calcein-AM and Pl showed
increased spheroid death upon treatment with either Aptl (mean ratio
= 0.70) or 10 uM olaparib (OLAP) (mean ratio = 0.74), which was
amplified by their coadministration (mean ratio = 1.19) (Fig. 7F). These
results reinforce our original rationale and the manifestation of a
chemically induced SL occurring as a consequence of a dual inhibition
of DNA repair pathways. Importantly, the consistent findings in both
2D and 3D models support the potential of Aptl as a therapeutic agent,
guiding future dose optimization strategies for preclinical develop-
ment and offering a promising strategy to exploit vulnerabilities in
DNA repair pathways for improved cancer treatment outcomes.

Discussion

The RADS1-BRCA2 interaction is central in HR, enabling an accurate
DNA DSBs repair, and has recently emerged as an attractive target for
cancer therapy. RADS51 requires BRCA2 for recruitment and filament
assembly at sites of DNA damage, and disrupting this partnership
compromises HR and sensitizes cells to DNA-damaging agents. Small
molecules and peptides have validated this strategy, disrupting RAD51
foci formation and sensitizing cells to PARPi-mediated cell death’**,
Together, these studies underscored the therapeutic value of dis-
rupting the RAD51-BRCA2 interaction as a compelling pharmacological
approach in oncology.

Our computationally driven approach not only identified apta-
mers that specifically bind to the critical RADS5I interaction sites with
BRCA2, but also provided a robust validation of their binding affinity
and specificity. Structural and mechanistic studies revealed that Aptl
prevents RADS1 filament formation. TEM experiments and
AlphaFold3™ predictions show that Aptl disrupts protomer-protomer
interactions, shifting the equilibrium toward short oligomeric struc-
tures (e.g. trimers, hexamers) instead of extended stable filaments.
FLIM results and BLI competition assay further indicate that Aptl
competes with BRC4 for the same binding site or that BRC4 induces
conformational changes that prevent aptamer association. Thus, Aptl
functionally recreates a BRCA2-deficient state and destabilizes RAD51
quaternary structure, affecting its function to repair the damaged
DNA via HR.

These mechanistic observations directly translate into marked
effects in cellular contexts. High-resolution SPAD-based micro-
scopy results indicate that Aptl, but not rcApt, interferes with the
DNA damage-induced nuclear translocation of both RADS1 and
BRCA2, likely preventing filament assembly®’. This reduction of
Aptl-induced RADS51 nuclear localization functionally disables
BRCA2-dependent DNA repair and consistently impairs HR
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efficiency in a dose-dependent manner, leading to unrepaired DNA
DSBs accumulation and micronuclei formation upon concurrent
PARP inhibition. These findings support Aptl specific pharmaco-
logical effect to reproduce a BRCA2-deficient state, highlighting
the potential for fine-tuning aptamer dosing to achieve desired
levels of DNA repair inhibition.

Importantly, by functionally mimicking BRCA2-mutated
pathological phenotype and sensitizing the olaparib-mediated
cell death, Aptl enables a SL paradigm in BRCA-proficient PDAC
cells. This expands the use of PARPi therapy beyond inherited
BRCA mutations and directly translates the paradigm of “fully
chemically-induced SL” from small organic molecules to aptamers,
paving the way for the development of novel pharmacological
approaches?*%¢¢_ This is of particular interest given that only a
small fraction of PDAC patients harbor BRCA1/2 mutations and
thus benefit from PARPi therapy’. By inducing a BRCAness phe-
notype, Aptl could broaden SL therapeutic reach, offering a
strategy to sensitize a wider range of patients to PARPi and/or
potentially overcome primary resistance mechanisms®. Notably,
our aptamer/PARPi SL approach did not impair viability in non-
cancerous epithelial cells. This differential activity underscores
Aptl tumor-selective nature of Aptl, consistent with its mechanism
of exploiting elevated RADS1 expression and HR dependency in
cancer cells®*"®, Such selectivity is essential for minimizing toxicity
in normal tissues and strengthens the translational potential of our
approach. Moreover, by driving persistent DNA damage and
micronuclei formation, the Aptl/olaparib combination may also
enhance tumor immunogenicity by activating innate immune sen-
sors such as cGAS-STING or RIG-I/MDAS, suggesting that our
aptamer/PARPi SL approach could sensitize tumor cells to
immunotherapies®. The possibility to expand SL beyond BRCAness
and to potentiate immune responses further underscores the
potential of Aptl as a versatile anticancer tool.

Unlike small molecules, which often face limitations in tar-
geting shallow protein-protein interaction surfaces, or peptides,
which may suffer from stability and delivery issues, aptamers
combine molecular precision with adaptable chemistry®. Their
structural flexibility allows them to mimic key protein interaction
motifs while offering the possibility of chemical modifications to
improve half-life and delivery. This positions aptamers as a com-
plementary modality that could bridge the gap between small-
molecule druggability and the specificity of biologics. Never-
theless, aptamers’ high selectivity and reversibility make them
powerful probes to study RADSI filament dynamics in live cells,
complementing genetic knockouts or dominant-negative mutants
that often lack temporal control. However, despite their promise,
aptamers face hurdles in clinical translation, including in vivo sta-
bility and efficient tumor delivery. Future work will focus on
improving bioavailability, assessing safety profiles, and exploring
combinations with existing therapies to unlock synergistic effects,
such as PARP inhibitors, DNA-damaging agents, or immune
checkpoint blockade, particularly as persistent DNA damage may
stimulate antitumor immunity.

In conclusion, our study provides proof of concept that compu-
tationally designed aptamers can disrupt RAD51-BRCA?2 interaction—
by impairing HR in a dose-dependent manner and inducing SL in
BRCA-proficient cancer cells with minimal effects on normal cells—and
underscores their potential as powerful tools to exploit DNA repair
vulnerabilities in cancer. By sensitizing tumor cells to DNA-damaging
agents, aptamers could not only enhance the efficacy of current
treatments, but also allow lower chemotherapy doses, reducing side
effects while maintaining therapeutic impact. In this scenario, Aptl
exemplifies a first-of-its-kind class of DNA repair inhibitors that com-
plements existing small molecules and peptides, opening new
opportunities to expand the reach of SL in oncology.

Methods

Computational design of aptamers

As a starting point for the design of the aptamer we retrieved ChIP-seq
peaks for RADSI available in the ENCODE project under the MCF-7
cancer cell line (https://www.encodeproject.org/experiments/
ENCSR442VBJ/). Both Irreproducible Discovery Rate (IDR _thre-
sholded peaks (foreground set) and background peaks used for IDR
estimations were utilized. The foreground peaks were filtered for
loglO(qg-value) > 3, while the background peaks were filtered for
logl0(g-value) < 0.4. From each set, nucleotide fragments of 100 nt
and centered around the peak point-source were extracted, resulting
in foreground and background sets of 3157 and 67,263 nucleotide
fragments, respectively. These two sets were used as input into the
DREME algorithm from MEME Suite software (http://meme-suite.org/
doc/dreme.html) to identify motifs relatively enriched in the fore-
ground set compared to the background. DREME was configured with
a minimum motif length of 4 and a maximum of 15, detecting enriched
motifs corresponding to 114 RNA short sequences that were used to
create aptamer sequences with a length of approximately 16nt.

For the calculations, two RADS51 regions were defined a
(RADS51_Region 1, RAD51_Region 2) as protein fragments with length of
ca. 70 amino acids and centered around the interaction pockets
between RADS1 and a peptide derived from BRCA2 called BRC4%%,
The interaction sites are well defined and the BRC4 structure is well
known*"%%5, Region 1 spans from Gly151 to I1e220, and region 2 spans
from Asn196 to lle265. A third RAD51 region of 70 amino acids, span-
ning from Glu29 to Glu98, was defined as Region 3, centered around
the HhH domain (Thr48 to Glu77):

* RAD51_Region 1 (Supplementary Fig. 1A): GGGEGKAMYIDTEGTFR
PERLLAVAERYGLSGSDVLDNVAYAR-
AFNTDHQTQLLYQASAMMVESRYALLI

* RAD51_Region 2 (Supplementary Fig. 1B): NTDHQTQLLYQASAMM
VESRYALLIVDSATALYRTDYSGRGELSARQMHLARFLRMLLRLADE
FGVAVVI

* RAD51_Region 3 (Supplementary Fig. 1C): EQCGINANDVKKLEEAG
FHTVEAVAYAPKKELINIKGISEAKADKILAEAAKLVPMGFTTATEFHQ
RRSE

As a control, we used fragments derived from actin B (Uniprot
P60709), a highly expressed cytoskeletal protein in most cell lines.
Using a sliding window approach with a 35 amino acid step and a
window of 70 amino acids length, a control set of 9 fragments was
generated. Then, catRAPID algorithm**** was employed to estimate
the interaction propensities of the aptamer sequences against
Region 1 and Region 2 compared to the control actin B protein
fragments (catRAPID score). For each aptamer, mean and standard
deviation (SD) of interaction scores against the actin B control
protein fragments were estimated. Aptamers were first filtered for
catRAPID scores exceeding the minimum threshold that is defined
as half a standard deviation above the background mean (thresh-
old=mean_background+0.5*standard_deviation_background;
catRAPID_pocket >= threshold). Finally, the filtered aptamers
showing a higher catRAPID score against either Region 1 or Region
2 compared to Region 3, were considered as potential aptamers
with specificity to RAD51 regions.

Computational prediction of aptamer-protein complexes

The AlphaFold 3 deep-learning framework developed by Google
DeepMind and Isomorphic Labs (available as a web server at
https://alphafoldserver.com/about) was used to obtain a first in
silico validation of the aptamers specificity for RAD51 pockets. This
recently updated version of the AlphaFold Al model was chosen
since it can generate structure predictions of hetero-complexes
starting from one or multiple copies of different types of mole-
cules, including proteins, peptides and nucleic acids, and
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demonstrated a much higher accuracy for protein-nucleic acid
interactions over nucleic acid-specific predictors®.

By means of the AlphaFold Server, several combinations of dif-
ferent molecules and different copy numbers were tested: RAD51 by
itself (from Gly21 to Asp339) in 1, 6 and 7 copies; 1 or 6 RADS51 copies
with 1, 6, 12 copies of aptamer (i.e. Aptl and rcApt). For the sake of
completeness, the structural prediction of RADS51 oligomeric filament
was also run in the presence of both BRC4 (1, 3 or 6 copies) and Aptl
(Supplementary Information).

Each job (producing five different predicted models) was repe-
ated five times on the platform using a different randomly generated
seed, for each chosen condition.

Careful visual investigation of the models was performed to verify
the quality of the predictions (e.g. absence of steric clashes, loop
reconstruction). Given such inspections, the models presented in the
Results (as well as in the Supplementary Information) represent the
best prediction in terms of predicted template modeling score and
interface predicted template modeling score, two of the typical
AlphaFold 3 metrics.

For image rendering and contact analysis (reported in Supple-
mentary Table 3), the calculations were run taking advantage of VMD
1.9.4 tools*. Considering the absence of the hydrogens in the models,
the threshold distance between the heavy atoms of the protein and the
aptamer nucleotides was set at 4 A in order to include all the putative
electrostatic interactions.

Aptamers chemical characteristics

The aptamers here employed (Table 1) were purchased from Eurofins
and ATDbio and display lengths varying between 12 to 15 bases. The
aptamer called “rcApt” is the reverse complementary sequence of Aptl
and acts as a negative control in these studies. For the BLI experiments,
biotin was attached to the 5’ end of all sequences, facilitating molecule
binding and detection. For the in-cell assays, locked bases were
introduced at both 5" and 3’ ends of the aptamers Aptl and rcApt, to
increase their stability. In addition, the fluorescent dye Texas Red was
conjugated to the 5" end, providing a visual marker also for FLIM
experiments. Prior to each experiment, whether conducted in vitro or
in cell, the aptamers were subjected to anincubation period of 1 h at 30
°C to facilitate their correct folding.

Protein production and purification

The full-length human RADS5I protein modified with a 6xHis tag at its
N-terminus was produced in E. coli Rosetta2(DE3) pLysS cell strain
using a pET15b plasmid, containing the gene for ampicillin resistance.
The plasmid with the cDNA for 6xHis tag-RADI1 protein was inserted
into the Rosetta2(DE3)pLysS by transforming the cells by means of
thermal shock treatment, according to literature®. A starter culture
was prepared using a single colony of transformed Rosetta2(DE3)
pLysS cells, incubated overnight at 37 °C in Luria-Bertani (LB) medium
supplemented with 100 ug/mg ampicillin. The starter culture was then
scaled up in appropriate volume by diluting it in 100-fold volume of
fresh LB, always supplemented with 100 ug/ml ampicillin. During
growth, flasks were shaken at 200 rpm and incubated at 37 °C until the
cell reached an optical density (ODggo) of 0.6 - 0.8. At this point, Iso-
propyl 3-D-1-thiogalactopyranoside (IPTG) was added to the culture at
a final concentration of 0.5 mM to induce heterologous protein pro-
duction, and the cells were left to grow overnight at 37 °C, while
shaking. Cells were collected via centrifugation at 3000 g at 4 °C for
20 min. The pellet was resuspended in a suitable volume (10 mL/gram
of wet cell mass) of lysis buffer containing 20 mM Tris-HCl at pH 8.00,
500 mM NaCl, 10 mM imidazole, 5 mM 1,4-Dithiothreitol (DTT) and
10% glycerol by volume, supplemented with a protease inhibitor mix
(Protease Inhibitor Cocktail Tablets, EDTA-Free, Sigmafast) and DNAse
I (from Merck). Cell lysis was achieved through sonication on ice (14
cycles of 30s each, and amplitude set at 40%) using a Bandelin

Sonoplus HD2070 immersion sonicator. The lysed cell mixture was
then centrifuged at 18,000 g at 4 °C for 1 h. Subsequently, the protein
extract (supernatant) was introduced into a column packed with
nickel-loaded resin, previously equilibrated with buffer Al, which
corresponds to lysis buffer without protease inhibitor and DNase 1.
After the flow-through was discarded, proteins without the His-tag
were washed away with a wash buffer (20 mM Tris-HCI, pH 8.00,
500 mM NacCl, 25 mM imidazole, 10% (v/v) glycerol). The target protein
was eluted with the same buffer containing 75mM imidazole. The
eluted protein solution was dialyzed overnight at 4 °C in buffer A2
(50 mM Tris-HCI, pH 8.00, 200 mM KCI, 0.25mM EDTA, 2mM DTT,
10% (v/v) glycerol) using a dialysis membrane (CarlRoth Cat. N 1991.1)
with a cut-off of 10 kDa and then processed through an anion exchange
column (ResQ, GE Healthcare) pre-equilibrated with buffer A2. Elution
was carried out using a gradient of buffer B2 (50 mM Tris-HCI, pH 8.00,
1MKCI, 0.25 mM EDTA, 2 mM DTT, 10% (v/v) glycerol), reaching 100%
B2 in 10 column volumes. High purity RADS51-containing fractions were
pooled and dialyzed against storage buffer (20 mM Hepes, pH 8.00,
250 mM KCI, 0.1 mM EDTA, 2 mM DTT, 10% (v/v) glycerol) overnight at
4°. Protein yield was verified using the optical absorption at 280 nm
(extinction coefficient 14,900 M™ cm™) of the final sample and was
determined to be 200 ng/ml on average. Protein aliquots were flash-
frozen and stored at -80 °C.

The BRC4 peptide was synthesized and purchased from Peptide
Synthetics Ltd (Fareham, UK). The sequence of the peptide is as
follows:

Ac-CKEPTLLGFHTASGKKVKIAKESLDKVKNLFDEKEQ-NH>

The peptide was N-terminally acetylated and C-terminally ami-
dated to mimic native-like conditions and enhance stability. The purity
(>95%) was confirmed by analytical HPLC and mass spectrometry, as
provided by the manufacturer.

Biolayer interferometry

BLI was employed to determine binding constants (Kys) of the apta-
mers with RADS1. Experiments were conducted using an Octet Red
instrument (ForteBio, Inc., Menlo Park, CA) set at 25 °C. All steps of the
assay were executed in binding buffer, a solution of 50 mM Tris HCI
buffer at pH 8, containing 200 mM KCl, 0.25 mM EDTA, 1 mM DTT, 10%
glycerol and 0.01% Tween-20. Biosensors coated with streptavidin
were selected to enable the loading of biotinylated aptamers at a
concentration of 2 pg/ml. The protocol to generate the binding curves
between the aptamers and RADS1 was set as follows: 180-s baseline;
300-s aptamer loading step on the sensors; 120-s washing step; 600-s
association step with increasing protein concentrations (ranging from
20 nM to 20 pM, according to the binding strength); 600-s dissocia-
tion step. The experiments were performed with constant shaking at
250 rpm. K4 values were derived by fitting the response intensity (shift
in wavelength upon binding) against the protein concentration at a
steady state. The experiments were performed in triplicates.

To investigate whether the Aptl aptamer and the BRC4 peptide
bind to the same site on RADS1, a competition assay was performed
using BLI. All experiments were conducted in a binding buffer (50 mM
Tris-HCI pH 8, 200 mM KClI, 0.25 mM EDTA, 1mM DTT, 10% glycerol,
and 0.01% Tween-20). Streptavidin-coated biosensors were used for
immobilization of biotinylated Aptl at a concentration of 2 pg/ml.
RADS1 (1 uM) was incubated with increasing concentrations of BRC4
peptide (0-20 pM) to assess competition. The assay protocol included
the following steps: 180 s baseline equilibration, 200 s aptamer load-
ing, 120 s washing, 400s association with RAD51/BRC4, and 400 s
dissociation. All measurements were performed at 25 °C with con-
tinuous shaking at 250 rpm.

Negative staining transmission electron microscopy
Recombinant RADS51 protein (2.5 uM) was incubated at 4 °C for 1h,
either by itself or in the presence of increasing concentrations of Aptl.
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After incubation, each sample (5ulL) was adsorbed onto pure carbon
film 300-mesh copper grids (Electron Microscopy Sciences, Hatfield,
PA, USA). Following several washes in the glycerol-free storage buffer
(20 mM Hepes, pH 8.00, 250 mM KCI, 0.1 mM EDTA, 2 mM DTT), each
sample was negatively stained using 1% uranyl acetate in Milli-Q water.
The samples were observed using a JEM-1011 (JEOL) transmission
electron microscope (TEM) equipped with a thermionic source (W
filament) and a maximum acceleration voltage of 100 kV. The micro-
scope was fitted with a Gatan Orius SC1000 series CCD camera (4008 x
2672 active pixels), fiber optically coupled to a high-resolution phos-
phor scintillator. The average diameter of the ring-like structures,
identified in the RADS51:Aptl =1:6 condition, was calculated using the
tool analyze and measure of the image analysis software Image).

Fluorescence-lifetime imaging microscopy

FLIM images have been acquired using a Digital Frequency Domain
(DFD) FLIMbox (ISS inc., Champaign, IL) coupled to a AIRMP multi-
photon microscope (Nikon, Japan), calibrated with a 10 uM solution of
Coumarin 153 in methanol (1= 4.3 ns). Samples were 2-photon excited
focusing a Chameleon Ultrall Ti:Sapphire laser (Coherent inc., Saxon-
burg, PA) tuned at 850 nm through a 60x oil objective (NA=1.45).
Fluorescence emitted photons were filtered using a 525/50 nm BP filter
for Coumarin 153 and a 605/70 nm for Texas Red labeled aptamers.
The analyses were performed with ISS VistaVision multi-image phasor
analysis software, where sine (s) and cosine (g) coordinates are defined
as

gFh=mF, hcos(gF,h) 1)

sFh=mF, hsin(gF, h) )

where mis the modulation and ¢ the phase acquired of the hA-th pixel in
the FLIM image and F the laser repetition rate.

Cell culture handling

BxPC-3, HEK293 and MCF-10A cell lines were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA). BxPC-3 cells were
grown in RPMI 1640, supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, 100 U/mL streptomycin, and 10% fetal bovine serum (FBS).
HEK293 cells were grown in DMEM high-glucose, supplemented with 2
mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin, and
10% FBS. MCF-10A were grown in DMEM/F-12 (1:1), supplemented with
2.5 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin,
10 pg/mL human insulin (#12585, Gibco), 10 ng/mL epidermal growth
factor (EGF) (#E9644, Sigma-Aldrich), 100 ng/mL cholera toxin
(#C8052, Sigma-Aldrich), 0.5 pg/mL hydrocortisone (#H0888, Sigma-
Aldrich) and 5% horse serum (#16050-130, Gibco). Cells were main-
tained at 37 °C in a humidified 5% CO, atmosphere, split when at
confluence and routinely tested for Mycoplasma contamination. All
culture media and supplements, unless otherwise specified, were
obtained from Sigma Aldrich (St. Louis, MO, USA). Olaparib (PubChem
CID: 23725625, #S1060) and cis-diamminedichloroplatinum(Il) (cis-
platin) (PubChem CID: 2767, #S1166) were purchased from Selleck
Chemicals (Houston, TX, USA). Olaparib was dissolved in DMSO at the
final concentration of 10 mM. Cisplatin was dissolved in 1X PBS at the
final concentration of 5 mM. Stock aliquots were stored at -20 °C and
diluted in complete medium prior to each experiment.

IMMUNOFLUORESCENCE SAMPLE PREPARATION FOR RADS51
BEHAVIOR INVESTIGATION

For microscopy analysis, cells were seeded at a concentration of
150,000 cells/mL onto 24-well plates with coverslips. After 24 h,
complete medium was replaced with FBS-free medium for 18 h-24 h for
cell synchronization. Subsequently, cells were recovered for 2h in

fresh complete medium and transfected with 0.5pg/ml aptamers
using Lipofectamine® 2000 (#11668019, Thermo Fisher Scientific)
following the manufacturer’s instructions. After transfection, cells
were allowed to recover overnight before further treatments. The day
after transfection, cells were treated with 50 uM cisplatin for 2h to
induce DNA damage. Following cisplatin treatment, cells were rinsed
twice with 1X phosphate-buffered saline (PBS) and then fixed for
10 min at room temperature using a 4% paraformaldehyde (PFA)
solution in PBS. Cells were then washed three times with 1X PBS per-
meabilized with 0.1% Triton-X 100 in 1X PBS for 5min, and washed
three times in 1X PBS.

Cells were incubated with 5% bovine serum albumin (BSA) in PBS
for 30 min at room temperature to block nonspecific binding sites.
Following the blocking step, cells were incubated with a rabbit anti-
RADS1 primary antibody (Bio Academia, 70-001), diluted 1:1000 in 5%
BSA/PBS, for 1h at room temperature. After washing, cells were incu-
bated with a mouse anti-BRCA2 primary antibody (Santa Cruz Bio-
technology, sc-518154), diluted 1:250 in 5% BSA/PBS, for 1h at room
temperature. Subsequently, an Alexa Fluor® 488-conjugated goat anti-
rabbit secondary antibody (Thermo Fisher, A-11008) was applied at a
1:1000 dilution in 5% BSA/PBS and incubated for 1h at room tem-
perature in the dark. This was followed by incubation with an Alexa
Fluor® 594-conjugated goat anti-mouse secondary antibody (Thermo
Fisher, A11032), also diluted 1:1000 in 5% BSA/PBS, for 1h at room
temperature in the dark.

After three washes with PBS, cells were treated for 5min with a
0.5 pg/ml solution of 4/,6-diamidino-2-phenylindole (DAPI) prepared
in PBS. Following three additional rinses in PBS, the coverslips were
positioned face-down on glass slides using ProLong™ Diamond Anti-
fade Mountant (Thermofisher, P36965).

Immunofluorescence sample preparation for DNA damage
quantification
To evaluate the effect of aptamers on physiological DSBs, cells were
analyzed three days after transfection by assessing those positive for
YH2AX foci. To determine the aptamer impact on SL, olaparib was
added at a concentration of 10 uM one day post aptamer transfection.
The formation yH2AX foci was analyzed three days after transfection.
In both cases, cells were rinsed two times with PBS and then fixed for
10 min at room temperature using a 4% paraformaldehyde solution
prepared in PBS. Subsequent to three PBS washes, cells underwent
permeabilization with 0.1% Triton-X 100 in PBS for a duration of 5 min,
followed by three more PBS washes. Cells were treated with 5% BSA
prepared in PBS for 30 min as a blocking step. Following this, a primary
antibody against phospho-histone H2AX (Ser139), clone JBW301
(Merck/Sigma Aldrich, 05-636), was employed at a 1:1000 dilution in
5% BSA/PBS and incubated for 1 h at room temperature. Subsequently,
cells were treated with a secondary anti-mouse antibody conjugated to
Alexa Fluor® 647 (Thermofisher, A-21236) at a 1:1000 dilution and
incubated for an additional hour at room temperature.

After three washes with PBS, cells were treated for 5 min with a
0.5 pg/ml solution of 4/,6-diamidino-2-phenylindole (DAPI) prepared
in PBS. Following three additional rinses in PBS, the coverslips were
positioned face-down on glass slides using ProLongTM Diamond
Antifade Mountant (Thermofisher, P36965).

Immunofluorescence images acquisition

To analyze RAD51 and BRCA2 fluorescence, slides containing fixed
cells were examined using Nikon’s NSPARC confocal microscope
equipped with a Plan Apo Lambda S 40x/1.25 NA silicon immersion
objective. Images were acquired with a projection zoom of 1 Airy Unit
(AU) pixel size 70 nm and dwell time 0.4 usec, DAPI was excited using a
405 nm laser with 4% power transmission, fluorescence collected in
the range 430 - 463 nm, Alexa Fluor"488 was excited using a 488 nm
with 4% power transmission, fluorescence collected in the range 503 -
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545 nm, Alexa Fluor® 563 was excited using a 561 nm with 10% power
transmission, fluorescence collected in the range 582 - 618 nm. For
each experimental condition, a minimum of eight representative
images were collected. Quantitative analysis of fluorescence intensity
and foci formation was performed on at least 200 nuclei per sample.

For yH2AX detection, images were acquired using Nikon’s AIR
confocal microscope with a Plan Apo TIRF 60x/1.49 NA oil immersion
objective (DIC H N2). Images were acquired at pinhole size of 1AU,
pixel size of 104 nm and scan speed 0.125, excitation of DAPI was
performed at 405 nm with 10% laser power transmission, fluorescence
collected in the range 430-475 nm, Alexa Fluor® 488 was excited at
488 nm and laser power set at 2.5% of transmission, fluorescence col-
lected in the range 500-550 nm, Alexa Fluor® 563 was excited at 561 nm
and laser power set at 3% of transmission, fluorescence collected in the
range 570-615nm. For each condition, a minimum of eight repre-
sentative images were analyzed. Quantification of YH2AX foci forma-
tion was performed on at least 500 nuclei per sample.

Immunofluorescence images analysis

Our in-house macro was run on the software ImageJ to perform
fluorescence intensity analysis on images of fluorophores associated
with RAD51 and BRCA2, with and without cisplatin and in the absence/
presence of fluorophore-tagged locked nucleic acid (LNA) Aptl or
rcApt, to assess the impact of aptamers on the DSB repair mechanism.
To measure the intensity of nuclear RADSI fluorescence, the nuclear
region was identified using the nuclear stain DAPIL. To segment the
nuclei, a Gaussian filter was applied to the images to smooth them and
reduce noise. The image threshold was adjusted (Otsu method) to
differentiate between the signal of interest and background. Finally, a
watershed algorithm was applied to the binary image to separate nuclei
that might be touching each other. Particle analysis parameters were
set as follows: size range 1000-Infinity pixels; circularity between 0.4
and 1. Once identified in the nuclear region and added to the region of
interest (ROI) manager, nuclear fluorescence was quantified by mean
intensity values in the green and red channels, corresponding to RAD51
and BRCA2. The colocalization analysis by measuring the Manders
coefficient was performed by ImageJ and the tool JACoP®. For each
condition, one image was selected and processed with ImageJ’s algo-
rithms “Smooth” and “Subtract Background”, rolling bar set at 50 pixels
and all other features disabled. In each image, 10 nuclei were randomly
selected and analysis performed with an intensity threshold selected
by measuring the mean intensity value of the two channels in the
untreated images; the values were set at 20 for the green channel
(RADS1) and 10 for the red channel (BRCA2). The fluorescence data
were normalized by nuclear area. To estimate the fluorescence inten-
sity ratio between the cytoplasmic and nuclear RADS51 signal, a macro
was designed for Image) with the following operational pipeline. The
program was configured to measure the area and the mode of fluor-
escence intensity of ROIs representing nuclear and cytoplasmic areas
in the images. A Gaussian blur with Sigma 1 was applied to the DAPI
channel, aiding in the segmentation of the nuclear region with higher
confidence. The image was segmented using the Otsu criterion, an
automatic and robust threshold parameter. Holes in the binary images
were filled using the ImageJ algorithm, and these were used to create a
region of interest. The second channel -the signal from RADS51- was
processed in a similar manner. A Gaussian blur with sigma 0.5 was
applied, and the image was segmented using the MinError function;
this allowed for the obtaining of a binary image of the entire cell due to
the RAD51 distribution. The binary image of the nucleus was sub-
tracted from that of the whole cells to obtain the cytoplasmic area
image. Finally, the mode intensity and area of the two regions of
interest, the cytoplasmic and nuclear, were measured. The ratio
between the nuclear and cytoplasmic signal was used to discriminate
between control and treated cells as previously described. The fluor-
escence values of nuclear RADS1 are calculated by dividing the nuclear

mean fluorescence by the nuclear area and are reported as percentage.
Mean/area of cells treated with cisplatin only is considered to be 100%.
To assess the increased presence of YH2AX foci within nuclei due to
DNA damage, a macro was developed for Image), establishing a com-
prehensive operational protocol for automated image analysis across a
specified directory. Image parameters, such as the directory path, file
format, and channels designated for segmentation and analysis, were
configured at the outset. A reference image, specifically one of cells
treated with cisplatin, was selected to adjust threshold parameters
essential for segmenting the signal of interest. Subsequent to this
initial setup, a Gaussian blur with a sigma value of 1 was applied to the
DAPI channel to enhance the segmentation accuracy of the nuclear
regions. The segmentation was executed employing the Otsu criterion,
an automated and robust thresholding method. Holes within the bin-
ary images were filled using ImageJ’s algorithm, facilitating the deli-
neation of individual nuclei as regions of interest (ROIs) through the
Analyze Particles function. Parameters were set to include objects with
a size of at least 5000 pixels, a circularity range of 0.5-1.00, and to
exclude objects at the image periphery.For the analysis of the yH2AX
signal, a Gaussian blur with a sigma of 0.5 was applied, followed by
segmentation using threshold values determined from the reference
image. This process generated a binary image of the yH2AX foci. Each
nuclear ROI containing foci was quantified by calculating the mean
pixel value within the binary yH2AX image; a mean exceeding one was
indicative of a positive ROI. The proportion of positive nuclei to the
total number of nuclei served to distinguish between control and
treated cells, as delineated in the study. A custom ImageJ macro was
developed to quantify the number of micronuclei. Two distinct parti-
cle populations were segmented based on user-specified size and cir-
cularity parameters: (i) small micronuclei, and (ii) nuclei. Image
preprocessing steps included contrast enhancement, background
subtraction, thresholding using the Otsu method, hole filling, and
watershed separation to refine object boundaries. Particles and nuclei
were then identified with the Analyze Particles function, and their
respective counts were stored. For each image, the macro calculated
the ratio of micronuclei to nuclei, providing a normalized measure of
nuclear micronuclei frequency.

Cell viability assessment

2D cell lines. Cell viability in 2D cell cultures was assessed via MTT [3-
(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay as
described previously”. Each transfection was carried out using Lipo-
fectamine® 2000 following the manufacturer’s instruction. BXxPC-3
(75,000 cells/mL) and MCF-10A (50,000 cells/mL) cells were seeded at
a volume of 100 pL/well in 96-well plates and allowed to adhere
overnight. After 24 h, cells were transfected with Aptl or rcApt (50,100
and 200 nM, corresponding to 0.25, 0.5 and 1pg/mL) alone or con-
currently treated with 10 uM olaparib. After 72 h, a sterile solution of
5mg/mL MTT in 1X PBS was added to each well at a final concentration
of 0.5 mg/mL. Plates were incubated at 37 °C for 4 h, and the formazan
crystals were solubilised overnight by adding a 1:1 volume of 10% SDS/
0.01 M HCl solution to each well. Absorbance was measured on a Tecan
Spark® multiplate reader at 570 nm and 690 nm wavelengths.

3D spheroids. MTT assay was used to assess cell viability also in 3D
spheroids as previously employed®. BxPC-3 cells (300,000 cells/mL)
were seeded at a volume of 100 pL/well in 96-multiwell plates coated
with sterile 1% agarose dissolved in 1X PBS, grown for 96 h and treated
for 72 h as indicated for the 2D cell cultures. After treatment, cell via-
bility was assessed following the same protocol detailed above.

Drug interaction index calculation

The potential synergistic effect of aptamer and olaparib association in
the employed cell lines was evaluated by calculating the drug inter-
action index (i. index) according to the Fischel et al. adaptation of the
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Chou and Talalay method as previously reported®’:

i.index = (Survival [aptamer + olaparib])/
(Survival [aptamer] - Survival [olaparib])

where: i. index <0.8: synergism; 0.8 <i. index <1.2: additive effect; i.
index > 1.2: antagonism.

Cell death assessment with vital dyes

Live/dead staining was performed as previously described”’. For cell
death assessment with vital dyes in 3D cell cultures, BxPC-3 spheroids
were obtained and treated with the aptamers, alone or in combination
with 10 pM olaparib, as detailed in the “Cell viability assessment” sec-
tion. After treatment, calcein acetoxymethyl ester (Calcein-AM)
(#C3099, Thermo Fisher Scientific) and propidium iodide (PI)
(#P4846, Sigma-Aldrich) were added to each well at the final con-
centration of 2.5 and 3.75 pM, respectively. To determine cell death
rate, Calcein-AM (Ex = 485 nm, Em =530 nm) and PI (Ex = 535 nm, Em =
620 nm) fluorescence signals were measured on a Tecan Spark® mul-
tiplate reader and results were expressed as Pl/Calcein-AM ratio.

Homologous recombination efficiency evaluation

Homologous recombination quick assay (HR-QA). HR was assessed
with the commercially available Homologous Recombination Assay Kit
(#35600, Norgen, Thorold, ON, Canada) as previously reported®’. Each
transfection was carried out using Lipofectamine® 2000 following the
manufacturer’s instruction. BxPC-3 cells (400,000 cells/mL) were
seeded at a volume of 500 pL/well in a 24-multiwell plate, allowed to
adhere overnight and then transfected with Aptl or rcApt 100 nM (i.e.
0.5 pg/mL). After 24 h, the two assay plasmids (dI-1 and d-2) were co-
transfected following the manufacturer’s instructions for 5 h, washed
with 1IX PBS, harvested, and DNA was isolated using Illustra Tissue and
Cell Genomic Prep Mini Spin kit (GE Healthcare). Sample concentra-
tion was measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). HR efficiency was assessed via real-time
PCR, performed on a ViiA™ 7 Real-Time PCR System (Applied Biosys-
tems), using iTaq™ Universal SYBR® Green Supermix (#1725124, Bio-
Rad Laboratories, Inc.), 25 ng of template, the primer mixtures inclu-
ded in the assay kit and following the protocol indicated by the man-
ufacturer. Data analysis was based on the 2**“ method®*
[recombination product/backbone plasmids]™* versus [recombina-
tion product/backbone plasmids]c°"™,

mClover-Lamin A-based Homologous Recombination assay (mCL-
HR). The mCL-HR assay was performed as previously detailed”. Each
transfection was carried out using Lipofectamine® 2000 following the
manufacturer’s instruction. HEK293 cells (60,000 cells/mL) were see-
ded at a volume of 1 mL/well in a 12-multiwell plate with glass cover-
slips, allowed to adhere overnight and then transfected with Aptl or
rcApt 50, 100 and 200 nM (i.e. 0.25, 0.5 and 1 pg/mL). After 24 h, cells
were transfected with 500 ng sgRNA plasmid targeting Lamin A (pUC
CBA-SpCas9.EF1a-BFP.sgLMNA, #98971, Addgene) and 500 ng donor
plasmid (pCAGGS Donor mClover-LMNA, #98970, Addgene). After
72 h, cells were fixed with a 4% paraformaldehyde (PFA) solution in 1X
PBS for 15 min, stained with 1 pg/mL Hoechst 33342 (#62249, Thermo
Fisher Scientific) and washed twice before mounting with Dako Far-
amount Aqueous Mounting Medium (#S3025, Agilent Technologies,
Santa Clara, CA, US). Fluorescence images were taken using a Leica K7
Color CMOS Microscope Camera through a Leica DM5500 B micro-
scope (Leica Microsystems, Wetzlar, Germany) equipped with filters
Y5, L5 and DAPI. Images were analyzed with ImageJ software (W. Ras-
band, Research Service Branch, National Institute of Mental Health,
National Institutes of Health, Bethesda, MD and Laboratory for Optical
and Computational Instrumentation, University of Wisconsin) to

obtain mClover-positive nuclei/total nuclei ratios for each condition,
then expressed as percentage relative to control cells.

Spheroid fluorescence and brightfield imaging

Fluorescence images of live/dead stained 3D spheroids were taken
using a Leica DFC360 FX Camera through a Leica DMI6000 B inverted
microscope (Leica Microsystems, Wetzlar, Germany) equipped with
filters for FITC, TRITC and DAPI (scale bars were added using the
ImageJ software). Brightfield imaging of 3D spheroids was performed
at 0, 24, 48 and 72 h treatment timings to determine spheroid volume
change. Pictures were taken using a Leica DFC360 FX camera through a
Leica DMI6000 B inverted microscope (scale bars were added using
the Image) software). Image processing was performed with ImageJ
software and spheroid volume was calculated using the following
general formula (as previously described”,: Spheroid Volume (V) =0.5
«(Length)«(Width)*

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

Data availability

All data are in Source data file and the immunofluorescence image
have been deposited in the Zenodo database, publicly accessible under
the following accession codes: https://doi.org/10.5281/zenodo.
17413480 - Immunofluorescence images showing the effect of
increasing concentrations of Aptl on RAD51 and BRCA2 nuclear loca-
lization in response to DNA damage (Fig. 5A). https://doi.org/10.5281/
zenodo.17401800 - Immunofluorescence images showing the per-
centage of BxPC-3 cells positive for yH2AX foci 72 h after transfection
with Aptl or rcApt, alone or in combination with 10 uM olaparib
(Fig.6C).  https://doi.org/10.5281/zenodo.17398501 -  Immuno-
fluorescence images collected to investigate the effect of Aptl on
RADS51 nuclear localization in response to DNA damage (Supplemen-
tary Fig. 11). Source data are provided with this paper.
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