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Synthesis of DNA-boron cluster composites and assembly
into functional nanoparticles with dual, anti-EGFR, and
anti-c-MYC oncogene silencing activity

Katarzyna Bednarska-Szczepaniak,” Katarzyna Ebenryter-Olbifska,” Gabriela Gajek,"
Krzysztof Smiatkowski,™ ¢ Justyna Suwara,™ Lidia Fiedorowicz,®® and

Zbigniew Lesnikowski*®

A versatile method for the automated synthesis of composites
containing DNA-oligonucleotides and boron cluster scaffolds
and their assembly into functional nanoparticles is described.
The obtained, torus-like nanoparticles carry antisense oligonu-
cleotides that target two different oncogenes simultaneously.
The nanoparticles exhibited notable silencing efficiency in vitro

Introduction

Nearly half a century after Stephenson and Zamecnik proposed
the concept of antisense oligonucleotides (ASOs), nucleic acid-
based drugs" are now a focus of clinicians and the pharma-
ceutical industry. In addition to ASOs, many other types of
therapeutic nucleic acids (TNAs) have been developed. These
TNAs have demonstrated potential in treating human diseases,
such as cancer, viral infections, and genetic disorders, and as
vaccines.”

To date, sixteen oligonucleotide drugs and several COVID-
19 vaccines have received regulatory approval from the FDA/
EMA.¥ A characteristic feature of these TNAs is that they are
directed against one specific biological target and one specific
RNA or DNA sequence. Consequently, TNAs currently used in
clinical practice are administered as monotherapy.”
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in a pancreatic carcinoma cell line PANC-1 toward EGFR and c-
Myc genes at the mRNA level, and a significant efficiency at the
protein level. The proposed approach may be an attractive
alternative to methods currently used, including one therapeu-
tic nucleic acid, one genetic target, or the use of cocktails of
therapeutic nucleic acids.

Although work on the use of TNA combinations has been
performed for many years®™ this technology, based on the use
of TNA cocktails of two or more components or their sequential
administration, has not yet reached the stage of clinical
applications.

Herein, we propose the use of nanoparticles composed of
DNA and boron cluster building blocks comprising two different
antisense oligonucleotides targeting two different oncogenes
as a dual-acting single agent. To the best of our knowledge, no
other type of nanoparticles, with or without boron clusters,
with a dual mechanism of action has been described so far.
Boron clusters were chosen as a scaffold for building blocks due
to their rigid, ball-like structure which allows for precise spatial
organization of the attached DNA oligonucleotides at the
molecular level. Moreover, the use of different boron clusters
allows for obtaining building blocks with different topologies,
an important feature in the design and construction of
functional nanoparticles. As model targets, EGFR® and cellular
myelocytomatosis oncogene (c-Myc)® were chosen. Both
proteins are overexpressed in several high-mortality human
cancers, including pancreatic carcinomas, and are proven
therapeutic targets."*'"

Clinical data analysis for numerous cancers based on the
Gene Expression Profiling Interactive Analysis (GEPIA) web
server of RNA expression data,!'? revealed that a high level of
mRNA was expressed for both proteins, EGFR and c-Myc, which
is associated not only with a low survival rate but also with
disease progression in metastatic pancreatic cancer (Fig-
ure S31). Therefore, we chose pancreatic cancer as a challenge
and cancer type in our studies,"® and the human pancreatic
cancer cell line PANC-1 as an in vitro model."*'

The described in this communication nanoparticles consti-
tute the second generation of boron cluster-containing DNA
nanomaterials. The first generation is nanoparticles made of
only one type of building block, EGFR-silencing tripeds
containing boron clusters and anti-EGFR antisense
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oligonucleotides."®'” The second generation, dual-action nano-
particles are made of two types of building blocks, one capable
of silencing EGFR and the second with an anti-c-Myc antisense
oligonucleotide silencing ¢-MYC (Figure 1A). Silencing expres-
sion of both genes in the same cancerous cell should
theoretically have a major benefit for inhibiting cancer
progression."® Another type of difference is the use of two
different methods for the synthesis of building blocks contain-
ing DNA and a boron cluster, which also causes some subtle
structural differences between them. It is also important that
the new method, described in this work, is much simpler than
the first one""® and more convenient.

Results and Discussion

Automated Synthesis of 1,2-Dicarba-closo-Dodecaborane
Tripeds 10 and 10 thio, and Oligonucleotides 11-14, and 11
thio-14 thio

To construct nanoparticles with dual antisense anti-EGF and
anti-c-Myc activity, such as 10+ 11+ 12 (Scheme 1, Figure 1A),
two types of building blocks were synthesized. The first one
contains derivatives of the 1,2-dicarba-closo-dodecaborane core
(Scheme 1) at positions 9 and 12 with 22-mer DNA strands with
sequence 5'-d(TTT CTT TTC CTC CAG AGC CCGA)-3',""® comple-
mentary (antisense) to the mRNA of the EGFR fragment

between 51 and 74 nt downstream of the AUG initiation
codon,™ and at position 1 of the boron cluster with 3-mer 3'-
UmAmMCm-5’ (“m” means 2-OMe substituted), providing triped
10 (Scheme 1). The second building block is a DNA duplex
linker, such as 11412 composed of strand 11, which contains
an antisense oligonucleotide that targets the first five codons of
the c-Myc mRNA® and a sticky end part complementary to the
5" end of the 22-mer in 10; and strand 12, which contains a c-
Myc sense fragment and a sticky end part complementary to 10
(Scheme 1, Figure 1A and Table 1). Mixing both types of
components leads to the formation of circular and some
fraction of linear nanoparticles containing boron clusters and
both antisense oligonucleotides, anti-EGFR and anti-c-Myc, due
to the formation of duplexes between 10 and linker 11+12
(Figure 1).

In the first stage of triped 10 synthesis, an oligofunctional-
ized boron cluster, 1-(2-hydroxymethyl)-9,12-bis(3-O-tritylprop-
1-yl)-1,2-dicarba-closo-undecaborane (3a), was obtained, " 2
which was a scaffold, and the antisense, anti-EGFR oligonucleo-
tide were then synthesized thereon (Scheme 1). Under the
conditions used, monosubstituted (3a) and disubstituted (3 b)
products are formed that can be easily separated by chromato-
graphic methods.

The triped 10 differs from the building blocks described by
us earlier™ in two important aspects, the first is the structure
and the second is the method of its synthesis. In the first
version of 10" in position 1 of the boron cluster is a 2-
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Scheme 1. A-Synthesis of 1-(2-hydroxymethyl)-9,12-bis(3-O-tritylprop-1-yl)-1,2-dicarba-closo-dodecaborane (3a) and 1-[methyl-O-(N,N-diisopropyl-p-
cyanoethyl)phosphoramidite]-9,12-bis(3-O-tritylprop-1-yl)-1,2-dicarba-closo-dodecaborane (5). B-Automated, solid phase synthesis of triped 10 containing 1,2-
dicarba-closo-dodecaborane 9,12-bis-functionalized with DNA oligonucleotides. A: (i) (CHO)n (2) in TBAF/THF; (i) H,O; (iii) B-cyanoethyl N,N,N’,N"-
tetraisopropylphosphordiamidite (4), tetrazole in CH,CN. B: (iv) detritylation, DMTr/MMTr, 3% DCA in CH,Cl,; (v) coupling: BMT activator (0.25 M in CH;CN); (vi)
oxidation: 0.1 M solution of I, in THF/H,0/pyridine (70:10:20; v/v/v); (vii) capping: 5% phenoxyacetic anhydride in THF/pyridine and 10% solution of 1-
methylimidazol/THF/pyridine (1:8:1; v/v/v) for 30 s; (viii) cleavage from the solid support and nucleobase deprotection: 1 mL NH,OH (30%) overnight, (ix)
detritylation: 2% TFA. A: (i) (CHO)n (2) in TBAF/THF; (ii) H,O; (iii) b-cyanoethyl N,N,N’,N"-tetraisopropylphosphordiamidite (4), tetrazole in CH;CN. B: (iv)
detritylation, DMTr/MMTr, 3% DCA in CH,Cl,; (v) coupling: BMT activator (0.25 M in CH;CN); (vi) oxidation: 0.1 M solution of |, in THF/H,O/pyridine (70:10:20;
v/v/v); (vii) capping: 5% phenoxyacetic anhydride in THF/pyridine and 10% solution of 1-methylimidazol/THF/pyridine (1:8:1; v/v/v) for 30 s; (viii) cleavage
from the solid support and nucleobase deprotection: 1 mL NH,OH (30%) overnight, (ix) detritylation: 2% TFA.
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Figure 1. A-Schematic representation of the assembly of nanoconstruct 10+ 11+ 12 from triped 10 and double-stranded linker 11 + 12 with sticky ends 5'-
d(GAGGAAAAGAAA....)-3' complementary to the 5'-terminal part of triped 10. B and C-cryo-TEM images of complex 10+ 11+12 (1:1:1 molar ratio). B-
Population of closed structures with a diameter of 12-30 nm; an admixture of linear, unclosed structures is also visible; scale bars of 20 nm are shown on
representative images. C-Circular structures composed of 3 (1), 4 (Il) and 5-6 (Illl) 10+ 11+ 12 units. The processed image is shown as an inserted graphic
(lower right). D-Nondenaturing PAGE analysis of the self-assembly products of 10 and their partially complementary anti-c-Myc components used in
equimolar amounts. On the left-marker; Lane 1-10; Lane 2-duplex 11+ 12; Lane 3 - three-component objects 10+ 11+ 12; Lane 4-duplex 11thio+ 12; Lane
5- three-component objects 10+ 11 thio + 12; Lane 6-duplex 11 thio 4 12thio; Lane 7 - three-component objects 10thio + 11 thio + 12 thio. E-The UV-
monitored thermal dissociation and association curves for the nanoconstruct 10+ 11thio+12 (Tm=46.5+0.7°C and 61.1+ 1.1 °C) and double-stranded
linker 11thio+12 (Tm=59.9+0.6°C).
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Table 1. Sequences of oligonucleotide building blocks: triped 10 and 10thio targeted against EGFR and components of double-stranded linkers; hybrid
oligonucleotide 11 containing anti-sense sequence targeted against c-Myc and sense fragment complementary with 5’-part of anti-EGFR oligonucleotide in
10, and complementary sequence 12; antisense oligonucleotide targeted against c-Myc 11thio and complementary sequence 12thio; and control
oligonucleotides containing scramble sequences, 13, 14 and 13 thio, 14 thio.

No. Oligonucleotide sequence m/z calc. m/z MS Rt [min] UV [nm]
5'-d(TTT CTT TTC CTC CAG AGC cccsAy;@\c . Y
10 ' 14623.2 13628.3¢ 11.6° 265
5'-d(TTT CTT TTC CTC CAG AGC CCGA mAmUM-3'
Tothi 5-d([[TT CJFT TTC CTC CAG AGC CCGAC@\‘: 47157 1375756 1pq 265
10 " . . .
5-d(TTT GJTT TTC CTC CAG AGC CCGA mAmMUm-3"
1 5'-d(GAG GAA AAG AAA AAC GTT GAG GGG CAT)-3' 8479.6 8478.5 124 255
12 5'-d(GAG GAA AAG AAA ATG CCC CTC AAC GTT)-3’ 8310.5 83094 1270 257
13 5'-d(GAG GAA AAG AAA CAT GGG GAG TTT CGA)-3' 8470.6 8469.4 1210 257
14 5'-d(GAG GAA AAG AAA TCG AAA CTC CCC ATG)-3' 8319.5 8319.9 1270 257
11thio 5-d(GAG GAA AAG AAA AAC GTT GAG GHG CAT)-3' 8575.6 8576.4 1310 2554
12thio 5-d(GAG GAA AAG AAA ATG CCC CTC A4C GTT)-3' 8406.5 8406.3 1330 256
13 thio 5'-d( AAG AAA CAT GGG GAG T -3' 8566.6 8566.3 13.6" 257
14thio 5'-d(GAG GAA AAG AAA TCG AAA CTC CCC ATG}-3' 84155 84153 1330 258

[a] HPLC gradient Conditions B2, [b] HPLC gradient Conditions B1 (for details, please see S| section). 10 and 10thio, boron cluster core loaded with two
identical anti-EGFR 22-mers. [c] The m/z value corresponds to the fragmentation ion without the UmAmCm trinucleotide at boron 2. The zoomed part of
the region of the spectrum in the mass range corresponding to the low-intensity molecular ion is shown as an insert in the mass spectra of tripeds 10 and
10thio available in SI. 5'-terminal tetranucleotide in 10thio containing three phosphorothioate groups is marked with a red frame. The hybrid of anti-c-Myc
oligonucleotide 11, nucleosides 13-28 from the 5-end marked in green, and of sense, sticky fragment (nucleosides 1-12 from the 5-end) complementary
with the 5-part of the anti-EGFR oligonucleotide in 10. Hybrid oligonucleotide 12, complementary to 11 within the anti-c-MYC sequence and to part of the
10 sequence at the 5-end. 11thio and 12thio, counterparts of 11 and 12 protected at the 3'- and 5-ends with tetranucleotides containing three
phosphorothioate groups marked with a red frame. The hybrid of scramble oligonucleotide 13 within the anti-c-Myc part, nucleosides 13-28, and of sense,
sticky fragment (nucleosides 1-12 from 5’-end) complementary with 5'-part of anti-EGFR oligonucleotide in 10. Hybrid oligonucleotide 14 complementary
to 13 within the scramble sequence and to part of the 10 sequence at the 5-end. 13thio and 14thio counterparts of 13 and 14 protected at the 3’- and 5'-
end with tetranucleotides containing three phosphorothioate groups marked with a red frame.

hydroxyethyl group, while in the new version, in position 1 is a
3-mer tail composed of 2’0OMe nucleosides Um, Am, and Cm.
This seemingly trivial difference is due to a completely different
technique for synthesizing composites of boron clusters and
DNA used in this work. In the original method, the LCA-CPG
solid support was first prepared with the attached boron
cluster,"®®! which was a tedious and time-consuming proce-
dure, and the appropriate DNA oligomers were then synthe-
sized on the boron cluster. In the present method, only the
appropriate boron cluster phosphoramidite must be synthe-
sized, such as 5, and is then attached to a previously
synthesized on LCA-CPG support short or longer DNA oligomer.
Then, the appropriate DNA oligomers on the boron cluster are
synthesized, as shown in Scheme 1.

The advantage of the new method is the use at each stage
of the phosphoramidite chemistry and the automatic method
of DNA synthesis that is commonly used.?**!

The second building block is a DNA duplex linker, such as
11412 (Figure 1A and Table 1). The antisense anti-c-Myc part
in 11 is the 15-mer sequence 5-d(AAC GTT GAG GGG CAT)-3’
described in the literature.™® Another oligodeoxynucleotide
used was oligonucleotide 13, a counterpart of 11 with a
scramble 15-mer sequence within the c-Myc part of 11
complementary to oligonucleotide 14, used to build a control

Chem. Eur. J. 2024, €202303531 (4 of 10)

double-stranded linker 13 + 14 (Table 1).*® Nucleolytic degrada-
tion of therapeutic nucleic acids in biological environments is a
problem that necessitates constant attention for practical ASO
applications. Hence, in clinical practice, phosphorothioate
analogs of ASOs that contain some or all phosphorothioate
bonds in the oligonucleotide backbone instead of the natural
internucleotide linkages are often used.*”' Therefore, all
oligonucleotide derivatives used in our research (Table 1) were
obtained not only in the basic version containing natural
phosphodiester internucleotide linkages but also as derivatives
10thio and 11thio-14thio, which contain three phosphoro-
thioate internucleotide linkages at the 5" and 3’ ends (Table 1)
(details of synthesis in Sl). Due to the favorable physicochemical
properties, sufficient thermodynamic stability of the formed
nanoconstructs, and resistance to nucleolytic degradation (vide
infra), 10+ 11thio+ 12 was used in the silencing experiments
with the target genes of EGFR and c-Myc.

© 2024 Wiley-VCH GmbH
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Self-assembly of tripeds and components of the double-
stranded linker into nanoconstructs 10+11+12, 10+ 13
+14, 10+ 11 thio+ 12, and 10 thio+ 11 thio+ 12 thio

The nanoconstructs were formed by annealing a mixture of
triped 10 or 10thio and components of DNA duplex linkers,
such as 11, 11thio, or 13, and complementary strands 12,
12thio, or 14 in a 1:1:1 molar ratio (detailed procedure in SI).
Notably, when simply mixing components 10, 11, 12, or 10,
11thio, 12 at ambient temperature, an identical population of
10+11+4+12 or 10+ 11thio+ 12 nanoconstructs is formed, as
observed when the mixture of components is heated and
cooled (Figure 1A), which may be of practical importance and
facilitate the use of nanoconstructs in practice. Through electro-
phoretic analysis, the assembled structures formed by tripeds
10 or 10thio and single-stranded oligonucleotide components
11-14 and 11 thio-12thio could be visualized.

Autoradiographic analysis reveals one dominant product
accounting for approximately 300-base pair (606 nt) DNA
constructs, which can correspond to circular complexes formed
of a total of 6 tripeds 10 and 6 double-stranded linkers 11+ 12
as estimated in comparison to the dsDNA size marker. More
precise sizes of the nanoobjects can be accessed from the cryo-
TEM studies discussed below.

It should be emphasized that despite the clear tendency to
form nanostructures of similar size, the pool of emerging
objects is not fully homogeneous, and objects of various sizes
are visible in the form of smears on PAGE gels (Figure 1D and
Figure S33 and S34) and cryo-TEM images (Figure 1B).

The impact of the chemical modification of the components
with phosphorothioate groups on the efficiency of the nano-
construct assembly was also studied. It was found that the
introduction of three phosphorothioate groups at both the 3'-
and 5'- ends of one strand of a double-stranded linker, as in
11thio+ 12, does not affect the ability to form nanoconstructs
(Figure 1D). However, a different situation was observed when
all components of the nanoconstruct: 10thio, 11thio and
12thio were protected with phosphorothioate internucleotide
linkages at the ends of DNA-oligomers. In this case, the
destabilizing effect of phosphorothioate groups, which are a
mixture of P-diastereomers, on the stability of the duplexes
formed prevents the formation of molecular structures higher
than approximately 200 nt (Figure 1D).

It therefore seems that the destabilizing effect of phosphor-
othioate groups with undefined absolute configurations at the
phosphorus atom, which is ignored in the case of phosphor-
othioate ASO drugs, is significant in the case of the self-
assembly of DNA nanoconstructs. This phenomenon is dis-
cussed in more detail below in the section describing the
thermodynamic properties of nanoconstructs.

Cryogenic transmission electron microscopy (cryo-TEM)
Samples for the cryo-TEM measurement were prepared in the

same manner as for the physicochemical and biological studies,
as described in the Materials and Methods section in SI. The
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collected cryo-TEM measurement data were transferred to .mrc
files, compressed, and subjected to lossless processing into
images in .tiff format. Then, to visualize the structures, the
images were subjected to contrast and smoothing (Figure 1B
and 1 Q).

Selected objects were analyzed individually, background
noise was reduced and, using the denoising and finding edges
functions, the contours of the structures were found (Figure 1C,
inserted graphic). Structures were sized using ImageJ 1.54 tools.

For complex 10411412 used in this study, regular ring
nanostructures are formed with various diameters ranging from
12 to 30 nm, which roughly corresponds to structures built of
units 10+ 11+ 12 from 2 to 6 (Figure 1C), consisting of tripped
10 and double-stranded linker 11+ 12. Small amounts of linear,
unclosed structures of varying lengths are also observed
(Figure 1B).

Thermodynamic studies of nanoconstructs and their
components

The appropriate nanoconstructs were subjected to UV-moni-
tored thermal melting experiments. Nanoconstruct 10+ 11 thio
412, which was used as a dual-action silencing agent in
biological experiments, and nanoconstructs 10+11+12,
10thio +11thio+12thio as well as double-stranded linkers
11thio+12, 11412 and 11 thio 4 12 thio used for comparison,
were tested. The thermodynamic parameters of the association/
dissociation process were calculated with the MeltWin
program.”® The selected thermodynamic data for the melting
transitions and the respective melting temperatures for all
tested duplexes are shown in Table 2, and full data are shown
in Table S2. The graphical presentation of the 10+ 11 thio+ 12
nanoconstruct and double-stranded linker 11 thio + 12 perform-
ance is presented in Figure 1E.

Table 2. Thermodynamic parameters and melting temperatures of the
double strand to single strand duplex transitions for nanoconstruct 10+
11thio+ 12 and of other structures tested for comparison.

Oligonucleotide AG [kcal/mol] Tm [°C]® Tm [°C]™
10411 —9.6+0.0 48.1+£0.3 50.8+0.2
10+12 —9.6+0.0 48.1+£0.3 644103
11+12 —16.6+04 63.8+0.6 62.9+04
10+12 —9.5+0.2 41.1+£05 426+0.8
10+ 11 thio —9.8+0.1 46.6+0.8 46.6+0.8
10+12 —9.8+0.1 47.7+0.6 61.2+1.2
11thio+12 —146+0.6 60.6+0.7 59.9+0.6
10thio+ 11 thio —9.0£0.3 422+35 476+1.6
10thio + 12thio —9.0+£0.3 423+35 60.4+0.2
11thio+ 12 thio —13.24+0.6 59.1+0.8 584+1.0

[a] Thermodynamic parameters (Tm free Gibbs energy AG®; enthalpy AH°
and entropy AS®; please see Table S2). [b] The melting temperatures were
calculated using the first derivative method (for the two-component
system) or second derivative for ternary models.
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As expected, simple, two-component linkers containing
three phosphorothioate internucleotide linkages at the 5 and
3’ ends within one (11thio+12) or both (11thio+ 12thio)
complementary strands show lower Tm values than the
corresponding linker without phosphorothioate modification
11412, indicating their lower stability: Tm 11+12 (62.9+
0.4°C) > Tm 11thio+12 (59.94+0.6°C) > Tm 11thio+ 12thio
(58.4 £0.9°C). The melting profiles of three-component systems
containing triped 10 (or 10thio) with a boron cluster as a core
and double-stranded linker show two distinct points of
inflection illustrating the biphasic character of the dissociation/
association process of the nanoconstructs. An example of the
melting curve for the nano-construct 10+ 11thio+ 12 is shown
in Figure 1E, which is also provided for comparison of its
double-stranded linker 11thio+ 12. The melting curves for the
other variants of the nanoconstructs, 10+ 11+ 12 and 10thio+
11 thio + 12 thio, are shown in Figure S36 in the SI. Comparing
the Tm of the double-stranded linker 11 thio+ 12 (59.940.6°C)
and the Tm of the duplex 10+12 formed by triped 10 and
oligonucleotide 12, which is part of the linker 11thio+12,
(42.5+0.7°C) and the Tm of the biphasic dissociation of triped
10+ 11thio+12 (46.5+0.7°C and 61.1 1.1 °C) (Table 2) allows
us to propose the most likely nanoconstruct dissociation
scheme. Thus, in the first stage, the double-stranded linker from
triped 10 bearing the anti-EGFR antisense sequence was
detached and then the double-stranded linker dissociated,
leading to the release of the second active antisense oligonu-
cleotide anti-c-Myc 11 thio.?**%

The trend observed for the destabilizing effect of the
phosphorothioate groups on the stability of nanoconstructs
measured by Tm value was similar to that on double-stranded
linkers, although it was less pronounced: Tm 10+11+12
(50.84+0.2°C and 64.3+0.3°C) > Tm 10+ 11thio+12 (46.5+
0.7°C and 61.14+1.1°C) = Tm 10thio + 11 thio + 12 thio (47.6 +
1.6°C and 60.34+0.2°C).

Particular attention should be focused on the observed
decrease in the stability of nanoconstructs, as measured by Tm
after phosphorothioate groups (PS) are introduced.?" Replacing
the achiral phosphodiester internucleotide linkage with a chiral
phosphorothioate diester center that exhibits two distinct
stereochemical configurations (designated S, and R;) can have
a profound effect on the properties of modified TNAs.®?

Research on stereocontrolled chemical methods of internu-
cleotide linkage formation in the synthesis of modified DNA/
RNA has been conducted for a long time,?*** but no practical
and scalable methods have been reported thus far. As a result,
mixtures of up to 2" individual drug molecules (diastereoisom-
ers of TNAs) differing in properties, in which n equals the
number of chiral, internucleotide phosphorothioate linkages,
are used in clinical practice as a compromise.*™ However, our
observations indicate that this compromise may be acceptable
at the present stage of method development for the stereo-
specific synthesis of phosphorothioate modifications of nucleic
acid drugs, but it is less acceptable when these mixtures are
used as building blocks in nanoconstruction for chemother-
apeutic or other applications. This is evidenced by the decrease
in Tm of nanoconstructs 10thio + 11 thio+ 12thio in compar-
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ison to 10+11+12 or 10+ 11thio+12 and the inability of
10thio + 11 thio + 12 thio to create nanoconstructs with a high-
er molecular weight, as shown by PAGE studies (Figure 1D,
Lane 7).

These results prompted us to use in gene silencing experi-
ments the dual-action nanoconstruct 10+ 11thio+12 that
contains only one crucial component, 11thio, which is
protected by phosphorothioate modifications. Based on the
increased resistance of triped 10 to nucleolytic degradation due
to the presence of the boron cluster modification observed
earlier,?” protecting the triped with phosphorothioate modifica-
tions was abandoned.

Serum stability of nanoconstructs 10+ 11thio+12 and 10
+ 11412, corresponding to double-stranded linkers 11 thio
+12 and 11+ 12 and single-stranded components 10, 11,
and 11 thio

To test the stability of the nanoconstructs used in silencing
experiments and their components in biological environments,
experiments using human serum were performed. Human
serum contains several exo- and endonucleolytic activities that
are responsible for the digestion of unmodified and phosphor-
othioate-modified oligonucleotides.*® We compared the stabil-
ity of nanoconstruct 10+ 11+ 12, which contains unprotected
oligonucleotide components, and nanoconstruct 10+ 11 thio +
12, which contains anti-c-Myc antisense oligonucleotide 11 and
11 thio protected with three phosphorothioate linkages at the
3’ and 5’ termini. The stability of protected and unprotected
oligonucleotide building blocks 10 and 11+ 12 was also tested
(for experimental details please see the Sl section). The most
stable form contained boron cluster modification triped 10 with
t,,=19.5 h and chimeric duplex 11thio+12 with t,,=10.0 h
bearing 11thio protected with three phosphorothioate inter-
nucleotide linkages at both 3’ and 5 ends and unprotected,
complementary strand 12. The nanoconstruct 10+ 11 thio 412
was less stable overall with t,,=7.6 h. It should be remem-
bered, however, that in the case of 10+ 11thio+12 or 10+ 11
+12, the decrease in the concentration of the intact nano-
construct is affected not only by enzymatic degradation but
also, probably to a greater extent, by dissociation into the
constituent parts containing the anti-EGFR antisense sequence
10 and the 11thio+12 duplex containing the anti-c-Myc
oligonucleotide 11 thio. In this context, the slow dissociation of
the nanoconstruct releasing active antisense oligonucleotides
and the above-mentioned relatively high resistance to degrada-
tion of components 10 and 11thio+12 is highly desirable.
Unprotected nanoconstruct 10+11+12 was degraded faster,
with a half-life t,,=4.9 h, but remained more stable than 11+
12 with t,,=2.3 h, which became completely digested after
24 hours; only 14% remained after 6 hours (compared to the
30% stability of 10+11+12 and 60% stability of 11thio+ 12,
Figure 2A). In addition to the protective function of phosphor-
othioate internucleotide linkages, the mentioned above possi-
ble effect of modification with a boron cluster on the increase
in nucleolytic stability cannot be overlooked.*”
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Figure 2. A -Stability of modified nanostructures with phosphorothioate (thio) internucleotide linkages (11 thio+ 12, 10+ 11 thio + 12) in comparison to
unmodified components (10, 11412, 10+ 11+ 12) in human serum (experimental details are described in the S| section). B-Viability of PANC-1 cells (orange
bars) and silencing of EGFR and c-Myc mRNA transcripts (red and blue bars) in the presence of nanoconstruct 10+ 11 thio + 12, its components 10 and
11thio+ 12 used for comparison, and 10+ 13 thio+ 14 and 13 thio + 14 containing scramble sequence in 13 thio+ 14 within the anti-c-Myc part of double-
stranded module 11thio + 12, used as negative control for c-Myc (100 nM, 24 h; experimental details are described in the “Reverse transfection” part in SI

section).

Cytotoxicity of nanoconstruct 10+ 11thio+ 12, double-
stranded linker 11thio+ 12, and controls

PANC-1 cells were treated with nanoconstructs 10+ 11 thio +
12 or a control 10+ 13thio+ 14 consisting of a scramble
sequence instead of the anti-c-Myc sequence in the double-
stranded linker. To determine the cytotoxicity of the constructs,
an MTT viability assay was performed.

The cytotoxicities of the nanoconstruct components, triped
10 and double-stranded linkers 11thio+12 and 13thio+ 14,
were also tested. All samples were tested for 24 h at a
concentration of 100 nM, which was selected as optimal based
on previous studies involving a nanoconstruct build of 10 and
complementary triped that were directed against EGFR
mMRNA."® Lipofectamine 3000 was used as the transfection
reagent, which was not cytotoxic to cells (Figure S32). The MTT
results indicate that the screened oligonucleotides are generally
nontoxic to the cancer cells, and the mitochondrial activity is
only slightly lowered under the conditions used (Figure 2B).

Silencing of human EGFR and c-MYC mRNA transcripts in
PANC-1 cells line exposed to nanoconstruct 104 11thio+12.
Real-time quantitative PCR assay

The procedure was performed analogously as described
earlier®*? and in detail in the S| section. A prominent and
specific effect of the nanoconstruct 10+ 11thio+ 12 used at
100 nM on the abundance of the EGFR and c-Myc gene-specific
transcripts was observed after 24 h, in which both gene
transcripts were silenced (Figure 2B)

The specificity of the observed silencing activities is
confirmed by the fact that the nanoconstruct 10+ 13 thio+ 14
and double-stranded linker 13thio+ 14 that contain the

Chem. Eur. J. 2024, €202303531 (7 of 10)

scramble sequence instead of the anti-c-Myc sequence showed
no activity against the c-Myc gene. Triped 10 which contained
an antisense sequence targeted against EGFR also exhibited
silencing activity, but to a lesser extent than a full nano-
construct. It also showed small, unspecific activity toward c-Myc
transcription. Sequence-nonspecific effects of antisense oligo-
nucleotides are well recognized. This results from the limited
requirement of RNase H for long double-stranded substrates.
This enzyme is highly specific regarding the type of its
substrate’s backbone, which must be mRNA/DNA-oligonucleo-
tide heteroduplex; however, RNase H does not require full-
length homology between the target mRNA and the incoming
antisense oligonucleotide to recognize and cleave the mRNA
strand.” The presence of a centrally located boron cluster in 10
may increase its small, nonspecific activity. This hypothesis is
supported by the increase in RNase H activity toward poly r(A)
achieved by a short oligothymidylic acid containing boron
cluster modification in the central part of the oligomer.”?” One
possible explanation of this phenomenon may involve the
affinity of boron clusters toward both nucleic acids and
proteins, which may result in transient “gluing” of the
oligonucleotide substrate and the enzyme protein, facilitating
mRNA cleavage 4"

Dual silencing of EGFR and c-MYC genes by nano-construct
10+ 11thio+12in PANC-1 cells line. Intra-cellular protein
staining

To evaluate the effect of the 10+ 11thio+ 12 construct on c-
Myc and EGFR protein levels in PANC-1 cells, an intracellular
labeling technique and cytometric measurements, as well as an
immunochemical staining method and fluorescence micro-
scopy, were used as described in detail in the SI section. The
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Figure 3. A-Expression of EGFR and c-Myc proteins in PANC-1 cells incubated with the 10+ 11 thio + 12 (100 nM) for 24 and 48 h, percentage of control cells;
mean +/— SD, 3-6 repeats; **p <0.01, ***p < 0.001 (Bonferroni test). B-Representative histograms of EGFR and c-Myc protein expression in cells. Blue line
histograms—control cells, color-filled—cells with the nanoconstruct, gray line - binding of nonspecific antibodies, black line-background fluorescence of non-
stained cells. C-EGFR and c-MYC protein expression in cells treated 10+ 11thio+12, 10+ 11+ 12, 10+ 13 thio+ 14, 10, 11 thio + 12, or 13thio+ 14 (100 nM,
24 h); mean +/— SD, 4-6 repeats; *p < 0.05, **p < 0.01 (Bonferroni test). D-G-Epifluorescence microscopy images of PANC-1 cells stained for intracellular
visualization of c-Myc (green, D, and E), EGFR (red, F and G), and for nuclei (blue, D-G); details are described in Materials and Methods in the SI. D and F-
untreated cells, E and G-10+ 11 thio + 12-treated cells (100 nM, 48 h) 1000xmagnification. Apoptotic nuclei are marked with an arrow (E and G).

activity of the 10+ 11thio+ 12 construct (100 nM) was assessed  reference scramble 10+ 13 thio + 14 construct. The activity was
after 24h and 48h and compared to the activity of the also compared to other control samples, such as triped 10,
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double-stranded linkers 11 thio + 12 and 13 thio+ 14 and nano-
construct 10+ 11412, without phosphorothioate protection of
anti-c-Myc sequence 11. After 24 h of incubation with cells, the
10+11thio+12 construct reduced the levels of c-Myc and
EGFR proteins by approximately 30% (Figure 2A and Figure 3C).
The reference construct containing the scramble sequence
instead of the anti-c-Myc sequence (10+ 13thio+ 14) did not
affect c-Myc expression as expected and reduced the level of
EGFR protein by approximately 20% due to the anti-EGFR
activity of 10 present within the structure of the nanoconstruct
(Figure 3C). Triped 10 only slightly downregulated EGFR protein
expression (Figure 3C). This demonstrates triped 10 more
effectively reduces the expression of the EGFR protein when
used as a part of nanostructures 10-+11thio+12 or 10+
13thio+14. The nanoconstruct 10+ 11+ 12, without phos-
phorothioate protection of anti-c-Myc sequence 11, reduced
the c-Myc protein level less efficiently than the nanoconstruct
containing phosphorothioate-protected 11 thio (Figure 3C). Pro-
longed incubation of cells with the 10+ 11thio+ 12 construct
(up to 48 h) resulted in a higher decrease in EGFR and c-Myc
protein levels, EGFR (by up to 70%) and c-Myc (by 40%)
(Figure 3A and 3B).

The c-Myc protein (stained green, Figure 3D and 3E),
localized inside the cells, and EGFR (stained red, Figure 3F and
3G) in the cellular membrane were visualized with immuno-
fluorescent images. Cells incubated with the dual anti-sense
anti-EGFR and anti-c-MYC 10+ 11 thio + 12 nano-construct after
48 h of treatment (Figure3E and 3G) showed a marked
decrease in the intensity of green (c-Myc) and red (EGFR)
fluorescence. Moreover, as shown in the S| (Figure S35), a
decrease in c-Myc- and EGFR-derived fluorescence in the cells
was noted after 24 h incubation with the nanoconstruct
(Figure S35). Characteristic apoptotic nuclei with chromatin
condensation were visible in treated cells (Figure 3E and 3G,
and Figure S35B and S35D).

Conclusions

A second generation of nanoconstructs composed of DNA and
boron clusters, which contain two different antisense oligonu-
cleotides that target two different oncogenes as a single, dual-
action agent, was described. The pancreatic carcinoma and
PANC-1 cell lines were selected as biological models, and the
EGFR and c-Myc proteins were selected as biological targets for
this study. The nanoparticles used to silence the biosynthesis of
EGFR and c-Myc at the mRNA level were demonstrated to be
highly efficient by the RT-PCR method, and a significant
reduction in both protein levels in cells was observed by the
intracellular protein staining method. The proposed dual-action
nanoparticle approach may be an attractive alternative to the
current monotherapy strategies, including one therapeutic
nucleic acid, one genetic target, or the developmental use of
cocktails containing different therapeutic nucleic acids. Contrary
to these strategies, the strategy proposed in this work is a case
of multidrug therapy, consisting of the simultaneous action of
two different therapeutic nucleic acids on two different bio-
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logical targets, in the same cell. Moreover, its uniqueness is
related to the fact that both drugs are administered as one
nanoparticle containing both therapeutic components. In
addition, in the proposed strategy, dual-action nanoparticles
are easily adapted to carry antisense oligonucleotides directed
against other target genes, and the nanoparticles are easily
optimized.

Supporting Information

Full experimental details, materials, methods, procedures and
full characterization of all compounds, RP-HPLC traces, ESI-MS
and 'H-, ""B-, *'P-NMR, FT-IR spectra, survival analysis for
pancreatic adenocarcinoma patients for c-Myc and EGFR, PANC-
1 cell viability in the presence of nanoconstructs at concen-
trations of 100 nM and 200 nM, table with full thermodynamic
parameters for nanoconstructs and their components, addi-
tional PAGE gels.
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A versatile method for the automated
synthesis of composites containing
DNA-oligonucleotides and boron
cluster scaffolds and their assembly
into functional nanoparticles is
described. The torus-like nanostruc-
tures carry antisense oligonucleotides
that target two different oncogenes
and act as dual-action agents
silencing two oncogenes EGFR and c-
Myc simultaneously. The system can
be readily adapted to target other bi-
ological components.
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