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Abstract: The B Cell Lymphoma-2 (BCL-2) family proteins are central regulators of apoptosis, and
their dysregulation is frequently associated with cancer progression and resistance to therapy. While
small molecules like venetoclax have shown promise, nucleic acid-based therapeutics targeting BCL-
2 remain underexplored. Here, we report a novel in vitro evolution strategy to generate trans-acting
RNA-cleaving DNAzymes targeting natural BCL-2 mRNA without requiring covalent substrate-
linking. Using a 50-base region of BCL-2 mRNA as a selection target, we evolved several DNAzymes,
that demonstrate significant RNA cleavage activity. These DNAzymes downregulated BCL-2
expression, induced apoptosis, and reduced cell viability in HepG2 and MCF-7 cancer cells. In vivo,
our novel DNAzymes significantly suppressed tumor growth in a syngeneic mouse breast cancer
model, with efficacy comparable to 5-Fluorouracil. This study presents a proof-of-concept for a novel
strategy to evolve functional DNAzymes against native mRNA sequences and highlights their
potential as gene-silencing tools in cancer therapy.

Keywords: DNAzymes; BCL-2; apoptosis; cancer; synthetic biology

1. Introduction

Nucleic acids, beyond their role as carriers of genetic information, have emerged as versatile
therapeutic agents capable of regulating gene expression. Among these, RNA-cleaving DNAzymes
are synthetic single-stranded DNA molecules that catalyse site-specific RNA cleavage, offering
advantages such as chemical stability, low production cost, and modular design. DNAzymes like 10-
23 and 8-17, discovered through in vitro selection, have been widely studied for their ability to
downregulate specific mRNA targets in disease contexts including cancer, cardiovascular disorders,
and viral infections [1-4].

The BCL-2 protein family plays a pivotal role in regulating apoptosis, particularly by controlling
mitochondrial membrane integrity and cytochrome c release [5]. Overexpression of anti-apoptotic
members such as BCL-2 is a hallmark of various cancers and is associated with treatment resistance
[6-8]. Although small molecule inhibitors like venetoclax [9,10] have been approved for BCL-2
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inhibition, alternative approaches such as nucleic acid-based gene silencing offer higher specificity
and tunability.

In this study, we developed a novel in vitro selection approach for evolving RNA-cleaving
DNAzymes that target natural, unmodified BCL-2 mRNA. Unlike traditional strategies that employ
covalently tethered RNA-DNA chimeras, our method uses Watson-Crick base pairing to allow
natural hybridization between a randomized DNA library and BCL-2 mRNA immobilized on
magnetic beads. This design favors the selection of trans-acting DNAzymes that mimic physiological
mRNA-DNA interactions. We report two potent DNAzymes, DNZ-15 and DNZ-35a, which
downregulate BCL-2 expression in cancer cell lines and suppress tumor growth in a murine cancer
model, thus providing a foundation for future DNAzyme-based cancer therapeutics.

2. Materials and Methods.
2.1. In Vitro Selection of Trans-Acting mRNA Deoxy Ribozymes

50 bases of 5'-Biotin tagged BCL-2 mRNA (500nM) (IDT, USA) was immobilized on 50ul of M-
280 Streptavidin magnetic Dynabeads (Invitrogen). 1uM of ssDNA (IDT, USA) library was preheated
at 95°C for 5 minutes followed by flash chilling in ice and was added to the BCL-2 mRNA immobilized
on Streptavidin magnetic beads [11]. ssDNA library was incubated with immobilized mRNA for 20
min at room temperature after which unbound library molecules were removed by wash buffer
(10mM Tris-HCI pH8.0, 1mM EDTA pHS8.0, 2M NaCl). RNA cleavage reaction was performed in the
buffer (150mM KCl, 2mM MgClz) was added to the DNA-RNA hybrid and the reaction was further
incubated for 6 h [12]. The active DNAzyme pool was collected in the flow-through fraction and
enriched by PCR using DreamTaq PCR Master Mix (Thermo Scientific) with forward primer: 5'-
GGCTGGATGGGGCGTGT-3' and 5  Spacer-C18  tagged  reverse  primer:  5'-
CGCTGTCCGCACCGTG-3' (IDT, USA). PCR was performed for 20 cycles (initial denaturation at
95°C, 5min and cycling at 94°C, 30s; 55°C, 30s and 72°C, 30s). The amplified dSDNA DNAzyme pool
was separated on denaturing 12% TBE Urea-PAGE [13]. The ssDNA band was excised from the gel
and purified using the ‘crush and soak’ method [14]. This selected DNAzyme pool was used for the
next round of selection. The in vitro selection procedure was carried out for 10 iterative rounds.
Incubation time for DNAzyme-mediated RNA cleavage was gradually reduced to 3h in the last
round. After a tenth round of in vitro selection, the selected DNAzyme pool was PCR amplified and
the amplified dsDNA PCR fragments were cloned in a TA-Cloning vector (Pure Gene) [15].
Individual DNAzyme clones were sequenced at the 1st Base sequencing facility (Axil Scientific,
Singapore).

2.2. Cell Culture and Transfection

HepG-2 (human hepatocellular carcinoma), and MCF-7 (human breast carcinoma) cell lines
were purchased from the National Centre for Cell Sciences (NCCS, Pune, India) and mouse 4T1
(mammary carcinoma) cell line was purchased from ATCC (American Type Cell Culture, USA).
HepG2 and MCEF-7 were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) while
4T1 cells were cultured in RPMI-1640 media at 37°C with 5% CO: and supplemented with 10% Fetal
Bovine Serum (FBS) (Gibco), 1% Penicillin-Streptomycin (100 units/mL of Penicillin and 100 mg/mL
of Streptomycin) (Gibco) and 0.25pg/ml Amphotericin B (Gibco). Cells were harvested at ~60%
confluency for transfection. All transfection experiments were performed in reduced serum media
(Opti-MEM® I, Invitrogen) with 200nM of DNAzymes(s) using Oligofectamine Reagent (Invitrogen)
according to the manufacturer’s protocol [16,17].

2.3. Quantitative Real Time-PCR

Cells were seeded at a density of 3 x 10° cells/well in 6-well culture plates in a growth medium
without antibiotics one day before the experiment. Transfection with DN Azymes was performed as
mentioned above. Total RNA from cells and tissues was isolated using TRIzol (Invitrogen) reagent
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[18-20] For all the qPCR experiments, 1pg of RNA was used to synthesize cDNA using a Verso cDNA
synthesis kit (Thermo Scientific). Real time-PCR was performed on CFX Connect™ Real-Time PCR
detection system (Bio-Rad) in a 96-well plate using a program, 95°C 5min pre-denaturation and
cycling at 94°C, 10s denaturation, 55°C, 5s annealing and 72°C, 10s amplification. PCR was run for 40
cycles and all the samples were run in triplicates. 18s RNA was used to normalize BCL-2 expression
and relative fold expression values were calculated using AACt method [21]. Primers used for qPCR
analysis are given in Table S1.

2.4. MTT Cytotoxicity Assay

For cell viability assay, 1000 cells were seeded in a 96-well culture plate one day before the
experiment. After DNAzymes transfection (200nM in triplicates), 0.5mg/ml of 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) solution (Sigma) was added at time
points 12, 24, 36, 48 and 72 h. Cells were incubated for 3 h at 37°C followed by which, the supernatant
was removed and 200ul of DMSO was added to dissolve formazan crystals. After 10 min, absorbance
was recorded at 570 nm using a microplate reader (SpectraMax®, Molecular Devices) [22,23].

2.5. Apoptotic Cell Imaging Using Confocal Microscopy

HepG2 cells (4 X 10*) were seeded on poly-L-lysine-coated chamber slides one day before
transfection. 24 h after DNAzyme transfection (200nM), cells were washed with cold 1X PBS followed
by the addition of 5ul of FITC-Annexin V solution (Molecular Probes) and 100ug/ml of Propidium
Iodide solution (Molecular Probes) to each chamber. Cells were incubated for 15 min at room
temperature after which cells were washed once with 1X Annexin binding buffer (Molecular Probes).
Apoptotic/dead and live cells were imaged by Leica Microsystems confocal microscope (TCS SP8)
[24,25].

2.6. Animal Models and Tumor Implantation

Female BALB/C mice of weight approximately 15 to 20gm were purchased from the NIN-
Hyderabad with prior approval from the animal ethical committee (Regno.1996/po/s/17/CPCSEA).
The animals were quarantined and acclimatized sheltered in vivo animal cages with proper
temperature, light, feed, and water. Once the average weights of the animals reached 20 to 25gms the
animals were divided into four groups (six animals per group). A 4T1 syngeneic Breast cancer model
was developed by injecting the pre-cultured 4T1 —cells of the number 3x105 cells in PBS per each
animal injected carefully in the 6th breast pad with 1m of the insulin syringe [26,27]. Tumours were
visible after the 10 days of the injection 3DTumour volumes were measured and the average tumour
volume of each group was recorded before and after the treatment of the DNAzymes (DNZ-15, DNZ-
35A) respectively 12 animals were finally included in the present study (n=3 per group). Mice
inclusion criteria were uniform tumor volume ten days post-implantation which excluded the
remaining 14 animals from the study. All the animal experiments were performed based on the
Institution animal ethical committee guidelines.

2.7. In Vivo DNAzymes Studies

Experimental DNAzymes suspension was made in deionized water and injected at the tumor
site at a concentration of 10ug/animal. One group was injected with the 5-Flurouracil (5FU) at a
concentration of 5mg/kg body weight. Control animals were injected with sterile double distilled
water only. DNAzymes were administered on the 10th and 20th day after tumor induction. Animals
were divided into four groups (n=3: DNZ15, DNZ35a, 5-Fluorouracil, and Control group) and tumor
volumes were measured on Day 0 (treatment initiated), Day 10 and Day 21 post-treatment. After 21
days, tumors were carefully excised and washed with 1XPBS and dried on paper towels and tumor
weight and volumes were measured.
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2.8. In Vivo Tumor Imaging

For live-in vivo tumor imaging, mice were anaesthetized with Isoflurane in the anaesthetic
chamber (Vevo LAB, Visual sonics). Animals were placed on the imaging pad with a constant
circulation of 2% Isoflurane throughout the imaging process [28,29] Tumor were scanned using B
(Bright) and CD (Color Doppler) modes and videos were captured. Vital parameters, respiration rate,
and cardio functions were monitored throughout the imaging. The acquired data were analysed
using Vevo LAB 3.1.1 software.

2.9. Immunohistochemistry

Tumor tissues were sliced at a diameter of 5um with histotome. Tissue sections were fixed in
10% formalin and embedded in paraffin wax. Sections were incubated with Anti- BCL-2 primary
antibody (Merck) overnight at 4°C followed by incubation with HRP conjugated secondary antibody
(Merck) for 2h at room temperature. BCL-2 expression was detected by adding a TMB substrate and
slides were imaged in the microscope (Leica Microsystems, Mannheim, Germany).

2.10. Western Blotting

Total protein was extracted from tissues and cells and was resuspended in RIPA buffer.
40pg/lane protein lysates were separated by 12% SDS-PAGE and transferred onto a nitrocellulose
membrane (Bio-Rad) [30]. The membranes were blocked in 3% BSA for 2h at room temperature and
incubated at 4°C overnight with anti-BCL-2 (Cell Signaling) antibody at 1: 1000 dilution. Anti-3-Actin
(1:1000) (Cell Signaling) was used as an internal control. HRP-conjugated secondary antibody
(1:10,000) (Cell Signaling) was added at room temperature for 2h. ECL substrate (Clarity Max™, Bio-
Rad) was added, and bands were visualized by chemiluminescence (Fusion FX, Vilber Lourmat,
France).

2.11. Statistical Analysis

All graphs were constructed using GraphPad PRISM 8.0. Comparisons of DNAzyme transfected
or treated groups were done with controls using the student t-test. The P-value of <0.05 was
statistically significant.

3. Results
3.1. In Vitro Selection of BCL-2 mRNA-Cleaving DNAzymes

To develop DNAzymes targeting BCL-2 mRNA, we employed a novel trans-acting in vitro
selection strategy designed to enrich for catalytically active DNAzymes under near-physiological
conditions. This approach utilized a 70-mer single-stranded DNA (ssDNA) library, containing a
central 36-nucleotide randomized region flanked by 17-nucleotide primer binding sites (Figure 1A).
The target substrate for selection was a 50-nucleotide biotinylated RNA fragment derived from the 5’
end of human BCL-2 mRNA and identical to the mouse BCL-2 mRNA, which was immobilized on
streptavidin-coated magnetic beads to enable selective partitioning of active DNAzymes from the
inactive pool (Figure 1B).

Unlike traditional cis-acting selection strategies, where the RNA and DNA are covalently linked,
our trans-acting design allows for free interaction between the DNAzyme and RNA —more closely
mimicking physiological interactions. Through ten iterative rounds of selection, washing, and
amplification, we enriched a pool of ssDNA molecules with increasing catalytic activity.

After the final round, the DNAzyme pool was cloned and sequenced, resulting in the
identification of five distinct DNAzyme candidates: DNZ-15, DNZ-22, DNZ-24, DNZ-35a, and DNZ-
35b. These were synthesized and screened individually for trans-cleaving activity against the BCL-2
RNA substrate under in vitro conditions using denaturing PAGE analysis. Time-course assays
revealed that among the tested molecules, DNZ-15 and DNZ-35a demonstrated the most efficient

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2210.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2025 d0i:10.20944/preprints202505.2210.v1

5 of 14

catalytic activity, cleaving approximately 35% and 30% of the substrate RNA, respectively, within 80
minutes of incubation (Figure 1C,D).

Randomized ssDNA .
PBS-17-hases 16 Bases. PB5-17-bases

Complimentary to BCL-2

10m 20m 3Mm 40m 50m 60m mRNA DNZ-15 e ——
Tt DA | Discan]
i i
£ T——
DNZIS Cleavage girvies-tery
Sepirite betive INA e wang
mRNA m Ohgo 4T aguieie | Srestanin cobema
. DNZ-15 L /
e L g e
PO ———.

mRNA 10m 20m Hm 40m DNE-35A

e mNA Cleav age

DNZ35A Cleavage . B » &
mRNA & & FEF

DNZ-35A

Figure 1. (A) Design of the ssDNA library. The forward and reverse Primer Binding Sites (PBS) are indicated in
red and green, respectively, while the randomized 36-base sequence, which contain potential DNAzymes, is
shown in black. (B) Schematic of the in vitro DNAzyme selection strategy. (C) The trans-cleavage of target BCL-
2 mRNA in vitro by DNZ15 and DNZ35a. (D) mRNA cleavage by the DNAzymes over time. The percentage of
mRNA cleavage by the evolved DNZs (15, 22, 24, 35a, and 35b) was calculated using the densitometry intensity
of the cleaved mRNA band.

3.2. DNZ-15 and DNZ-35a Downregulate BCL-2 Expression in Cancer Cell Lines

To assess the functional activity of our evolved DNAzymes in a cellular context, we evaluated
the expression of BCL-2 mRNA in multiple cancer cell lines following DNAzyme treatment. Baseline
expression analysis by quantitative RT-PCR revealed that BCL-2 mRNA is significantly
overexpressed in MCF-7 (human breast adenocarcinoma) and HepG2 (human hepatocellular
carcinoma) cells relative to HFL-1 (normal human lung fibroblasts), indicating these cell lines are
suitable models for investigating BCL-2-targeted gene knockdown (Figure 2A).

Transfection of MCF-7 and HepG2 cells with DNZ-15 and DNZ-35a at a concentration of 200 nM
resulted in a robust and statistically significant reduction in BCL-2 mRNA levels compared to mock-
transfected controls (Figure 2B). The degree of downregulation observed across both cancer lines
underscores the catalytic efficiency and cross-cell-type applicability of the DNAzymes.

To further explore the downstream effects of BCL-2 silencing, we assessed the expression of key
pro-apoptotic markers regulated by mitochondrial apoptotic signaling. Notably, in HepG2 cells,
DNZ-15 treatment induced upregulation of PUMA (p53 upregulated modulator of apoptosis) and
BFL-1 (BCL-2 related protein Al)—both of which are antagonists of anti-apoptotic BCL-2 proteins
[31-34] (Figure 2C). These findings suggest that the decrease in BCL-2 expression translates into
functional activation of apoptosis-related pathways.

In addition to human cancer cells, we extended our analysis to the murine 4T1 mammary
carcinoma cell line, which was used in later in vivo studies. Upon transfection, both DNZ-15 and
DNZ-35a suppressed BCL-2 mRNA expression in 4T1 cells (Figure 2D). Together, these results
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demonstrate the consistent and effective knockdown of BCL-2 mRNA by DNZ-15 and DNZ-35a
across multiple biologically relevant cancer cell lines, including human and murine models.
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Figure 2. (A) Relative BCL-2 mRNA expression in cell lines HFL-1 (human lung fibroblast), HepG2 (human
hepatic carcinoma), and MCF-7 (human breast cancer). (B) DNAzyme-mediated BCL-2 mRNA downregulation
in HepG2 and MCEF-7 cell lines in 24 hrs by DNAzymes 15 and 35a at a concentration of 200nM (C) Upregulation
of BCL-2 pathway proteins PUMA and BFL-1 in HepG2 cells after treatment with DNZ15 (200 nM). (D) BCL-2
mRNA expression levels in cultured 4T1 cells transfected with 200 nM of DNZ15 and DNZ35a. mRNA levels in
(B), (C) and (D) are expressed relative to the control (mock-transfected) set to 1. Error bars represent the mean +
SD from three separate experiments performed in triplicates. Significance levels are indicated as ***p<0.001,
e p<0. 0001.

3.3. Both the Catalytic Domain and the Substrate Recognition Regions Are Needed for DNAzyme DNZ-15
and DNZ-35a Function

To better understand the structural basis for catalytic activity, we performed a detailed
structure-function analysis of our lead DN Azymes, DNZ-15 and DNZ-35a. Specifically, we evaluated
whether truncations in either the mRNA-binding arms or the catalytic core would impact the ability
of the DNAzymes to downregulate BCL-2 mRNA. Three constructs were created, 1) DNZ-ACR, in
which 17 nucleotides from the BCL-2-complementary region were removed, effectively eliminating
binding specificity, 2) DNZ-A56-70APBS, which lacked the 3’ primer binding site and part of the
structural scaffold supporting the catalytic domain and 3) DNZ-A41-70APBS, in which a significant
portion of the core catalytic domain was deleted. The functional activity of these truncated constructs
was assessed in both HepG2 and MCE-7 cells by measuring BCL-2 mRNA expression levels post-
transfection (Figure 3B,C). As expected, the full-length (FL) DNZ-15 and DNZ-35a DNAzymes
significantly reduced BCL-2 mRNA expression, validating their catalytic potency in cell-based assays.

In contrast, the DNZ-ACR variant, which lacked the BCL-2 complementary arm, showed no
measurable downregulation of BCL-2 mRNA, confirming that target recognition through Watson-
Crick base pairing is essential for function. The DNZ-A56-70APBS construct, which retained the
catalytic domain but lacked essential scaffold and primer regions, showed a moderate (~0.5-fold)
reduction in BCL-2 mRNA, suggesting impaired structural integrity and reduced folding efficiency.
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Most notably, the DNZ-A41-70APBS variant—missing a significant portion of the catalytic
core—exhibited only partial mRNA suppression, further reinforcing that both the catalytic domain
and substrate recognition regions are indispensable for optimal activity.

These results provide strong evidence that our evolved DNAzymes function not as antisense
oligonucleotides but as true nucleic acid enzymes, whose activity relies on precise secondary
structure formation and proper alignment of catalytic residues. The observed differences in efficacy
among the truncated variants highlight the importance of maintaining the full-length structural
architecture to ensure correct folding and maximal RNA cleavage activity.
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Figure 3. (A) Schematic diagram of truncated DNAzymes that were commercially synthesized. The bases deleted
from the Full-Length (FL) DNAzyme to create various truncated products are indicated: ACR signifies the
deletion of 17 bases from the BCL-2 mRNA complementary region; DNZ-A56-70APBS indicates the deletion of
the primer binding regions of the DNAzymes; DNZ-A41-70APBS represents the partial deletion of the catalytic
part of DNZ-15 and DNZ-35a. (B) BCL-2 mRNA expression measured in HepG2 (B) and MCEF-7 (C) cells after
transfection with various truncated and Full-Length DNZ15 and DNZ35a. mRNA levels are expressed relative
to the control (mock-transfected). Error bars represent the mean + SD from three separate experiments performed

in triplicate. Significance levels are indicated as ***p<0.001 and ***p<0.0001.

3.4. DNZ-15 and DNZ-35a Induce Apoptosis and Cell Death in Cancer Cells In Vitro

To determine whether the downregulation of BCL-2 by DNZ-15 and DNZ-35a translated into
functional anti-cancer effects, we assessed cell viability and apoptosis induction in vitro. MTT cell
viability assays were conducted in HepG2 (human hepatocellular carcinoma) and MCF-7 (human
breast cancer) cells treated with 200 nM of either DNAzyme. These experiments were performed in
triplicate and repeated independently three times. The results revealed a significant, time-dependent
reduction in cell viability in both cell lines over 72 hours of treatment (Figure 4A,B).

In HepG2 cells, DNZ-15 induced the most pronounced cytotoxic response, cell death
approximately 60% at 72 hours, while DNZ-35a caused about 50% cell death over the same time
frame. In MCEF-7 cells, DNZ-15 and DNZ-35a induced 50% and 60% cell death respectively.

To further validate that the loss of viability was due to apoptotic cell death, we performed
Annexin V-FITC and Propidium Iodide (PI) staining in HepG2 cells, followed by imaging via
confocal microscopy (Figure 4D). Annexin V staining identified cells in early apoptosis (green
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fluorescence), while PI marked late apoptotic or necrotic cells (red fluorescence). In the merged
images, DNAzyme-treated cells exhibited strong green and red staining patterns, confirming
apoptosis induction as the primary mode of cell death. Control cells (mock-transfected) showed
minimal staining, indicating low background apoptosis.

These results clearly demonstrate that DNZ-15 and DNZ-35a possess potent in vitro anti-cancer
activity by actively inducing apoptosis in BCL-2-overexpressing tumor cells. The ability to trigger
programmed cell death through BCL-2 silencing suggests that these DN Azymes function through a
mechanism consistent with the intrinsic apoptotic pathway, restoring sensitivity to apoptotic stimuli
by removing the anti-apoptotic blockade.

Importantly, this apoptotic response was consistent across two different cancer cell types—liver
and breast cancer—further supporting the broad therapeutic applicability of our evolved
DNAzymes. Taken together with the mRNA downregulation data, these results confirm that DNZ-
15 and DNZ-35a are not only catalytically active in vitro but also biologically functional as therapeutic
gene silencers, capable of suppressing tumor cell growth through apoptosis induction.

%Cell Viability
% Cell Viability

Time (h) Time (h)

Figure 4. Reduction in cell viability of (A) HepG2 and (B) MCF-7 cells after treatment with 200nM of DNZ15 and
DNZ35a, along with 5-Fluorouracil (100uM) and Doxorubicin (20uM), as estimated using the MTT cell viability
assay. The assay was performed in triplicate and repeated three times, with values reported as mean + SD.

3.5. DNZ-15 and DNZ-35a Exhibit In Vivo Antitumor Efficacy

To evaluate the therapeutic potential of our evolved DNAzymes in a physiologically relevant
setting, we tested DNZ-15 and DNZ-35a in a syngeneic orthotopic mouse model of breast cancer
using 4T1 cells. The 4T1 model is widely recognized for its aggressive tumor growth and metastatic
behaviour in immunocompetent BALB/c mice, making it a clinically relevant system for assessing
both efficacy and immunological tolerance of new cancer therapeutics [35,36].

Ten days after tumor induction, when tumors reached a measurable and consistent volume,
animals were divided into four groups and treated with DNZ-15, DNZ-35a, 5-Fluorouracil (5-FU), or
vehicle control. DNAzymes were administered locally at the tumor site on days 10 and 15 post-
implantation. Tumor volume was monitored over 21 days to evaluate treatment effects (Figure 5B).

Both DNAzymes significantly suppressed tumor growth compared to the control group, with
DNZ-15 demonstrating the most potent antitumor activity. By day 21, the average tumor volume in
DNZ-15 treated mice was reduced to below 100 mm?, compared to 600 mm? in untreated controls.
DNZ-35a also achieved substantial tumor suppression, maintaining tumor volume under 200 mmb?,
aresult comparable to that of 5-FU-treated animals. These findings confirm that both DNAzymes are
functionally active in vivo, and their antitumor efficacy is comparable to an established
chemotherapeutic agent, highlighting their translational potential.

Importantly, throughout the treatment period, the body weight of the animals remained stable
across all groups, indicating minimal systemic toxicity (Figure 5A). Notably, the DNZ-35a group even
showed a modest increase in body weight, further supporting the favourable safety profile of the
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DNAzyme treatment compared to conventional chemotherapy, which often results in weight loss
due to toxicity.
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Figure 5. (A) Body weight of animals during the study. The weight of animals in the control and drug control
groups remained unchanged throughout the study period. The DNZ-35a treated group showed an overall
increase in body weight, but no such increase was observed in the DNZ-15 treated group. (B) Reduction in tumor
volume following DNAzyme and 5-Fluorouracil treatment (Day 0 being the day of dosing, with observations on
Day 10 and Day 21 post-dosing). At the end of the 21-day study period, the mean tumor volume of the control
group was 600 cm3. The DNZ-15 treated group had a mean tumor volume of less than 100 cm?, and the DNZ-
35a treated group had a volume below 200 cm?, while the drug control treated group had a volume near or equal
to 200 cm?®. Both DNAzymes and the 5FU drug control significantly inhibited tumor growth, with significant
inhibition observed 21 days post-treatment (*p<0.005). Data are presented as mean + SEM and analysed by paired
Student’s t-test. (C) Relative BCL-2 mRNA levels in excised tumor tissues 21 days post-treatment determined by
Real-Time qPCR. BCL-2 mRNA expression was significantly reduced in the DNZ-15 and DNZ-35a groups
compared to the control and drug control groups, with mRNA levels expressed relative to the control
(****p<0.0001). (D) Western blot images of BCL-2 protein expression in excised tumor tissues 21 days post-
treatment. 3-Actin was used to normalize BCL-2 protein expression as a loading control.

To investigate whether tumor suppression was mediated by BCL-2 silencing, we performed
molecular analysis on excised tumor tissues collected 21 days post-treatment. Quantitative real-time
PCR revealed a significant reduction in BCL-2 mRNA levels in DNZ-15 treated tumors compared to
control and 5-FU groups (p < 0.0001) (Figure 5C). These results strongly suggest that the DNAzymes
were able to access the tumor environment, enter cells, and effectively cleave the target BCL-2 mRNA
in vivo.

Western blot analysis corroborated the transcriptional findings, demonstrating marked
decreases in BCL-2 protein expression in tumors treated with DNZ-15 and DNZ-35a (Figure 5D).
Densitometric analysis normalized to 3-actin confirmed the specificity of the suppression and further
validated the post-transcriptional regulatory effect of the DNAzymes.

Additionally, immunohistochemical staining of tumor sections provided visual confirmation of
reduced BCL-2 protein levels in the DNZ-treated groups (Figure 5E). Fewer BCL-2-positive cells were
observed in these tumors compared to control or 5-FU-treated tissues, aligning with the western blot
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data, and reinforcing the conclusion that the antitumor effects of DNZ-15 and DNZ-35a were
mechanistically linked to BCL-2 knockdown.

Together, these data provide strong in vivo evidence that DNZ-15 and DNZ-35a induce tumor
regression by specifically silencing BCL-2 expression at both the mRNA and protein levels. The
magnitude of tumor inhibition, combined with the favourable safety profile and mechanism-specific
activity, positions these DNAzymes as promising candidates for further development as targeted
nucleic acid therapeutics for cancer treatment.

4, Discussion

Our study presents a novel and effective strategy for the in vitro evolution and characterization
of trans-acting RNA-cleaving DNAzymes specifically targeting the BCL-2 mRNA—a key anti-
apoptotic gene that is overexpressed in many human cancers. Unlike traditional in vitro selection
protocols that rely on covalent attachment of the RNA substrate to the DNAzyme library, we
employed a more physiologically relevant trans-acting selection approach using a native,
biotinylated 50-nucleotide fragment of BCL-2 mRNA. This design allowed us to select DNAzymes
that bind and cleave their targets through natural base-pairing interactions, reflecting the
intracellular environment more closely.

From this selection, two DNAzymes, DNZ-15 and DNZ-35a emerged as potent candidates,
displaying robust cleavage activity in vitro and significant BCL-2 knockdown liver carcinoma and
breast cancer cells. The DNAzyme-mediated suppression of BCL-2 expression led to upregulation of
pro-apoptotic markers PUMA and BFL-1 and a reduction in cell viability —demonstrating a direct
functional consequence of gene silencing. Importantly, loss-of-function experiments using truncated
variants confirmed that both the mRNA-complementary region and catalytic core are essential for
DNAZzyme activity, emphasizing the precision of these evolved molecules.

These results build upon a foundational body of work on RNA-cleaving DNAzymes, initially
pioneered by Breaker and Joyce in 1994 [37], and later refined by Santoro and Joyce with the
introduction of the well-known 10-23 and 8-17 motifs [38]. The therapeutic utility of DNAzymes has
been explored in various disease contexts, including targeting VEGF in age-related macular
degeneration [39], c-Jun in skin cancer [40], and BCL-2 in hematologic malignancies [41]. However,
despite encouraging preclinical data, few DNAzymes have progressed into advanced clinical
development, often limited by delivery challenges and suboptimal in vivo stability.

Compared to prior studies targeting BCL-2, such as the 10-23 DN Azyme explored by Yang et al.
[42], which showed moderate mRNA suppression in leukemia models, our evolved DNZ-15 and
DNZ-35a DNAzymes demonstrate improved catalytic efficiency (35% and 30% cleavage,
respectively) under near-physiological conditions. Moreover, we extended the validation beyond cell
lines to a syngeneic mouse model using 4T1 mammary carcinoma cells—an aggressive,
immunocompetent model that more accurately reflects tumor-immune interactions. In vivo
administration of DNZ-15 and DNZ-35a significantly suppressed tumor growth, with effects
comparable to the chemotherapeutic agent 5-Fluorouracil (5-FU), but potentially with fewer systemic
side effects, as evidenced by stable body weight and absence of gross toxicity.

Molecular analysis of excised tumors confirmed the silencing of BCL-2 at both the mRNA and
protein levels. These results highlight the potential of DNAzymes as viable alternatives to RNAi,
antisense oligonucleotides (ASOs), or small-molecule inhibitors [43,44]. While siRNAs and ASOs can
efficiently degrade target mRNAs via RNase H or RISC pathways, they often suffer from off-target
effects, innate immune activation, and delivery barriers in vivo [45,46]. In contrast, DNAzymes—
particularly those evolved for trans-acting activity —offer higher stability in serum, reduced
immunogenicity, and a clear catalytic mechanism of action.

Importantly, our in vitro selection platform is modular and scalable. By simply modifying the
complementary binding arms, it can be adapted to target virtually any mRNA sequence of interest.
This provides a flexible tool not only for therapeutic development but also for functional genomics
and gene validation in diverse biological systems. While further studies are warranted to optimize
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delivery —potentially using lipid nanoparticles, aptamer conjugation, or viral vectors—the current
findings provide a compelling proof-of-concept for DNAzyme-based cancer therapeutics,
particularly for genes like BCL-2, where dysregulation plays a central role in tumor survival and
chemoresistance [47,48].

In the future, this approach may be extended to other members of the BCL-2 family, such as
MCL-1 or BCL-XL, or to non-apoptotic gene targets in areas like viral replication, neurodegeneration,
and inflammatory diseases [49,50]. The combination of trans-acting DNAzyme design with evolving
delivery technologies could mark a turning point in the clinical translation of DNA-based
therapeutics.

5. Conclusion

We report the successful evolution of trans-acting RNA-cleaving DNAzymes using a novel in
vitro selection approach that employs natural mRNA sequences as substrates. The selected
DNAzymes, DNZ-15 and DNZ-35a, effectively downregulate BCL-2 expression in human and mouse
cancer models, induce apoptosis, and suppress tumor growth in vivo. Unlike conventional methods,
our strategy does not require covalent substrate tethering, enabling the discovery of DNAzymes that
act under more physiologically relevant conditions. This work not only demonstrates the therapeutic
potential of DNAzymes targeting anti-apoptotic pathways but also establishes a scalable,
generalizable framework for evolving gene specific DNAzymes for research and clinical applications.
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