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I. INTRODUCTION

Signal Transducer and Activator of Transcription 3 (STAT3) is a transcription factor
with a critical role in regulating cell growth, differentiation, survival and immune function
(Timofeeva et al., 2012). Within the JAK/STAT3 signaling pathway, after stimulation of
specific receptors, the Janus Kinase (JAK) proteins are activated and phosphorylate STAT3,
determining its dimerization, activation and translocation to the nucleus (Bild, Turkson &
Jove, 2002). Here, STAT3 binds specific response elements, such as gamma-activated
sequence-like (GAS-like) motifs, located in the promoters of target genes (Ivashkiv &
Donlin, 2014). The expression of these genes is thus modulated by STAT3, contributing to
the control of the above-mentioned cell processes. Under normal physiological conditions,
STATS3 activation is tightly controlled and transient (Timofeeva et al., 2012). However,
persistent activation of STAT3 has been involved in the development and progression of
several malignancies, including ovarian cancer. Its dysregulation can disrupt cellular
homeostasis, contributing to unchecked proliferation, resistance to apoptosis and the creation
of an immunosuppressive tumor microenvironment (TME) (Huang et al., 2000; Cheung,
Leung & Wong, 2006; Davidson, Tropé & Reich, 2012; Jia et al., 2017). Ovarian cancer is
recognized as one of the most severe gynecologic malignancies globally, owing to its silent
progression and late-stage detection, with over 200,000 new cases annually (Ren et al.,
2025). Therefore, a pressing need exists to develop novel target-specific therapeutic
compounds against this malignancy. In the context of ovarian cancer, aberrant STAT3
signaling is particularly significant and is associated with poor prognosis, disease
progression to advanced stages and resistance to chemotherapy, by upregulating
proliferation and survival genes, such as cyclin D1, c-myc, survivin, MCL1 (for myeloid cell
leukemia-1), PIM1 (for Pim-1 proto-oncogene, serine/threonine kinase), or MMPs (genes
for matrix metalloproteinases), while suppressing apoptosis and enhancing angiogenesis
(Huang et al., 2000; Wu et al., 2019). As a result, STAT3 is being actively explored as a
therapeutic target, with various inhibitors under investigation aiming to disrupt its signaling
in cancer and restore normal cellular function.

Efforts to inhibit STAT3 signaling have included inhibitors that target cytokines (e.g.
IL-6) or cytokine receptors, like IL-6R, but did not show a significant effect on late-stage

solid tumors and they can trigger collateral effects (Angevin et al., 2014; Goumas et al.,



2015; Baran et al., 2018). JAK inhibitors, even though some of them are already FDA-
approved, exhibit pronounced systemic side effects (Qian, Xue & Shannon, 2022;
Verstovsek et al., 2012). Peptides and small molecules targeting the STAT3 Src Homology
2 (SH2) domain (e.g., PYLKTK motif-containing inhibitor, or STATTIC, respectively) have
also been used, yet these often suffer from low membrane permeability and insufficient
efficacy, due to low affinity and specificity (Turkson et al., 2001; Schust et al., 2006).
Nucleic acid-based approaches, including antisense oligonucleotides, which are meant to
degrade the mRNA for STAT3, face challenges of instability and off-target effects despite
their potential (Roth, 2005; Zhang et al., 2024). Decoy oligodeoxynucleotides (ODN-
decoys) mimicking STAT3-binding sites and acting as competitors for the DNA-binding
domain (DBD) of STAT3 have been studied in several types of cancer and they have shown
promise in vitro, but were limited by rapid degradation in vivo (Gu et al., 2008; Sen et al.,
2009, 2012; Souissi et al., 2011).

To address these limitations, we developed and characterized a small, double-
stranded DNA minicircle (anti-STAT3 mcDNA) containing three GAS-like motifs to act as
a stable decoy for STAT3. Furthermore, to address the unmet need for personalized therapy
in ovarian cancer, we employed a novel design and validation strategy to create this molecule
and utilized it here for the first time to inhibit STAT3 in ovarian cancer cells. As SKOV3 is
the fifth-highest cell line in terms of STAT3 expression, it was chosen as our model for this
disease (The Human Protein Atlas, 2025). We expect that this minicircle will effectively
sequester STAT3, reduce target gene activation and inhibit proliferation while promoting
apoptosis in SKOV3 ovarian cancer cells.

We consider that the developed minicircle offers several key advantages: (i) three
GAS-like motifs on a single molecule, which enhances its probability of interacting with the
DNA-binding domain of STAT3; (ii) the closed circular configuration that enhances
molecular stability and protects against nuclease-mediated degradation; (iii) the likelihood
of an extended half-life following in vivo administration and (iv) its simplicity, consisting
of chemically unmodified DNA, which enables a cost-effective production. We expect these
attributes to result in a significantly effective strategy to inhibit STAT3 activity in ovarian
cancer, as well as in other STAT3-driven malignancies.

The present thesis is composed of a Theoretical Part and an Experimental Part. The
Theoretical Part provides an overview of the universe of STAT proteins, with focus on

STAT3, highlighting aspects as the structure, cellular functions, regulation and the



implications in disease that determined the choice to address the STAT3 protein in ovarian
cancer as the subject of this thesis.

The Experimental Part represents the personal contribution of the author of this
thesis. In this study, we report the design, validation, and in vitro evaluation of the anti-
STAT3 mcDNA, as well as a mock minicircle control with scrambled GAS-like motifs, in
SKOV3 ovarian cancer cells. First, we circularized precursor oligonucleotides through an
enzymatic ligation method. The circularization was then validated through enzymatic
restriction at specific sites and the binding specificity of the anti-STAT3 mcDNA to the
STATS3 protein was evaluated through Electrophoretic Mobility Shift Assay (EMSA). In
MTS assay, flow cytometry and Western blot experiments, we showed that anti-STAT3
mcDNA caused specific and remarkable inhibition, apoptosis and proliferation decrease of
SKOV3 ovarian cancer cells with active STAT3. Additionally, quantitative PCR and
Western blot demonstrated significant downregulation of anti-apoptotic and pro-survival
genes MCLI and PIM1 in anti-STAT3 mcDNA-treated SKOV3 cells, compared to the mock
minicircle. All these results we obtained reveal the potential of anti-STAT3 mcDNA as a
novel therapeutic strategy to inhibit STAT3 signaling in ovarian cancer. This strategy could

also be explored in other STAT3-driven malignancies, pending further validation.

Hypothesis

The hypothesis of this PhD thesis is that a DNA minicircle targeting STAT3 will act
as a decoy for the target protein, thus downregulating STAT3-modulated genes and causing

inhibition, apoptosis and decreased proliferation in SKOV3 ovarian cancer cells.

Objectives of the thesis

o Design of a small, double-stranded DNA minicircle targeting the STAT3 protein

o Development of the DNA minicircle and validation of its structure

o Evaluation of the interaction between STAT3 and the DNA minicircle

o Inhibitory concentration determination of the DNA minicircle in model ovarian
cancer cells

o Determination of DNA minicircle functional effects on representative ovarian cancer
cells

o Evaluation of STAT3-modulated gene expression in a cell model for ovarian cancer,

upon treatment with the DNA minicircle



II. THEORETICAL PART

1. STAT PROTEINS

The STAT family of proteins consists of seven members: STAT1, STAT2, STAT3,
STAT4, STATSA, STATSB and STAT6, each of them being encoded by its corresponding
gene. Despite their different localization, comparative sequence analysis and crystallography
studies have shown that STAT proteins present a highly conserved structure (Becker, Groner
& Miiller, 1998; Calo et al., 2003). The molecular weights of the STAT proteins, depending
on the member, range from 80 to 100 kDa (Hendry & John, 2004). STATs are 750-900
amino acid residues long and comprise six domains, each with a well-established role (Lim
& Cao, 2000).

At the N-terminal end, all STAT proteins present an N-terminal domain (NTD), which
contains alpha helices and is very important for the interactions established with other
transcription factors or cofactors, facilitating the dimerization process, in the presence or
absence of phosphorylation (Strehlow & Schindler, 1998). The coiled-coil domain (CCD)
is also called the all-helix domain, given the fact that it is a supercoil consisting of only alpha
helices. Due to the presence of a nuclear localization signal (NLS), it is involved in those
protein interactions necessary for nuclear import (Awasthi, Liongue & Ward, 2021). Next,
the DNA-binding domain (DBD), with an immunoglobulin-like fold, is crucial for the
regulation that STAT proteins exert on target genes due to their primary function as
transcription activators. Through this domain, STATs bind to the specific DNA motifs
localized in the gene promoter. It has also been discovered that this domain has implications
for nuclear import (Horvath, Wen & Darnell, 1995; Awasthi, Liongue & Ward, 2021).
Further, the linker domain (LD) is a short one and provides the structural organization of
the STAT protein during the activation phase and the DNA-binding phase, also being
physically involved in the transcription complex formation (Yang et al., 1999). The Src
homology 2 domain (SH2 Domain) recognizes and binds specific motifs containing
phosphorylated tyrosines within receptor complexes. Also, upon its tyrosine
phosphorylation, it functions as a contact point for homo- or heterodimerization of STAT
proteins through their SH2 domains (Liu, Gaffen & Goldsmith, 1998; Lim & Cao, 2000).
Last but not least, at the C-terminus end, there is a variable transactivation domain (TAD)
that helps in the transcription regulation process of target genes, interacting with and
recruiting co-activators (like histone acetyltransferases) to the DNA-protein complex. It also
contains key phosphorylation residues, such as tyrosines that, once phosphorylated by a
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tyrosine kinase (like JAK), facilitate the dimerization and nuclear translocation of STAT
proteins. Other serine residues in this domain can modulate the activation of transcription of
target genes (Zhang, Li & Watowich, 2016). Figure 1 presents a comparison between the
domains of STAT proteins.
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Figure 1: Structural comparison between STAT family members. Created in
https://BioRender.com by Puiu Adina-Gabriela (Vasilescu).

To explain the canonical pathway of STAT activation, the generally accepted
premise is that STATs exist as inactive monomers in the cytoplasm and require
phosphorylation to dimerize (Ivashkiv & Hu, 2004). Specific extracellular signals, like
growth factors and cytokines, bind to the corresponding transmembrane receptors. This
connection between ligand and receptor determines the tyrosine kinase receptors (such as
growth factor receptors) to undergo conformational changes, dimerize and auto-
phosphorylate, or non-tyrosine kinase receptors (such as cytokine receptors) to dimerize and
to recruit JAKSs to the proximity of the cell membrane (Lim & Cao, 2006; Hu et al., 2021).
JAKs trans-phosphorylate and trans-activate, further phosphorylating tyrosine residues from

the cytoplasmic domain of the receptors. Once phosphorylated, the receptors create docking



sites for STAT proteins (Liang et al., 2024). Upon docking to the receptor, through the
recognition of the receptor’s phosphotyrosines by the SH2 domain, each STAT molecule is
phosphorylated by JAK and dissociates from the receptor (Bild, Turkson & Jove, 2002).
Then, phosphorylated STAT proteins homo- or heterodimerize, positioning in an antiparallel
orientation through the interaction of their SH2 domains with the phosphotyrosines (Murray,
2007). The dimers translocate to the nucleus via nuclear importins and nuclear localization
signal (NLS), binding to the promoters of target genes, regulating their transcription (Bild,
Turkson & Jove, 2002; Awasthi, Liongue & Ward, 2021). Figure 2 presents the STAT3

circuit in the cell, as an example of a STAT signaling pathway.

2. STAT3

STATS3 is a key STAT member, being involved in a wide range of cellular processes,
such as development, growth and survival. Regulation of STAT3 comprises a plethora of
events that take place at different levels and in different cellular compartments, modulating
the physiological and pathological STAT3 activity. For example, Negative regulators of
STATS3 include protein tyrosine phosphatases, the SOCS family and the PIAS family.
Several members of the PTP family, like TC-PTP, SHP1, SHP2, PTPRD, or PTPRT, are
involved in the dephosphorylation process of STAT3. In triple-negative breast cancer, loss
of TC-PTP promotes tumor cell growth by boosting both the activity of Src kinases and
STAT3 signaling (Tang, Sui & Liu, 2023). The SOCS protein family works by attaching to
JAK kinases or to cytokine receptors that have been activated by JAKSs, blocking the
phosphorylation and subsequent activation of STAT3 (Tamiya et al., 2011). Also, SOCS are
involved in the proteasomal degradation of STAT3 or JAK (Neuwirt et al., 2009). The PIAS
family inhibits STAT3 by binding to the formed dimers, thus blocking the DNA interaction
and the regulation of downstream genes. PIAS3 stood out as an important negative regulator
and high levels of it correlated with reduced cancer cell proliferation and increased apoptosis.
Jiang et al. found that defects in SOCS3 and PIAS3 lead to hyperactivation of the JAK/STAT
pathway in early-stage breast cancer (Jiang et al., 2020). Another example, at the post-
translational level, phosphorylation of STAT3 at Tyr 705 is necessary for its activation and
is triggered through several signaling types, such as non-receptor tyrosine kinases (like Abl
and Src), cytokine receptors and tyrosine kinase receptors (like EGFR or PDGFR) (Michels
et al., 2013). STAT3 activation also involves phosphorylation at Ser 727, usually carried out
by enzymes like Mitogen-Activated Protein Kinase (MAPK) or Cyclin-dependent kinase 5



(CDKS5). Full activation of STAT3 requires both phosphorylation events to occur (Yang et
al., 2020).
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Figure 2: The STAT3 signaling pathway, activated by cytokines or growth factors. The
disease-associated biological effects triggered by STAT3 regulation of target genes and
some of the negative regulation mechanisms for STAT3 are schematically represented.
Created in https://BioRender.com by Puiu Adina-Gabriela (Vasilescu).

STAT3 involvement in Ovarian Cancer (OC)

Activation of STAT3 in OC was correlated with enhanced and persistent proliferation,
survival, invasion, blood vessel formation and resistance to chemotherapy by controlling
various genes associated with these processes. When activated, STAT3 facilitates the
expression of several genes critical for cell proliferation (such as c-Myc, cyclin D1, or Pim-
1) and survival (such as Bcl-2, Bcl-xL, Mcl-1 and survivin). OC cell lines with high levels of
phosphorylated STAT3 exhibited increased expression of these downstream effectors,
resulting in uncontrolled cell growth and the inhibition of apoptosis (Huang et al., 2000; Wu
etal., 2019). STATS3 plays a critical role in the process of angiogenesis. In tumor cells, active

STAT3 determines the secretion of high levels of Vascular Endothelial Growth Factor
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(VEGF) — a stimulator of STAT3 signaling, which leads to the formation of extra blood
vessels. A positive feedback loop involving STAT3 and VEGF supports angiogenesis and
drives ovarian cancer progression by enhancing vascularization within the tumor
microenvironment (Anglesio et al., 2011). A key enzyme for tumor invasion is matrix
metalloproteinase 9 (MMP9), which degrades the extracellular matrix. Phosphorylated
STAT3 directly upregulates MMP9, thus contributing to ovarian cancer invasiveness
(Cheung, Leung & Wong, 2006; Jia et al., 2017). One step of the metastatic process of OC
is the epithelial-to-mesenchymal transition (EMT), characterized by low levels of epithelial
markers, like E-cadherin and high levels of mesenchymal markers, like N-cadherin, vimentin
and Snail (Davidson, Tropé & Reich, 2012). Hyperactivated STAT3 was correlated with
high expression of vimentin in ovarian cancer cells, suggesting that STAT3 is implicated in
the EMT process in ovarian cancer (Yue et al., 2012). This relationship between STAT3 and

ovarian cancer positions STAT3 as a promising therapeutic target for OC.

Inhibitors of STAT3 signaling

Given the significant role of STAT3 as a biomarker in the development and progression
of malignancies, various strategies to inhibit STAT3 signaling have been developed to
enhance life expectancy and slow disease progression.

Indirect inhibition refers to those strategies that aim to target and inhibit the upstream
molecules in the JAK/STATS3 signaling pathway, like cytokines, cytokine receptors, JAK
proteins, or several tyrosine kinases. One example is Siltuximab, an IL-6 inhibitor, which
did not show significant effects in advanced-stage tumors, like colorectal, head and neck, or
ovarian carcinoma (Angevin et al., 2014). Ruxolitinib or Tofacitinib are JAK inhibitors, but
even if they are already FDA-approved, they trigger systemic side effects (Qian, Xue &
Shannon, 2022; Verstovsek et al., 2012). Erlotinib, an EGFR inhibitor and Dasatinib, a Src
inhibitor, need to be administered together with a chemotherapeutic to present the expected
effects, a strategy that increases the toxicity, with systemic damage to the organism (Nagaraj,
Washington & Merchant, 2011).

Direct inhibition is exerted by targeting different domains of STAT3 in order to prevent
STATS3 activity. Molecules targeting the SH2 domain, which is involved in the interaction
of STAT3 with the receptors and also in STAT3 dimerization, have been developed.
Peptidomimetics and synthetic small molecules have shown promising effects in cancer
(Turkson et al., 2001; Schust et al., 2006). However, they faced limitations like permeability

problems, low affinity and off-target effects. Nucleic acid-based strategies, such as antisense
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oligonucleotides (ASO), which are designed to bind and degrade the mRNA for STAT3,
face limitations like instability and poor specificity despite their potential (Roth, 2005;
Zhang et al., 2024).

3. OLIGONUCLEOTIDES AS EFFECTIVE DNA-BINDING DOMAIN

INHIBITORS OF STAT3

Once activated and translocated to the nucleus, STAT3 regulates target genes by
recognizing and binding through its DNA-binding domain (DBD) specific response elements
(like GAS) located in the promoter region of these genes. Several inhibitory molecules,
decoy oligonucleotides (ODNS5), have been developed to target this domain in order to block
the malignancy-driving function of STAT3 and to promote apoptosis and tumor regression.

The first generation of decoys was represented by a linear, double-stranded molecule of
15 bp. This has been extensively used on cancer cell lines for solid tumors and exhibited
promising effects. It inhibited proliferation and cell-cycle progression, promoting apoptosis
and reducing the expression of STAT3 target genes, like Cyclin DI, c-myc and Bcl-xL on
glioma cells (Gu et al., 2008). It induced apoptosis and reduced cell growth and impaired the
interaction of STAT3 with importin, preventing the translocation of STAT3 to the nucleus
in colorectal cancer cells (Souissi et al., 2011). After showing encouraging effects on animal
models (Zhang et al., 2007; Sen et al., 2009), clinical trials determined that, on systemic
administration, the decoy was unstable and rapidly degraded by nucleases (Sen et al., 2012).

Thus, a new class of DNA-based double-stranded molecules, called DNA minicircles,
has been developed, but this strategy has been insufficiently explored. A method to obtain
such circular DNA molecules was proposed by Thibault et al. (2017), inhibiting the NF-xkB
transcription factor, due to the presence of kB motifs in its sequence, which are recognized
by NF-xB. was shown to significantly decrease NF-kB-dependent transcription in HEK293
cells. This study opens up opportunities for designing minicircles as novel decoy nucleic
acid tools.

Considering all the information presented so far, namely the importance of the STAT3
protein, as well as its implications in the initiation and progression of ovarian cancer and the
promising strategy of using DNA minicircles as potential inhibitors for transcription factors
like STATS3, I chose to utilize minicircle DNA directed against STAT3 as a therapeutic agent

in ovarian cancer cells as the main focus of this PhD thesis.
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III. EXPERIMENTAL PART

1. MATERIALS AND METHODS

The experiments for this thesis were carried out on the SKOV3 ovarian carcinoma
cell line, the fifth highest in terms of STAT3 expression level (The Human Protein Atlas,
2025). The oligonucleotides and splints necessary for the production of the anti-STAT3 and
mock minicircles (mcDNA) were purchased from GenScript Biotech (Netherlands). The
circularization and ligation of the single-stranded molecules were done using the “Double-
helical complex splint-assisted enzymatic cyclization of oligonucleotides with T4 DNA
ligase” technique (Diegelman & Kool, 2000). The double-stranded molecules were obtained
through isolation from the agarose gel of the circular single-stranded molecules, followed by
their annealing. The validation of the double-stranded circular conformation was done
through enzymatic digestion.

The SKOV3 cells were transfected with the obtained mcDNAs using Lipofectamine
3000 in a DNA: Lipofectamine ratio of 1:1. The IC50 value of the compound was assessed
through MTS assay, after treatment with serial concentrations of the anti-STAT3 and mock
mcDNA, respectively. SKOV3 cells treated with the anti-STAT3 mcDNA, mock mcDNA,
or Lipofectamine-only were next subjected to flow cytometry, quantitative PCR and Western
blot to assess the effects of the compound on proliferation, apoptosis and the regulation of

STAT3-controlled genes, MCL1 and PIM1. The corresponding statistical tests were applied.

2. RESULTS

The design and the principle of obtaining the minicircles

We employed linear 5'-phosphorylated oligonucleotides (95 nucleotides in length)
containing three evenly spaced GAS-like motifs with the sequence 5> TTCCCGTAA 3°,
which serve as recognition sites for the STAT3 DBD, as their sequence has been shown to
bind STAT3 with high affinity (Yang et al., 2003). Each complementary strand was
individually circularized using the “double-helical complex splint-assisted enzymatic
cyclization” method (Diegelman & Kool, 2000), catalyzed by T4 DNA ligase.

This method employs a short single-stranded DNA fragment (“splint”) that
complements the terminal regions of the oligonucleotide. During the reaction, the
oligonucleotide termini are aligned via hybridization to the splint, followed by a slow,
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controlled ligation step. Maintaining a slow ligation rate increases efficiency and minimizes
the formation of undesirable multimers. Following single-strand circularization, products
were isolated from agarose gels and annealed with their complementary circles to yield
double-stranded anti-STAT3 minicircle DNA (anti-STAT3 mcDNA). A negative control
minicircle (mock mcDNA) was generated using scrambled GAS-like motifs that are not
recognized by the STAT3 DBD (Vasilescu et al., 2025). Figure 3 provides an overview of

the minicircle production workflow.

———
Oligonucleotide
Slow
annealing. T4 Ligation
+
Splint
+ Annealing
—_—

A B AB

@» GAS-like motif @ Smal restriction site @0 EcoRV restriction site

Figure 3: The principle of obtaining the double-stranded minicircles. Schematic
representation of the procedure for circularizing oligonucleotides through the splint-assisted
enzymatic ligation technique. The mcDNA molecules are created through the annealing of
two complementary single-stranded circles. The Smal restriction site serves to confirm
successful circularization, whereas EcoRV digestion validates the double-stranded nature of
the minicircles. This figure is adapted from (Vasilescu et al., 2025).

Production and validation of double-stranded DNA minicircles through enzymatic
digestion

To create the anti-STAT3 and mock double-stranded minicircles, we circularized the
relevant oligonucleotides using distinct splints, which generated a unique Smal restriction
site, as previously described. Purification of the complementary single-stranded circles was
followed by their annealing. This hybridization formed the final double-stranded molecules,
which included the distinct EcoRV restriction site, diametrically opposite to the restriction

site for Smal. Consequently, we validated circularization using Smal restriction, whereas the
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presence of the EcoRV site ensured the full annealing of the two complementary single-
stranded circles.

As presented in Figure 4, the desired molecule adopts a circular, double-stranded
configuration. Following digestion with Smal and EcoRV (lane 4), the major product, which
is the thicker band, moves significantly lower than the 95-nucleotide linear oligo. The
presence of the upper band (or bands) is due to incomplete digestion. Smal-only (lane 5)
digestion produces two bands: the upper band indicates the complete double-stranded
circular molecule, while the lower band (~100 bp) represents a linear fragment. This pattern
is due to partial digestion. EcoRV-only (lane 6) digestion generates a unique band near 100
bp, distinct from the final circular product, resembling the lower band seen post-digestion
with Smal. We utilized a purified, annealed double-stranded minicircle as a technical
negative control, incubating it without restriction enzymes. This control verified the
circularity and double-stranded configuration of the synthesized molecules, presenting a

unique band, similar to the final circular product.

400 bp —
300 bp —

200 bp —

100 bp — <+— 95 nucleotides

Figure 4: Validation of the double-stranded minicircle against STAT3 in agarose gel. Lane
1: single-stranded minicircle A, resulting from the ligation reaction; Lane 2: single-stranded
minicircle B, complementary to minicircle A, resulting from the ligation reaction; Lane 3:
Quick-Load® 1 kb Plus DNA Ladder; Lane 4: double-stranded minicircle obtained after
purification from gel and annealing, digested with both Smal and EcoRV restriction
enzymes; Lane 5: double-stranded minicircle obtained after purification and annealing,
digested with Smal; Lane 6: double-stranded minicircle obtained after purification and
annealing, digested with EcoRV; Lane 7: empty; Lane 8: negative control of double-stranded
minicircle obtained after purification and annealing, without restriction enzymes; Lane 9:
double-stranded minicircle against STAT3, after purification and annealing; Lane 10: linear
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oligonucleotide precursor corresponding to single-stranded minicircle A. This figure is
adapted from (Vasilescu et al., 2025).

Anti-STAT3 mcDNA specifically interacts with the STAT3 protein

After successfully obtaining and validating the minicircle, we wanted to evaluate the
capability of anti-STAT3 mcDNA to interact with the STAT3 protein. We performed an
Electrophoretic Mobility Shift Assay (EMSA), utilizing a STAT3 protein obtained in-house.

For this assay, we used different molar ratios of DNA: protein.

1 2 3 4 5 6 7 8 9 10 11

Bound anti-STAT3
“=  mcDNA

Free mock mcDNA Free anti-STAT3 mcDNA

Figure 5: The interaction between the anti-STAT3 mcDNA and STAT3 protein, evidenced
through EMSA and displayed on an agarose gel. Different molar ratios of DNA: protein were
used for the binding. Lane 1: negative control for mock (mock mcDNA lacking protein);
Lanes 2, 3: mock mcDNA: STAT3 in ratios of 1:3 and 1:4; Lane 4: negative control for anti-
STAT3 mcDNA (without protein); Lanes 5, 6, 7, 8, 9: anti-STAT3 mcDNA: STAT3 in ratios
of 1:0.75, 1:1.5, 1:2, 1:3 and 1:4; Lane 10: empty lane; Lane 11: Quick-Load® 1 kb Plus
DNA Ladder. This figure is adapted from (Vasilescu et al., 2025).

The agarose gel from Figure 5 presents two types of bands: (i) bands that migrate
around 100 bp, corresponding to the free form of minicircle, the one that did not interact
with the protein, or whose interaction was extremely weak, such as the DNA molecule was
not delayed; (ii) bands with markedly reduced mobility (well above the 100 bp region),
consistent with high-molecular-weight STAT3—-mcDNA complexes; the pronounced shift
may reflect multimeric binding of STAT3 dimers or partial aggregation of the protein—-DNA
complex. The strength of the interaction and mass of the interacting protein dictate the degree
of delay of the DNA molecule during migration. At the molar ratio of 1:0.75 (lane 5), there
seems to be no interaction between anti-STAT3 mcDNA and STAT3 protein, with only the

15



free form being present. The same is true for the negative control (lane 4, without protein).
In the molar ratio range of 1:1.5 to 1:4, an increase in the bound form and a decrease in the
free form of anti-STAT3 mcDNA can be observed. From these results, it seems that for a
successful interaction, the protein must be in molar excess over the DNA. The mock mcDNA
incubated with the protein in molar ratios of 1:3 and 1:4 displays the same migration pattern
as the mock negative control (without protein), with no shift in migration for the DNA
molecule. This suggests that mock mcDNA, due to the scrambled GAS-like motifs it
contains, does not interact with the STAT3 protein. These findings indicate that anti-STAT3
mcDNA specifically interacts with the STAT3 protein, due to its GAS-like motifs.

Anti-STAT3 mcDNA treatment lowers the viability of ovarian cancer SKOV3 cells

SKOV3 cells were transfected with either anti-STAT3 mcDNA or mock mcDNA
(negative control for specificity) in the serial concentrations: 0 nM, 1.56 nM, 3.12 nM, 6.25
nM, 12.5 nM, 25 nM, 50 nM and 100 nM. Technical triplicates of each condition were
performed. The technical negative controls for this technique were represented by the
untreated cells and Lipofectamine 3000-only-treated cells in equivalent DNA concentrations
of 25 nM, 50 nM and 100 nM. The technical positive control was represented by a 15-minute
incubation with Triton X-100 0.02%, before adding the MTS reagent.

After performing the MTS assay, we obtained an ICso value of 13.48 nM for anti-
STAT3 mcDNA. Figure 6A illustrates the fact that the cell viability was reduced in a dose-
dependent fashion relative to the cells treated only with Lipofectamine. In contrast, the
treatment with mock mcDNA did not register any notable effect on cell viability, regardless
of concentration. We wanted to evaluate the toxic effect of Lipofectamine at the highest
concentrations applied (25 nM, 50 nM and 100 nM) and to determine whether the observed
effect is due exclusively to treatment with the DNA compound, or the effect of
Lipofectamine also intervenes. To this end, we compared the untreated cells with the
Lipofectamine-only treated cells, the anti-STAT3 mcDNA treated cells at 25 nM, 50 nM and
100 nM and the Triton X-100 treated cells (Figure 6B). For instance, we observed a
statistically significant difference in the viability of the cells between Lipofectamine-only
treatment and anti-STAT3 mcDNA treatment in the case of all three concentrations. In
conclusion, even if there is Lipofectamine toxicity, it can be considered that most of the
observed effects are due to the minicircle treatment. Further, we observed a statistically

significant effect on Lipofectamine-only treated cells at equivalent DNA concentrations of

16



50 nM and 100 nM, when compared to untreated cells. Also, when it comes to
Lipofectamine-only treated cells at an equivalent DNA concentration of 25 nM, no
significant toxic effect was observed, compared to untreated cells. Thus, the decrease in cell
viability registered at the ICso was solely a result of the anti-STAT3 mcDNA treatment.
These findings, along with the minimal impact of mock mcDNA treatment, validate

the targeted inhibitory action of anti-STAT3 mcDNA (Vasilescu et al., 2025).
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Figure 6: The inhibition impact of anti-STAT3 mcDNA on SKOV3 ovarian cancer cells,
evaluated using the MTS assay. (A) The effects of anti-STAT3 mcDNA and mock mcDNA
treatments of SKOV3 cells, illustrated through inhibitory dose-response curves. Data points
indicate the average percentage of cell viability normalized to Lipofectamine-only samples
at the tested treatment concentrations: 0 nM, 1.56 nM, 3.12 nM, 6.25 nM, 12.5 nM, 25 nM,
50 nM, and 100 nM. (B) The evaluation of the toxic effect of Lipofectamine 3000
administered alone on SKOV3 cells at equivalent DNA concentrations (25 nM, 50 nM and
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100 nM), compared to anti-STAT3 mcDNA-treated, untreated and Triton X-100-treated
conditions. Statistical significance was assessed using one-way ANOVA. ns — not significant
(»=>0.05); * p<0.05; ** p<0.01; *** p<0.001. Error bars represent = SD. Results are presented
from one representative experiment out of three conducted (n=3). This figure is adapted from
(Vasilescu et al., 2025).

Anti-STAT3 mcDNA treatment induces apoptosis and necrosis in SKOV3 cells

Seeing as the MTS results indicate that the anti-STAT3 mcDNA treatment decreased
the viability of SKOV3 cells, we examined the effects of this compound in terms of apoptosis
and necrosis of ovarian cancer cells.

We transfected the cells with three different concentrations of anti-STAT3 minicircle
or mock minicircle: 5 nM, 10 nM and 20 nM, to observe whether a dose-dependency exists.
The flow cytometry protocol was employed by staining with Annexin V-FITC and PI
(markers for apoptosis and necrosis, respectively). As shown in Figure 7A, the anti-STAT3
mcDNA treatment led to an increase in the percentage of apoptotic (lower right quadrant,
stained Annexin V', PI') and necrotic (upper right quadrant, stained Annexin V™, PI") cells,
across all three applied concentrations, while mock mcDNA treatment (which is the
specificity negative control, according to the previous results) showed almost no effect on
cell apoptosis or necrosis. Also, the effect of mock mcDNA is similar to the effect of
Lipofectamine-only (technical negative control, equivalent DNA concentration of 20 nM)
treatment and similar to the percentages in necrosis and apoptosis observed in untreated cells
(technical negative control). Even at 5 nM compound (lower than half the ICso), there was a
pronounced effect, resulting in 76.97% viable cells, 13.61% apoptotic and 9.18% necrotic.
In the case of the anti-STAT3 mcDNA treatment, there is a slight increase in apoptosis and
necrosis and a decrease in viable cells between the 5 nM and 10 nM treatments. However,
we did not observe the same trend of increasing apoptosis and necrosis between 10 nM and
20 nM, indicating that the pro-apoptotic effect plateaus between 10 nM and 20 nM. Figure
7B shows the controls for this analysis: untreated cells, Lipofectamine-only treated cells,
CisPlatin (technical positive control for apoptosis) and Triton X-100 (technical positive
control for necrosis). In conclusion, inhibition of STAT3 activity through the treatment with

the minicircle compound promotes apoptosis and necrosis in SKOV3 ovarian cancer cells
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dose-dependently in the range of 0 nM to 10 nM, plateauing at higher concentrations.
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Figure 7: Impact of anti-STAT3 mcDNA treatment on apoptosis and necrosis in SKOV3
ovarian cancer cells. (A) Proportion of apoptotic and necrotic cells after treatment with anti-
STAT3 mcDNA in comparison to the mock control in different concentrations (5 nM, 10
nM and 20 nM, respectively). The lower right quadrant represents apoptotic cells (Annexin
V¥, PI), while the upper right quadrant represents necrotic cells (Annexin V7, PI"). (B) The
negative (Untreated and Lipofectamine 3000-treated samples) and positive (Triton X-100
and CisPlatin-treated samples) controls for apoptosis and necrosis. The data present the

findings from one representative experiment. This figure is adapted from (Vasilescu et al.,
2025).

Anti-STAT3 mcDNA reduces the proliferation of SKOV3 ovarian cancer cells

In order to identify the further molecular effects that our minicircle triggers through
STATS3 inhibition on ovarian cancer cells, we explored the proliferation process. We used
SKOV3 cell lysates to evaluate the protein levels of Ki-67, cleaved caspase 3, STATS3,
STAT3 phosphorylated at Tyr705 and GAPDH, using the Western blot technique. The
treatment concentration was 10 nM. As shown in Figure 8A, in the case of treatment of
SKOV3 cells with anti-STAT3 mcDNA, the expression levels of Ki-67 (proliferation
marker), normalized to GAPDH (as loading control), were found to be more than two-fold
reduced compared to those of Lipofectamine-only (technical negative control), or mock
mcDNA-treated cells (experimental negative control). This difference is statistically
significant. However, Ki-67 expression levels between Lipofectamine and mock-treated
cells are similar (Figure 8C). Moreover, cleaved caspase 3 (Figure 8A), a marker of
apoptosis, was detected only in anti-STAT3 mcDNA-treated cells. Due to its low expression
levels, it was evaluated qualitatively rather than quantitatively. These findings support the
flow cytometry conclusions, which indicate that our compound is capable of inducing
apoptosis of ovarian cancer cells. Also, treatment with this inhibitory molecule impairs

ovarian cancer cell proliferation.
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Although a slight reduction in STAT3 expression was observed in SKOV3 treated
with anti-STAT3 mcDNA, compared to the cells treated with Lipofectamine or mock
mcDNA, this reduction was not statistically significant (Figure 8C). In the case of
phosphorylated STATS3, there is a considerable difference (Figures 8B and C). After the
treatment with anti-STAT3 mcDNA, the expression levels of phospho-STAT3 (Tyr705)
were significantly lower compared to Lipofectamine-only or mock mcDNA-treated cells.
Between the Lipofectamine and mock treatments, the levels of phospho-STAT3 are
comparable and suggest that the active STAT3 protein is present. In contrast, the low levels
of phospho-STAT3 observed in cells treated with anti-STAT3 minicircle show that there is
less active STAT3 or that STAT3 is no longer activated, suggesting a disrupted signaling in
the JAK/STATS3 pathway.

In conclusion, the protein expression analysis strengthens the MTS and flow
cytometry results, showing that the treatment of SKOV3 cells with anti-STAT3 mcDNA
induces high levels of apoptosis, while also inhibiting STAT3 signaling and leading to

reduced cell proliferation.
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Figure 8: Analysis of SKOV3 cell lysates using the Western blot technique. (A) In SKOV3
cells, the expression levels of Ki-67 (>250 kDa) and cleaved caspase 3 (~20 kDa) were
analyzed following the treatment with Lipofectamine 3000 alone (equivalent DNA
concentration), anti-STAT3 mcDNA and mock mcDNA at a concentration of 10 nM.
Cleaved caspase 3 was visualized using SuperSignal™. The ladder used to visualize and
validate these proteins is schematically indicated on the left (PageRuler™ Plus Prestained
Protein Ladder, 10 to 250 kDa); (B) The protein expression levels of STAT3, p-STAT3
(Y705) and GAPDH, determined in SKOV3 cells after the above-mentioned treatment
conditions. The corresponding molecular weights are indicated on the left; (C)
Quantification of STAT3, p-STAT3, and Ki-67 expression levels, normalized to GAPDH as
loading control, throughout treatments. Cleaved caspase-3 appears as either present or absent
because of its low expression levels. Statistical significance was assessed using a one-tailed
unpaired #-test. ns — not significant (p>0.05); * p<0.05; ** p<0.01. Error bars indicate +
SEM. The figure shows one representative experiment (n=3). This figure is adapted from
(Vasilescu et al., 2025).
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Anti-STAT3 minicircle decreases pro-survival and anti-apoptotic gene expression

Given the regulatory function of STAT3 for numerous genes involved in the growth,
proliferation and survival of cancer cells, we wanted to further investigate whether the
expression of certain STAT3 downstream genes is affected, once the activity of STAT3 is
inhibited by anti-STAT3 mcDNA. The motivation for this is that the inhibition of STAT3
downstream genes could be a reason for the phenotypes detected in MTS and flow cytometry
in anti-STAT3 mcDNA-treated cells. For this purpose, two STAT3-regulated genes, MCL 1
and PIM1, with established roles in apoptosis inhibition and cell survival (Shirogane et al.,
1999; Kanda et al., 2004), were selected for expression analysis through RT-qPCR. We
treated SKOV3 cells with 10 nM of the anti-STAT3 minicircle or the mock minicircle,
respectively. For these experiments, we used technical duplicates. As illustrated in Figure
9, both genes exhibited significant downregulation in cells treated with anti-STAT3
mcDNA, in comparison to mock mcDNA (experimental negative control) treatment.
Specifically, MCLI levels decreased by around 50%, whereas PIM1 levels were diminished
by approximately 75%, as determined through comparative quantitation analysis.

These molecular findings complement the previously observed reduction in ovarian
cancer cell viability and increased apoptosis upon anti-STAT3 mcDNA treatment, by

providing a mechanistic link between STAT3 inhibition and impairment of cell function.
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Figure 9: Quantification of the Relative Gene Expression via RT-qPCR for the MCL1 and
PIM]I genes. The cells were subjected to the anti-STAT3 or mock mcDNA treatment at 10
nM concentration and the data were normalized to GAPDH gene expression levels. A one-
tailed unpaired #-test was employed to assess statistical significance. ** p<(0.01; ***
p<0.001. Error bars indicate = SD. Data presents the findings from one representative
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experiment among three conducted (#n=3). This figure is adapted from (Vasilescu et al.,
2025).

After the qPCR results shed light on the gene expression levels, we wanted to further
investigate what happens with the corresponding protein levels when the cells are treated
with our minicircle. Thus, we investigated the SKOV3 cell lysates through Western blot,
after treatment with 10 nM concentration. As Figure 10A shows, after the treatment with
anti-STAT3 mcDNA, the expression levels of Mcl-1 protein were significantly reduced by
over two-fold (Figure 10C) compared to mock mcDNA treatment (experimental negative
control), aligning with the results obtained from the mRNA analysis. Mock mcDNA-treated
cells showed Mcl-1 levels similar to those treated solely with Lipofectamine (technical
negative control). Regarding the expression level of Pim-1, given the low quantity of the
protein, quantification was not possible. In Figure 10B, the black arrows mark the hardly
detectable bands corresponding to the Pim-1 protein. There was no band observed in the
anti-STAT3 mcDNA-treated condition.

The Real-Time qRT-PCR and Western blot data suggest that anti-STAT3 mcDNA is
capable of down-regulating STAT3-targeted anti-apoptotic and pro-survival genes, leading
to reduced survival and growth of SKOV3 ovarian cancer cells (Vasilescu et al., 2025).
Together, these results provide strong evidence that anti-STAT3 mcDNA not only reduces
STAT3 activation and function, but also diminishes the expression of key downstream
effectors involved in tumor cell survival and proliferation. The observed downregulation of
MCLI and PIM1 further supports the therapeutic potential of this synthetic construct as a

targeted inhibitor of the JAK/STATS3 signaling axis in ovarian cancer cells.

(©€)

i Mcl-1
(A) anti-STAT3 mock

Lipofectamine mcDNA mcDNA

130 —
100 ~+—
70—
55 ——

Relative Expression

— -— Mcl-1
35 e — — GAPDH

D5

15 —

10 —

24



(B)
anti-STAT3 mock

Lipofectamine mcDNA mcDNA
100

70 4—

51 " JR— S | a Tubulin

35 4

— — Pim-1

25T~

Figure 10: Analysis of SKOV3 cell lysates, using the Western blot approach. (A) Expression
levels of Mcl-1 and GAPDH in the SKOV3 cells treated with Lipofectamine 3000 only
(equivalent DNA concentration), anti-STAT3 mcDNA and mock mcDNA at 10 nM
concentration. The ladder used to visualize and validate these proteins is schematically
indicated on the left (PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa); (B)
Protein expression levels of Pim-1 and o Tubulin in SKOV3 cells in the same treatment
conditions. The black arrows indicate the bands of Pim-1 protein, which was detected only
as either present or absent because of its very low abundance. The protein was visualized
using SuperSignal™. Part of the ladder is indicated on the left. (C) Quantification of Mcl-1
expression levels normalized to GAPDH throughout the treatment conditions. Statistical
significance was evaluated with a one-tailed unpaired ¢-test. ns — not significant (p=>0.05); *
p<0.05. Error bars indicate = SEM. Data from a representative experiment (»=3). This figure
is adapted from (Vasilescu et al., 2025).

Limitations of the study

This study represents a proof-of-concept and does not encompass the full scope of
pre-clinical evaluation for the proposed compound. One major limitation is the exclusive use
of a single ovarian cancer cell line (SKOV3), which restricts the generalizability of the
results across diverse genetic backgrounds. Additionally, the study lacks in vivo validation,
which is essential for evaluating the compound’s pharmacokinetics, biodistribution, and
therapeutic efficacy in a more physiologically relevant context. Although the anti-STAT3
minicircle is structurally designed to be highly stable and nuclease-resistant, no in vivo
delivery strategy has been tested thus far. The gel-based purification method used here, while
sufficient for in vitro experiments, is not scalable for the large quantities required for animal
studies. Therefore, the development of an alternative purification technique is necessary for
future pre-clinical testing. Furthermore, while the minicircle clearly impairs STAT3 activity
in vitro, the exact mechanism of action remains to be elucidated. It is not yet clear whether
the observed effects result from competitive binding to DNA response elements,

sequestration of STAT3 in the cytoplasm, inhibition of dimerization, or disruption of
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upstream signaling. Future mechanistic studies are needed to clarify these possibilities.
These aspects must be addressed in subsequent animal models to determine the clinical

relevance and safety of the anti-STAT3 minicircle.

Perspectives

To address these limitations, in future studies, we intend to evaluate our compound's
efficacy on multiple ovarian carcinoma cell lines with varying genetic profiles and to test its
stability when injected in vivo, determining its potency in xenograft models. To overcome
scalability limitations, annealing could be performed immediately after the ligation step, and
the final product purified via HPLC, allowing higher-yield production for animal studies.
Additionally, we plan to employ an in vivo delivery strategy, such as the use of solid lipid
nanoparticles (SLNs) (Akanda, Mithu & Douroumis, 2023) to facilitate targeted transport of
the anti-STAT3 mcDNA. These carriers can be functionalized with antibodies or affibodies
recognizing ovarian cancer-specific biomarkers, enhancing cellular uptake and specificity.
Such a Trojan horse approach could allow for minimized off-target effects and immune
tolerance to the construct, supporting the development of a personalized, targeted decoy

therapy based on DNA minicircles.

IV. CONCLUSIONS

¢ Ovarian cancer is commonly known as ,the silent killer”, given that its initial
symptoms are unclear and can be easily misinterpreted, resulting in late diagnosis
and treatment. Thus, targeted personalized therapy has the potential to improve long-
term survival.

¢ We created the design of an anti-STAT3 and a mock minicircle and we optimized
the protocol for their production.

% We successfully obtained and validated the anti-STAT3 mcDNA, along with its

mock counterpart, using enzymatic cyclization and restriction digestion, confirming

its circular, double-stranded conformation, which is expected to confer resistance to

nucleases and enhance stability compared to linear ODN-decoys.
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The specificity of the anti-STAT3 minicircle was confirmed by demonstrating its

interaction with the STAT3 protein, in contrast to mock mcDNA.
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¢ Functional assays demonstrated that anti-STAT3 mcDNA significantly reduced
SKOV3 cell viability in a dose-dependent manner, with an ICso within the low
nanomolar range, indicating high potency. Importantly, the mock mcDNA did not
affect cell viability, confirming the specificity of the GAS-like motifs for STAT3
inhibition.

s Anti-STAT3 mcDNA effectively shifts the balance toward apoptosis and necrosis,
while reducing proliferative capacity in ovarian cancer cells.

% Mechanistically, treatment with anti-STAT3 mcDNA resulted in a significant
downregulation of STAT3-regulated anti-apoptotic and pro-survival genes, MCL!
and PIM1, at the mRNA and protein levels.

¢ While our study demonstrates the efficacy of anti-STAT3 mcDNA in vitro, it forms
the basis for further evaluating its stability, biodistribution and therapeutic potential

in vivo.
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