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A B S T R A C T

Colorectal cancer (CRC) remains a significant global health concern, with survival outcomes heavily dependent 
on the stage at diagnosis. Targeted therapies offer a promising approach to improve patient outcomes, partic
ularly by addressing molecular drivers of tumor progression. One such target is the E2F1 transcription factor, a 
key regulator of the cell cycle and a contributor to proliferation, differentiation, apoptosis, metastasis, and 
chemoresistance in CRC. Previous studies have demonstrated the efficacy of E2F1 silencing via siRNA-loaded 
nanoliposomes in reducing tumor cell growth, but challenges such as immunogenicity and off-target effects 
have limited their in vivo application. In this study, we evaluated the potential of gene electrotransfer (GET) as a 
non-viral delivery system for delivery of therapeutic siRNA targeting E2F1 in the HT-29 CRC model. In vitro 
experiments showed effective silencing of E2F1 expression and a significant reduction in HT-29 cell survival. 
Subsequent in vivo studies confirmed the therapeutic potential of siE2F1 GET, with results demonstrating tumor 
growth delay, decreased proliferation, and increased necrosis in the tumors. This study establishes proof-of- 
principle for targeting E2F1 in CRC using GET, showcasing its versatility and therapeutic potential.

1. Introduction

Colorectal cancer (CRC) remains one of the most prevalent cancers 
globally [1]. While incidence rates have been declining in high-income 
countries due to widespread implementation of effective screening 
programs, CRC still poses a growing concern. Prognosis strongly de
pends on the stage at diagnosis, with early-stage cancers exhibiting 
significantly higher survival rates compared to advanced stages. Treat
ment strategies primarily involve surgical resection for cases amenable 
to surgery. For non-resectable or metastatic CRC, standard therapies 
include chemotherapy, radiotherapy, immunotherapy, and targeted 
therapies. However, these treatments face significant limitations. 
Chemotherapy and radiotherapy often lack specificity, leading to 

cytotoxic effects on normal cells and resulting in adverse side effects and 
secondary complications. Targeted therapies and immunotherapies, 
while offering more precise mechanisms of action, frequently encounter 
resistance mechanisms within cancer cells, diminishing their clinical 
efficacy [2]. This underscores the urgent need for novel therapeutic 
strategies that can enhance specificity, minimize toxicity, overcome 
resistance, and improve the survival of patients in CRC management [3].

One of the possible molecular targets in CRC is the E2F1 transcrip
tion factor. Its expression was found to be increased in CRC compared to 
normal tissue controls [4]. It is one of the crucial proteins involved in 
cell cycle regulation, particularly in facilitating the G1 to S phase tran
sition by driving the expression of genes necessary for DNA synthesis 
and cell division [5]. Besides involvement in cell proliferation, E2F1 has 
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been linked to differentiation, apoptosis, metastasis and chemo
resistance of CRC [6,7]. This makes E2F1 a compelling candidate for 
therapeutic targeting with therapeutics that downregulate its expression 
or block its action.

One of the options is E2F1 silencing via RNA interference. The siRNA 
molecules targeting the transcription factor E2F1 were previously suc
cessfully encapsulated into nanoliposomes and employed to target HT- 
29 human CRC cell lines and human intestinal biopsies [8]. These 
siRNA-loaded nanoliposomes demonstrated significant efficacy in 
downregulating E2F1 expression in cultured cells, leading to a notable 
reduction in cell growth [8]. Additionally, the nanoliposomes exhibited 
remarkable uptake and target silencing efficiencies in cultured human 
colonic mucosa biopsies [8]. These findings highlight E2F1 as a prom
ising therapeutic target in colon cancer and demonstrate the feasibility 
of siRNA-based approaches for its silencing. However, while nano
liposomes show high potential for siRNA delivery, their use in vivo is 
often hindered by limitations such as immunogenicity, poor stability, 
and off-target effects due to limited targeting specificity [9–11]. These 
challenges underscore the need to explore alternative non-viral delivery 
systems, which may offer enhanced performance, particularly in in vivo 
applications.

Gene electrotransfer (GET) emerges as a promising non-viral de
livery of siRNAs, potentially overcoming some of the constraints asso
ciated with nanoliposome-based approaches. This method relies on 
electroporation, a process where applied electric pulses transiently 
permeabilize cell membranes by inducing a transmembrane voltage that 
surpasses physiological thresholds [12]. Electroporation is versatile, 
enabling the delivery of a broad range of molecules, from small drugs to 
large nucleic acids. When electroporation is used to deliver nucleic 
acids, it is called GET [13]. GET is suitable for delivery of different 
nucleic acids, from smaller RNA molecules to larger plasmid DNA 
molecules. Notably, GET has been successfully employed for the intra
tumoral delivery of siRNAs in mouse tumor models [14–16]. The un
derlying mechanism of siRNA entry following electroporation has been 
elucidated, revealing a direct transfer of the negatively charged siRNA 
into the cell cytoplasm exclusively on the side facing the cathode and 
subsequent diffusion in the cytosol [17]. Interestingly, the mechanism of 
siRNA uptake is distinct from that observed during the electrotransfer of 
small molecules or plasmid DNA, underscoring the unique physico
chemical properties of siRNAs [17].

In clinical practice, electroporation is predominantly employed for 
the delivery of cytotoxic drugs, a procedure known as electro
chemotherapy [18,19]. This technology is utilized in multiple centers 
worldwide and is primarily applied to treat cutaneous and subcutaneous 
lesions due to their accessibility [20,21]. However, promising results 
have also been reported in the treatment of deep-seated tumors during 
open surgery or percutaneously, predominately in liver tumors, either 
primary hepatocellular carcinoma or metastases of CRC [20,22–27]. 
Additionally, it has also showed potential in treatment of CRC using 
endoscopic or laparoscopic electrodes [27,28]. As the technology con
tinues to evolve, the use of electroporation is increasingly recognized for 
its versatility, particularly in the context of GET. Early clinical studies 
across various tumor types have already demonstrated the safety and 
feasibility of GET, facilitating broader clinical applications [29–33].

The aim of this study was to evaluate the potential of GET for 
delivering therapeutic siRNA molecules targeting the E2F1 transcription 
factor in HT-29 human CRC model. First, in vitro experiments were 
performed to assess the extent of E2F1 silencing and its cytotoxic effects 
on HT-29 tumor cells after delivery of siRNAs via lipofection or GET. 
Subsequently, the approach was tested in vivo using the HT-29 xeno
graft tumor model to evaluate the transfection efficiency of siRNA 
delivered via GET, determine the antitumor efficacy of siE2F1 GET, and 
analyze its effects on proliferation and necrosis in the tumors.

2. Materials and methods

2.1. Cell lines

The HT-29 human CRC cell line was purchased from American Type 
Culture Collection (HTB-38, ATCC, Manassas, VA, USA). Cells were 
cultured in Advanced Minimum Essential medium (AMEM, Gibco, 
Thermo Fisher Scientific, Walthan, MA, USA), supplemented with 5 % 
(v/v) fetal bovine serum (FBS, Gibco), 10.000 units/mL penicillin and 
10 mg/mL streptomycin (100 × penicillin–streptomycin, Sigma Aldrich, 
Darmstadt, Germany) and 1 % (v/v) GlutaMAX (Gibco). Cells were 
maintained at 37 ◦C in a 5 % CO2 humidified atmosphere and they were 
subcultured twice weekly. HT-29 cells were routinely tested for myco
plasma infection using the MycoAlert™ PLUS Mycoplasma Detection Kit 
(Lonza, Basel, Switzerland) and were mycoplasma-free.

2.2. Small interfering RNA (siRNA)

The sense sequence of the siRNA targeting E2F1 transcription factor 
(siE2F1) was 5’-GAGGAGUUCAUCAGCCUUUTT-3′ and of the negative 
control siRNA targeting luciferase mRNA (siGL2) was 5’-CGUACGCG
GAAUACUUCGATT-3′. The sequences were optimized and validated in 
previous studies [8,34,35]. The siRNAs were obtained as Alexa Fluor 
647 (AF647) labeled, HPLC purified annealed siRNA duplexes (Custom 
Ambion In Vivo siRNA, Thermo Fisher Scientific) and were reconstituted 
in saline to 20 μM concentration.

2.3. Lipofection

A single-cell suspension was prepared from a monolayer culture 
maintained for 48 h. Cells were detached using 0.25 % trypsin-EDTA 
solution (Gibco) and subsequently collected by centrifugation at 400 
×g for 5 min. The pelleted cells were resuspended in culture medium, 
counted using a hemocytometer, and adjusted to a final concentration of 
1.2 × 105 cells/mL. 1.2 × 104 of cells were seeded into the wells of 96- 
well plate. After 24 h, cells were washed in PBS and cell culture media 
was replaced with the media without FBS and antibiotics. The lip
ofection procedure was performed using Lipofectamine RNAiMAX 
transfection reagent (Thermo Fisher Scientific) in OptiMEM Medium 
(Gibco) following manufacturer’s protocol. For each well 5 pmol of 
siRNA was used for transfection and the volume ratios of siRNA: Lip
ofectamine RNAiMAX was 1: 2. Three hours after lipofection, the media 
was replaced with the complete cell medium and cells were cultured at 
37 ◦C in a 5 % CO2 humidified atmosphere.

2.4. GET in vitro

A 25 × 106 cells/mL cell suspension was prepared in a cold elec
troporation buffer (EP buffer; 125 mM sucrose, 10 mM K2HPO4, 2.5 mM 
KH2PO4, 2 mM MgCl2 × 6 H2O. A volume of 44 μL of the cell suspension 
was mixed with 11 μL of siRNAs (200 pmol of siE2F1 or siGL2). The 50 
μL of the cell-siRNA mixture was pipetted between stainless steel elec
trodes with 2 mm gap and the electric pulses were delivered by electric 
pulse generator (Jouan GHT beta, LEROY Biotech, Saint-Orensde- 
Gameville, France). 8 square-wave electric pulses with 600 V/cm 
voltage-to-distance ratio, 5 ms pulse duration and frequency of 1 Hz was 
used based on our previous experience with siRNA delivery and opti
mization experiment peformed in vivo [14]. Immediately after pulse 
delivery (<5 s), the mixture was transferred into a 24-well ultra-low 
attachment plate and 50 μL of FBS was added to the mixture. Five mi
nutes after GET, 1 mL of the cell culture medium was added, and the 
resulting suspension of the cells was plated for cell viability assay (1.2 ×
104 of cells in each well of 96-well plate) in fully supplemented cell 
culture medium and the rest of the cells were plated in T75 cell culture 
flasks for RNA isolation and immunofluorescence staining. Cells were 
cultured at 37 ◦C in a 5 % CO2 humidified atmosphere until the next 
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procedure.

2.5. Cell viability

72 h after lipofection or GET, cell survival was evaluated using Presto 
Blue viability assay. In each of 96-well plate, 10 μL of PrestoBlue reagent 
was added and the fluorescence intensity was measured after 1 h of 
incubation with Cytation 1 multimodal reader (Agilent Technologies, 
Santa Clara, CA, USA).

2.6. Determination of E2F1 expression using quantitative real-time PCR 
(qRT-PCR)

Forty-eight hours after lipofection or in vitro GET, cells were de
tached from the surface of the tissue culture flask using 0.25 % of 
trypsin-EDTA. The cells were then collected by centrifugation at 400 ×g 
for 5 min. The resulting cell pellet was used as the starting material for 
RNA isolation. RNA isolation was performed using the peqGOLD Total 
RNA Kit (VWR) according to the manufacturer’s instructions.

For RNA isolation from tumors, the tumors were snap frozen in liquid 
nitrogen, crushed with a pestle in a mortar and stored at − 80 ◦C until 
RNA extraction. TRI reagent (VWR) was used for cell lysis. After the 
lysis, chloroform was added, and the samples were thoroughly mixed. 
Following 15 min of incubation, the samples were centrifuged, and 
upper transparent phase was collected and was used for RNA isolation 
using the peqGOLD Total RNA Kit, starting with the step of binding to 
the RNA column. The concentration of the isolated RNA and its purity 
were determined spectrophotometrically using a Cytation 1 Cell Imag
ing Multi-Mode Reader (Agilent Technologies) by measuring the 
absorbance at 260 nm (A260) for RNA concentration and by measuring 
the A260/A280 and A260/A230 ratios for assessment of RNA purity. 
Reverse transcription of 1000 ng of total RNA into cDNA was performed 
in 20 μL of reaction volume containing template RNA and the Super
Script VILO cDNA Synthesis Kit (Thermo Fisher Scientific), using the 
C1000 Touch Thermal Cycler (Bio-Rad Laboratories Hercules, CA, USA) 
according to the manufacturer’s instructions. The cDNA was diluted to 2 
ng/μL in nuclease free water and stored at − 20 ◦C until subsequent 
analysis. For each 20 μL PCR reaction, 5 μL of cDNA was mixed with 10 
μL of PowerUp™ SYBR™ Green Master Mix, 4.6 μL of DEPC-treated 
water and 0.4 μL of 10 μM primer mixes for E2F1 transcription factor 
and housekeeping gene (GUSB: β-glucuronidase). The primer sequences 
were: hE2F1_F: CCAGGAAAAGGTGTGAAATC, hE2F1_R: 
AAGCGCTTGGTGGTCAGATT, hGUSB_F: AGGTGATGGAA
GAAGTGGTG, hGUSB _R: AGGATTTGGTGTGAGCGATC. The reactions 
were run on a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher 
Scientific). The cycling conditions were as follows: 2 min at 50 ◦C, 2 min 
at 95 ◦C, 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C, and for melting 
curve determination, 15 s at 95 ◦C, 1 min at 60 ◦C, and 15 s at 95 ◦C. 
Non-template controls (NTC) were run for each primer set. Data were 
analyzed using QuantStudio’s software (Thermo Fisher Scientific). The 
Ct values were determined for each primer set and each sample. The 
analysis was performed by normalizing the expression of E2F1 gene to 
the housekeeping gene (GUSB) using the ΔCt method.

2.7. Determination of E2F1 expression using immunofluorescence staining

Forty-eight hours after in vitro GET, the cells were detached from the 
surface of the tissue culture flask using 0.25 % of trypsin-EDTA and 
collected by centrifugation at 400 ×g for 5 min. Cell pellet was resus
pended in a cell medium (20 % bovine serum albumin (SERVA, Hei
delberg, Germany), 5 % EDTA (Sigma Aldrich) in PBS) in a 
concentration 2 × 105 cells/mL. Cytological slides were prepared using a 
cytocentrifuge (Thermo Scientific Shandon Cytospin 4 Cytocentrifuge) 
by centrifugation of two drops of cell suspension at 700 rpm for 4 min. 
The slides were immediately fixed in ice-cold methanol absolute. The 
samples on slides were first circled using a Super HT PAP Pen (Biotium, 

Fremont, CA, USA) to prevent reagent leakage and washed once for 5 
min in PBS. The permeabilization of cells was performed 30 min at room 
temperature using a permeabilization buffer (5 % donkey serum, 0.5 % 
Triton X-100, and 22 mg/mL glycine in PBS). The permeabilization was 
followed with a one hour blocking step in a blocking buffer (2 % donkey 
serum and 22 mg/mL glycine in PBS) at room temperature. After 
blocking, slides were incubated overnight at 4 ◦C in a humidified, light- 
protected chamber with primary rabbit anti-E2F1 monoclonal antibody 
(ab288369, Abcam, Cambridge, United Kingdom) diluted 1:200 in 
blocking buffer. The next day, slides were washed three times with PBS 
for 5 min and incubated with donkey anti-rabbit Alexa Fluor® 488 
secondary antibodies (Jackson ImmunoResearch) diluted 1:500 in PBS 
for 1 h at room temperature. Slides were washed three times for 5 min in 
PBS and nuclear counterstaining was performed with Hoechst 33342 (3 
μg/mL in PBS, Thermo Fisher Scientific) for 10 min in the dark, followed 
by three additional 5 min PBS washes. The slides were mounted using 
ProLong™ Glass Antifade Reagent (Thermo Fisher Scientific) and cov
erslips were applied and secured with nail polish. Imaging was per
formed using a LSM 800 confocal microscope (Carl Zeiss, Oberkochen, 
Germany). The fluorophores Hoechst 33342 and Alexa Fluor 488 were 
excited with lasers with excitation wavelengths of 405 and 488 nm, 
respectively. The emitted light was collected sequentially with Gallium 
Arsenide Phosphide (GaAsP) detector via a variable dichroic and filters 
at the following wavelengths: 410–545 nm (Hoechst 33342) and 
488–545 nm (Alexa Fluor 488). The obtained fluorescence images were 
visualized and analyzed with Imaris software (Bitplane, Belfast, United 
Kingdom). Fluorescence intensity was evaluated as the ratio of fluores
cence intensity analyzed by “surface” function and the number of cells 
(nuclei) analyzed by “surface” function. At least 200 cells were analyzed 
for each experimental group.

2.8. Animals and tumor induction

Female Athymic Nude mice (Hsd:Athymic Nude-Foxn1nu) weighting 
between 20 and 24 g were used in the experiment. The animals were 
housed in groups of 4–5 animals in sterile polyacrylamide cages at 
constant humidity (55 % ± 10 %) and temperature (20–23 ◦C) with 
sterile water and sterile food ad libitum and 12 h/12 h light-dark cycle. 
All animals were allowed an acclimatization period of 14 days. The 
animals were purchased from Envigo RMS SRL (Udine, Italy). Animal 
experiments were performed in accordance with the permission of the 
Administration of the Republic of Slovenia for Food Safety, Veterinary 
Sector, and Plant Protection (permit number U34401–3/2022/17) and 
in according to Prepare, Arrive and Observe guidelines [36–38]. Each 
cage was provided with enrichment (Bio-Serv, Flemington, NJ, USA). 
Tumors were induced in 14-week-old mice by subcutaneously injecting 
a suspension of 2 × 106 cells in 100 μL of saline solution (0.9 % NaCl) 
with a syringe with a 27G needle into the right flank. Tumor growth was 
followed daily and was measured using a digital caliper (Sylvac SA, 
Yverdon, Switzerland) starting on day 7 after tumor induction until the 
tumors reached a volume between 45 and 50 mm3. The tumor volume 
was calculated with the following formula: a × b × c × π/6, where a, b, 
and c are perpendicular tumor diameters. Once the tumors reached 
45–50 mm3, the mice were randomized into experimental groups.

2.9. GET in vivo

The selection of an appropriate electric pulse protocol is crucial for 
achieving effective GET. Beyond the pulse parameters, the transfection 
efficacy is also influenced by the histological characteristics of the tumor 
that influence the interstitial barriers that DNA face when injected into 
the tumor [39]. To determine the most suitable pulse protocol for this 
study, we conducted a preliminary experiment of Cy3 labeled siRNA 
(Trilencer-27 Fluorescent-labeled transfection control siRNA duplex, 
Origene, Rockville, MD, USA) delivery into HT-29 tumors (71.5 pmol 
per tumor). Two commonly employed pulse protocols for GET were 
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evaluated: high-voltage electroporation pulses typically used in elec
trochemotherapy (ECT; 8 square wave electric pulses with a voltage-to- 
distance ratio of 1300 V/cm, a pulse duration of 100 μs, and a frequency 
1 Hz) and low-voltage pulses tailored for GET (8 square wave electric 
pulses with a voltage-to-distance ratio of 600 V/cm, a pulse duration of 
5 ms, and a frequency 1 Hz) [40–42].

For delivery of therapeutic siE2F1, mice were randomized into 6 
experimental groups of 8 mice for evaluation of antitumor effect and 5 
mice for tumor collection and analysis. The six experimental groups 
consisted of the Control non-treated group (Ctrl), injection of saline and 
delivery of electric pulses group (EP), injection of therapeutic siRNA 
group (siE2F1), injection of control siRNA (siGL2), GET of therapeutic 
siRNA (GET siE2F1) and GET of control siRNA (GET siGL2). The treat
ment was applied once every day for 3 days. The siRNA was delivered by 
injection of 40 μL of siRNA solution (800 pmol) in the tumor, followed 
immediately by delivery of GET electric pulses (8 square wave electric 
pulses with a voltage-to-distance ratio of 600 V/cm, a pulse duration of 
5 ms, and a frequency 1 Hz). During the treatment, mice were under 2 % 
(v/v) of isoflurane anesthesia (Isoflurane; Piramal Healthcare UK 
Limited, London, UK) delivered via VetFlo inhalation anesthesia (Kent 
Scientific Corporation, Torrington, CT, USA). The pulses were generated 
by ELECTRO Cell B10 electric pulse generator (Leroy Biotech, France)/ 
(Betatech, L’Union, France) and delivered using two parallel stainless- 
steel plate electrodes with a 6 mm distance between them. The 8 pul
ses delivery occurred in two directions, as after the first 4 pulses the 
electrodes were turned for 90◦ to deliver the 4 additional pulses, in order 
to achieve better coverage of the whole tumor to GET [43]. During GET 
a conductive gel (FIAB, Vicchio, Italy) was used at the contact of the 
electrodes and the skin overlaying tumors to ensure good conductivity. 
The siRNA delivery into the tumors was monitored using the IVIS 
Lumina XRMS III imaging system (Revvity, Waltham, MA, USA) 
equipped with a 150 W Tungsten/Halogen lamp for fluorescence exci
tation. Mice were anesthetized with 2 % (v/v) isoflurane and AF647 
labeled siRNA fluorescence signal was imaged using Living Image soft
ware (Revvity). For excitation a 620/20 nm bandpass filter was used and 
to collect the emitted light a 670/40 nm bandpass filter was used.

2.10. Evaluation of the antitumor effect

Antitumor effect was evaluated by monitoring tumor growth. The 
tumor diameters were measured three times per week and recorded in 
In-Life&Tumor software (Labcat, Innovative Programming Associates, 
Inc., New Jersey, USA). Tumor volume was calculated with the formula 
described above and tumor growth curves were constructed to evaluate 
the progression of the tumors over time. The animals were euthanized 
when the tumor reached predetermined humane endpoint of a volume 
of 400 mm3. The animals were considered cured if they had a complete 
response and were tumor-free at day 100 after the start of the treatment. 
Tumor growth delay was determined as the difference in the doubling 
time of tumors between the control group and the treated group. Animal 
weight loss was monitored at every tumor measurement as a sign of 
systemic toxicity of the treatments.

2.11. Tumor collection

Tumors were collected 24 h after the last (third) therapy. Three hours 
prior to tumor collection, the mice were intraperitoneally injected with 
200 μL of 10 mg/mL EdU solution (2 mg/mice) (5-ethynyl-2′-deoxyur
idine; Abcam, Cambridge, United Kingdom), which marks proliferating 
cells. After 3 h, the animals were sacrificed, and tumors were excised for 
immunohistological stainings. The samples were first fixed in 4 % 
paraformaldehyde (PFA) for 12–16 h at 4 ◦C. Thereafter, tumors were 
submerged in 30 % sucrose solution (cryoprotectant) for 24 h at 4 ◦C, 
embedded in optimal cutting temperature compound (Tissue-Tek O.C.T. 
compound, Sakura Finetek, VWR), slowly frozen on dry ice, and stored 
at − 80 ◦C until processing.

2.12. Histology and immunofluorescence staining

SuperFrost Plus slides (Epredia, Netherlands) with 14-μm-thick 
tumor sections were prepared from frozen O.C.T. samples using a 
CM1850 cryostat (Leica, Weltzar, Germay). In the electric pulses’ opti
mization experiment, the slides were used for quantification of trans
fection efficiency with the detection of the Cy3 labeled siRNA 
fluorescent signal. Briefly, the slides were washed with 1× PBS for 5 
min. Nuclei were stained with 3 μg/mL Hoechst 33342 in PBS for 10 min 
in the dark. After washing three times for 5 min with PBS, the slides were 
mounted using ProLong™ Glass Antifade Mountant (Thermo Fisher 
Scientific), which was left to dry for 48 h in the dark at room temper
ature (RT) before sealing the edges of the cover glass with nail polish. In 
the proof-of-principle experiment for siE2F1 delivery, the first slide from 
each tumor was stained with hematoxylin and eosin (HE) for evaluation 
of necrosis. The extent of necrosis was evaluated by visual assessment of 
tumor sections as percentage of tumor necrosis by two independent 
researchers, blinded to the study. The second slide was used to stain 
proliferating EdU positive cells and AF647 siRNA signal. Staining was 
performed in a light-protected, humidified chamber. Before staining, 
sections were air-dried for 10 min at 37 ◦C, circled with Mini Super HT 
PAP Pen, and washed with 1× PBS for 5 min. Afterwards, slides were 
blocked and permeabilized in block/perm buffer 1 (5 % donkey serum 
with 0.5 % Triton-X100 and 22.5 mg/mL glycine in PBS) for 1 h at RT in 
a humidified chamber, and thereafter washed twice in blocking buffer 2 
(2 % donkey serum and 22.5 mg/mL glycine in PBS). To detect the 
incorporated EdU, the Click-iT™ EdU Cell Proliferation Kit for Imaging, 
Alexa Fluor™ 488 dye (Thermo Fisher Scientific) was used following the 
manufacturer’s instructions. Briefly, slides were incubated with Click-iT 
mix for 30 min at RT in a humidified chamber and then washed once 
with blocking buffer 2. After three washes for 10 min each with 1× PBS, 
nuclei were stained with 3 μg/mL Hoechst 33342 in PBS for 10 min in 
the dark. After washing three times for 5 min with PBS, the slides were 
mounted using ProLong™ Glass Antifade Mountant, which was left to 
dry for 48 h in the dark at RT before sealing the edges of the cover glass 
with nail polish. Immunofluorescently stained tumor sections were 
imaged using a Zeiss Axio Observer fluorescence microscope (Carl Zeiss, 
Oberkochen, Germay) equipped with Colibri 7 LED Light source (UV 
(385 nm), Violet (430 nm), Blue (475 nm), Green (555 nm), Yellow (590 
nm), Red (630 nm), Far Red (735 nm)) and a Hamamatsu Orca Flash 4.0 
V3 camera. Emitted light was imaged through the following filters: Filter 
Set HE BFP shift free (Carl Zeiss) for Hoechst 33342 (nuclei), filter set 38 
HE eGFP shift free (Carl Zeiss) for Alexa Fluor 488 (EdU), filter set 112 
HE LED (Carl Zeiss) for AF647 (siRNA). The obtained images were 
visualized and analyzed with Imaris software (Bitplane, Belfast, United 
Kingdom). The surface of the tumor area was determined based on 
Hoechst 33342 signal. The surface of the tumor area was determined 
based on Hoechst 33342 signal. The signal of AF 647 labeled siRNA and 
Alexa Fluor 488 (EdU) was subsequently masked based on the tumor 
area (Hoechst 33342 signal), ensuring that analysis was restricted to the 
relevant regions. To quantify the proliferating cells, the number of Alexa 
Fluor 488 (EdU) positive nuclei (Hoechst 33342) was determined using 
the Imaris “Spots” function. Additionally, the surface of the AF647 
labeled siRNA signal was determined to quantify the siRNA positive 
area.

2.13. Statistical analysis

Statistical analysis and graph plotting were performed using 
GraphPad Prism 9 (La Jolla, CA, USA). Statistical significance was 
evaluated using one-way ANOVA. A p value <0.05 was considered sta
tistically significant (* p < 0.05). The number of biological replicates (n) 
are indicated in figure legends.
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3. Results

3.1. E2F1 silencing was cytotoxic in HT-29 cells following delivery of 
siE2F1 via lipofection or GET

The expression of E2F1 molecular target was confirmed by qRT-PCR 
in HT-29 cell line and HT-29 tumors (Fig. 1A). The expression of E2F1 in 
the mouse xenografts was comparable to the expression in the cell line 
and was in the range approximately one fifth of the housekeeping gene 
GUSB (Fig. 1A). Lipofection of HT-29 cells with siE2F1 efficiency 
reduced the expression of E2F1 for approximately 50 % (Fig. 1B). The 
reduction of E2F1 expression via lipofection was accompanied by the 
reduction of cell survival for approximately 20 % (Fig. 1C). A similar but 
more potent trend was observed when siE2F1 was delivered via GET. In 
particular, the expression of E2F1 mRNA was reduced almost for 80 % 

(Fig. 1D). The cell survival was decreased for approximately 80 % 
compared to Ctrl cells (Fig. 1E). However, the survival of cells was also 
reduced for 60 % following electroporation only or delivery of control 
siRNA siGL2 via GET (Fig. 1E). The silencing of E2F1 protein expression 
was confirmed by immunofluorescence staining with approximately 40 
% reduction of fluorescence intensity following GET siE2F1 (Fig. 1F and 
G).

3.2. Delivery of siE2F1 via GET induced antitumor effect in HT-29 tumors

In the preliminary experiment, the optimization of the electric pulse 
parameters was performed. The results demonstrated a clear advantage 
of the low-voltage GET protocol in terms of transfection efficiency. 
Following a single GET of Cy3 labeled siRNA, the low-voltage pulses 
achieved a transfection efficacy of around 30 % of tumor area, compared 

Fig. 1. Reduced expression of E2F1 transcription factor and survival of HT-29 cells after delivery of siE2F1 via lipofection (LF) or GET. (A) Expression of E2F1 mRNA 
in HT-29 cells and tumors normalized to the GUSB housekeeping gene, n = 5. (B) Expression of E2F1 in HT-29 cells after lipofection with therapeutic siE2F1 or 
control siGL2 siRNA, n = 3. (C) HT-29 cell survival after lipofection with therapeutic siE2F1 or control siGL2 siRNA, n = 3. (D) Expression of E2F1 in HT-29 cells after 
GET of therapeutic siE2F1 or control siGL2 siRNA, n = 3. (E) HT-29 cell survival after GET of therapeutic siE2F1 or control siGL2 siRNA, n = 3. (F) Fluorescence 
intensity demonstrating E2F1 protein expression after GET of therapeutic siE2F1 or control siGL2 siRNA, n = 4. (G) Representative immunofluorescence images of 
HT-29 stained for E2F1 (green) and nuclei (blue), scale bar = 20 μm. Ctrl, control cells; LF, lipofection with empty lipid particles; LF siE2F1, lipofection with 
therapeutic siRNA siE2F1; LF siGL2, lipofection with control siRNA siGL2; EP, delivery of electric pulses; GET siE2F1, GET of therapeutic siRNA siE2F1; GET siGL2, 
GET of control siRNA siGL2. Presented is the arithmetic mean and standard error of the mean. * p < 0.05 vs Ctrl, LF, LF siGL2 or Ctrl, EP, GET siGL2; # p < 0.05 vs 
Ctrl. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to only 8 % observed with the high-voltage ECT pulses (Fig. 2). Based on 
these findings, the low-voltage pulse protocol was selected for GET of 
therapeutic siE2F1 in the current study.

The siRNA molecules were delivered via GET into HT-29 tumors 
once a day for three consecutive days. The siE2F1 molecules were 
effectively delivered into the tumors as demonstrated by imaging of 
tumors 24 h after the first GET. The GET siE2F1 group demonstrated 
higher fluorescence intensity in the tumors (denoted as GET) compared 
to injection of siE2F1 only (denoted as Injection) (Fig. 3A). There was no 
fluorescence signal detected in the control group (denoted as Ctrl) 
(Fig. 3A). 24 h after the third GET, delivery of siRNAs was also evaluated 
in the tumor sections by determining the area of siRNA fluorescent 
signal (red) normalized to the area of whole tumor sections (blue) 
(Fig. 3B). Approximately 20 % of tumor area was positive for siRNA 
signal in the groups of GET (GET siE2F1 and GET siGL2), confirming that 
both siRNAs were delivered into the tumors to similar extent (Fig. 3C). 
Some background positive signal was also observed in the EP group due 
to auto fluorescence of necrotic areas (Fig. 3B).

The antitumor effect of siRNA delivery was evaluated by following 
the tumor growth and calculation of the tumor growth delay. The 
treatment of tumors with GET siE2F1 demonstrated high antitumor ef
ficacy. The delivery of siE2F1 via GET significantly delayed the growth 
of tumors (up to 20 days) compared to all other control groups (Ctrl, EP, 
siE2F1, siGL2, GET siGL2) (Fig. 3D and E). One mouse from the GET 
siE2F1 had a complete response and was tumor-free for 100 days after 
the therapy and was therefore termed cured. There were no complete 
responses in other groups. Treatment of tumors with control siGL2 GET 
(GET siGL2) or electric pulses only (EP) also induced some tumor growth 
delay (up to 5.6 days) (Fig. 3D and E).

3.3. Delivery of siE2F1 via GET induced necrosis and reduced 
proliferation in HT-29 tumors

The antitumor effect was further evaluated by determination of ne
crosis and proliferation in the tumors. The delivery of siE2F1 via GET 
significantly increased the amount of necrosis in the tumor areas 24 h 
after the last therapy (Fig. 4A). The extent of necrosis in the siE2F1 tu
mors was high, around 80 %, which sometimes resulted in necrosis of 
the tumor center (Fig. 4A, GET siE2F1). The extent of necrosis was also 
significantly increased in GET siGL2 group (Fig. 4A) compared to Ctrl 
but to a lesser extent as in therapeutic GET siE2F1 group (Fig. 4A). There 
was some minor extent of necrosis observed in the EP group, which was 
not significant (Fig. 4A). GET of both siRNAs, therapeutic siE2F1 and 
control siGL2, significantly reduced the proliferation in the tumors as 

indicated by decreased number of EdU positive cells in the tumor sec
tions (Fig. 4B). Both treatments decreased proliferation to similar extent.

4. Discussion

This study demonstrates the successful application of GET to deliver 
siRNA targeting E2F1, achieving effective silencing of E2F1 expression 
and a significant reduction in the survival of HT-29 CRC cells. The in 
vivo delivery of siE2F1 further confirmed its therapeutic potential, as 
evidenced by a pronounced antitumor effect, including delayed tumor 
growth, reduced proliferation in the tumors, and increased tumor ne
crosis. These findings establish a proof-of-principle for targeting E2F1 in 
CRC, highlighting its potential as a viable therapeutic target and laying 
the groundwork for future studies to refine and optimize this approach.

Oligonucleotides have emerged as a promising class of therapeutics 
in cancer treatment due to their ability to modulate gene expression with 
high specificity [44]. These short, synthetic strands of nucleotides can be 
designed to target oncogenes, tumor suppressor genes, or other molec
ular pathways critical for cancer progression [45]. Among the most 
common types are siRNA molecules. The selection of siRNA sequences is 
critical to ensuring the efficiency and specificity of gene silencing in 
tumor-targeted therapies [46]. An optimal siRNA sequence must effec
tively target the mRNA of the gene of interest to induce robust and 
sustained knockdown while minimizing off-target effects that could 
compromise the safety and efficacy of the treatment. In our study, we 
employed optimized and validated siRNA sequences specifically 
designed to target the human E2F1 transcription factor, building on 
findings from previous studies in multiple cellular models, including 
colorectal carcinoma, hepatocellular carcinoma and coronary smooth 
muscle cells [8,34,35,47]. Consistent with these findings, our results 
demonstrated approximately 80 % silencing at the mRNA level and 
approximately 40 % at the protein level after GET siE2F1. These data 
collectively confirm the robustness and specificity of the siE2F1 
sequence, supporting its effective design and performance.

E2F1 plays a multifaceted role in CRC, driving cell proliferation, 
apoptosis and drug resistance [6]. These functions make E2F1 an 
appealing molecular target for the development of novel cancer thera
pies. However, targeting E2F1 requires careful consideration, as it is also 
essential for normal cellular processes such as transcription regulation, 
DNA-damage repair and metabolism [5,48,49]. Systemic pan-inhibition 
of E2F1 could therefore lead to significant off-target effects and toxicity. 
This limits the use of lipid particles (lipofection) as a systemic admin
istration in vivo. To address these challenges, localized delivery 
methods, such as GET, offer a promising solution. Our results 

Fig. 2. Transfection efficiency of two pulse protocols for delivery of Cy3 labeled siRNA. (A) Representative images of transfected tumors. Orange color represent 
siRNA and blue color the tumor stained with nuclear stain Hoechst 33342. Scale bar = 1000 μm. Ctrl – untreated tumor; ECT pulses - 8 pulses, 1300 V/cm, 100 μs, 1 
Hz; GET pulses: 8 pulses, 600 V/cm, 5 ms, 1 Hz. (B) Percent of transfected tumor area calculated as the area of Cy3 signal divided with the area of tumor (Hoechst). 
Presented is the arithmetic mean and standard error of the mean. n = 3; * p < 0.05 ECT pulses vs GET pulses, ** p < 0.05 Ctrl vs GET pulses. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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demonstrate that GET achieved superior silencing efficiency of E2F1 (80 
%) compared to lipofection (50 %) on the mRNA level, highlighting its 
effectiveness as a delivery method for siRNA. Beyond enhanced knock
down, GET offers key advantages for translational applications, 
including targeted, localized delivery to tumor tissue, reduced risk of 
systemic off-target effects, and a favorable immunological profile 
compared to lipid-based carriers [9,10,33,50]. These features support 
the suitability of GET for in vivo use and its potential for clinical 
translation.

A crucial aspect of gene therapy is the development of an efficient 
transfection protocol to ensure effective delivery of therapeutic siRNAs. 
To investigate the effectiveness of different transfection methods for 
siE2F1 delivery, we compared gene silencing and cell viability outcomes 
following delivery via lipofection and GET. The delivery of siE2F1 via 
both transfection methods induced effective silencing of E2F1 expres
sion. GET of siE2F1 induced higher silencing rate in vitro to lipofection 
indicating on more efficient delivery of siRNA molecules into the cells 
and confirms the suitability of GET as a delivery system. Using both 
methods of transfection, the survival of cells was reduced following 
siE2F1 delivery. Delivery via lipofection reduced cell viability for 
approximately 20 %, whereas delivery via GET reduced cell viability for 
almost 80 %. However, the survival of cells treated by electric pulses 
only (EP) or GET of control siRNA (siGL2) reduced cell survival for 
around 60 %, which indicates that contribution of siE2F1 silencing on 
cell survival is of additional 20 %, similarly to lipofection. The 60 % 
reduction in cell survival can be contributed to non-specific effects of 
electric pulses, which is frequently observed in the in vitro setting with 
this pulse protocol [40,41,51].

The non-specific cytotoxicity was also observed in the in vivo setting 
as both control groups, EP and GET siGL2, induced minor tumor growth 
delays, induced necrosis and reduced proliferation in the tumors. 
Although demonstrating some cytotoxic effects, the electric pulses used 
in this study effectively facilitated siRNA delivery to both cells and tu
mors, as evidenced by the extent of E2F1 silencing and the monitoring of 
siRNA uptake through live animal imaging and immunofluorescence 
analysis. Additional cytotoxic effects were observed in the GET siGL2 
group, likely due to the introduction of nucleic acids into the cytosol, 
which can trigger cell death through the activation of RNA-sensing 
pathways [52]. However, in our study, these effects were minimized 
by employing chemically modified in vivo siRNAs to reduce activation 
of such pathways. However, while the GET siE2F1 exhibited some 
nonspecific cytotoxic effects, which may contribute to the overall anti- 
tumor efficacy of GET siE2F1, the GET siE2F1 treatment demonstrated 
significantly greater anti-tumor effects compared to the EP or GET siGL2 
groups. This highlights the targeted action of E2F1 silencing and its 
therapeutic potential.

Although electric pulses reduced cell viability and induced a tumor 
growth delay, this cytotoxic effect may be considered beneficial in the 
context of cancer therapy. Similar to (electro)chemotherapy or radio
therapy, the ablative effect of GET can contribute to the overall anti
tumor response, enhancing therapeutic efficacy. Importantly, the 
surviving cells are efficiently transfected, enabling the specific silencing 
of target genes such as E2F1. This combined effect of localized cyto
toxicity and targeted gene silencing may help overcome resistance 
mechanisms often observed with targeted therapies [53]. In contrast, for 
non-cancer applications such as protein replacement therapy or DNA 

Fig. 3. Delivery of siRNAs and antitumor effect of siE2F1 in HT-29 tumors. (A) Fluorescent signal of AF647 labeled siRNA in the tumors 24 h after the first treatment. 
Mouse on the left from GET siE2F1 group demonstrated the highest fluorescence intensity in the tumors (denoted as GET). The mouse in the middle received injection 
of siE2F1 only (denoted as Injection) and demonstrated lower fluorescence intensity signal in the tumors compared to the left mouse. There was no fluorescence 
signal detected in the right mouse from the control group (denoted as Ctrl). (B) Images of siRNA fluorescent signal in the tumors 24 h after the last therapy. Red color 
represents siRNA signal and blue color the nuclei. Scale bar 500 μm for Ctrl and GET siE2F1 and 1000 μm for GET siGL2 image. (C) Evaluation of transfection 
efficiency 24 h after the last treatment in the tumor sections. The area of siRNA fluorescent signal was evaluated (AF647) and normalized to the tumor area (Hoechst 
33342); n = 5; * p < 0.05 vs Ctrl. (D) Tumor growth curves and (E) tumor growth delay calculated from the tumor curves; n = 8; Presented is the arithmetic mean and 
standard error of the mean. * p < 0.05 vs Ctrl, EP, siE2F1, siGL2, GET siGL2. Groups: Control non-treated group (Ctrl), injection of saline and delivery of electric 
pulses group (EP), injection of therapeutic siRNA group (siE2F1), injection of control siRNA (siGL2), GET of therapeutic siRNA (GET siE2F1) and GET of control 
siRNA (GET siGL2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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vaccination, minimizing tissue damage is crucial. To address this, 
noninvasive and low-toxicity GET systems have been developed by our 
group and others, demonstrating the adaptability of GET parameters to 
various therapeutic goals [16,54–56].

Electroporation is not selectively toxic to cancer cells and the 
reduction of normal cell survival was already observed in mouse C2C12 
skeletal myoblast cells, Kera-308 keratinocytes and L929 fibroblasts 
[51,57]. Cell death following the delivery of electric pulses primarily 
arises from the failure of the cell membrane to reseal after electropo
ration, leading to irreversible electroporation and a cascade of lethal 
intracellular events. The disruption of membrane integrity compromises 
the cell’s ability to maintain homeostasis, resulting in uncontrolled ion 
flux, ATP depletion, and oxidative stress. These perturbations over
whelm cellular repair mechanisms, triggering regulated cell death 
pathways such as apoptosis, or in cases of severe damage, necrosis. The 
extent and type of cell death depend significantly on the parameters of 
the electric pulses, namely their intensity, duration, and number, as well 
as the cell type and physiological condition [58].

In this study, we employed a previously established GET pulse pro
tocol to ensure efficient delivery of siRNA [14–16]. Although the opti
mization of pulse parameters such as intensity, duration, and number 
could potentially reduce cytotoxicity, this was beyond the scope of our 
proof-of-principle study. In the future, additional dose-response exper
iments using different pulse settings could help determine the optimal 
balance between delivery efficiency and the preservation of cell 
viability.

Our findings of siE2F1 delivery align with our previous studies in 
hepatocellular carcinoma utilizing a galactosylated polyaspartamide 
copolymer for delivery of siE2F1 (same siRNA sequence) [47]. In this 
study, a reduction in E2F1 mRNA expression by approximately 55 % was 
observed leading to a decrease in cell viability to around 70 % in Huh7 
cells. Furthermore, in vivo experiments confirmed the specificity of 
siE2F1 delivery using the copolymer, leading to a tumor growth delay of 

up to three days, approximately 20 % reduction of E2F1 mRNA 
expression and induction of approximately 38 % necrosis in tumors. On 
one side, the GET approach for delivery of siE2F1 seems to be superior in 
terms of inducing an antitumor effect compared to delivery via lipo
somes or galactosylated polyaspartamide copolymer. On the other side, 
one constraint of the tested GET therapy is that siRNA delivery and 
silencing are confined to the injection sites, with distribution potentially 
hindered by interstitial barriers, particularly in dense or compact solid 
tumor histologies. Consequently, regions of the tumor not reached by 
the siRNA remain untreated, which can lead to tumor regrowth. In this 
context, the additional cytotoxic effects of electric pulses are advanta
geous, as they contribute to tumor cell death beyond siRNA silencing. To 
enhance the anti-tumor efficacy even further, combined treatment reg
imens involving local ablative techniques, such as radiotherapy or 
electrochemotherapy, could be used [59–61]. These approaches could 
help eradicate residual viable tumor masses that do not undergo GET 
siE2F1. Furthermore, the study’s reliance on a single tumor model 
represents a limitation, highlighting the need for additional research 
using diverse tumor xenograft models and immunocompetent mouse 
models to strengthen the evidence for the therapy’s efficacy. Addition
ally, a detailed investigation into the underlying mechanisms of action is 
crucial to generate further data that can refine and optimize this ther
apeutic approach.
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[17] M. Golzio, J. Teissié, Imaging of Electrotransferred siRNA, Methods Mol. Biol. 1372 
(2016) 89–97, https://doi.org/10.1007/978-1-4939-3148-4_7.

[18] A.J.P. Clover, F. de Terlizzi, G. Bertino, P. Curatolo, J. Odili, L.G. Campana, et al., 
Electrochemotherapy in the treatment of cutaneous malignancy: outcomes and 
subgroup analysis from the cumulative results from the pan-European international 
network for sharing practice in Electrochemotherapy database for 2482 lesions in 
987 patients (2008-2019), Eur. J. Cancer 138 (2020) 30–40, https://doi.org/ 
10.1016/J.EJCA.2020.06.020.

[19] J. Gehl, G. Sersa, L.W. Matthiessen, T. Muir, D. Soden, A. Occhini, et al., Updated 
standard operating procedures for electrochemotherapy of cutaneous tumours and 
skin metastases, Acta Oncol. 57 (2018) 874–882, https://doi.org/10.1080/ 
0284186X.2018.1454602.

[20] B. Hadzialjevic, M. Omerzel, B. Trotovsek, M. Cemazar, T. Jesenko, G. Sersa, et al., 
Electrochemotherapy combined with immunotherapy - a promising potential in the 
treatment of cancer, Front. Immunol. (2024) 14, https://doi.org/10.3389/ 
FIMMU.2023.1336866.

[21] M. Marty, G. Sersa, J.R. Garbay, J. Gehl, C.G. Collins, M. Snoj, et al., 
Electrochemotherapy – an easy, highly effective and safe treatment of cutaneous 
and subcutaneous metastases: results of ESOPE (European standard operating 
procedures of Electrochemotherapy) study, Eur. J. Cancer Suppl. 4 (2006) 3–13, 
https://doi.org/10.1016/J.EJCSUP.2006.08.002.

[22] M. Djokic, M. Cemazar, P. Popovic, B. Kos, R. Dezman, M. Bosnjak, et al., 
Electrochemotherapy as treatment option for hepatocellular carcinoma, a 
prospective pilot study, Eur. J. Surg. Oncol. 44 (2018) 651–657, https://doi.org/ 
10.1016/J.EJSO.2018.01.090.

[23] M. Djokic, M. Cemazar, M. Bosnjak, R. Dezman, D. Badovinac, D. Miklavcic, et al., 
A prospective phase II study evaluating intraoperative Electrochemotherapy of 
hepatocellular carcinoma, Cancers (Basel) 12 (2020) 1–14, https://doi.org/ 
10.3390/CANCERS12123778.

[24] I. Edhemovic, E. Brecelj, M. Cemazar, N. Boc, B. Trotovsek, M. Djokic, et al., 
Intraoperative electrochemotherapy of colorectal liver metastases: a prospective 
phase II study, Eur. J. Surg. Oncol. 46 (2020) 1628–1633, https://doi.org/ 
10.1016/J.EJSO.2020.04.037.

[25] M. Djokic, R. Dezman, M. Cemazar, M. Stabuc, M. Petric, L.M. Smid, et al., 
Percutaneous image guided electrochemotherapy of hepatocellular carcinoma: 
technological advancement, Radiol. Oncol. 54 (2020) 347–352, https://doi.org/ 
10.2478/RAON-2020-0038.

[26] L. Luerken, M. Doppler, S.M. Brunner, H.J. Schlitt, W. Uller, Stereotactic 
percutaneous Electrochemotherapy as primary approach for Unresectable large 
HCC at the hepatic hilum, Cardiovasc. Intervent. Radiol. 44 (2021) 1462–1466, 
https://doi.org/10.1007/S00270-021-02841-1.

[27] H. Falk Hansen, M. Bourke, T. Stigaard, J. Clover, M. Buckley, M. O’Riordain, et 
al., Electrochemotherapy for colorectal cancer using endoscopic electroporation: a 
phase 1 clinical study, Endosc. Int. Open 8 (2020) E124–E132, https://doi.org/ 
10.1055/A-1027-6735.

[28] F.M. Schipilliti, M. Onorato, G. Arrivi, M. Panebianco, D. Lerinò, A. Milano, et al., 
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