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ABSTRACT

Aim: The A2UCOE, a well-characterized chromatin-modifying element originating from a constitutively expressed human
gene locus, promotes consistent and durable gene activity, even when foreign DNA sequences are inserted into densely
packed heterochromatin regions. The aim of this study is to examine the Daedalus fragment in A2UCOE to identify key
sub-regions responsible for its prominent chromatin opening activity. This would enable the discovery of a minimal yet
fully functional element, allowing for more efficient utilization of vector capacity to accommodate therapeutic transgenes
when incorporated into lentiviral vectors (LVs).

Method: To assess the chromatin-opening activity of the Daedalus sub-region within the A2UCOE, lentiviral vectors
carrying eGFP reporter constructs were generated and transduced into murine embryonal carcinoma cell lines (P19 and
F9). Transgene expression stability was assessed across both pluripotent cells and those differentiated with retinoic
acid. HEK293T cells were used for lentiviral packaging. Plasmid propagation was performed in E. coli DH5a, and standard
molecular cloning techniques were applied. Flow cytometry was used to measure eGFP expression levels, and significance
was assessed via Student’s t-test (p < 0.05).

Results: Flow cytometry and RT-qPCR analyses revealed that the positive control vector (1.5A2UCOE-SEW) maintained
stable eGFP expression in both differentiated states of P19 and F9 cells, whereas the UCOE vectors named Daedalus-F
and Daedalus-R were unable to prevent transgene silencing. In undifferentiated cultures, eGFP expression from these
vectors decreased by 40-50% within two weeks, with a similar decline observed in differentiated cells. The average
vector copy numbers remained stable, indicating transcriptional silencing rather than vector loss.

Conclusion: The Daedalus sub-region of A2UCOE alone could not prevent transgene silencing in pluripotent or
differentiated cells, indicating additional A2ZUCOE elements are needed for stable long-term expression.
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INTRODUCTION

Gene therapy involves introducing therapeutic nucleic
acids into living cells to correct genetic mutations or
to alter cellular functions for medical treatment (1).
These nucleic acids can be delivered using either viral
or non-viral vectors. While non-viral systems, such as
DNA-drug complexes like liposomes, are used, viral
vectors remain the more efficient option due to their
natural infection mechanisms (2,3). Advances in the
field have led to the development of recombinant viral
systems that are now widely applied in both research
and clinical settings (4,5).

Lentiviral vectors (LVs), derived from HIV-1, are a
prominent type of RNA-based viral vectors. Their
capacity to effectively deliver genetic material into
both proliferating and quiescent cells renders them
ideal for targeting a range of tissues, including the brain
and stem cells (6). Additionally, LVs have a relatively
large carrying capacity (~8 kb) and can be modified
to target specific cell types by changing the viral
envelope glycoproteins (7). Despite their advantages,
recombinant viral vectors pose certain biosafety
concerns, such as the risk of insertional mutagenesis
or activation of replication-competent viruses,
especially in the context of HIV-1. To address this, self-
inactivating (SIN) lentiviral vectors have been designed,
reducing the likelihood of transcriptional interference
and off-target gene activation (8). One major challenge
in gene therapy is the epigenetic silencing of integrated
vectors, often caused by methylation of CpG islands
and chromatin condensation (9,10). Such silencing
impedes stable transgene expression, particularly in
retroviral vectors (11,12). To mitigate this, researchers
have incorporated elements known as ubiquitous
chromatin opening elements (UCOEs) into vectors.
UCOEs help resist silencing by maintaining an open
chromatin structure and, ensuring sustained gene
expression (13,14).

A widely studied UCOE is derived from the HNRPA2B1-
CBX3 locus, which includes a methylation-resistant
CpG island with dual divergent promoters. This
element, known as A2UCOE, has been shown
to support stable gene expression even in
heterochromatic regions (13,15). It functions via two
main components: an unmethylated CpG island and

Northwestern Med ). 2025;5(4):222-233

bidirectional transcription from the native promoters.
A2UCOE’s performance in lentiviral contexts, including
in hematopoietic stem cells, highlights its utility in
gene therapy (16).

Currently, researchers are exploring whether shorter
sub-regions of A2UCOE can preserve its anti-silencing
capabilities while providing more space for therapeutic
genes within lentiviral vectors. The aim was to discover
compact and effective UCOE variants for future
applications in stable gene therapy.

The primary goal of this study was to enhance the
stability of transgene expression while minimizing
gene silencing during lentiviral gene therapy. Lentiviral
vectors are particularly advantageous because they
can efficiently transduce both dividing and non-
dividing cells, making them suitable for targeting
complex tissues such as the liver and brain. To combat
epigenetic silencing, elements like UCOEs—especially
A2UCOE—are incorporated into these vectors to
preserve an open chromatin configuration. Ongoing
research is investigating novel CpG-rich segments
and smaller A2UCOE fragments that may improve
functionality while optimizing the vector capacity.
These advancements have the potential to make gene
delivery safer and more effective.

MATERIALS AND METHODS

This study aimed to determine whether a specific
sub-region of the A2UCOE, known as the 'Daedalus
fragment', retains its chromatin-opening functionality.
This was based on emerging questions regarding
whether UCOE efficacy depends on intrinsic promoter
features. The exact genomic locations of the tested
sub-fragments are illustrated in Figures 1 and 2.

To assess the activity of the vector constructs,
embryonic carcinoma cell lines originating from mice,
namely P19 and F9, were used. These cell lines are
well-established models for evaluating the expression
stability of viral vectors (15,16). To evaluate the
reliability and strength of expression mediated by the
various vector designs, eGFP production was tracked
in cells maintained in both their pluripotent state and
following differentiation.
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Luria-bertani (LB) medium preparation

To prepare Luria-Bertani (LB) medium, 10 g of tryptone,
5 g of yeast extract, and 10 g of NaCl were dissolved
in one liter of deionized water. The solution was
autoclaved at 121°C (15 psi) for 20 minutes to ensure
sterility. Once cooled to approximately 55°C, ampicillin
was incorporated to a final concentration of 50 pg/
mL. The medium was subsequently stored at 4°C until
needed. For solid media, 20 g of agar was added per
liter of LB prior to sterilization. Selective LB broth or
agar was prepared by supplementing the medium with
ampicillin at a concentration of 100 pg/mL.

Competent E. coli DH5a Transformation

Chemically competent DH5aE. coli cells, obtained from
Life Technologies, were transformed following the
standard procedure provided by the supplier. Plasmid-
containing colonies were cultured on ampicillin plates
(100 pg/mL) overnight at 37°C and then grown in LB
medium with ampicillin (100 pg/mL) in small (5 mL) or
large (200-500 mL) cultures. Plasmids were extracted
using Qiagen kits and eluted in TE buffer.

Cell culture

HEK293T cells were cultured in DMEM supplemented
with 10% fetal bovine serum, 1% L-glutamine (200
mM), and penicillin-streptomycin (10 pg/mL each) at
37°Cin a humidified incubator containing 5% CO.. Cell
cultures were initiated by plating 2 x 107 cells into T162
flasks and maintained until they reached approximately
80-90% confluence prior to transfection. The culture
supernatant was collected 48 hours after transfection,
the medium was refreshed with DMEM, and a second
harvest was performed at the 72-hour mark. Culture
medium was collected 48 hours post-transfection,
replaced with fresh DMEM, and harvested again at 72
hours. For viral titration, 1-2 x 10° cells were seeded
in the wells of a 24-well culture plate, followed by
exposure to gradually diluted viral suspensions,
resulting in a multiplicity of infection (MOI) ranging
from 1 to 10 per pL. Detached cells were treated with
PBS and Tryple Red reagent, then neutralized with
serum-based medium. For flow cytometry, cells were
fixed with 4% formaldehyde-PBS, shaken, and kept in
darkness at 4°C until they were ready for analysis.
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Mouse embryonic carcinoma cells culture

P19 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) enriched with 2 millimolar
L-glutamine and supplemented with 1% non-essential
amino acids. The culture conditions included the
addition of 10 pg/mL penicillin-streptomycin, and
incubation at 37°C within a 5% CO. atmosphere.
Neuronal differentiation was initiated by forming
embryoid bodies in non-adherent dishes containing
DMEM supplemented with 5% FBS and retinoic acid
at a concentration of 1 micromolar. The culture of
F9 cells was carried out in flasks coated with gelatin,
employing DMEM enriched with 10% FBS, alongside
antibiotics penicillin (100 U/mL) and streptomycin
(100 pg/mL), plus 2 mM L-glutamine. The formation of
embryoid bodies in DMEM/F12 supplemented with 5%
FBS and 50 nM RA triggered the cells to differentiate
toward a parietal endoderm lineage.

Reporter gene analysis

The UCOE and A2UCOE eGFP reporter constructs
within the LV system were assessed by transducing P19
and F9 cells. The stability of gene expression was then
monitored both prior to and following differentiation
into neuroectodermal and endodermal lineages.

At least 2 x 10° fixed cells were analyzed for GFP
expression using flow cytometry (BD FACSymphony™).
During analysis, only viable cells were included by
gating based on cell size and granularity, determined
respectively through forward scatter and side scatter
measurements. GFP+ cells were identified by detecting
fluorescence emission at 525 nm (FL1 channel)
compared to 575 nm (FL2 channel). Untransduced cells
served as negative controls to set the gating threshold
for positive GFP signals. The resulting percentage
of GFP-positive cells represents the fraction of
viable cells within the sample that expressed GFP.
Subsequently, the proportion of GFP-positive cells for
each sample was analyzed in relation to the amount
of virus administered. By scaling this relationship, the
quantity of cells infected with a specified volume of
viral preparation could be estimated, allowing for the
calculation of the multiplicity of infection (MOI) based
on mean fluorescence intensity. For this calculation,
values ranging from 1% to 20% were selected. Samples



exhibiting more than 20% GFP-positive cells likely
contained multiple integration events per cell, which
could lead to an underestimation of the viral titer.
Conversely, samples with less than 1% GFP expression
were considered unreliable, as detectable signals
at such low levels are prone to interference from
background noise.

Explanation of the chemicals and devices used in
the study: Thermo Fisher Scientific, Gibco, Qiagen,
Sigmaaldrich (MERK), Bio-Rad, BD FACSymphony

Statistical analyses

Statistical evaluations were conducted using Prism
version 7 software. To assess the eGFP-positive
populations from flow cytometry, as well as mean
fluorescence intensity (MFI) and vector copy number
(VCN) measurements in transduced cell cultures,
Student’s t-test was employed. Results with p-values
below 0.05 were considered statistically significant.

In our cell culture study, the cell line used was obtained
commercially. Therefore, ethical approval was not
required for our study.
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Lentiviral vectors used in this study

The experimental approach aimed at testing the UCOE
two-component model involved the use of 750bp
length Daedalus fragments. To test their effectiveness
in preventing suppression of gene activity, these
sequences were inserted in both forward and reverse
directions into the silencing-prone SFFV-eGFP vector.
Approximate locations and plasmid schematics for the
Daedalus fragments derived from A2UCOE sub-regions
examined in this study are presented in Figures 1 and
2.

RESULTS

Evaluation of the functional properties of
Daedalus-F and Daedalus-R lentiviral vectors
containing candidate UCOEs in undifferentiated
P19 and F9 cell lines

The generated lentiviral vectors (LVs) were utilized
to transduce P19 and F9 cells at infection ratios
(MOI) of 3 and 6, aiming for an initial eGFP+ cell
proportion between 40 and 60% across all pools. Cells
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Figure 1. The positions of A2UCOE region sub-fragments analyzed for UCOE activity.
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Figure 2. Illustration of novel candidate UCOE and control lentiviral vectors.

that underwent transduction, along with negative
controls, were maintained in culture and periodically
assessed using flow cytometric analysis to quantify the
percentage of cells expressing eGFP, as well as their
mean fluorescence intensity during ongoing culture
following a single vector transduction. The first three
days after transduction, cell samples were collected
once a week up to 45 days (see Figure 3) to analyze
eGFP expression via flow cytometry. At designated
time points, DNA was isolated for RT-qPCR to quantify
the average number of vector copies present in each
cell. Flow cytometry analysis results in Figure 4A
illustrate the proportion of eGFP+ cells. At the start,
all vectors demonstrated comparable transduction
efficiencies, ranging between 45% and 60% eGFP+
cells; however, the expression driven by SEW (SFFV-
eGFPWPRE) sharply decreased from 46% to just 3% of
positive cells over a period of 17 days. Conversely, the
percentage of eGFP+ cells within the 1.5A2UCOE-SEW
group showed consistent stability throughout the 45-
day cultivation period. Therefore, while the proportion
of eGFP+ cells was notably greater in 1.5A2UCOE-
SEW transduced samples compared to alternative
vectors, the reduction in expression observed in both
Daedalus-F and Daedalus-R mirrored the pattern seen
with SEW. SEW transduced cells saw an almost 80%
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reduction in eGFP expression after two weeks. Except
for 1.5A2UCOE-SEW, the remaining vectors, including
both Daedalus-F and Daedalus-R, demonstrated a
40-50% decline in eGFP+ cell populations within the
corresponding time interval. The MFl across all vectors
reflected the percentage of eGFP+ cells (Figure 4B).
MFI remained stable in 1.5A2UCOE-SEW transduced
cells but fluctuated in SEW and the new Daedalus-F
and Daedalus-R constructs.

Figure 5A presents the flow cytometry analysis showing
the proportion of eGFP-expressing cells measured
at successive time points following transduction
in undifferentiated F9 cells. These findings are
consistent with those observed in P19 cells (Figure
4A). Initial transduction efficiencies were comparable
across all vectors, ranging from 39% to 50% eGFP+
cells. However, expression driven by the SEW vector
declined sharply, dropping from 47% to just 7% within
17 days. Conversely, cells genetically transduced with
the 1.5A2UCOE-SEW vector sustained a stable eGFP-
positive population of approximately 45% throughout
the 38-day culture period. The candidate UCOE
constructs, Daedalus-F and Daedalus-R, showed a
reduction in gene activity comparable to the decrease
observed with the SEW vector. Specifically, eGFP
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Figure 3. Flow cytometry plots of untransduced and transduced P19 and F9 cells prior to
differentiation.”

* Flow cytometry analysis was performed 3 days post-transduction, showing GFP-negative cells in red
and GFP-positive cells in green. (A) Negative control—untransduced cells. (B) SEW transduced cells. (C)
1.5A2UCOE-SEW transduced cells. (D) Daedalus-F transduced cells. (E) Daedalus-R transduced cells.
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Figure 4. Novel candidate Daedalus-F and Daedalus-R
UCOEs offer only partial protection against silencing
in undifferentiated P19 cells. *

* Cells were analyzed by flow cytometry to detect the
percentage of eGFP reporter gene expressing (eGFP+) cells,
mean fluorescence intensity (MFI) and by RT-qPCR for average
VCN per cell. The data show combined results from three
independent transductions for each vector, plus negative
control (NEG), over a period of 3 to 45 days post transduction.
(A) Time course of percentage eGFP positive cells; (Mean +
SEM, n=4; **p<0.01). (B) As in (A) but showing MFI; (Mean +
SEM, n=4; **p<0.01). (C) As in (A)/(B) but average VCN/cell;
(Mean + SEM, n=4; **p<0.01).
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Figure 5. Novel candidate UCOE Daedalus-F and
Daedalus-R offer only partial protection against
silencing in undifferentiated F9 cells. *

* Cells were analyzed by flow cytometry to detect the
percentage of eGFP reporter gene expressing (eGFP+) cells
and MFI, and to quantify the average VCN per cell by real-
time gPCR. The data show combined results from three
independent transductions for each vector, plus negative
control (NEG), over a period of 3 to 38 days post-transduction.
(A) Time course of percentage eGFP positive cells; (Mean +
SEM, n=4; **p<0.01). (B) As in (A) but showing MFI; (Mean +
SEM, n=4; **p<0.01). (C) As in (A)/(B) but average VCN/cell;
(Mean + SEM, n=4; **p<0.01).



levels in cells treated with SEW dropped by nearly
80% fourteen days after gene delivery. Apart from
the 1.5A2UCOE-SEW group, the reduction in eGFP+
cells for Daedalus-F and Daedalus-R vectors ranged
between 40% and 50% over the same timeframe. The
MFI measurements across all vectors reflected the
trends seen in eGFP expression (Figure 5B), showing
stability in cells transduced with 1.5A2UCOE-SEW,
instability in those with SEW alone, and partial stability
in cells treated with the new UCOE vectors. Throughout
the entire culture duration, the mean number of vector
copies per individual cell in the P19 (Figure 4C) and F9
(Figure 5C) transduction experiments remained stable,
suggesting that the reduction in eGFP-positive cells
observed with the SEW, Daedalus-F, and Daedalus-R
vectors was due to transcriptional silencing of the
integrated sequences rather than a loss of vector
presence.

Assessment of the functional performance of
Daedalus-F and Daedalus-R candidate UCOEs in
P19 and F9 cells following differentiation

The newly developed UCOE vectors, Daedalus-F
and Daedalus-R, failed to sustain consistent gene
expression in undifferentiated P19 (Figure 4) and
F9 (Figure 5) cell lines. Subsequently, we evaluated
their effectiveness in maintaining expression stability
throughout the differentiation process of P19 and F9
cells into neuroectodermal and endodermal lineages,
respectively. Cells transduced with the respective
lentiviral vectors were cultured in differentiation
medium supplemented with retinoic acid, on non-
adherent plastic surfaces to promote the formation of
embryoid bodies, a critical step for their subsequent
differentiation into neuronal and endodermal
lineages. The cells differentiated into a mixture of
neuroectodermal and parietal endoderm cell types,
with fibroblast-like cells being the most abundant
during the early stages—2 to 3 days for P19 cells and 5
to 6 days for F9 cells. Neurons and endoderm cells were
also detected in the cultures. To enrich the population
for non-dividing cells, 10 pM cytosine arabinoside was
added, which selectively eliminated dividing cells and
allowed only neurons and endoderm cells to survive.
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The optimal duration for embryoid body formation and
differentiation into neuroectodermal and endodermal
lineages was 2 to 3 days for P19 cells and 5 to 6 days
for F9 cells. Following the differentiation process,
Figures 6 and 7 display the flow cytometric profiles
of entire cell populations derived from triplicate
cultures transduced with the SEW, 1.5A2UCOE-SEW,
Daedalus-F, and Daedalus-R lentiviral constructs. The
data indicate that the lentiviral vector incorporating
the 1.5 kb A2UCOE sequence (1.5A2UCOE-SEW), used
as a positive control, maintained consistent transgene
expression following the differentiation of P19 and
F9 cells into neuronal and endodermal lineages,
respectively (Figures 6A and 7A). In contrast, the newly
developed UCOE vectors, Daedalus-F and Daedalus-R,
exhibited a rapid decline in eGFP expression. The
suppression pattern mirrored that of the SEW vector
used as a silencing control, wherein eGFP expression
was rapidly diminished, as illustrated in Figures 6A and
7A. As seen in undifferentiated cells (Figures 4B and
5B), the MFl values measured during the differentiation
process of both P19 and F9 cells displayed a pattern
consistent with the eGFP+ cell data (Figures 6B and
7B). The mean VCN remained consistent over the
entire experimental timeline (see Figures 6C and 7C).
Comparable results were observed in both pluripotent
and differentiated forms of F9 and P19 cells following
transduction with the lentiviral constructs employed
in this study. It is noteworthy that differentiating
cells exhibited a greater loss of eGFP expression after
being transduced with lentiviral particles carrying
SEW and newly characterized UCOE elements, as
seen in Figures 6A and 7A. This decline was more
pronounced compared to undifferentiated cells,
illustrated in Figures 4A and 5A. Additionally, because
Daedalus-F and Daedalus-R vectors failed to sustain
stable expression in differentiated P19 and F9 cells,
immunofluorescence analysis for neuroectodermal
and endodermal markers was not performed.

Given that neither of the Daedalus constructs exhibited
stable expression, we decided against performing
immunofluorescence staining on the differentiated
cells.
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Figure 6. Novel candidate UCOEs Daedalus-F and
Daedalus-R offer only partial protection against
silencing in differentiated P19 cells. *

* Cells were analyzed by flow cytometry to detect the
percentage of eGFP reporter gene expressing (eGFP+) cells
and MFI, and to quantify the average VCN per cell by real-
time qPCR. The data show combined results from three
independent transductions for each vector, plus negative
control (NEG), over a period of 3 to 38 days post-transduction.
(A) Time course of percentage eGFP positive cells; (Mean +
SEM, n=4; **p<0.01). (B) As in (A) but showing MFI; (Mean +
SEM, n=4; **p<0.01). (C) As in (A)/(B) but average VCN/cell;
(Mean + SEM, n=4; **p<0.01).
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Figure 7. Novel candidate UCOEs Daedalus-F and
Daedalus-R offer only partial protection against
silencing in differentiated F9 cells. *

* Cells were analyzed by flow cytometry to detect the
percentage of eGFP reporter gene expressing (eGFP+) cells
and MFI, and to quantify the average VCN per cell by real-
time qPCR. The data show combined results from three
independent transductions for each vector, plus negative
control (NEG), over a period of 3 to 38 days post-transduction.
(A) Time course of percentage eGFP-positive cells; (Mean +
SEM, n=4; **p<0.01). (B) As in (A) but showing MFI; (Mean +
SEM, n=4; **p<0.01). (C) As in (A)/(B) but average VCN/cell;
(Mean + SEM, n=4; **p<0.01).



DISCUSSION

The gammaretroviral and lentiviral vector classes,
known for their integration capability, continue to be
the mostreliable tools for ensuring stable incorporation
and expression of therapeutic genes. This is particularly
evident in the context of stem cell subsets undergoing
active proliferation. Over the course of the last fifteen
years, clinical trials employing these vector systems
in ex vivo applications targeting hematopoietic
stem cells (HSCs) have yielded promising results.
Genetic modification of patients’ hematopoietic
stem cells (HSCs) using gammaretroviral vectors
has shown therapeutic success in various primary
immunodeficiencies, including severe combined
immunodeficiency subtypes such as SCID-X1 and SCID-
ADA(17,18), as well asin disorders like Wiskott-Aldrich
syndrome and chronic granulomatous disease (19,20).
More recently, lentiviral vectors have demonstrated
success in treating inherited demyelinating disorders,
including X-ALD (21) and MLD (22), in addition to WAS
(23). Despite these advancements, two critical issues
continue to arise in the context of using integrating
viral vectors and require ongoing attention. A major
limitation is the potential for insertion-related
genomic alterations; another is the suppression of
therapeutic gene activity over time through epigenetic
mechanisms (1). Insertional mutagenesis resulting
from gammaretroviral integration, which inadvertently
triggered the activation of proto-oncogenes within
the host genome and contributed to malignant
transformation, was detected in five patients out of a
cohort of twenty undergoing treatment for SCID-X1
(17,18). Meanwhile, epigenetic silencing triggered by
promoter methylation resulted in a loss of sustained
therapeutic benefit in two CGD patients, despite an
initially positive response (19,20).

The main goal of this study phase was to evaluate
whether particular sub-regions within the A2UCOE,
which originates from the human HNRPA2B1-CBX3
locus (see Figures 1 and 2), retain the characteristic
UCOE activity. Earlier investigations have indicated
that a 0.7 kb fragment within the first intron of
CBX3 preserves UCOE functionality when fused to an
exogenous CMV promoter (24), and that this segment
can sustain appropriate DNA methylation patterns
in the context of transgene expression (25). These
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results prompt reconsideration of the mechanism by
which UCOEs operate through bidirectional divergent
transcription (26). To directly evaluate whether a
0.7 kb segment derived from the first intron of CBX3
(see Figure 2) possesses UCOE functionality, lentiviral
constructs named Daedalus-F and Daedalus-R
(Figures 1 and 2) were engineered. Our findings from
experiments involving P19 and F9 cells, both before
and after their differentiation into neural ectoderm
and endoderm cell types, distinctly demonstrates that
this sequence fails to promote expression stability
when associated with an SFFV promoter (Figures
4-7). The difference observed between our findings
and earlier studies likely stems from the fact that
previous investigations reporting UCOE activity of the
0.7 kb intronic region within CBX3 were conducted
using transductions that yielded approximately 8 to
10 lentiviral vector copies per cell (24). Under these
conditions, even a single active copy of the integrated
vector within a cell can generate detectable GFP
reporter gene expression. This may misleadingly
suggest that the transgene remains functionally stable.
However, a notable reduction of approximately 55%
in MFI was observed at four weeks after transduction
with the 0.7UCOE-GFP ("Daedalus") lentiviral vector.
This decline highlights considerable vector silencing,
despite the continued presence of GFP+ cells (see
Figure 4) (24). Our findings provide strong evidence
that the expression of the 0.7UCOE (Daedalus) vector
undergoes silencing. This is supported by experiments
specifically designed to generate cells containing a
low average vector copy number per cell, between
1 and 4 (Figures 4C, 7C). Furthermore, the P19 and
F9 embryonal carcinoma cell lines used in our study
may serve as a more sensitive and reliable model for
evaluating functional gene silencing compared to the
CHO cells employed in previous research (24,15,16).

CONCLUSION

In summary, our findings demonstrate that the 0.7
kb Daedalus sub-region of A2UCOE is insufficient
to maintain stable transgene expression in both
pluripotent and differentiated P19 and F9 cells. Despite
stable vector integration, significant transcriptional
silencing occurred, particularly at low vector copy
numbers. These results indicate that additional
regulatory sequences within A2UCOE are necessary
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to sustain long-term and robust transgene expression.
|dentifying a minimal yet fully functional UCOE element
remains crucial for optimizing lentiviral vector design
and enhancing the efficiency of therapeutic transgene
delivery.

Ethical approval

In this study, ethical approval is not required.

Author contribution

Surgical and Medical Practices: OFA; Concept: OFA;
Design: OMA, AOA; Data Collection or Processing: OFA;
Analysis or Interpretation: AOA; Literature Search:
OFA, AOA; Writing: OFA, AOA. All authors reviewed the
results and approved the final version of the article.

Source of funding

The authors declare the study received no funding.

Conflict of interest

The authors declare that there is no conflict of interest.

REFERENCES

1. Antoniou MN, Skipper KA, Anakok O. Optimizing retroviral
gene expression for effective therapies. Hum Gene Ther.
2013; 24(4): 363-74. [Crossref]

2. Griesenbach U, Alton EW. Moving forward: cystic fibrosis
gene therapy. Hum Mol Genet. 2013; 22(R1): R52-8.
[Crossref]

3. Neville JJ, Orlando J, Mann K, McCloskey B, Antoniou
MN. Ubiquitous Chromatin-opening Elements (UCOEs):
applications in biomanufacturing and gene therapy.
Biotechnol Adv. 2017; 35(5): 557-64. [Crossref]

4. Sizer RE, White RJ. Use of ubiquitous chromatin opening
elements (UCOE) as tools to maintain transgene expression
in biotechnology. Comput Struct Biotechnol J. 2022; 21:
275-83. [Crossref]

5. FuY,HanZ, Cheng W, Niu S, Wang T, Wang X. Improvement
strategies for transient gene expression in mammalian cells.
Appl Microbiol Biotechnol. 2024; 108(1): 480. [Crossref]

6. Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and
stable transduction of nondividing cells by a lentiviral vector.
Science. 1996; 272(5259): 263-7. [Crossref]

7. Bouard D, Alazard-Dany D, Cosset FL. Viral vectors: from
virology to transgene expression. Br | Pharmacol. 2009;
157(2): 153-65. [Crossref]

232

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gurumoorthy N, Nordin F, Tye GJ, Wan Kamarul Zaman
WS, Ng MH. Non-integrating lentiviral vectors in clinical
applications: a glance through. Biomedicines. 2022; 10(1):
107. [Crossref]

Teich NM, Weiss RA, Martin GR, Lowy DR. Virus infection of
murine teratocarcinoma stem cell lines. Cell. 1977; 12(4):
973-82. [Crossref]

Speers WC, Gautsch JW, Dixon FJ. Silent infection of murine
embryonal carcinoma cells by Moloney murine leukemia
virus. Virology. 1980; 105(1): 241-4. [Crossref]

Razin A. CpG methylation, chromatin structure and gene
silencing-a three-way connection. EMBO ). 1998; 17(17):
4905-8. [Crossref]

Fuks F. DNA methylation and histone modifications: teaming
up to silence genes. Curr Opin Genet Dev. 2005; 15(5): 490-
5. [Crossref]

Benton T, Chen T, McEntee M, et al. The use of UCOE vectors
in combination with a preadapted serum free, suspension
cell line allows for rapid production of large quantities of
protein. Cytotechnology. 2002; 38(1-3): 43-6. [Crossref]

Ellis J. Silencing and variegation of gammaretrovirus and
lentivirus vectors. Hum Gene Ther. 2005; 16(11): 1241-6.
[Crossref]

Zhang F, Thornhill SI, Howe S, et al. Lentiviral vectors
containing an enhancer-less ubiquitously acting chromatin
opening element (UCOE) provide highly reproducible and
stable transgene expression in hematopoietic cells. Blood.
2007;110(5): 1448-57. [Crossref]

Zhang F, Frost AR, Blundell MP, Bales O, Antoniou MN,
Thrasher AJ. A ubiquitous chromatin opening element
(UCOE) confers resistance to DNA methylation-mediated
silencing of lentiviral vectors. Mol Ther. 2010; 18(9): 1640-
9. [Crossref]

Cavazzana-Calvo M, Fischer A, Hacein-Bey-Abina S, Aiuti A.
Gene therapy for primary immunodeficiencies: part 1. Curr
Opin Immunol. 2012; 24(5): 580-4. [Crossref]

Cavazza A, Moiani A, Mavilio F. Mechanisms of retroviral
integration and mutagenesis. Hum Gene Ther. 2013; 24(2):
119-31. [Crossref]

Ott MG, Seger R, Stein S, Siler U, Hoelzer D, Grez M. Advances
in the treatment of chronic granulomatous disease by gene
therapy. Curr Gene Ther. 2007; 7(3): 155-61. [Crossref]

Aiuti A, Bacchetta R, Seger R, Villa A, Cavazzana-Calvo M.
Gene therapy for primary immunodeficiencies: part 2. Curr
Opin Immunol. 2012; 24(5): 585-91. [Crossref]

Cartier N, Hacein-Bey-Abina S, Bartholomae CC, et al.
Hematopoietic stem cell gene therapy with a lentiviral
vector in X-linked adrenoleukodystrophy. Science. 2009;
326(5954): 818-23. [Crossref]

Biffi A, MontiniE, LorioliL, etal. Lentiviral hematopoietic stem
cell gene therapy benefits metachromatic leukodystrophy.
Science. 2013; 341(6148): 1233158. [Crossref]


https://doi.org/10.1089/hum.2013.062
https://doi.org/10.1093/hmg/ddt372
https://doi.org/10.1016/j.biotechadv.2017.05.004
https://doi.org/10.1016/j.csbj.2022.11.059
https://doi.org/10.1007/s00253-024-13315-y
https://doi.org/10.1126/science.272.5259.263
https://doi.org/10.1038/bjp.2008.349
https://doi.org/10.3390/biomedicines10010107
https://doi.org/10.1016/0092-8674(77)90162-3
https://doi.org/10.1016/0042-6822(80)90171-3
https://doi.org/10.1093/emboj/17.17.4905
https://doi.org/10.1016/j.gde.2005.08.002
https://doi.org/10.1023/A
https://doi.org/10.1089/hum.2005.16.1241
https://doi.org/10.1182/blood-2006-12-060814
https://doi.org/10.1038/mt.2010.132
https://doi.org/10.1016/j.coi.2012.08.008
https://doi.org/10.1089/hum.2012.203
https://doi.org/10.2174/156652307780859044
https://doi.org/10.1016/j.coi.2012.07.012
https://doi.org/10.1126/science.1171242
https://doi.org/10.1126/science.1233158

Northwestern Med ). 2025;5(4):222-233

23. Bosticardo M, Ferrua F, Cavazzana M, Aiuti A. Gene therapy 25. Lienert F, Wirbelauer C, Som |, Dean A, Mohn F, Schiibeler
for Wiskott-Aldrich Syndrome. Curr Gene Ther. 2014; 14(6): D. Identification of genetic elements that autonomously
413-21. [Crossref] determine DNA methylation states. Nat Genet. 2011;

24. Bandaranayake AD, Correnti C, Ryu BY, Brault M, Strong RK, 43(11): 1091-7. [Crossref]
Rawlings D). Daedalus: a robust, turnkey platform for rapid 26. Lindahl Allen M, Antoniou M. Correlation of DNA methylation

production of decigram quantities of active recombinant with histone modifications across the HNRPA2B1-CBX3
proteins in human cell lines using novel lentiviral vectors. ubiquitously-acting chromatin open element (UCOE).
Nucleic Acids Res. 2011; 39(21): e143. [Crossref] Epigenetics. 2007; 2(4): 227-36. [Crossref]

233


https://doi.org/10.2174/1566523214666140918103731
https://doi.org/10.1093/nar/gkr706
https://doi.org/10.1038/ng.946
https://doi.org/10.4161/epi.2.4.5231

