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Abstract: RE1-silencing transcription factor (REST), a key regulator of neural gene expression,
modulates ion channel function, neurotransmitter receptor activity, and synaptic plasticity, and its
dysregulation has been implicated in neurodegenerative diseases. However, stable overexpression
of REST in mammalian cells remains technically challenging, highlighting the need for an efficient
and controllable delivery platform. Here, we constructed and validated a PiggyBac-based inducible
vector system for regulatable REST overexpression in HEK293FT cells as a proof of concept. The
REST-FLAG-P2A-GFP construct was assembled using NEBuilder HiFi DNA Assembly and validated by
restriction fragment length polymorphism (RFLP), Sanger sequencing, and whole-plasmid
sequencing. HEK293FT cells were transfected with REST-FLAG-P2A-GFP and SB100X, together with
Xlone_GFP plasmids, using polyethylenimine (PEI), followed by doxycycline induction at 24 and 48
hours post-transfection. REST expression was confirmed by eGFP fluorescence imaging, while
blasticidin resistance supported stable transgene integration for up to 5 days. Western blot analysis
further verified inducible REST overexpression, detecting REST protein at approximately 130 and
200 kDa, with 1.45-fold (p < 0.01) and 1.56-fold (p < 0.05) increases, respectively, compared with
uninduced cells. Collectively, these findings demonstrate the utility of the PiggyBac transposon
system for stable and inducible expression of transcription factors in mammalian cells and establish
a platform for future studies of REST function and gene regulatory mechanisms.
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1.0 INTRODUCTION

Genetic engineering is widely used to study gene
function by applying gain-of-function or loss-of-function
modifications. A common approach involves utilising
vector systems to induce or suppress the expression of
specific genes, thereby producing proteins such as
transcription factors, enzymes, and growth factors, as
well as microRNAs. Gene delivery methods include both
viral and non-viral approaches, each presenting unique
advantages and challenges. While viral vectors are
efficient, they raise concerns regarding safety and
ethics. In contrast, plasmid-based non-viral vectors
often suffer from low transfection efficiency and poor
genomic integration rates (Chen et al., 2018; Hackett et
al., 2010). Moreover, plasmid-based expression systems
often lead to random gene integration, resulting in
inconsistent recombinant protein expression (Matasci
etal, 2011).

To overcome these limitations, transposon-based
vector systems have emerged as powerful non-viral
tools for stable gene integration in mammalian cells.
Among the best-characterised DNA transposon
platforms are PiggyBac (PB) and Sleeping Beauty (SB),
both of which operate through a “cut-and-paste”
mechanism in which a transposase enzyme recognises
terminal repeat sequences flanking the transgene
cassette, excises the cassette from the donor plasmid,
and catalyses its integration into the host genome
(Hackett et al., 2010; lvics et al., 2009; Wu et al., 2006).
Although both systems support long-term genomic
insertion, they differ in several important molecular
features. PB integrates preferentially at TTAA
tetranucleotide sites and can excise precisely without
leaving a footprint, which is advantageous for reversible
engineering and for delivery of relatively large cargos. In
contrast, SB integrates primarily into TA dinucleotides
and has been widely used for stable transgenesis and
gene transfer in vertebrate cells (lvics et al., 2009; Li et
al.,, 2013; Wu et al.,, 2006). In mammalian systems,
piggyBac has frequently demonstrated high
transposition activity and the ability to accommodate
relatively large transgene cargos, making it useful for
delivering complex expression cassettes (Lacoste et al.,
2009; Wilson et al., 2007; Wu et al., 2006; Zhao et al.,
2016).

A major advantage of PB- and SB-based systems is that
genomic integration can be achieved using a simple
binary configuration in which the donor vector carries
the transgene of interest between terminal repeats. At
the same time, the transposase is supplied in trans. This
design reduces persistent remobilisation once
transposase expression ceases and supports relatively
stable, long-term transgene expression after integration
(Hackett et al., 2010; lvics et al., 2009; Matés et al.,
2009). Compared with conventional plasmid
transfection, which is often transient and prone to
silencing or variable expression, transposon-mediated
integration improves the likelihood of sustained
expression across cell divisions. These features are
especially valuable for genes such as REST, whose large
coding sequence and strong transcriptional regulatory
activity make robust but controllable expression
technically challenging.

In addition to transposon-based systems, other
genome-engineering approaches have been developed
to achieve stable transgene insertion, particularly when
more precise genomic targeting is required. Among
these, CRISPR/Cas9-based systems have emerged as
powerful tools for locus-specific genome editing.
However, conventional knock-in strategies rely on DNA
cleavage and endogenous repair pathways, and their
efficiency varies across cell types, donor designs, cargo
sizes, and genomic contexts. Thus, despite recent
advances, CRISPR-based insertion remains more
technically complex than transposon-based integration,
making a transposon-based inducible system a practical
choice for proof-of-concept studies focused on durable,
regulatable overexpression rather than precise locus
targeting (Doudna & Charpentier, 2014; Fong & Ceroni,
2025; Gwon et al., 2025; Hsu et al., 2014).

Beyond the choice of integration strategy, the design of
the inducible plasmid system was also an important
consideration in the present study. The expression
cassette was designed to enable controlled REST
induction via a Tet-On-regulated system, visual
monitoring of transgene expression via GFP, and
enrichment of stable integrants through antibiotic
selection. This inducible configuration was intended to
provide controlled, traceable, and sustained REST
overexpression in a proof-of-concept mammalian cell
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platform before future application in more biologically
relevant models.

REST is a key regulator of neuronal gene expression and
is critically involved in synaptic plasticity,
neurotransmitter receptor expression, and ion channel
function (Chong et al., 1995; Lim et al., 2025).
Dysregulation of REST has been implicated in
neurodegenerative diseases, including Alzheimer’s
disease (AD) and Down syndrome (DS), where loss of
REST function leads to increased oxidative stress,
apoptosis, and impaired neurogenesis (Lu et al., 2014;
Mever et al., 2019; Zhao et al., 2017). However, REST
overexpression poses technical challenges due to its
large size (3331 bp) and potential cytotoxic effects, as it
represses numerous target genes. Additionally, because
stable and regulatable REST overexpression is
technically challenging, an experimentally tractable
mammalian cell system was first required to validate
transgene integration, inducibility, and expression
control before the platform could be transferred to
more disease-relevant neuronal models.

HEK293FT cells were selected as an experimentally
tractable mammalian host for proof-of-concept
validation of the inducible transposon system, rather
than as a physiologically relevant neuronal model. This
choice was based on the well-established utility of
HEK293-derived cells for plasmid-based engineering
and recombinant expression, owing to their high
transfection efficiency, rapid growth, and robust
support for transgene production (Tan et al., 2021). In
contrast, more disease-relevant studies of REST would
require neuronal models such as iPSC-derived neural
cells or organoids.

Accordingly, the primary objective of the present study
was to construct and validate a transposon-based
inducible REST overexpression system as a proof-of-
concept platform in mammalian cells. Specifically, we
aimed to generate a Tet-On-regulated REST-FLAG-P2A-
GFP construct capable of controlled induction, visual
monitoring of expression, and enrichment of stably
integrated cells. The specific research gap addressed by
this work is the lack of a stable and regulatable REST
overexpression platform that can first be validated in an
experimentally accessible cell background and
subsequently adapted to more physiologically relevant
neuronal systems. In this way, the present study was
intended not as a disease model, but as a foundational
technical step that may facilitate future mechanistic
studies of REST function in iPSC-based neuronal and

organoid models relevant to neurodevelopmental and
neurodegenerative disease research.

2.0 MATERIALS AND METHODS

2.1 Plasmid preparation and molecular cloning

This study was approved by the Institutional Biosafety
Committee (IBC), Department of Biosafety, the
Malaysian Ministry of Natural Resources and
Environmental Sustainability, under reference number
JBK (S) 600-3/1/135 (11). In this study, we selected the
Xlone_GFP plasmid (6327 bp) (Figure 1A) as the
backbone for molecular cloning. This plasmid was
obtained from Xiaojun Lian via Addgene (plasmid
#96930; RRID: Addgene_96930;
https://n2t.net/addgene:96930) (Randolph et al,
2017). The backbone plasmid was purchased, cultured,
and extracted using the PrimeWay Plasmid DNA
Extraction Kit (1st Base, Singapore).

The plasmids were then subjected to double digestion
with the restriction enzymes Kpnl and Spel (FastDigest,
Thermo Scientific, USA), followed by alkaline
phosphatase treatment (FastDigest, Thermo Scientific,
USA) according to the manufacturer’s instructions.
Digestion and dephosphorylation were carried out
simultaneously at 37°C for 10 minutes, followed by
enzyme inactivation at 80°C for 20 minutes. The
dephosphorylated and digested plasmid was analysed
by gel electrophoresis, which confirmed the presence of
two bands at 5599 bp and 728 bp. The 5599 bp band
was excised from the gel to ensure high purity of the
linearised plasmid, followed by purification using the
PrimeWay Gel Extraction/PCR Purification Kit (1st Base,
Singapore).

Molecular cloning in this study was performed using
NEBuilder HiFi DNA Assembly (NEB, UK), following the
manufacturer’s recommended 4—-6 fragments assembly
protocol. A total of three fragments were inserted into
the linearised plasmid. These DNA fragments included
REST, an oligonucleotide containing FLAG and P2A, and
eGFP (Figure 1). The primer sequences for each
fragment were designed using the NEBuilder Assembly
Tool (https://nebuilder.neb.com/#!/). Only the REST
and eGFP fragments required primers (Table 1), which
were amplified by PCR from pooled human cDNA
samples and the Xlone_GFP plasmid, respectively. The
PCR was conducted using Phusion High-Fidelity DNA
Polymerase (HF Buffer) (NEB, UK) and subsequently
purified.

The FLAG—P2A oligonucleotides (81 bp) (Table 1) were
synthesised separately for both strands and annealed
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using a touchdown thermal cycling programme. The
reaction was initially denatured at 95.0°C for 2 minutes,
followed by 80 cycles of stepwise temperature
reduction from 95.0°C at 1.0°C per cycle, with a 15
seconds hold per cycle, and a final hold at 16.0°C for 10
seconds. The annealed product was purified using the
PrimeWay Gel Extraction/PCR Purification Kit (1st Base,
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Figure 1. (A) Plasmid backbone Xlone_GFP from Addgene. (B) Generation of the Xlone_REST_FLAG_P2A_GFP plasmid via the
NEBuilder assembly method (NEB, UK). (C) Diagrammatic representation of assembly of inserts into Xlone_GFP vector (Created

in https://BioRender.com).

Table 1. Primers and molar ratios used for each insert DNA fragment. The required DNA mass for each fragment
was calculated from fragment length and concentration using the NEBuilder assembly tool, with each fragment

adjusted to at least 0.2 pmol to maintain an appropriate molar ratio for efficient multi-fragment assembly.
Molar ratio

Fragment . q IRy
(bp) Production Primers (5'>3’) (Ratio to vector)
REST PCR F: CCACTTCCTACCCTCGTAAAGGTACATGGCCACCCAGGTAATG 15

(3341 bp) R: CCTTGTCGTCATCGTCTTTGTAGTCCTCCTGCCCTTGAGCTGC ’

FLAG-P2A Synthesis, annealing GACTACAAAGACGATGACGACAAGGCCACTAACTTCTCCCTGTTGAAACAAGCA 10

(81 bp) and PCR GGGGATGTCGAAGAGAATCCCGGGCCA

GFP PCR F: GGATGTCGAAGAGAATCCCGGGCCAATGGTGAGCAAGGGCGAG 5

(776 bp) R: CTTAGCTCGCAGGGGAGGTGGTCTATTAGAATTCCTTGTACAGCTCG
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2.2 Transformation and screening

Competent NEB10 beta cells were prepared by
expanding bacterial cultures and washing the cell pellet
with cold 100 mM CaCl, and cold 100 mM MgCl,,
followed by cryopreservation in cold 80 mM CaCl, with
15% glycerol. A total of 2 ul of the assembly reaction was
added to 50 ul of in-house competent NEB10 beta cells,
and the mixture was gently mixed by flicking three
times. The mixture was then incubated on ice for 30
minutes, heat-shocked at 42°C for 30 seconds and
incubated on ice for 5 minutes. Pre-warmed SOC media
(950 pl) was added, and the mixture was incubated at
37°Cfor 1.5 hours with shaking (650 rpm).

Subsequently, 250 pl of the transformed mixture was
spread on LB agar (BD Difco, USA) containing 100 pug/ml
ampicillin and incubated at 37°C for 18 hours. Bacterial
colonies were then picked, transferred into LB broth (BD
Difco, USA) containing 100 pg/ml ampicillin, and
cultured overnight (18 hours) in an incubator shaker at
37 °C (230 rpm). A positive control of the NEB HiFi
Assembly Kit was also included to confirm colony
formation.

Plasmid extraction and purification were performed
using the PrimeWay Plasmid DNA Extraction Kit (1st
Base, Singapore) following the manufacturer’s
instructions. Each purified transformant plasmid was
further validated by comparing its size to that of the
uncut vector using Restriction Fragment Length
Polymorphism (RFLP) analysis. Only transformants with
a larger plasmid size than the uncut vector were further
analysed by RFLP. The RFLP was performed using single
digestion with BamHI alone or double digestion with
both BamHI and Bglll in 1X NEBuffer 3.1 (NEB, UK),
following the manufacturer’s instructions (Figure 1B).
Digestion of restriction enzymes was performed at 37°C
for 60 minutes, followed by enzyme inactivation at 65°C
for 20 minutes. The qualitative RFLP analysis was
performed by electrophoresis on a prestained agarose
gel with ViSafe Red Gel Stain (Vivantis Technologies,
Malaysia). Clones yielding an approximately 1,000 bp
DNA fragment were selected for further validation
because this size was consistent with the expected
colony PCR product of the recombinant construct.
Accordingly, the ~1,000 bp band served as a preliminary
indicator of successful insert incorporation before
additional validation by Sanger sequencing of the FLAG-
P2A oligonucleotide orientation.

2.3 DNA sequencing
Positive clones were confirmed by direct sequencing.
Plasmids of the correct size were sequenced to verify

the cloned sequences. Sanger sequencing was
performed using five primer pairs at 1st BASE
Laboratories Sdn Bhd. A total of 5 primer pairs were

used, as follows: (First-Forward:
CACTTCCTACCCTCGTAAAG and Reverse:
GATGAGTCTTCTGAGAACTTG; Second-Forward:
CCTTACTCAAGTTCTCAGAAG and Reverse:
GAGCAGATCCCTTCTCAAC; Third-Forward:
CTCAGAAGGAACCTGTTGAG and Reverse:
CAAGTTTTGTCCAGAGGATG; Fourth-Forward:
CCCATATTTCATCCTCTGG and Reverse:
CGTCCTTGAAGAAGATGG; Fifth-Forward:
GCACCATCTTCTTCAAGGAC and Reverse:
CGCCTGTCTTAGGTTGGAG). To assess sequence
specificity and detect any potential PCR-induced

mutations, the generated sequences were aligned with
reference sequences using Unipro UGENE 47.0
(Golosova et al., 2014; Okonechnikov et al., 2012; Rose
et al., 2019). Each primer sequence was analysed
against the original sequence of our construct using the
NEBuilder Assembly Tool.

2.4 Cell culture and transfection

For the transfection experiments, HEK293FT cells were
divided into four groups based on the plasmid
combinations and induction conditions used. Group 1
served as the negative control and received the
Xlone_GFP plasmid without doxycycline induction.
Group 2 received the Xlone GFP plasmid with
doxycycline induction. Group 3 received the
Xlone_REST_Flag_P2A_GFP plasmid without
doxycycline induction, and Group 4 received the
Xlone_REST Flag P2A_GFP plasmid with doxycycline
induction. HEK293FT cells were maintained in a 5% CO,
incubator at 37°Cin DMEM (Gibco, USA) supplemented
with 2 mM L-glutamine (Gibco, USA), 1 mM sodium
pyruvate (Gibco, USA), 1X MEM Non-Essential Amino
Acids (Gibco, USA), 100 U/ml penicillin/streptomycin,
and 10% (v/v) fetal bovine serum (FBS).

All plasmids used for transfection were extracted using
the ZymoPURE™ Plasmid Miniprep Kit (Zymo Research,
USA) to obtain plasmid DNA with minimal endotoxin
contamination. A total of 2.5 pg of plasmids, including
the Xlone_REST_Flag_P2A_GFP or Xlone_GFP (positive
control) and the transposase plasmid (SB100X) at a 5:1
ratio, were transfected into HEK293FT cells in
suspension using Polyethylenimine (PEI) (Sigma, USA) at
1 mg/mL. A 1:3 plasmid-to-PEl volume ratio was used
for transfection.

The plasmids and PEl were thoroughly mixed in
OptiMEM medium (Gibco, USA) by gently pipetting up
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and down, then incubated for 15-20 minutes before
being added to the cell suspension. The suspension cells
were mixed with full media supplemented with 5% FBS
and 0.5% penicillin/streptomycin. The transfected cells
were induced with doxycycline (1000 ng/mL) at 24
hours post-transfection to activate transgene
expression through the Tet-On (rtTA/TRE) promoter
system. eGFP expression was monitored at 24 hours and
48 hours after induction, corresponding to 48 hours and
72 hours post-transfection, respectively, using a JuLl™
Stage (NanoEnTek Inc., USA).

After 72 hours of transfection, the transfected cells
were selected using blasticidin (8—9 pg/ml) for 57 days.
Following antibiotic selection, the cells were re-induced
with doxycycline for 48 hours before being harvested
for protein extraction.

2.5 FACS analysis and cell sorting

After several passages, GFP+ cells were manually
selected under a microscope as the number of non-GFP
cells decreased. The cells were then analysed by flow
cytometry to determine the percentage of GFP+ cells,
comparing the Xlone_REST_Flag P2A_GFP clone
plasmid to the Xlone_GFP plasmid (positive control).

The GFP+ cells were further expanded and subjected to
FACS analysis and sorting using the BD FACSAria Fusion
Flow Cytometer (BD, USA). The number of cells for
sorting was calculated based on the maximum cell count
compatible with a 70 um nozzle. GFP+ cells were sorted
until approximately 300,000 cells were obtained in a
single tube. The sorted cells were then washed twice
with fresh complete media before being cultured in a
12-well plate.

2.6 Protein extraction, Western blot, and band
intensity analysis

Cell pellets were washed twice with cold PBS and
subjected to protein extraction using RIPA buffer
(Thermo Fisher Scientific, USA) supplemented with 1X
phosphatase inhibitor PhosSTOP™ (Roche, USA) and

protease inhibitor (Thermo Scientific, USA). The mixture
was resuspended multiple times, incubated on ice for 30
minutes, and centrifuged at 13,400 rpm for 30 minutes
at 4°C. Protein concentration was quantified using the
BCA Protein Assay Kit (Thermo Fisher Scientific, USA).

A total of 20 pg of protein was mixed with Laemmli
buffer (Bio-Rad) containing 10% 2-mercaptoethanol,
denatured at 100°C for 5 minutes, and loaded onto 4—
20% Mini-PROTEAN TGX precast gels (Bio-Rad) for SDS-
PAGE, run at 80 V for 10 minutes followed by 150 V for
30 minutes. Proteins from the gel were transferred to
PVDF membranes using the Trans-Blot® Turbo™
Transfer System (#1704150; Bio-Rad, US) at the high-
molecular-weight setting (10 minutes, 2.5 A).
Membranes were stained with Ponceau S (5 minutes) to
visualise protein bands, rinsed twice with TBST (5
minutes each), and blocked with 5% non-fat dry milk in
Tris-buffered saline with 0.1% Tween 20 (TBST) for one
hour at room temperature. Primary antibodies diluted
in TBST with 2.5% non-fat milk were incubated
overnight (16—18 hours) at 4°C on a shaker at 30 rpm,
followed by three TBST washes (5 minutes each) and a
1-hour incubation with HRP-conjugated secondary
antibodies at room temperature. The primary and
secondary antibodies used for the Western blot are
listed in Table 2. After three additional TBST washes, a
chemiluminescent substrate was applied for 5 minutes,
and the signals were detected using the G: BOX gel
documentation system (Synoptics Ltd, UK). Band
intensity was measured using Imagel software (Fiji
version 2.16.0/1.54p).

2.7 Statistical analysis

Statistical analyses were conducted using GraphPad
Prism 9.0. Data are presented as mean % standard
deviation (SD) from four biological replicates.
Comparisons between two groups were performed
using a one-tailed Student’s t-test. Differences were
considered statistically significant at *p<0.05 and
p<0.01, whereas ns indicated no significant difference.

Table 2. List of primary and secondary antibodies for Western blot.

Protein name Brand (Country) Catalogue no. Dilution Host

REST Proteintech (USA) 22242-1-AP 1:1000 Rabbit
GFP Millipore (Germany) AB3080 1:1000 Rabbit
FLAG Elabscience (China) E-AB-20006 1:1000 Mouse
Beta actin Elabscience (China) E-AB-40338-120ulL 1:10000 Rabbit
Goat Anti-Mouse IgG H&L (HRP) Abcam (USA) AB6789 1:4000 Mouse
Goat Anti-Rabbit 1gG H&L (HRP) Abcam (USA) AB6721 1:4000 Rabbit
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3.0 RESULTS AND DISCUSSION

In this study, we successfully constructed and validated
a doxycycline-inducible RE1-silencing transcription
factor (REST) overexpression system using a PiggyBac
(PB)-based transposon vector. This platform enabled
stable genomic integration and inducible expression in
mammalian  cells, offering advantages over
conventional transient plasmid transfection,
particularly for large and transcriptionally repressive
genes such as REST. The PB system was used in a binary
configuration, in which the transposon and transposase
were delivered separately to promote efficient genomic
integration. Compared with viral vectors, PB-based
systems are safer, more scalable, and capable of
carrying relatively large DNA inserts while maintaining
high transposition efficiency (Li et al., 2013; Wilber et
al., 2007; Zhao et al.,, 2016). More broadly, both
PiggyBac and Sleeping Beauty are well-established non-
viral transposon platforms for stable genomic
integration and sustained transgene expression in
mammalian cells, supporting the use of transposon-
based engineering to establish an inducible REST
overexpression model (Nakazawa et al., 2013; Sandoval-
Villegas et al., 2021; Turchiano et al., 2014).

To generate the recombinant construct, we employed
NEBuilder HiFi DNA Assembly (NEB, UK), a Gibson
assembly-derived approach suitable for seamless multi-
fragment cloning. Prior in silico simulation using the
manufacturer’s design platform predicted a final
construct size of 9693 bp (Figure 1A and Figure 1B) and
guided the design of fragment-specific primers with
appropriate overlapping extensions. The original eGFP
cassette was first removed to permit reconstruction of
the expression cassette into the required REST-FLAG-
P2A-GFP configuration, after which eGFP was
reintroduced to preserve its role as a fluorescent
reporter. Thus, rather than performing a simple direct
insertion of REST using ACC65I/Kpnl, the vector was
redesigned stepwise to achieve the desired architecture
for regulated expression and downstream visualisation.

The FLAG-P2A sequence was incorporated to support
both protein detection and reporter-based monitoring
of transgene expression. Specifically, the FLAG epitope
enabled immunological detection of recombinant REST,
whereas the P2A peptide mediated co-expression of
REST and GFP from a single open reading frame via
ribosomal skipping during translation (Donnelly et al.,
2001; Kim et al., 2011). This arrangement allowed GFP
fluorescence to serve as a visual readout of inducible
transgene expression while REST protein expression
could still be verified directly by immunoblotting.

Because the FLAG-P2A fragment was short and
sequence-defined, it was introduced using
commercially synthesised oligonucleotides rather than
template-based PCR amplification. This strategy
simplified  construct assembly and  reduced
opportunities for polymerase-associated sequence
errors prior to final sequence verification, although
synthetic DNA also requires validation, as synthesis-
derived errors may occur (Hughes & Ellington, 2017;
Mclnerney et al., 2014).

Primers were therefore generated only for the REST
DNA fragment and eGFP, whereas the FLAG-P2A
sequence was incorporated during construct assembly
using synthesised oligonucleotides (Figures 2C-i to iii).
During gel-based verification, the appearance of two
eGFP bands may reflect heteroduplex formation or
minor nonspecific PCR products, both of which have
been reported to generate additional bands on agarose
gels (Thompson et al., 2002). Nevertheless, the
expected eGFP amplicon was present and considered
suitable for downstream assembly. The restriction sites
present in the original plasmid backbone were not
retained in the final recombinant construct after cloning
and assembly, most likely because cassette
reconstruction altered the local sequence context,
eliminating previously available recognition sites.
Similar loss or replacement of restriction sites has been
described in recombination-based DNA assembly and
construct refactoring workflows, in which local
sequence redesign can delete or substitute pre-existing
sites (Kalva et al., 2018). Consequently, alternative
restriction enzymes were selected for RFLP analysis
based on the updated final construct sequence.

Transformation of NEB 10-beta competent cells yielded
only a limited number of colonies. Across four plates,
only 10 unique colonies were obtained, suggesting that
the multi-fragment assembly reduced overall cloning
efficiency. Of these, nine colonies were selected for
plasmid size verification and RFLP analysis. Four
transformants exhibited larger plasmid sizes than the
control vectors (Figure 2B-i and Figure 2B-ii), consistent
with successful incorporation of the intended insert.
These four clones were then analysed by RFLP using
double digestion with BamHI and Bglll and single
digestion with BamHI alone. All four displayed the
expected fragment sizes of 1058 bp and 5599 bp,
confirming correct insertion. In Figure 2B-ii, lane 23, a
faint additional band was observed below the 5599 bp
fragment, suggesting partial or incomplete digestion.
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Sanger sequencing was subsequently performed to
verify the orientation of the FLAG-P2A oligonucleotide
in all four positive clones. Full sequencing was then
carried out for clones 8 and 9, and the complete
recombinant vector sequence was confirmed by
pairwise alignment with the reference construct using
UGENE software. Clone 8 (Figure 2B-iii, lanes 8a and 8b)
showed the expected validation pattern and was
therefore selected for functional testing in HEK293FT
cells. Rather than serving as a model of
neurodegeneration, HEK293FT cells were used in this
study as a technically convenient mammalian platform
for initial construct validation. This choice was
supported by the well-established use of HEK293-

REST L

FLAG-P2A

[ 3000bp

A (i)

6000bp [
5000bp

3000bp 8

§6885p

3000bp|

B (i)

B (ii)

derived cells for high-efficiency transfection,
heterologous  protein  expression, and rapid
experimental optimisation. In contrast, more
biologically  relevant  studies of REST in

neurodegeneration would require neuronal systems
such as iPSC-derived neurons or organoids.

The validated vector was transfected into HEK293FT
cells to assess inducible expression. Mock-transfected
HEK293FT cells and cells transfected with Xlone_GFP
were included as negative and positive controls,
respectively. The mock control showed no background
autofluorescence or nonspecific GFP signal. In contrast,

L eGFP L

100bp

LTS

8a 8 9a 9

B (iii)

Figure 2. Before assembly, (A-i) the REST, (A-ii) FLAG-P2A, and (A-iii) eGFP were amplified by PCR. After cloning (B-i to ii), a total
of nine bacterial colonies (i-Lanes 1-4; ii-Lanes 5-9) were picked, cultured, and plasmids were extracted to verify their sizes
against the plasmid control (Xlone_GFP) (B-i—Lane C and B-ii—Lane C). RFLP analysis was performed to confirm plasmid sizes by
digestion with the restriction enzymes BamHI and Bglll, yielding ~1000 bp and 5599 bp fragments (B-iii). Single digestion with
BamHI was performed. Lane 2a (double digestion) and 2b (single digestion) represent the first clone; Lane 6a (double digestion)
and 6b (single digestion) represent the sixth clone; Lane 8a (double digestion) and 8b (single digestion) represent the eighth
clone; and Lane 9a (double digestion) and 9b (single digestion) represent the ninth clone.
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the Xlone_GFP construct served as a positive control to
assess transfection efficiency and the proper
functioning of the doxycycline-inducible system. At 48
and 72 hours post-transfection, following doxycycline
induction at 24 and 48 hours, eGFP-positive cells were

Negative control/PC &=

[&¢"

Xlone_GFP/PC

Negative control/GFP ‘ Ine_GFP /F

Negative control/PC £ Xlone_GFP/PC

&t

PRGN e

Negative control/GFP Ine_GFP /GFP

detected in both the Xlone REST FLAG_P2A GFP and
Xlone_GFP groups, but not in the mock control (Figure
3). These findings confirmed that the validated vectors
were functional and capable of driving inducible
reporter expression.

Xlone_REST_FLAG_P2A_GFP /PC

Xlone_REST_FLAG_P2A_GFP
/GFP

Xlone_REST_FLAG_P2A_GFP
/GFP

Figure 3. Transfection of HEK293FT cells with Xlone_GFP and Xlone_REST_FLAG_P2A_GFP expression vectors. At 24 hours post-
transfection, the transfected cells, along with negative controls, were induced with 1 ug/ml doxycycline. The negative controls
(A-B and G-H) were treated with only the transfection mixture, without any vectors, and did not express eGFP. Phase contrast
(PC) and fluorescence images were captured 24 hours (A-F) and 48 hours (G-L) after doxycycline induction. Cells transfected
with Xlone_REST_FLAG_P2A_GFP displayed dimmer eGFP fluorescence compared to those transfected with Xlone_GFP. The

scale baris 100 um.
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P2A_GFP /PC/BSD

Figure 4. Transfected HEK293FT cells with constructed expression vectors of Xlone_GFP and Xlone_REST_FLAG_P2A_GFP after
blasticidin (BSD) selection. At 48 hours post-doxycycline (1 ug/ml), phase contrast (PC) and fluorescence images were taken.
Cells with Xlone_REST_FLAG_P2A_GFP show less eGFP compared to cells with Xlone_GFP. The scale bar is 100 um.

Incorporation of the eGFP reporter enabled
straightforward visual monitoring of transgene
expression. Detection of eGFP fluorescence indicated
successful co-expression of the downstream reporter,
consistent with the high cleavage efficiency reported for
2A peptides in mammalian systems (Donnelly et al.,,
2001; Kim et al., 2011). However, fluorescence intensity
differed between the GFP  control and
REST_FLAG_P2A_GFP groups, suggesting differences in
transgene output and/or cellular tolerance to REST
overexpression. Although doxycycline induction clearly
produced eGFP-positive cells, both fluorescence
intensity and uniformity decreased after blasticidin
selection and subsequent passaging. Rather than simply
reflecting persistence of non-transfected cells, this
reduction more likely indicates heterogeneity in stable
transgene expression and/or partial silencing following
genomic integration. These phenomena have been
described in antibiotic-selected cell populations and are
influenced by local chromatin context and position
effects (Kaufman et al., 2008). In addition, transcription
factor overexpression can alter cellular fitness and
transcriptomic state (Parekh et al., 2018), potentially
favouring the survival of cells with lower
REST_FLAG_P2A_GFP expression.

The decline in eGFP expression is also consistent with
previous reports of transgene silencing or variegated
expression due to epigenetic modifications, positional
effects, or cell-cycle-dependent regulation (Kaufman et
al., _2008). REST overexpression itself may have
contributed to this phenotype. REST has been
associated with suppression of epithelial cell growth,
tumour-suppressive activity, mitochondrial
dysfunction, reduced dendritic spine density, and
apoptosis in different cellular contexts (Indo et al., 2024;
Liu et al., 2022). Blasticidin selection may therefore have
enriched for cells with lower transgene output,
reflecting REST-dependent effects on stress response,
survival, and cell state. The reduced eGFP intensity and
altered morphology observed here may also be
attributable  to  REST-mediated  transcriptional
repression or epigenetic silencing of the integrated
transgene. REST has been reported to influence
chromatin accessibility and methylation status, thereby
modulating the expression of genes involved in
differentiation and extracellular matrix remodelling
(Perycz et al., 2024).

Flow cytometry analysis (Figure 5) further confirmed
the presence of eGFP-positive cells in both the GFP
control and REST_FLAG_P2A_GFP-transfected
HEK293FT populations. However, both the percentage
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of GFP-positive cells and the mean fluorescence
intensity (MFI) were higher in control eGFP cells than in
REST_FLAG_P2A_GFP cells, indicating reduced reporter
output in the presence of REST overexpression. After
sorting (Figure 6), GFP-positive populations were
enriched and successfully expanded. Fluorescence
imaging at 48 hours post-doxycycline induction showed
that REST_FLAG_P2A GFP-transfected cells retained
eGFP expression, albeit at a lower intensity than the GFP
control, consistent with the microscopy and flow
cytometry findings.

Western blot analysis validated REST overexpression
(Figure 7), detecting REST at approximately 200 kDa and
130 kDa in doxycycline-induced REST_FLAG_P2A_GFP
cells. Quantification showed significant upregulation of
REST protein, with a 1.56-fold increase (p<0.05) at ~200
kDa and a 1.45-fold increase (p<0.01) at ~130 kDa in
induced cells relative to non-induced controls. In
contrast, eGFP control cells showed no detectable
change. Because HEK293-derived cells express
endogenous REST, this system should be interpreted as
an inducible REST overexpression model on top of a
basal endogenous background rather than as a de novo
REST expression system (Cavadas et al., 2015).
Accordingly, the increased REST bands observed
following doxycycline treatment reflect augmentation

=u
=u

SSCA
FSC-H

of pre-existing cellular REST levels rather than the
emergence of REST expression in a previously REST-null
background. This interpretation is important because it
indicates that the observed phenotype arose from
increased REST dosage within an existing regulatory
network, rather than from the initial introduction of
REST into a REST-negative host.

These findings confirm that the construct functioned as
intended after doxycycline induction. However, the
reduced eGFP intensity in REST-overexpressing cells
suggests an interaction between exogenous REST
expression and endogenous host-cell regulatory
pathways. As a master regulator of neuronal gene
expression, REST participates in chromatin remodelling
and transcriptional repression (Ballas et al., 2005). Its
overexpression may therefore perturb broader gene
networks linked to differentiation, metabolism, cellular
stress, and survival. Because eGFP was expressed from
the same inducible cassette, such perturbations may
also have indirectly affected reporter expression,
contributing to variability in fluorescence intensity and
reduced cell viability. These observations are consistent
with previous reports linking REST to suppression of
proliferation and promotion of apoptosis in both
epithelial and neuronal cells (Indo et al., 2024; Liu et al.,
2022).

FSC-A P

=u
mu

SSCA
FSC-H

C
" G
ns
F 8x10+
H-3 | =
7]
& ex10t
H 6x10%
Z
-
o 4x10%
o
o e [
GFP-A o 2x1°4_
4
51 F i
v H 0-
a <"
&
(<24
Mg
A7
S
&
g

FSC-A =

GFP-A =nu

Figure 5. Flow cytometry (FACS) analysis of GFP+ cells before sorting. (A—C) Representative gating strategy for control GFP+
cells: (A) Forward scatter area (FSC-A) versus side scatter area (SSC-A) to define the main cell population, (B) FSC-A versus
forward scatter height (FSC-H) to exclude doublets, and (C) GFP fluorescence intensity histogram (H-3 gate) showing the GFP+
population. (D—F) Representative gating strategy for REST_FLAG_P2A_GFP+ cells using the same sequential steps: (D) FSC-A
versus SSC-A, (E) FSC-A versus FSC-H, and (F) GFP fluorescence intensity histogram identifying the GFP+ population. (G) Mean
fluorescence intensity (MFI) of GFP+ cells for both groups before sorting, indicating relative GFP expression levels. This analysis
was performed to assess the abundance and fluorescence intensity of GFP+ cells prior to sorting, to ensure optimal gating
parameters and maximise sorting efficiency. Data are presented as mean + SD from two independent experiments.
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Xlone_GFP/PC/SORTED

Xlone_GFP /GFP/SORTED

‘ Xlone_REST_FLAG_P2A_GFP/PC/SORTED :

| Xlone_REST_FLAG_P2A_GFP /GFP/SORTED

Figure 6. (A, C) Sorted, transfected HEK293FT cells with the control plasmid Xlone_GFP, shown in phase-contrast (PC) and GFP

channels, respectively. (B, D) Sorted

transfected HEK293FT cells

with the constructed expression vector

Xlone_REST_FLAG_P2A_GFP, shown in PC and GFP channels, respectively. Images were acquired 48 hours after doxycycline

induction (1 pg/mL). Scale bar: 100 pm.

In addition to REST’s direct effects, newly integrated
foreign DNA can be silenced by endogenous chromatin-
silencing complexes such as HUSH, which initiate
heterochromatin formation and suppress foreign
promoters independently of REST activity, thereby
reducing fluorescent reporter expression (Lehner,
2025). Such mechanisms may act synergistically with
REST’s repressive functions, explaining the dim GFP
fluorescence and cellular stress observed in this study.

Although FLAG-tagged REST was detected at
approximately 130 kDa and 200 kDa, the FLAG signals
were relatively weak. Detection of the FLAG epitope
depends on antibody specificity and tag accessibility.
The FLAG tag is widely used because it is short,
hydrophilic, and readily recognised by anti-FLAG
monoclonal antibodies, making it suitable for detecting
recombinant proteins (Knappik & Plickthun, 1994).
However, signal intensity can be influenced by tag
position, protein folding, and post-translational
modification. For example, some anti-FLAG antibodies
recognise only N-terminal FLAG epitopes, whereas
others detect FLAG irrespective of position. Moreover,
tyrosine sulfation has been reported to hinder FLAG
recognition and reduce signal intensity, particularly for
antibodies that are more sensitive to this modification
(Guo et al., 2021; Hunter et al., 2016; Schmidt et al.,

2012). These factors may have contributed to the
comparatively weak FLAG immunoblot signal observed
here.

Additional FLAG-reactive bands were also detected at
approximately 35-42 kDa in doxycycline-treated
samples (Figure 7). REST undergoes alternative splicing,
generating multiple transcript variants that encode
distinct protein isoforms (Chen & Miller, 2013).
Different anti-REST antibodies can therefore vyield
distinct immunoblot patterns, reflecting the structural
and functional diversity of REST isoforms (Chen & Miller
2018). Furthermore, REST isoforms often migrate at
molecular weights that differ from their predicted
values due to post-translational modifications. For
example, REST4 and RESTC, predicted at 37 kDa and 86
kDa, respectively, have been detected at approximately
53 kDa and 130 kDa on Western blot, whereas full-
length REST has been reported across a broad range of
~120-200 kDa (Lee et al., 2000; Nechiporuk et al., 2016;
Zhang et al., 2011). This complexity in isoform structure
and post-translational processing likely accounts for the
unexpected FLAG-associated bands observed in the
present study.

Overall, despite the transient and somewhat
heterogeneous nature of REST overexpression, these
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findings demonstrate the utility of the PiggyBac system
as a robust non-viral gene delivery platform for inducible
mammalian expression studies. Compared with
conventional  plasmid  transfection, transposon-
mediated integration supports longer-term transgene
maintenance and more sustained expression in
mammalian cells (Nakazawa et al., 2013; Sandoval-
Villegas et al.,, 2021). At the same time, the present
findings highlight important biological and technical
constraints, including endogenous REST background,
position-effect variegation, epigenetic silencing, and
possible selection against cells with high REST
expression. An additional limitation of this study is that
the efficiency of the PiggyBac transposon system was
not directly compared with other viral or non-viral
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delivery platforms, such as lentiviral vectors,
conventional plasmid transfection, or alternative
transposon systems. Therefore, although the present
data support the functionality of PiggyBac for inducible
REST overexpression, they do not permit definitive
conclusions regarding its relative efficiency, stability, or
superiority over other available gene delivery
approaches. Future refinements, such as incorporating
chromatin insulators, alternative promoter
configurations, using host cell systems with lower
endogenous REST expression, and conducting direct
side-by-side comparisons with other delivery systems,
may improve the stability, uniformity, and
interpretability of inducible REST overexpression in
mammalian cells.
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Figure 7. Analysis of REST protein expression in transfected GFP control or REST_FLAG_P2A_GFP HEK293FT cells. (A) and (B)
Quantification of 200 kDa and 130 kDa protein relative expression, respectively, normalised to the average of the non-
doxycycline-induced cells (Dox-). Data are presented as the mean with standard deviation (SD), along with individual data
points. Statistical significance was determined using a one-tailed t-test, where *p<0.05, **p<0.01, and "ns" indicates non-
significance. (C) Representative Western blot images showing REST expression at 200 kDa and 130 kDa, along with loading
controls B-Actin (42 kDa) and GFP (28 kDa). REST protein expression levels at 130 kDa and 200 kDa were significantly different
in Dox+ REST_FLAG_P2A_GFP cells as compared to the Dox- (C). In contrast, no significant difference was observed in the
expression of REST (200 kDa and 130 kDa) in Dox+/Dox- GFP control cells. GFP expression was detected in both GFP control
and REST_FLAG_P2A_GFP cells in the presence of doxycycline. FLAG expression at (35-42 kDa) was detected only in

REST_FLAG_P2A_GFP cells in the presence of doxycycline.
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4.0 CONCLUSIONS

In conclusion, this study successfully established and
validated a doxycycline-inducible REST overexpression
system based on the PiggyBac transposon platform in
HEK293FT cells. The REST-FLAG-P2A-GFP construct was
successfully assembled, sequence-verified, and
functionally expressed following doxycycline induction.
eGFP fluorescence, flow cytometry, and Western
blotting consistently confirmed inducible transgene
expression, while increased REST protein levels at
approximately 200 and 130 kDa demonstrated
successful overexpression above the endogenous basal
REST background. At the same time, the reduced eGFP
intensity observed after selection and passaging
indicated heterogeneity in stable expression and
suggested that REST overexpression may affect cellular
fitness, reporter output, and transgene stability.
Collectively, these findings demonstrate that the
PiggyBac system is a useful non-viral platform for
inducible REST expression in mammalian cells, while
also highlighting important technical and biological
constraints to consider  when interpreting
overexpression-based models. Future work in more
disease-relevant neuronal systems may further clarify
the role of REST in neurodevelopmental and
neurodegenerative disorders.

Supplementary Materials: The following are available online
at https://neuroscirn.org/ojs/index.php/nrnotes/article/view
/509; Figure S1: SBSleeping Beauty (SB100X) plasmid as the
transposase. Figure S2: Sanger sequencing validation of key
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