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Abstract Recombinant adenovirus (rAdV) is a commonly used vector system for gene trans-
fer. Efficient initial packaging and subsequent production of rAdV remains time-consuming
and labor-intensive, possibly attributable to rAdV infection-associated oxidative stress and
reactive oxygen species (ROS) production. Here, we show that exogenous GAPDH expression
mitigates adenovirus-induced ROS-associated apoptosis in HEK293 cells, and expedites adeno-
virus production. By stably overexpressing GAPDH in HEK293 (293G) and 293pTP (293GP) cells,
respectively, we demonstrated that rAdV-induced ROS production and cell apoptosis were
significantly suppressed in 293G and 293GP cells. Transfection of 293G cells with adenoviral
plasmid pAd-G2Luc yielded much higher titers of Ad-G2Luc at day 7 than that in
HEK293 cells. Similarly, Ad-G2Luc was amplified more efficiently in 293G than in
HEK293 cells. We further showed that transfection of 293GP cells with pAd-G2Luc produced
much higher titers of Ad-G2Luc at day 5 than that of 293pTP cells. 293GP cells amplified the
Ad-G2Luc much more efficiently than 293pTP cells, indicating that exogenous GAPDH can
further augment pTP-enhanced adenovirus production. These results demonstrate that exog-
enous GAPDH can effectively suppress adenovirus-induced ROS and thus accelerate adenovirus
production. Therefore, the engineered 293GP cells represent a superfast rAdV production sys-
tem for adenovirus-based gene transfer and gene therapy.
ª 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Introduction

Human adenovirus serotype 5 (Ad5) is a linear 36 kb double-
stranded, nonenveloped DNA virus in the shape of a
70e90 nm icosahedral particle with an outer protein shell
surrounding an inner nucleoprotein core.1e3 Recombinant
replication-deficient adenovirus (rAdV) represents one of
the most commonly used viral vectors for in vitro and in
vivo gene delivery.1e6 rAdV has several attractive features
for gene transfer including large cargo capacity, easy
preparation of high titer viral stocks, high levels of trans-
gene expression, and the ability to transduce a wide range
of mammalian tissues and dividing/non-dividing cells.3,5,6

Furthermore, adenovirus-mediated gene delivery is tran-
sient and does not involve DNA integration into the host
genome so insertional mutagenesis rarely occurs.2,3,5

Lastly, adenovirus DNA replication and adenovirus life cycle
have been well understood and studied, which further
benefits the utility of recombinant adenoviruses.1e3,5 In
addition to its applications in gene transfer and gene
therapy, adenoviral vectors are popular choices for onco-
lytic viral therapy, cancer immunotherapy, and DNA/RNA-
based vaccination.7e10

Since rAdV is void of the critical E1 viral genes, rendering
rAdV replication-deficient and creating package capacity
for transgenes of interest, the production of AdV requires
the use of packaging cells, such as the commonly used
HEK293 cells.3 HEK293 cells were generated by trans-
forming human embryonic kidney (HEK) cells with sheared
adenoviral genomic DNA containing the Ad5 sequences be-
tween 1 and 4137 nt.11,12 For the past decades, several
technical advances have allowed us to easily introduce
transgene fragments into adenoviral genome.13e19 We also
made significant efforts in facilitating rAdV production by
establishing more efficient packaging HEK293 derivative
293pTP and RAPA lines.20,21 Nonetheless, the initial pack-
aging and production of rAdV still requires 10e14 days, and
thus remains a time-consuming and labor-intensive process.

http://creativecommons.org/licenses/by/4.0/
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Adenovirus production is a highly dynamic and well-
orchestrated cellular process of coordinated temporal viral
gene expression, efficient adenoviral DNA replication, and
adequate synthesis of viral capsid proteins for adenovirus
virion assembly.1,22 Meanwhile, the newly generated rAdVs
exert a profound cytopathic effect on host cells.23,24 It is
well established that viral infection often induces mito-
chondria-associated components to boost the production of
reactive oxygen species (ROS), which subsequently leads to
ROS-associated cell apoptosis.25e27 Furthermore, it has
been reported that adenovirus-induced cell death is asso-
ciated with changes in metabolic profiles of the infected
cells, in which adenovirus-induced metabolomic changes
precede cell death in most cases.28 Therefore, it is
conceivable that suppression of adenovirus-induced ROS
production and associated apoptosis may significantly
expedite rAdV production in HEK293 packaging cells.

Commonly known as a housekeeping gene, glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) is a 37 kDa
enzyme (EC 1.2.1.12) that catalyzes the sixth step of
glycolysis responsible for glucose breakdown to provide en-
ergy and carbon sources.29,30 Increasing evidence indicates
that, in addition to its metabolic function, GAPDH plays
important roles in many other cellular processes including
endoplasmic reticulum to Golgi transport, transcription
activation, participation in proteineprotein interactions,
adhesion to extracellular matrix, and association with neu-
rodegeneration and cancer.29e32 In fact, it has been well
recognized that GAPDH is one of the most prominent cellular
targets of oxidative modifications when ROS and reactive
nitrogen species are formed during metabolism and under
stress conditions,33 suggesting that GAPDH may play a pivotal
role in regulating cellular redox.34

In this study, we sought to investigate whether exoge-
nous GAPDH expression would alleviate adenovirus-induced
oxidative stress and ROS-associated apoptosis in
HEK293 cells, and subsequently expedite adenovirus pro-
duction. By stably overexpressing GAPDH in HEK293 and
293pTP cells (designated as 293G and 293GP, respectively),
we demonstrated that rAdV infection induced profound ROS
production and cell apoptosis in the parental lines, which
was significantly diminished in 293G and 293GP cells,
respectively. We demonstrated that transfection of 293G
cells with adenoviral plasmid pAd-G2Luc yielded much
higher titers of Ad-G2Luc at as early as day 7 than that in
HEK293 cells. Similarly, Ad-G2Luc was amplified more effi-
ciently in 293G than in HEK293 cells. We further showed
that transfection of 293GP cells produced much higher ti-
ters of Ad-G2Luc at as early as day 5 than that of 293pTP
cells. It was shown that 293GP cells amplified the Ad-G2Luc
much more efficiently than 293pTP cells, confirming that
exogenous GAPDH can further augment pTP-enhanced
adenovirus production. Collectively, our results demon-
strate that exogenous GAPDH can effectively suppress
adenovirus-induced oxidative stress and ROS production,
and subsequently accelerate adenovirus production. Thus,
the established 293GP cells that overexpress both GAPDH
and Ad5-pTP in HEK293 cells represent one of the fastest
rAdV production systems for adenovirus-based gene trans-
fer and gene therapy.
Materials and methods

Cell culture and chemicals

Human HEK293 (or 293) and human bladder cancer line
T24 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). HEK293-derived 293pTP cells
were previously described.20 Human urine stem cells (USCs)
were isolated as previously described.35 The iMEFs cells were
immortalized mouse embryonic fibroblasts as previously
described.36e38 All cells were maintained in complete Dul-
becco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (Gemini Bio-Products), 100 U/mL
penicillin, and 100 mg/mL streptomycin at 37 �C in 5% CO2 as
described.39e45 Restriction endonuclease enzymes, M-MuLV
reverse transcriptases, and deoxynucleoside triphosphates
(dNTPs) were purchased from New England Biolabs (Ipswich,
MA, USA) and GenScript USA Inc (Catalog #C01581-10; Pis-
cataway, NJ, USA), respectively. Unless indicated otherwise,
all chemicals were purchased from SigmaeAldrich (St Louis,
MO, USA) or Fisher Scientific (Pittsburgh, PA, USA).

Construction of retroviral GAPDH expression vector
and establishment of the GAPDH stable expression
lines, 293G and 293GP, from HEK-293 and 293pTP
cells, respectively

The coding region of human GAPDH was PCR amplified and
subcloned into our homemade retroviral expression vector
pSEPI 46e49 at the BamH1/MluI sites, resulting in pSEPI-
GAPDH (Fig. S1A). The construct was verified by DNA
sequencing. Retrovirus RV-GAPDH was packaged by co-
transfecting pSEPI-GAPDH, pCL-Ampho, and pCMV-VSVG
into HEK-293 cells as previously reported.36,50,51 The
packaged retrovirus supernatants were collected at 36 h,
48 h, 60 h, and 72 h after transfection, filtered, and stored
at 4 �C or �80 �C before use.

For generating stable GAPDH expression lines, expo-
nentially growing HEK-293 and 293pTP cells were infected
with the packaged RV-GAPDH as previously
described.49,50,52 The infected cells were subjected to
three rounds of puromycin selection (final concentration at
0.5 mg/mL). The resultant stable lines were designated as
293G and 293 GP lines, respectively (Fig. S1B). The exoge-
nous GAPDH expression in the stable lines was verified by
touchdown-quantitative real-time PCR (TqPCR) analysis
(Fig. S1C). Aliquots of the stable lines were kept in LN2

tanks for long-term storage.

Construction, packaging, amplification, and
infection of recombinant adenoviruses Ad-G2Luc
and Ad-RFP

Recombinant adenoviruses were generated using the
AdEasy system as described.3,14,15 Briefly, the coding re-
gions of Gaussia luciferase (GLuc) and copGFP, separated
by the self-cleaving peptide E2A, were PCR amplified and
cloned into an adenoviral shuttle vector. The linearized
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shuttle vector was used for homologous recombination re-
actions with the adenoviral backbone vector pAdEasy1 in
BJ5183 cells to generate the recombinant adenoviral vector
pAd-G2Luc. Except for the packaging experiments reported
here, Ad-G2Luc adenovirus was packaged in 293pTP cells,
and amplified to high titers in HEK-293, 293pTP, or RAPA
cells.20,21 The Ad-G2Luc expresses both functional GLuc
and copGFP, which is thus ideal for both qualitative and
quantitative analyses as previously described.53e56 The
control adenovirus Ad-RFP was constructed using the
Gibson DNA Assembly-based OSCA system as described.19

Adenovirus packaging was carried out as described.15,57,58

Briefly, exponentially growing HEK293, 293G, 293pTP, or
293GP cells were seeded in 100 mm cell culture dishes at
w30% density for 4 h. Once the cells were attached, 10 mg of
PacI-cut pAd-G2Luc were mixed with PEI transfection agent
(Polysciences, Inc., Warrington, PA, USA) and added to the
cells maintained in serum-free condition, and incubated at a
37 �C 5% CO2 incubator for 4 h. The DNA/PEI mix was then
replaced with complete DMEM. Adenoviral lysates were
collected on day 7 (for HEK293 and 293G) and day 5 (for
293pTP and 293GP) after transfection.

To assess the genuine titer differences among the
adenoviral lysates produced from different packaging lines,
all adenoviral infection experiments were carried out in the
absence of polybrene, as we previously reported that pol-
ybrene can drastically enhance adenoviral transduction
efficiency.59

Total RNA isolation and TqPCR analysis

Total RNA isolation was conducted according to the method
previously described.60e63 Briefly, subconfluent HEK293,
293G, 293pTP, and 293GP were lyzed using the NucleoZOL
reagent kit (Takara Bio USA, San Jose, CA) by following the
manufacturer’s instructions. Reverse transcription reactions
were performed using hexamers and M-MuLV Reverse Tran-
scriptase (NEB) to obtain cDNA products as PCR templates.
Human GAPDH-specific qPCR primers were designed using
the Primer3Plus program (Table S1). TqPCR was performed
on a CFX-Connect instrument (Bio-Rad Laboratories, Hercu-
les, CA) using 2 � Biotium Forget-Me-Not� EvaGreen qPCR
Master Mix (Biotium, Inc., Fremont, CA) as described.64e66

All TqPCR reactions were performed in triplicate. Human
TBP (TATA-box binding protein) and HPRT1 (hypoxanthine
phosphoribosyltransferase 1) were internal references. The
2�DDCq method was used for quantification analysis of gene
expression levels, as described.67e70

Adenovirus-induced ROS generation and detection

Subconfluent HEK293, 293G, 293pTP, and 293GP cells were
seeded in 35 mm cell culture dishes and infected with Ad-
RFP at the MOI (multiplicity of infection) of 10 for 24 h. The
infected cells were then incubated with the ROS sensor
H2DCFDA (ThermoFisher; final concentration at 5 mM) at
37 �C for 30 min under dark condition, followed by the
removal of the complete DMEM culture medium. For each
dish, 3 mL of phosphate-buffered saline solution (PBS) was
added, and the GFP (green fluorescent protein) and RFP
(red fluorescent protein) signals were immediately
examined and documented under a fluorescence micro-
scope. Each assay condition was done in triplicate.

Cell apoptosis analysis by flow cytometry

Cell apoptosis analysis was performed quantitatively using
flow cytometry as previously described.71e74 Briefly, expo-
nentially growing HEK293, 293pTP, 293G, and 293 GP cells
were seeded in 6-well cell culture plates at 1 � 105 cells/
well for 24 h, and then incubated with hydrogen peroxide
(H2O2) at concentrations ranging from 4 to 9 mM for 6 h. The
treated cells were trypsinized, collected (combined with
the floater cells in the culture medium), and washed with
PBS twice. The recovered cells were resuspended in 500 mL
of PBS and stained with annexin V-FITC and propidium io-
dide (PI) (BioLegend, San Diego, CA) as previously
described,75,76 followed by flow cytometry analysis using a
NovoCyte Quanteon flow cytometer. Data analysis was done
using Novoexpress software.

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed quantitatively using flow
cytometry as previously described.51,77,78 Briefly, expo-
nentially growing HEK293, 293G, 293pTP, and 293 GP cells
were seeded in 6-well cell culture plates at 105 cells/well
for 24 h, and then incubated with H2O2 at 5.0 mM for 6 h.
The treated cells were trypsinized, collected, washed
twice with PBS, and then fixed with 500 mL of pre-chilled
70% ethanol at 4 �C overnight. After fixation, the cells were
incubated with the PI staining solution, containing RNase A
(200 mg/mL), PI (50 mg/mL), and Triton X-100 (0.1% v/v) in
PBS, at 4 �C for 30 min. After the excessive staining solution
was washed off with PBS, the stained cells were subjected
to NovoCyte Quanteon flow cytometry analysis. Cell cycle
profiles were analyzed using the Novoexpress software.

Adenovirus titer determination

In this study, the same percentage of adenoviral lysates
collected from either transfection (for packaging) or infec-
tion (for amplification) samples was used for the side-by-side
comparison experiments. The actual adenovirus titers were
determined as previously described.15,37,79e81 Briefly,
adenoviral lysates or high titer stocks were subjected to 5-
fold or 10-fold serial dilutions, and then used to infect sub-
confluent HEK293 cells seeded in 6-weel cell culture plates.
Since Ad-G2Luc expresses the copGFP marker, GFPþ cells
were enumerated at 36 h post-infection. Adenovirus titers
were calculated by averaging numbers of GFPþ cells for
multiple dilutions for each lysate or virus stock and
expressed in infectious units (IU) per mL (i.e., IU/mL).

Gaussia luciferase (GLuc) activity assay

The secreted GLuc activity assay was carried out as previ-
ously described.53,55,82,83 Specifically, the Ad-G2Luc-con-
taining viral lysates were used to infect the cell lines of
interest. At the indicated time points after infection, a
volume of 50 mL was taken from the culture medium of each
sample for the GLuc activity assay using the Secrete-Pair



Figure 1 Exogenously expressed GAPDH effectively curtails adenovirus-induced production of reactive oxidative species (ROS) in
the adenovirus packaging cells. (A) Schematic representation of a retroviral vector, RV-GAPDH, for stable GAPDH expression, a
tester adenoviral vector, Ad-G2Luc that expresses an E2A-self-cleaved fusion protein of the secreted Gaussia luciferase (GLuc) and
copGFP fluorescent protein, and a control adenoviral vector, Ad-RFP. The overall experimental design is illustrated in Figure S1. (B,
C) Subconfluent HEK293 and 293G cells (B) or 293pTP and 293 GP cells (C) were infected with the same titer of Ad-RFP for 36 h, and
ROS biosensor H2DCFDA (final concentration at 5 mM) was added to the infected cells for 30 min, followed by RFP and GFP imaging.
Bright-field images were also recorded under transmissive light. Representative images are shown.

Exogenous GAPDH accelerates adenoviral production 5
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Gaussia Luciferase Assay Kit (Cat#LF062, GeneCopoeia,
Rockville, MD). Each assay condition was carried out in
triplicate.

Data presentation and statistical analysis

All quantitative experiments were conducted in triplicate
and/or repeated in three independent batches. Data were
expressed as mean � standard deviation. Statistical sig-
nificances between groups were determined by one-way
analysis of variance (ANOVA) and the student’s t-test. A P-
value <0.05 was considered statistically significant.
Results

Adenovirus infection induces a marked production
of ROS that can be effectively mitigated by
exogenously overexpressed GAPDH

We first constructed the retroviral vector pSEHI-GAPDH that
renders stable GAPDH overexpression in HEK293 and 293pTP
cells (Fig. 1A; Fig. S1A). To facilitate tracking the effect of
GAPDH overexpression on ROS production and adenovirus
packaging, we also constructed a tester adenoviral vector,
Ad-G2Luc that expresses an E2A-self cleaved fusion protein
of the secreted Gaussia luciferase (GLuc) and copGFP
Figure 2 Exogenously expressed GAPDH suppresses reactive oxid
aging cells. (A) Subconfluent 293pTP (a) and 293GP (b) cells were
centrations for 6 h. Cells were collected and stained with annexin
shown. (B) The percentage of apoptotic cells was calculated for 2
H2O2 treatment. **P < 0.01, compared with that of the 293pTP grou
H2O2 at 5 mM for 6 h. The treated cells were collected and subjecte
phase were calculated (b). **P < 0.01, compared with that of the
fluorescent protein, as well as a control adenoviral vector,
Ad-RFP (Fig. 1A). Two stable GAPDH expression lines, 293G
and 293GP, were established using the packaged RV-GAPDH
retrovirus as described (Fig. S1B).50,71,84e86 The exogenous
expression levels of GAPDH in both stable lines were
confirmed using TqPCR analysis (Fig. S1C).

To determine whether adenovirus infection induced ROS
production, we infected subconfluent HEK293, 293G cells,
293pTP, and 293 GP cells with the same titer of Ad-RFP for
36 h, and then treated the infected cells with 5 mM ROS
biosensor H2DCFDA for 30 min, followed by RFP and GFP
imaging. We found significantly higher GFP signal (from
H2DCFDA) was observed in HEK293 and 293pTP cells,
compared with that in 293G and 293GP, respectively
(Fig. 1B, C; Fig. S2A, B). These results demonstrate that
adenovirus infection can induce a pronounced ROS gener-
ation, which can be effectively curtailed by exogenous
GAPDH overexpression.
Exogenously expressed GAPDH suppresses ROS-
induced apoptosis in adenovirus packaging cells

To quantitatively assess the anti-ROS effect exerted by the
exogenously overexpressed GAPDH, we treated the sub-
confluent 293pTP and 293GP cells with varied concentra-
tions of H2O2 for 6 h and collected the treated cells for
apoptosis analysis. Our results revealed that H2O2 induced
ative species (ROS)-induced apoptosis in the adenovirus pack-
treated with hydrogen peroxide (H2O2) at the indicated con-

V-FITC/PI for flow cytometric assay. Representative images are
93pTP and 293GP cells treated with various concentrations of
p. (C) Subconfluent 293pTP and 293GP cells were treated with
d to flow cytometric cell cycle analysis (a), and % cells in the S
293pTP group. Representative images are shown.
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apparent apoptosis in 293pTP cells and that was effectively
suppressed in 293GP cells (Fig. 2A, panels a, b). The
quantitative analysis showed that H2O2 induced apoptosis in
293pTP cells in a concentration-dependent fashion, while
the percentage of apoptotic cells was dramatically reduced
in 293GP cells (P < 0.01) (Fig. 2B). Furthermore, we
analyzed the cell cycle profiles of the 293pTP and 293GP
cells treated with 5 mM H2O2 (Fig. 2C, panel a), and found
that the percentage of cells in S phase was significantly
reduced in 293pTP cells but was significantly restored in the
GAPDH overexpressing 293GP cells (Fig. 2C, panel b).
Figure 3 Exogenous GAPDH expression in HEK293 cells accelerat
HEK293 and 293G cells were transfected with pAd-G2Luc plasmid. G
while GLuc activities were quantitatively assessed at the indicated t
HEK293 group. (B) An equal percentage of the viral lysate (VL) prepa
was used to infect HEK293 cells. GFP signal was recorded at 12 h an
at the indicated time points after infection (b). *P < 0.05, **P < 0.0
and 293G-VL were used to infect non-packaging cells including
determined at the indicated time points. **P < 0.01, compared wi
Collectively, these results demonstrate that overexpression
of GAPDH can effectively suppress adenovirus-induced ROS
production and ROS-associated apoptosis.
Exogenous GAPDH expression accelerates the
initial packaging and amplification of recombinant
adenovirus in 293G cells

We next investigated whether GAPDH overexpression in
HEK293 cells affected the adenovirus packaging efficiency.
es the packaging of recombinant adenovirus. (A) Subconfluent
FP signal was recorded on days 1 and 6 after transfection (a),
ime points (b). *P < 0.05, **P < 0.01, compared with that of the
red from HEK293 (i.e., HEK293-VL) and 293G (i.e., 293G-VL) (A)
d 24 h after infection (a), while GLuc activities were measured
1, compared with that of the HEK293-VL group. (C) HEK293-VL
iMEFs (a), USCs (b), and T24 cells (c). GLuc activities were
th that of the HEK293-VL group.
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When subconfluent HEK293 and 293G cells were transfected
with the same amount of PacI-linearized pAd-G2Luc
plasmid, the GFP signal was markedly higher in 293G cells
than in HEK293 cells on day 6, while the GFP signal was
detected at a similar level on day 1 in both cell lines
(Fig. 3A, panel a). Quantitative GLuc activity analysis
revealed that except at 24 h post-transfection GLuc activ-
ities were significantly higher in 293G cells than in
HEK293 cells at 48 h, 72 h, and 96 h post-transfection
(Fig. 3A, panel b), indicating that 293G packaged Ad-G2Luc
more efficiently than that in the parental HEK293 cells.

To determine titer differences of the packaged Ad-
G2Luc, we utilized 5% of the harvested viral lysates pro-
duced from HEK293 (i.e., HEK293-VL) and 293G (i.e., 293G-
VL) to infect HEK293, and found that the GFP signal was
significantly higher in the 293G-VL infected cells at 24 h
than that in HEK293-VL infected cells (Fig. 3B, panel a).
Higher GLuc activities of 293G-LV were also confirmed by
quantitative analysis of GLuc activities of the infected cells
at multiple time points (Fig. 3B, panel b). Furthermore, we
used 10% of HEK293-VL and 293G-VL to infect three non-
packaging cells, iMEFs, USCs, and T24, and quantitative
GLuc activity analysis revealed that 293G-VL infected cells
always yielded significantly higher GLuc activities than that
of HEK293-VL infected iMEFs, USCs, and T24 cells (Fig. 3C,
panels aec). Collectively, these results demonstrate that
GAPDH-overexpressing 293G can package Ad-G2Luc virus
with much higher efficiency.

We further analyzed the effect of exogenous GAPDH on
adenovirus amplification. Experimentally, we infected sub-
confluent HEK293 and 293Gwith titered Ad-G2Luc at the MOI
Figure 4 Exogenous GAPDH expression in HEK293 cells enhances t
Subconfluent HEK293 and 293G cells were infected with the same
72 h (b) after infection, while GLuc activities were quantitatively as
compared with that of the HEK293 group. (B) An equal percentage
(i.e., HEK293-AVL) and 293G (i.e., 293G-AVL) was used to infect HEK
infection, whereas GLuc activities were measured at 12 h and 24
HEK293-AVL group. (C) HEK293-AVL and 293G-AVL were used to in
activities were determined at the indicated time points, while the
**P < 0.01, compared with that of the HEK293-AVL group.
of 20 and found that the numbers of GFPþ cells were dras-
tically higher in 293G cells, compared with that in
HEK293 cells (Fig. 4A, panels a, b), which was further
confirmed by quantitative GLuc activity analysis (Fig. 4A,
panels a, b). We used 5% of the amplified virus lysate (AVL)
from HEK293 (HEK293-AVL) and 293G (293G-AVL) to infect
subconfluent HEK293 cells and found that the numbers of
GFPþ cells were significantly higher for 293G-AVL than that
for HEK293-AVL at 12 h and 24 h post-infection (Fig. 4B,
panels a, b), which was also confirmed by the quantitative
GLuc analysis (Fig. 4B, panel c). Lastly, we used 10% of
HEK293-AVL and 293G-AVL to infect iMEFs, USCs, and T24 and
found that higher numbers of GFPþ cells were observed in
293G-AVL infected T24 cells, to a much lesser extent, iMEF
cells (Fig. S3A, B), although no GFP signal was detected in
USCs (data not shown). Nonetheless, GLuc activity analysis
revealed that 293G-AVL infected cells always yielded
significantly higher GLuc activities than that of HEK293-AVL
infected iMEFs, USCs, and T24 cells (Fig. 4C, panels aec).
Taken together, the above findings demonstrate that GAPDH
overexpression can significantly promote adenovirus pack-
aging and amplification efficiency in HEK293 cells.
Exogenous GAPDH expression further augments
pTP-accelerated adenovirus packaging and
amplification efficiency in 293GP cells

We previously demonstrated that overexpression of Ad5
pTP gene in HEK293 cells (293pTP) markedly accelerated
adenovirus production.20 Here, we sought to test if GAPDH
he amplification and production of recombinant adenovirus. (A)
titter of Ad-G2Luc. GFP signal was recorded at 48 h (a) and

sessed at 48 h and 72 h after infection (c). *P < 0.05, **P < 0.01,
of the amplification viral lysate (AVL) prepared from HEK293
293 cells. GFP signal was recorded at 12 h (a) and 24 h (b) after
h after infection (c). **P < 0.01, compared with that of the
fect subconfluent iMEFs (a), USCs (b), and T24 cells (c). GLuc
GFP signal was much weaker as shown in Figure S3. *P < 0.05,
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overexpression would further augment adenovirus produc-
tion in 293pTP cells by stably transducing this cell line with
packaged RV-GAPDH, resulting in 293GP cells (Fig. 5A,
panel a). By transfecting the linearized pAd-G2Luc plasmid
DNA into subconfluent 293pTP and 293GP cells, we found
that significantly increased GFPþ cells were found in 293GP
cells at 48 h after transfection, compared with that in
Figure 5 Exogenous GAPDH expression further potentiates pTP-ac
representation of the establishment of 293GP cells. RV-GAPDH was u
Subconfluent 293pTP and 293GP cells were transfected with pAd-G
transfection (b), while GLuc activities were quantitatively asses
compared with that of the HEK293 group. (B) An equal percentage
and 293GP (i.e., 293GP-VL) was used to infect HEK293 cells. GFP sign
activities were measured at the indicated time points after infectio
VL group. (C) 293pTP-VL and 293GP-VL were used to infect iMEFs (a
at the indicated time points. **P < 0.01, compared with that of th
293pTP cells (Fig. 5A, panel b). Quantitative GLuc activity
analysis showed that 293GP cells yielded much higher GLuc
activities at 48 h, 72 h, and 96 h after transfection,
compared with that of 293pTP cells (Fig. 5A, panel c).

When HEK293 cells were infected with the virus lysate
retrieved from 293GP cells, 293GP-VL, much higher
numbers of GFPþ cells and higher GLuc activities were
celerated packaging of recombinant adenovirus. (A) Schematic
sed to infect 293pTP cells that were previously established (a).
2Luc plasmid. GFP signal was recorded at 24 h and 48 h after
sed at the indicated time points (c). *P < 0.05, **P < 0.01,
of the viral lysate (VL) prepared from 293pTP (i.e., 293pTP-VL)
al was recorded at 12 h and 24 h after infection (a), while GLuc
n (b). *P < 0.05, **P < 0.01, compared with that of the 293pTP-
), USCs (b), and T24 cells (c). GLuc activities were determined
e 293pTP-VL group.
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observed at all tested time points, compared with that with
293pTP-VL (Fig. 5B, panels a, b). We also used 10% of
293pTP-VL and 293GP-VL to infect iMEFs, USCs, and
T24 cells. Quantitative GLuc activity analysis revealed that
293GP-VL infected cells always yielded higher GLuc activ-
ities than that of 293pTP-VL infected iMEFs, USCs, and
T24 cells (Fig. 5C, panels aec). The above results demon-
strate that GAPDH overexpression can further potentiate
adenovirus packaging efficiency in 293GP cells.

We further compared the adenovirus amplification effi-
ciency in 293pTP versus 293GP cells. We infected subcon-
fluent 293pTP and 293GP with titered Ad-G2Luc at the MOI
of 10 and found that the numbers of GFPþ cells were
drastically higher in 293GP cells at 72 h post-infection,
compared with that in 293pTP cells (Fig. 6A, panel a),
which was further confirmed by quantitative GLuc activity
analysis (Fig. 6A, panels b, c).
Figure 6 Exogenous GAPDH expression further augments pTP-enh
(A) Subconfluent 293pTP and 293GP cells were infected with the sam
(a) after infection, while GLuc activities were quantitatively assess
with that of the 293pTP group. (B) An equal percentage of the ampl
AVL) and 293GP (i.e., 293GP-AVL) was used to infect HEK293 cells
whereas GLuc activities were measured at 24 h and 48 h after infe
group. (C) 293pTP-AVL and 293GP-AVL were used to infect subconfl
determined at 24 h and 72 h after infection, while the GFP signal
with that of the 293pTP-AVL group.
Using 5% of the amplified virus lysate 293pTP-AVL and
293GP-AVL, we infected subconfluent HEK293 cells and
found that the numbers of GFPþ cells were significantly
higher for 293GP-AVL than that for 293pTP-AVL at 24 h and
48 h post-infection (Fig. 6B, panel a), which was also
confirmed by the quantitative GLuc analysis (Fig. 6B, panels
b, c). Lastly, we used 10% of 293pTP-AVL and 293GP-AVL to
infect iMEFs, USCs, and T24 cells and found that higher
numbers of GFPþ cells were observed in 293GP-AVL infec-
ted T24 cells, to a much lesser extent, iMEF cells (Fig. S4A,
B), while no GFP signal was detected in USCs (data not
shown). Nonetheless, GLuc activity analysis revealed that
293GP-AVL infected cells always yielded significantly higher
GLuc activities than that of 293pTP-AVL infected iMEFs,
USCs, and T24 cells (Fig. 6C, panels aec). Collectively, our
findings strongly suggest that GAPDH overexpression, along
with Ad5 pTP overexpression, in HEK293 cells may
anced amplification and production of recombinant adenovirus.
e titter of Ad-G2Luc. GFP signal was recorded at 24 h and 72 h

ed at 24 h and 72 h after infection (b, c). **P < 0.01, compared
ification viral lysate (AVL) prepared from 293pTP (i.e., 293pTP-
. GFP signal was recorded at 24 h and 48 h after infection (a),
ction (b, c). **P < 0.01, compared with that of the 293pTP-AVL
uent iMEFs (a), USCs (b), and T24 cells (c). GLuc activities were
was much weaker as shown in Figure S4. **P < 0.01, compared
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represent one of the most efficient adenovirus packaging
and amplification systems for recombinant adenovirus
production.

Discussion

Exogenous GAPDH expression facilitates adenovirus
production by suppressing adenovirus-induced
oxidative stress and ROS-associated apoptosis in
HEK293 cells

It is well documented that adenovirus infection causes a
profound cytopathic effect in host cells, initially attributed
to adenovirus-induced host cell gene expression shut-
down.87 However, in adenovirus-infected individuals, ROS
were reportedly produced within minutes of Ad5 infection
of macrophages and this oxidative stress supports Ad5-
induced cytokine secretion.25 Since mitochondria-mediated
oxidative stress is common during viral infection,26 here we
demonstrated that adenovirus infection induced a
remarkable ROS production in HEK293 and its derivative
lines, suggesting that oxidative stress may undermine effi-
cient rAdV production in the packaging cells.

Oxidative stress refers to elevated intracellular ROS
levels that cause damage to lipids, proteins, and DNA.88

While oxidative stress has been linked to numerous patho-
logic conditions,31,32,89 ROS are signaling molecules for
redox biology that maintain physiological functions.90

Redox homeostasis within the cell may be altered when the
global shutdown of mitochondrial function under conditions
of oxidative stress could contribute to apoptosis because of
the dramatic decrease in cellular energy supply.89 As a key
glycolytic enzyme and cellular energy provider, GAPDH is
one of the most prominent cellular targets of post-trans-
lational modifications, and during metabolic and oxidative
stress, serves as a target of different oxidative post-trans-
lational modifications, such as sulfenylation, S-thiolation,
nitrosylation, and sulfhydration.34 Increasing evidence in-
dicates that GAPDH serves as cytosolic thiol switches and
regulates numerous cellular functions.33 It has been re-
ported that GAPDH may play an oncogenic role in cancer
through DNA copy number amplification, altered promoter
methylation, and/or FOXM1-regulated overexpression.31,32

Our findings are consistent with the non-glycolytic function
of GAPDH in redox regulation. It is conceivable that under
metabolic and oxidative stresses GAPDH overexpression
may act as cytosolic thiol switches and alleviate ROS-
associated apoptosis in HEK293 cells, subsequently leading
to more efficient adenovirus replication and packaging in
293G and 293GP cells.

Exogenous expression of both GAPDH and Ad5 pTP
in HEK293 cells represents one of the most efficient
adenovirus production systems

Even though rAdV has become one of the most used gene
delivery systems in basic, translational, and clinical
research, efficiently packaging and producing rAdV remains
a technical challenge and time-consuming process for many
investigators.1,3,5 We previously demonstrated that
overexpression of Ad5 terminal binding protein pTP (i.e.,
293pTP) can significantly facilitate the initial packaging and
subsequent amplification processes of rAdV production.20

Ad5 pTP plays an essential role in viral DNA replication since
DNA replication is initiated by covalent coupling of the
dCMP residue of the 50 termini inverted terminal repeats to
pTP and Ad5 DNA Pol complex in 30-OH group, which serves
as a primer for further elongation by a strand displacement
mechanism.22

More recently, we conducted a functional analysis of five
human Ad5 viral genes, including E1A, E1B19K/55K, pTP,
DBP, and DNA Pol, and host factor OCT1 (organic cation
transporter 1), and through different combinations delin-
eated their contributions to adenovirus production and
amplification.21 Using our optimized piggyBac transposon-
based gene expression system,37,46,91 which can effectively
integrate multiple copies of the transgene into AT-rich re-
gions of host chromosomes, we successfully established six
types of genetically modified 293 lines with different
combinations of viral genes and/or OCT1. Through this
methodology, we identified a stable 293 line (i.e., RAPA)
overexpressing both E1A and pTP driven by cytomegalovirus
promoters,92 which can package and yield high titers of
recombinant adenoviruses within 5 days under optimal
transfection conditions.21 However, later studies revealed
that the RAPA cell line tends to generate higher percent-
ages of defective or non-infectious rAdV.

In this study, by stably overexpressing GAPDH in HEK293
(i.e., 293G) and 293pTP (i.e., 293GP) cells, we demon-
strated that rAdV-induced ROS production and cell
apoptosis were significantly diminished in 293G and 293GP
cells. Transfection of 293G cells with pAd-G2Luc yielded
much higher titers of Ad-G2Luc at as early as day 7 than
that in HEK293 cells. Similarly, Ad-G2Luc was amplified
more efficiently in 293G than in HEK293 cells. Furthermore,
transfection of 293GP cells with pAd-G2Luc produced much
higher titers of Ad-G2Luc at as early as day 5 than that of
293pTP cells, and 293GP cells amplified the Ad-G2Luc much
more efficiently than 293pTP cells, indicating that exoge-
nous GAPDH can further augment pTP-enhanced adenovirus
production. Taken together, our results demonstrate that
exogenous GAPDH can effectively suppress adenovirus-
induced oxidative stress and ROS production, and subse-
quently accelerate adenovirus production. Thus, the engi-
neered 293GP cells represent one of the fastest rAdV
production systems that can significantly facilitate adeno-
virus-based gene transfer and gene therapy.
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