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A one-step construction
of adenovirus (OSCA) system using
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Adenovirus (Ad) is a non-enveloped linear double-stranded
DNA virus with >50 serotypes in humans. Ad vectors have
been used as gene delivery vehicles to express transgenes, small
interfering RNAs (siRNAs) for gene silencing, or CRISPR/Cas
and designer nucleases for genome editing. Although several
methods are used to generate Ad vectors, the Ad-making pro-
cess remains technically challenging and time consuming.
Moreover, the Ad-making techniques have not been improved
for the past two decades. Gibson DNA Assembly (GDA) tech-
nology allows one-step isothermal DNA assembly of multiple
overlapping fragments. Here, we developed a one-step con-
struction of Ad (OSCA) system using GDA technology. Specif-
ically, we first engineered several adenoviral recipient vectors
that contain the ccdB suicide gene flanked with two 20-bp
unique sequences, which serve as universal sites for GDA reac-
tions in the Ad genome DE1 region. In two proof-of-principle
experiments, we demonstrated that the GDA reactions were
highly efficient and that the resulting Ad plasmids could be
effectively packaged into Ads. Ad-mediated expression of
mouse BMP9 in mesenchymal stem cells was shown to effec-
tively induce osteogenic differentiation both in vitro and
in vivo. Collectively, our results demonstrate that the OSCA
system drastically streamlines the Ad-making process and
should facilitate Ad-based applications in basic, translational,
and clinical research.

INTRODUCTION
Adenovirus (Ad) has received tremendous attention as a gene delivery
vehicle for several decades due to its well-defined virology and
biology, its non-integrating property and viral genetic stability, its
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high gene transduction efficiency, and its ease of large-scale produc-
tion.1–4 In fact, adenoviral vectors are not only used to deliver trans-
gene expression but also employed to express small interfering RNAs
(siRNAs) for gene silencing and/or CRISPR/Cas and designer nucle-
ases systems for genome editing.1,4,5 Ad is a non-enveloped, linear
double-stranded DNA virus, and differences in viral capsids delineate
tropisms among serotypes. Adenoviral capsids, which are composed
of capsid proteins, core proteins, and cement proteins, delineate tro-
pisms among serotypes, and thus give rise to a vast range of therapeu-
tic candidate viruses.1–4 Human Ads type 2 and type 5 are the most
commonly used serotypes.

Compared with other viral vectors used for gene delivery, adenoviral
vectors offer several distinct advantages.1–3 First, Ad is one of the
most efficient and non-integrating gene delivery systems since most
mammalian cells express Ad primary receptor and secondary integrin
receptors.1–3 Second, Ad vectors provide a versatile platform to
modify viral capsids in order to optimize therapeutic features and tar-
geting specificity of the Ad.1–3 Third, well-understood Ad virology
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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and extensive experimentations with Ad vectors in preclinical and
clinical studies make Ad vectors one of the most commonly used viral
vectors in clinical trials worldwide.1–3 Lastly, even the inherent short-
comings, such as evoked host immunity, have been proved beneficial
for anticancer immunotherapies, vaccination, and/or oncolytic ther-
apies.1–4

Even though the use of recombinant Ad vectors has been wide-
spread, the initial construction and production of a given Ad vector
(especially the first-generation Ad vectors) is still a challenging and
time-consuming process.1–3 Recombinant Ad vectors are usually
generated in four approaches. The classic method is to explore the
homologous recombination occurring between an adenoviral shuttle
vector carrying transgenes and an Ad backbone genome vector in
E1-expressing packaging cells such as HEK-293 cells.1,6 An alterna-
tive technique is to use unique restriction enzymes for direct ligation
of transgene-containing fragments to the linear E1/E3-deleted
adenoviral genome DNA fragment.7 The third approach is to use
site-specific recombinase and transposase systems such as the
CRE/LOX and FLIP/FRT site-specific integration and Gateway
transposon systems.8,9 The fourth approach is to take advantage of
more efficient homologous recombination reactions in microorgan-
isms such as bacteria and yeast to generate transgene-containing Ad
vectors.10–13 In fact, our previously developed AdEasy system has
become one of the most commonly used techniques worldwide to
generate Ad vectors.1,2,12,13 Nonetheless, making Ad vectors remains
a technical challenge to many investigators, while the Ad-making
technology has not been improved for the past two decades. Thus,
it is highly desirable to make the Ad-making process as efficient
and simple as possible.

Gibson DNA Assembly (GDA), named after its developer, Daniel G.
Gibson,14 is a commonly used synthetic biology technique that allows
the one-step isothermal DNA assembly of multiple overlapping frag-
ments in a restriction enzyme-free, seamless, and sequence-indepen-
dent fashion. A typical GDA in vitro recombination system contains
three essential isothermal enzymes: 50-exonuclease to remove nucle-
otides from the ends of double-stranded DNA molecules and expose
complementary single-stranded DNA (ssDNA) overhangs for specific
annealing; DNA polymerase to fill in the ssDNA gaps of the joined
molecules; and DNA ligase to covalently seal the nicks.15 Thus, the
GDA method is a useful molecular engineering tool to seamlessly
assemble synthetic and natural genes, genetic pathways, and even
entire genomes.14–16

In this study, we took the advantage of the GDA technology and
developed a highly simplified one-step construction of Ad (OSCA)
system. Interestingly, several recent studies explored the use of the
GDA technology to construct Ad.17–19 However, those reports were
mainly involved in the construction of either specific oncolytic Ad
or rarely used Ad viruses without broad utilities for conventional
Ad generation. For the OSCA system, we first engineered novel
adenoviral recipient vectors that contain two 20-bp unique sequences,
namely modified one-step site 1 (MOS1) and MOS2, which serve as
the universal overlapping sites for Gibson Assembly reactions at the
DE1 region of the Ad genome. To reduce cloning background, we in-
serted the bacterial suicide gene ccdB between MOS1 and MOS2. By
carrying out two proof-of-principle experiments to express copGFP
and mouse BMP9 (mBMP9), we demonstrated that the GDA reac-
tions were highly efficient and yielded >95% positive colonies. The
resultant recombinant Ad plasmids were effectively packaged into
Ads within 7 days in 293pTP cells. Ad-mediated expression of
mBMP9 in mesenchymal stem cells (MSCs) was shown to effectively
induce osteogenic differentiation both in vitro and in vivo. Collec-
tively, these results demonstrate that the reported OSCA system
significantly simplifies the Ad-making process, which should further
facilitate Ad-based applications in basic, translational, and clinical
research.

RESULTS
Development of the destination vectors for the one-step

construction of adenovirus (OSCA) system using GDA

technology

To develop a panel of adenoviral vectors that can serve as common
recipients for GDA reactions, we modified three of the first-genera-
tion adenoviral shuttle vectors of the AdEasy system,12,13 pShuttle-
CMV, pAdTrack-CMV, and pAdTrace-CMV, by subcloning an oligo
cassette that contains a SwaI site flanked by two unique 20-bp se-
quences, namely MOS1 and MOS2 (Figure 1A, a; Table S1), to
generate pShuttle-MOS, pAdTrack-MOS, and pAdTrace-MOS vec-
tors. In order to increase the efficiency and accuracy of homologous
recombination, these shuttle plasmids were linearized with PmeI
and then transformed into BJ5183/pAdEasy1 bacterial cells, which
contain the backbone of the adenoviral genome, for homologous
recombination (Figure 1A, b). The kanamycin-resistant clones were
picked up and subsequently confirmed by PCR and sequencing, re-
sulting in pAdOS, pAdGOS, and pAdROS vectors.

To reduce potential background in GDA reactions, we further modi-
fied the above vectors by inserting the suicide gene ccdB expression
cassette flanked with SwaI sites through GDA reactions, and grown
in DB3.1 bacterial cells, resulting in the OSCA destination/recipient
vectors, pAdOSd, pAdGOSd, and pAdROSd (Figure 1A, c). As shown
in Figure S1 a versus b, the inclusion of ccdB in pAdGOS effectively
eliminated any bacterial colony formation by pAdGOSd when trans-
formed into competent DH10B cells. The vector maps and full-length
sequences for pAdGOSd and pAdROSd are presented in Figures S2
and S3.

The practical use of the GDA-based OSCA system for transgene
expression is illustrated in Figure 1B. Briefly, the MOS1 and
MOS2-anchored primers are used to amplify the coding region of
the gene of interest (GOI) (Figure 1B, a). The resulting PCR frag-
ment is gel purified, and mixed with the SwaI-linearized destination
vector, such as pAdOSd, pAdGOSd, or pAdROSd, for GDA reac-
tions to generate the GOI-containing recombinant adenoviral
plasmid, pAdOS-GOI (Figure 1B, b). This recombinant adenoviral
plasmid is digested with PacI and then transfected into the
Molecular Therapy: Oncolytics Vol. 23 December 2021 603
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Figure 1. Schematic depiction of the OSCA system using the GDA

technology

(A) Construction of the destination/recipient vectors for the OSCA system. Two

unique sequences MOS1 and MOS2, flanked the unique SwaI site, were first en-

gineered in a first-generation adenoviral shuttle vector, resulting in pShuttle-MOS

(a). Linearized pShuttle-MOS was transformed into the pAdEasy-1-containing

BJ5183 bacterial cells and selected for Kan-resistant pAdOS plasmid (b), which was

subsequently confirmed by PCR and sequencing. The ccdB gene fragment flanked

with SwaI sites was directly subcloned into the SwaI-cut pAdOS and grown in

DB3.1 bacterial cells, resulting in the OSCAdestination/recipient pAdOSd vector (c).

Two alternative destination vectors pAdGOSd and pAdROSd, which co-express

GFP and RFP, respectively, were constructed in a similar fashion (Figures S2 and

S3). (B) Gibson Assembly-mediated one-step construction of recombinant Ads. The
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optimized Ad packaging cells, such as 293pTP and RAPA as
described,20,21 leading to robust Ad packaging and production in
5–7 days (Figure 1B, c). The initial adenoviral lysate can be further
amplified in HEK-293, 293pTP, or RAPA cells to attain high titers
for in vitro or in vivo use.

Efficient generation of the copGFP-expressing adenoviral

vector using the one-step construction of adenovirus system

To carry out a proof-of-principle experiment, we sought to use the
OSCA system to make an adenoviral vector expressing the marker
gene copGFP. We first amplified the coding sequence of copGFP
with MOS1- and MOS2-anchored primers, and purified the fragment
for GDA reactions (Figure 2A,s a and b), yielding adenoviral plasmid
pAdOS-copGFP. Using the NEBuilder HiFi DNA Assembly kit, we
found that the GDA reactions were generally very efficient as
�10% of the assembly products yielded nearly thousands of colonies
after direct plating (Figure 2B). PCR screening of randomly picked up
clones indicated that 15 of 16 were positive for the presence of the
copGFP transgene (Figure 2C). To further verify the structural integ-
rity of adenoviral genome of the pAdOS-copGFP plasmids generated
from the Gibson Assembly reactions, we digested the representative
clones, in comparison with the adenoviral backbone vector pA-
dEasy1, with four restriction enzymes, Hind III (Figure 2D, a), Kpn
I (Figure 2D, b), Bam HI (Figure 2D, c), and Sph I (Figure 2D, d).
The restriction digestion results indicated that all three selected clones
yielded the same expected digestion patterns (Figure 2D). The assem-
bled junctions were further verified by DNA sequencing (Figure S4A).
Collectively, these results demonstrate that the OSCA system is highly
efficient for GDA-based rapid construction of recombinant Ad
plasmids.

We next tested whether the pAdOS-copGFP plasmid could be effec-
tively packaged into Ad. The pAdOS-copGFP plasmid was first line-
arized with Pac I restriction enzyme, and then transfected into
293pTP cells (or RAPA cells, data not shown). While the transfection
efficiency wasmodest, the GFP signal became increasingly intensified,
and formed comet-like foci (indicating active focal amplification and
production of Ad) at 4 days after transfection, becoming apparent at
day 7, which was also the endpoint of the Ad packaging (Figures 3A
and S5A). When the viral lysate was prepared at 7 days after transfec-
tion, we infected HEK-293 cells with different titers (as measured by
percentage of the collected viral lysate) and demonstrated that signif-
icant copGFP expression was observed in a dose-dependent manner
and was detected at as low as 0.1% of viral lysate (Figure 3B,s a–d).
High-titer AdOS-copGFP (e.g., >1012 pfu/mL) was obtained through
two to four rounds of repeated infections of HEK-293, 293pTP or
coding region of the GOI is first PCR amplified with MOS1- and MOS2-anchored

primers (a), and the purified PCR fragment is assembled with the SwaI-digested

destination vector, e.g., pAdOSd, pAdGOSd, or pAdROSd, through Gibson As-

sembly reactions (b). The resultant plasmids are verified, linearized by PacI diges-

tion, and transfected into packaging cells such as 293pTP, leading to robust Ad

generation in 5–7 days (c). The adenoviral lysate can be further amplified in HEK-293

cells to accomplish high titers.



Figure 2. Construction and characterization of copGFP-expressing adenoviral vector using the OSCA system

(A) Construction of AdOS-copGFP using the OSCA system. The copGFP coding sequence was PCR amplified with MOS1- and MOS2-anchored primers (a), followed by

Gibson Assembly (b). (B) Bacterial colonies post the Gibson Assembly reaction. (C) Identification of pAdOS-copGFP using PCR screening of bacterial colonies. Randomly

picked up 16 colonies were PCR amplified with copGFP specific primers, and all but one (#11) were positive for copGFP. (D) Validation of adenoviral recombinant pAdOS-

copGFP clones. The representative three clones, along with the control adenoviral backbone vector pAdEasy1, were digested withHind III (a), Kpn I (b), BamHI (c), and Sph I

(d). The digested plasmid DNA was resolved in 1% agarose gels.
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RAPA cells. These results indicate that the OSCA system should be
highly efficient for construction of recombinant Ads.

High osteogenic activity of mouse BMP9 expressed by the

adenoviral vector generated using the one-step construction of

adenovirus system

We further demonstrated the biological functionality of OSCA-pro-
duced Ad by constructing the adenoviral vector AdROS-mBMP9 to
express mBMP9. We and others have demonstrated that, through a
comprehensive analysis of the 14 types of human BMPs, human
BMP9 is one of the most potent osteogenic factors in promoting
bone formation from MSCs both in vitro and in vivo.22–25 However,
no studies were carried out to investigate the osteogenic activity of
mBMP9. Here, we amplified the coding region of mBMP9 with
MOS1- and MOS2-anchored primers, and generated pAdROS-
mBMP9 using the OSCA system (Figure 4A, a and b). Consistent
with the results shown in Figures 2B–2D, the GDA reactions were
efficient and generated a high percentage of positive clones (Figure 4B,
a and b; Figure S4B). Furthermore, the Pac I-linearized pAdROS-
mBMP9 was shown to generate Ad with high efficiency in packaging
cells (Figures 4C and S5B). High-titer AdROS-mBMP9 (e.g., >1012

pfu/mL) was obtained through two to four rounds of repeated infec-
tions of HEK-293, 293pTP, or RAPA cells. The generated AdROS-
mBMP9 virus was shown to effectively transduce imBMSC MSCs
in a titer-dependent fashion (Figure 4D).

To test the biological function ofmBMP9, we infected themouse bone
marrow-derived MSCs imBMSCs with AdROS-mBMP9 and Ad-RFP
control viruses, and found that mBMP9 effectively induced alkaline
phosphatase (ALP) activities in a time-course-dependent fashion,
compared with that of the control Ad-RFP group (Figure 5A,s a and
b), indicating that Ad-mediated expression of mBMP9 was able to
induce early osteogenic marker ALP in MSCs. Furthermore, the Ad-
mediatedmBMP9 expression was shown to inducematrixmineraliza-
tion (Figure 5B).When theMSCs were infected with AdROS-mBMP9
or Ad-RFP (Figure 5C, a), collected and subcutaneously injected into
the athymic nude mice, robust bone formation was detected in the
mBMP9 group, but not in the RFP control group, at 4 weeks after im-
plantation as assessed by hematoxylin-eosin (H&E) staining (Fig-
ure 5C, b). Trichrome staining further revealed that mBMP9 induced
robust trabecular bone formationwith highlymineralized bonematrix
(Figure 5C, c). Collectively, these results demonstrate thatmBMP9 can
be easily included into adenoviral vector, and the resultant Ad can
effectively transduce MSCs to induce osteogenic differentiation.
Molecular Therapy: Oncolytics Vol. 23 December 2021 605
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Figure 3. Packaging and production of recombinant

Ads generated from the Gibson Assembly

technology

(A) The initial production of AdOS-copGFP virus in 293pTP

cells. At the indicated time points, GFP signal was also

recorded. Comet-like Ad-producing foci were apparent at

5 days after transfection. Representative images are

shown. Both GFP and bright field images were also re-

corded at a lower magnification (4�) (Figure S5A). (B)

Transduction efficiency of adenoviral lysate. The collected

adenoviral lysate was used to infect subconfluent HEK-293

cells at the indicated viral titers (percentage of viral lysate

volume). GFP signals were recorded at 24 h post infection.

Representative images are shown.
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DISCUSSION
In order to simplify the Ad-making process, we developed the
OSCA system by taking advantage of the GDA technology. Using
the engineered Ad recipient vectors that contain the bacterial sui-
cide gene ccdB flanked with MOS1 and MOS2 sites at the DE1 re-
gion, we demonstrated that the GDA reactions were highly effi-
cient and yielded >95% positive colonies. The resultant
recombinant Ad plasmids were effectively packaged into Ads
within 7 days in 293pTP cells. Ad-mediated expression of
mBMP9 in MSCs was shown to effectively induce osteogenic dif-
ferentiation. These results demonstrate that, like its human coun-
terpart, mBMP9 exhibits high osteogenic activity in MSCs. There-
fore, our results demonstrate that the OSCA system can
significantly streamline the Ad-making process and should further
facilitate Ad-based applications in basic, translational, and clinical
research.
606 Molecular Therapy: Oncolytics Vol. 23 December 2021
Even though the second and third generations of
Ad vectors have been developed, the first-gener-
ation Ad vectors remain among the most
commonly used Ad vectors for basic and transla-
tional research. Many efforts have been devoted
to developing techniques for rapid and efficient
production of the first-generation Ad vectors.1,2

Interestingly, several recent studies explored the
use of the GDA technology for the construction
of special Ad vectors.17–19 Freedman et al. used
the GDA technology to generate a modified on-
colytic group B Ad EnAdenotucirev (EnAd) to
express a bispecific single-chain antibody, which
was controlled by the virus major late pro-
moter.17 Pan et al. exploited the GDA technology
and constructed a replication-competent infec-
tious clone of human Ad type 14.18 Furthermore,
Zou et al. utilized GDA technique to generate an
infectious clone of fowl Ad 4 (FAdV-4).19 How-
ever, those reported systems were mainly de-
signed to construct specific oncolytic Ad, or
rarely used Ad type 14 and fowl Ad 4, which, un-
like the OSCA system, are not suitable for con-
ventional Ad generation. Two decades ago, we and others took advan-
tage of highly efficient homologous recombination machinery in
certain microorganisms, notably bacteria and yeast, and developed
several systems to generate transgene-containing Ad vectors with
high efficiency.10–13 In fact, our previously developed AdEasy system
remains as one of the most commonly used techniques worldwide to
generate Ad vectors.1,2,12,13 An essential component of the AdEasy
system is the RecA+ Escherichia coli strain BJ5183 cells, which exhibit
a high rate of homologous recombination, yet still allow the genera-
tion of stable large recombinants.1,12,13 However, the BJ5183 cells
exhibit a relatively low transformation efficiency, compared with con-
ventional strains used for molecular cloning, which poses technical
challenges to many researchers with average cloning experience. It
is thus highly desirable to make the Ad-making process as efficient
and simple as possible. Therefore, the OSCA system reported here
provides a timely technical upgrade of the Ad-making process.



Figure 4. Construction and production of mBMP9-

expressing Ad vector using the OSCA system

(A) Packaging and production of recombinant Ads

generated from the Gibson Assembly technology. The

coding region of mBMP9 was PCR amplified with gene-

specific primers containing MOS1 and MOS2 sequences

(a), and Gibson assembled with SwaI-digested pAdROSd

vector to generate pAdROS-mBMP9 (b). (B) Bacterial

colony verification. The Gibson Assembly product was

transformed into DH10B (a) and subjected to colony PCR

with BMP9-specific primers (b). (C) Packaging of AdROS-

mBMP9 in 293pTP cells. At the indicated time points,

RFP signal was also recorded. Comet-like Ad-producing

foci were apparent at 5 days after transfection. Repre-

sentative images are shown. Both RFP and bright field

images were also recorded at a lower magnification (4�)

(Figure S5B). (D) Transduction efficiency of AdROS-

mBMP9 in MSCs. Subconfluent imBMSC cells were in-

fected with the indicated titers of AdROS-mBMP9, and

RFP signal was recorded at 36 h post infection. Repre-

sentative images are shown. MOI, multiplicity of infection,

indicating number of infectious Ads per cell.
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It is noteworthy that, while our workmainly focused on Ad type 5, the
OSCA system can be easily further modified and adapted for other Ad
serotypes, such as type 2. While the reported OSCA system is mainly
designed to construct Ads that overexpress transgenes, it is conceiv-
able that the OSCA system can be further modified to accommodate
the expression of siRNAs for gene silencing. In this case, the siRNA
expression cassette may need to be constructed in an MOS1/2-con-
taining shuttle vector, followed by GDA assembly to complete the
construction of siRNA-expressing Ad vector. Lastly, it is worth point-
ing out that, while it is critical to develop techniques for efficient Ad
making, it is equally important to enhance Ad packaging and infec-
tion efficiency. We have found that the cationic polymer polybrene
can drastically enhance Ad infection efficiency in mammalian cells.26

We also demonstrated that overexpression of Ad5 precursor terminal
protein (pTP), or both pTP and E1A in HEK-293 cells, namely
293pTP and RAPA cell lines, respectively, dramatically accelerates
Ad packaging and amplification processes.20,21 Thus, a combined
use of the OSCA system and 293pTP or RAPA cells should signifi-
cantly expedite Ad production.

CONCLUSIONS
In order to simplify the Ad-making process, we developed the OSCA
system by taking advantage of the GDA technology. The essential
component of this OSCA system is the Ad recipient vectors that
contain the bacterial suicide gene ccdB flanked with MOS1 and
Molecular The
MOS2 sites in the DE1 region. In two proof-
of-principle experiments, we demonstrated
that the GDA reactions were highly efficient,
and that the resultant recombinant Ad plasmids
were effectively packaged into Ads. Ad-medi-
ated expression of mBMP9 in MSCs was shown
to effectively induce osteogenic differentiation
both in vitro and in vivo. Collectively, our results demonstrate that
the OSCA system drastically simplifies the Ad-making process and
should facilitate Ad-based applications in basic, translational, and
clinical research.

MATERIALS AND METHODS
Cell culture, enzymes, and chemicals

Human HEK-293 derivative lines 293pTP and RAPA cells were used
for Ad packaging and amplification as previously described.20,21

Mouse bone marrow-derived MSCs imBMSCs were previously char-
acterized.27 All cells were maintained in DMEM (Dulbecco’s Modi-
fied Eagle Medium) containing 10% fetal bovine serum (FBS; Gemini
Bio-Products), 100 U/mL penicillin, and 100 mg/mL streptomycin at
37�C in 5% CO2 as described previously.28–30 All restriction endonu-
cleases, and the Gibson Assembly Master Mix or the NEBuilder HiFi
DNAAssembly kit, were purchased fromNew England Biolabs (NEB;
Ipswich, MA). Unless indicated otherwise, other chemicals were pur-
chased from Thermo Fisher Scientific (Waltham, MA) or Millipore
Sigma (St Louis, MO).

Construction of the adenoviral backbone-containing Gibson

DNA Assembly recipient vectors pAdOSd, pAdROSd, and

pAdGOSd

The CMV-PA expression cassette of the pShuttle-CMV, pAd-
Track-CMV, or pAdTrace-CMV shuttle vectors from the
rapy: Oncolytics Vol. 23 December 2021 607
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Figure 5. Ad-mediated BMP9 transgene expression induces osteogenic

differentiation of MSCs

(A) Ad-mediated expression of BMP9 effectively induces osteogenic marker ALP in

MSCs. Mouse imBMSCs were infected with AdROS-mBMP9 or Ad-RFP. At the

indicated time points, the ALP activities of the infected cells were assessed histo-

chemically (a) and quantitatively (b). **p < 0.01, compared with respective RFP

group. (B) Ad-mediated expression of BMP9 effectively induces matrix mineraliza-

tion in MSCs. AdROS-mBMP9- or Ad-RFP-infected imBMSCs were cultured in

mineralization medium and subjected to Alizarin Red S staining at the indicated time

points. Representative results are shown. (C) Ad-mediated expression of BMP9

effectively induces ectopic bone formation in MSCs. Subconfluent imBMSCs were

infected with AdROS-mBMP9 or Ad-RFP (a). The infected cells were collected and

injected subcutaneously into athymic nude mice. While no masses were formed in

the Ad-RFP group, bony masses were retrieved from the AdROS-mBMP9 group at

4 weeks after implantation and subjected to H&E staining (b) and Masson’s tri-

chrome staining (c). Representative results are shown.
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AdEasy system1,12,13,31 were first modified by inserting an
oligo cassette containing a SwaI restriction site flanked with
two unique 20-bp sequences, namely MOS1 and MOS2, at the
BamHI and XbaI sites of the parental shuttle vectors, resulting
in the pShuttle-MOS vector (e.g., from pShuttle-CMV)
(Table S1). This vector was linearized with PmeI and subjected
to homologous recombination reactions in pAdEasy1-containing
BJ5183 bacterial cells. The kanamycin-resistant colonies were
608 Molecular Therapy: Oncolytics Vol. 23 December 2021
grown up and verified by PCR and restriction digestion to generate
the pAdOS vector.

In order to reduce the background of GDA reactions, the bacterial
suicide gene ccdB expression cassette was PCR amplified with both
primers anchored with SwaI sites, ligated into the SwaI-digested pA-
dOS vector, and transformed into competent DB3.1 bacterial cells.
Bacterial colonies were PCR screened, and positive candidate clones
were grown up and further verified by PCR amplification, restriction
digestions, and DNA sequencing. The resultant GDA recipient vector
was designated as pAdOSd. Similar recipient vectors were also con-
structed from pAdTrack-CMV and pAdTrace-CMV shuttle vectors,
and designated as pAdGOSd and pAdROSd, respectively. All oligo se-
quences are listed in Table S1. The vector maps and sequences for
pAdGOSd and pAdROSd are shown in Figures S2 and S3. All cloning
and assembly junctions were verified by DNA sequencing.

Gibson DNA Assembly reactions

The GDA reactions were conducted by using the Gibson Assembly
Master Mix or NEBuilder HiFi DNA Assembly kit from NEB as
described.32 The coding region for the GOI (see below) was PCR
amplified using the Phusion High-Fidelity PCR kit. Each assembly
reaction (usually in a reaction volume of 10–15 mL) contained
approximately 100 ng of insert DNA and 50 ng of the SwaI-linearized
pAdOSd, pAdGOSd, or pAdROSd vector, and was incubated at 50�C
for 40–60 min. After the GDA reaction was completed, the reaction
mix was processed by 7.5 M ammonium acetate/ethanol precipita-
tion. Alternatively, the GDA reaction mix was digested with SwaI
in a 100-mL reaction at 25�C for 10 min, followed by 7.5 M ammo-
nium acetate/ethanol precipitation. The pellet was resuspended in
30 mL of double-distilled H2O (ddH2O), and 15mL were used to trans-
form electro-competent DH10B cells. Then 500 mL of LB (Lysogeny
Broth) were added to the transformation mix, and 100 mL were plated
onto LB/Kan plates, followed by 37�C incubation overnight. Colony
PCR screening was carried out using primers specific for the GOI.
Positive clones were further verified by DNA sequencing.

Generation and amplification of recombinant Ads expressing

copGFP and mouse BMP9 using one-step construction of

adenovirus

The coding sequences for copGFP (from pCDF1-MCS1-EF1-
copGFP) and mBMP9 (EST DNA clone from TransOmic Technolo-
gies, Huntsville, AL) were PCR amplified with forward primers
anchored with the MOS1 and kozak sequences and reverse primers
anchored with the MOS2 sequence (Table S1). The PCR fragments
were gel purified and used for GDA reactions. Positive candidate
clones were screened by colony PCR and validated by restriction di-
gestions and DNA sequencing. The resultant recombinant Ad plas-
mids were designated as pAdOS-copGFP and pAdROS-mBMP9,
respectively.

For making recombinant Ads, these adenoviral plasmids were first
linearized with PacI to liberate adenoviral inverted terminal repeat
(ITR) sequences at both ends, and then transfected into 293pTP or
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RAPA cells as described.20,21 Apparent Ad packaging and production
was obtained 5–7 days after transfection. Adenoviral lysates were pre-
pared by multiple cycles of freeze-thaw as described.13,31 High titer
Ads (e.g., >1012 pfu/mL) were usually obtained through two to four
rounds of repeated infections of HEK-293, 293pTP, or RAPA cells,
and the resulting Ads were designated as AdOS-copGFP and
AdROS-mBMP9, respectively. Analogous Ad expressing only RFP
(Ad-RFP) was used as a control.25,33–37 For the adenoviral infections,
polybrene (4–8 mg/mL) was added to enhance infection efficiency as
previously reported.26

Qualitative and quantitative assays of alkaline phosphatase

activity

ALP activity was assessed quantitatively with a modified assay using
the Great Escape SEAP Chemiluminescence assay kit (BD Clontech,
Mountain View, CA) and qualitatively with histochemical staining
assay (using a mixture of 0.1 mg/mL napthol AS-MX phosphate
and 0.6 mg/mL Fast Blue BB salt), as previously described.38–41

Each assay condition was performed in triplicate and the results
were repeated in at least three independent experiments.

Ectopic bone formation assay

The animal studies were conducted by following the guidelines
approved by the Institutional Animal Care and Use Committee (IA-
CUC) of The University of Chicago. Stem cell-mediated ectopic bone
formation via MSC implantation was performed as described.36,42,43

Specifically, subconfluent imBMSC cells were infected with AdROS-
mBMP9 or Ad-RFP for 16 h, harvested, and resuspended in PBS
for subcutaneous injection (5 � 106/injection) into the flanks of
athymic nude mice (five per group, 4–6 weeks old, female; ENVIGO,
Indianapolis, IN). At 4 weeks after implantation, animals were sacri-
ficed, and the implantation sites were retrieved for histologic evalua-
tion and trichrome staining as described below.

Hematoxylin-eosin (H&E) analysis and trichrome staining

Retrieved bony tissues were fixed, decalcified in 10% buffered
formalin, and embedded in paraffin. Serial sections of the embedded
specimens were stained with H&E. Trichrome staining was carried
out as previously described.44–48

Statistical analysis

Quantitative ALP assays were performed in triplicate. Statistical sig-
nificance was determined by one-way analysis of variance and the stu-
dent’s t test. A value of p < 0.05 was defined statistically significant.
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