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RNA interference (RNAi) is mediated by an �21-nt double-
stranded small interfering RNA (siRNA) and shows great
promise in delineating gene functions and in developing
therapeutics for human diseases. However, effective gene
silencing usually requires the delivery of multiple siRNAs
for a given gene, which is often technically challenging and
time-consuming. In this study, by exploiting the type IIS re-
striction endonuclease-based synthetic biology methodology,
we developed the fast assembly of multiplex siRNAs (FAMSi)
system. In our proof-of-concept experiments, we demon-
strated that multiple fragments containing three, four, or
five siRNA sites targeting common Smad4 and/or BMPR-
specific Smad1, Smad5, and Smad8 required for BMP9
signaling could be assembled efficiently. The constructed
multiplex siRNAs effectively knocked down the expression
of Smad4 and/or Smad1, Smad5, and Smad8 in mesenchymal
stem cells (MSCs), and they inhibited all aspects of BMP9-
induced osteogenic differentiation in bone marrow MSCs
(BMSCs), including decreased expression of osteogenic
regulators/markers, reduced osteogenic marker alkaline
phosphatase (ALP) activity, and diminished in vitro matrix
mineralization and in vivo ectopic bone formation. Collec-
tively, we demonstrate that the engineered FAMSi system
provides a fast-track platform for assembling multiplexed
siRNAs in a single vector, and thus it may be a valuable
tool to study gene functions or to develop novel siRNA-based
therapeutics.
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INTRODUCTION
RNA interference (RNAi) was initially discovered in 1998 as a
self-protection mechanism against invasion by RNA viruses in
C. elegans. RNAi has since been found in a broad range of eukary-
otes.1–5 It was subsequently demonstrated that 21- and 22-nt dou-
ble-stranded RNAs could induce RNAi-mediated gene silencing
without eliciting interferon responses in mammalian cells.6,7 Mecha-
nistically, it is now well recognized that the RNAi posttranscriptional
silencing process is carried out by the small interfering RNAs
(siRNAs) homologous to a target gene through the action of the
RNA-induced silencing complex (RISC).2,3,5 Such siRNAs have
become ubiquitous and powerful tools for biomedical research both
in vitro and in vivo, as they offer opportunities for facile inhibition
of any gene simply based on its nucleotide sequence.4,5 Moreover,
RNAi technology provides unique avenues for developing innovative
therapeutics, which has been highlighted by the recent approval of
the first RNAi therapeutic drug, Onpattro (patisiran), to treat
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polyneuropathy of hereditary transthyretin-mediated (hATTR)
amyloidosis.3,5,8–11

In practice, RNAi is usually accomplished either by transfecting
chemically synthesized siRNAs into cells, or by expressing short
hairpin RNAs (shRNAs) or siRNAs in cells.10–15 Unfortunately, effec-
tive RNAi silencing frequently requires multiple siRNAs for a given
gene, which is time-consuming to build multiple siRNA expression
constructs. To simplify this technical process, we previously devel-
oped the pSOS system, in which a single siRNA is produced from
the converging U6 and H1 promoters.16 To improve the construction
efficiency, we explored the use of the Gibson DNA assembly tech-
nique and developed a one-step system (i.e., pSOK) to express multi-
ple siRNA sites in a single vector.17 While the pSOK system has been
successfully used for numerous siRNA-based studies,18–25 the Gibson
Assembly technique is highly empirical and finicky, rendering it not
user-friendly for the researchers with limited experience in molecular
cloning. To overcome such practical and technical challenges, we
have recently developed a two-step BstXI-based shotgun cloning
(BSG) system, consisting of multiple entry vectors with siRNA
expression units (SiEUs) flanked with distinct BstXI sites, and a retro-
viral destination vector for shotgun SiEU assembly.26 While func-
tional, the BSG system requires two-stage cloning and more entry
vectors if more siRNAs are desired. Thus, a more simplistic and
user-friendly system is warranted for the rapid assembly of multi-
plexed siRNAs in mammalian cells.

For the past decade, synthetic biology has revolutionized genome
biology and offers unique approaches for creating new biological
systems or redesigning existing ones for new purposes through the
use of different techniques to assemble genetic fragments.27 One
such technique is to use the type IIS restriction enzyme-dependent
DNA assembly methods for rapid construction of large genetic
fragments through ordering multi-fragment assembly dictated by
the ligation of Watson-Crick base-paired overhangs.28 The type
IIS restriction enzymes, such as BsaI and BbsI, recognize asymmetric
DNA sequences and cleave outside of their recognition sequences.
Thus, the fragments and recipient vectors are designed to place
the type IIS recognition sites distal to the cleavage sites, so that
type IIS enzymes can remove the recognition sequences after assem-
bly. The type IIS enzyme-based seamless assembly system offers at
least three advantages. First, the overhang sequence created is not
dictated by the restriction enzymes, and yet no footprint sequence
is retained. Second, the overhangs contain fragment-specific
sequences, allowing orderly assembly of multiple fragments in one
reaction. Third, the restriction sites can be eliminated from the final
assembled products.

In this study, we exploited the type IIS restriction endonuclease-based
synthetic biology methodology and developed a fast assembly of
multiplex siRNAs (FAMSi) system to silence gene expression in
mammalian cells. Through a series of proof-of-concept experiments,
we demonstrated that multiple fragments containing three, four, or
five siRNAs targeting the common Smad4, and/or BMP receptor-spe-
886 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
cific Smad1, Smad5, and Smad8 required for BMP9 osteogenic
signaling could be efficiently assembled. The constructed multiplex
siRNAs effectively knocked down the expression of Smad4 and/or
Smad1, Smad5, and Smad8 in mesenchymal stem cells (MSCs), and
inhibited all aspects of BMP9-induced osteogenic differentiation in
bone marrow mesenchymal stem cells (BMSCs) in vitro and in vivo.
Thus, we demonstrate that the engineered FAMSi system provides a
one-step fast-track platform to assemble multiplexed siRNAs in a sin-
gle vector, and thusmay be a valuable tool to interrogate gene function
and/or to develop novel and efficacious siRNA-based therapeutics.

RESULTS
The FAMSi System Facilitates the Expression and Delivery of

Multiplexed siRNAs

We have demonstrated that retroviral and adenoviral vector-
mediated expression of siRNAs driven by convergent U6 and H1
promoters effectively silences target gene expression in mammalian
cells in vitro and in vivo.16,17,19,26,29 To develop the FAMSi system
that enables rapid construction of multiple siRNA expression cas-
settes through an ordered multi-fragment assembly determined by
ligating Watson-Crick base-paired overhangs, we took advantage of
two commonly used type IIS restriction enzymes, BsaI and BbsI,
both of which cut downstream random sequences and leave a 4-nt
50 end protruding overhang (Figure 1A). The choice of these two
enzymes should broaden the utility of this system, as either or both
should be unique in most vectors or potential siRNA target sites.

The FAMSi system consists of three vectors, that is, two template vec-
tors, pH1U6-T1 and pH1U6-T2, and the destination vector pSiEB.
The pH1U6-T1 and pH1U6-T2 vectors contain the H1 and U6 pro-
moters in a back-to-back configuration and are used as templates for
Hi-Fi PCR amplification with siRNA sequence-containing primers
(Figures S1 and S2). Alternatively, the retroviral vector pSiEB con-
tains a built-in U6-H1 promoter unit flanking the unique BbsI-A
and BbsI-R sites, which share unique but complementary overhangs
to BsaI-A and BsaI-R, respectively (Figure S3).

The one-step assembly of multiplexed U6-H1-driven siRNA cassettes
into pSiEB starts with simultaneous Hi-Fi PCR amplification of back-
to-back H1-U6 fragments with primers containing siRNA sequences
and unique BsaI sites. The PCR-amplified fragments are then digested
with BsaI and subjected to a quick preassembly with T4 DNA ligase.
The desired preassembled fragments are gel-purified and subcloned
into the BbsI-digested pSiEB vector, followed by transformation of
competent bacterial cells and colony PCR identification (Figure 1B).

Three siRNA Sites Targeting Mouse Smad4 Can Be Efficiently

Assembled into pSiEB Using the FAMSi System

To carry out the proof-of-principle experiments on the technical and
functional feasibility of the FAMSi system, we chose to construct a se-
ries of siRNA vectors that target the BMP9-dependent Smad signaling
pathway, as we and others have demonstrated that Smad4 and BMP
receptor-specific Smad1/Smad5/Smad8 play an important role in
BMP9-induced osteoblastic differentiation of MSCs.30–38



Figure 1. Schematic Representation of the FAMSi

System

(A) The recognition sequences and cutting features of the

type IIS restriction endonucleases BbsI and BsaI used in

the FAMSi system. The recognition sites are shown,

where N represents any nucleotide, and the cleavage sites

on both strands are indicated with arrows. (B) One-

step assembly of the multiplexed U6-H1-driven siRNA

expression cassettes into the pSiEB retroviral destination

vector. A series of unique downstream NNNN sites (BsaI-

A, BsaI-B, ., BsaI-R) for BsaI site is designed, while the

pSiEB contains the U6- and H1-flanked, unique BbsI-A

and BbsI-R sites, which share complementary overhangs

to BsaI-A and BsaI-R, respectively. The siRNA sequences

are incorporated into the BsaI site-containing PCR

primers that amplify the back-to-back H1-U6 promoters

engineered in the template vectors (pH1U6-T1 and

pH1U6-T2). After parallel high-fidelity PCR amplification,

multiple siRNA fragments are digested with BsaI, followed

by preassembly and ligation into the BbsI-digested pSiEB

vector. The correctly assembled multiplex siRNA expres-

sion vectors are identified after bacterial transformation

and then functionally validated. The vector maps and

sequences for pH1U6-T1, pH1U6-T2, and pSiEB are

available in Figures S1, S2, and S3, respectively.
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To simplify the validation process, we started with the construction of a
vector that expresses three siRNAs targeting mouse Smad4 or
simSmad4 (Figure 2A, a). We demonstrated that the two siRNA-con-
taining fragments (�0.5 kb each) were readily obtained through PCR
amplification (Figure 2A, b). After BsaI digestion, these two fragments
were effectively preassembled into a larger�1-kb fragment and subcl-
oned into BbsI-digested pSiEB (Figure 2A, c). For bacterial colony PCR
screening, primers were designed based on the ordered siRNA cassettes
using primer pairs to amplify the sequences between neighboring
siRNA sequences (Figure 2B, a). Among 20 randomly picked bacterial
colonies, 15 showed positive PCR screening results (Figure 2B, b),
which was further confirmed by two pairs of PCR primers at the
Molecular Therap
plasmidDNA level (Figure 2B, c). All the positive
clones were also confirmed by restriction enzyme
digestions and DNA sequencing reactions (data
not shown). These constructs were pooled
and designated as pSiEB-simSmad4 for further
functional assays. Therefore, the above results
demonstrate that the FAMSi systemoffers a high-
ly efficient approach to the construction of three
siRNA sites for any RNAi studies.

Four and Five siRNA Sites Targeting Mouse

Smad1/Smad4/Smad5/Smad8 Can Be

Assembled into pSiEB in One StepUsing the

FAMSi System

An ideal versatile siRNA expression system
should allow one to express more than three
siRNAs in one vector in order to silence the
expression of multiple genes of interest. Thus,
we further tested how efficiently multiple siRNA sites could be effec-
tively assembled into pSiEB with the FAMSi system. We first tested
the feasibility of assembling four siRNAs that target mouse Smad1/
Smad4/Smad5/Smad8, with one siRNA site for each Smad gene (Fig-
ure 3A, a). We found that the three fragments containing the four
simSmad sites were effectively PCR amplified (�0.5 kb each) (Fig-
ure 3A, b). Furthermore, the three BsaI-digested fragments were
readily preassembled into one large fragment of �1.5 kb (Figure 3A,
c), followed by subcloning into BbsI-digested pSiEB, yielding pSiEB-
simSmad1458 (Figure 3A, d). From the bacterial colony screening, 4
of the 20 randomly picked colonies were PCR positive (Figure 3A, e),
and the four positive clones were confirmed by three pairs of PCR
y: Nucleic Acids Vol. 22 December 2020 887
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Figure 2. One-Step Assembly of Three siRNAs Targeting Mouse Smad4 (pSiEB-simSmad4)

(A) The three siRNA sequences targeting mouse Smad4 (i.e., simSmad4) (a) are designed to PCR amplify and generate two fragments (b), which are further cut with BsaI,

preassembled, and then cloned into the BbsI-cut pSiEB vector (c). (B) (a) The assembled siRNA fragments, the locations of PCR primers, and expected product sizes for

colony PCR screening are depicted. (b) Fifteen of the randomly picked 20 clones were positive by PCR screening with the indicated primer pair. (c and d) The plasmid DNA

purified from the same 15 clones was further confirmed by PCR using the indicated primer pairs. All PCR products were resolved on 1% agarose gels and visualized by

ethidium bromide. Representative results are shown.
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primers (Figure 3A, f), which were further confirmed by restriction
digestions and DNA sequencing (data not shown). These confirmed
clones were pooled and designated as pSiEB-simSmad1458.

We then tested the feasibility and efficiency of assembling five siRNA
sites using the FAMSi system by constructing five siRNAs that target
mouse Smad1/Smad4/Smad5/Smad8 (with two siRNA sites for
Smad4 and one siRNA site each for the other three Smads) (Figure 3B,
a). We found that the four fragments containing the five simSmad
sites were effectively PCR amplified (�0.5 kb each) (Figure 3B, b).
The four BsaI-digested fragments were readily preassembled into a
larger fragment of �2.0 kb (Figure 3B, c), followed by subcloning
into BbsI-digested pSiEB, yielding pSiEB-simSmad4158 (Figure 3B,
d). It is noteworthy that a partially preassembled product of
888 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
�1.5 kb was also observed (Figure 3B, c), suggesting that the preas-
sembly of more than four (including four) fragments may require a
longer ligation time to ensure the full assembly. From the bacterial
colony screening, 4 of the 20 randomly picked colonies were PCR pos-
itive (Figure 3B, e), and the four positive clones were confirmed by the
four pairs of PCR primers (Figure 3B, f), which were further
confirmed by restriction digestions and DNA sequencing (data not
shown). These confirmed clones were pooled and designed as
pSiEB-simSmad4158.

We also analyzed the assembly specificity of the PCR-amplified frag-
ments. For the four-siRNA three-fragment assembly, we found that
Frag1+2, Frag2+3, and Frag1+2+3 yielded the expected assembled
product of �1.5 kb, whereas no assembled product was found in



(legend on next page)
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the Frag1+3 assembly reaction (Figure 4A, a). Similarly, for the
assembly of five-siRNA four fragments, we detected the presence of
expected products assembled from the neighboring siRNA fragments,
whereas no or very few products were observed in random assembly
reactions (Figure 4A, b). It is noteworthy that intermediate products
were detected in these assembly reactions, suggesting that longer liga-
tion time may be required to ensure the full assembly (Figure 4A).
Nonetheless, the specificity analysis indicated that the tested four
and five siRNA-containing fragments with unique BsaI sites were
assembled in the predesigned orderly fashion with high specificity.
Taken together, the above results demonstrate that the one-step as-
sembly of multiple siRNA sites using the FAMSi system is technically
feasible with high efficiency.

The FAMSi-Mediated Expression of simSmad Effectively

Silences Smad Expression and Inhibits BMP9-Induced

Osteoblastic Differentiation of MSCs

We analyzed the silencing efficiency for the above multiplex siRNAs
by establishing retrovirally transduced stable lines in the mouse MSC
line BMSCs, resultant BMSC-simSmad4, BMSC-simSmad1458, and
BMSC-simSmad4158, and the siControl line BMSCs. In BMSC-
simSmad4 cells, touchdown quantitative real-time PCR analysis
revealed that Smad4 expression significantly decreased to approxi-
mately 33% and 54% of that of BMSCs when infected with Ad-GFP
and Ad-BMP9, respectively (Figure 4B). The silencing efficiency of
the Smads was further confirmed by western blotting analysis with
Smad4 and Smad1/5/8 antibodies (Figure S4).

In the BMSC-simSmad1458 cells infected with Ad-GFP (i.e., silencing
efficiency of endogenous Smads), we found that the expression levels
for Smad4, Smad1, Smad5, and Smad8 decreased to approximately
42%, 60%, 65%, and 37% of that of the Ad-GFP-infected BMSCs.
Accordingly, in the BMSC-simSmad1458 cells infected with Ad-
BMP9, the expression levels of the four Smad genes significantly
decreased, compared with that of the Ad-BMP9-infected BMSCs
(Figure 4C). In particular, simSmad1458 effectively blunted the
BMP9-induced expression of BMPR-specific Smad1, Smad5, and
Smad8 (Figure 4C). Similar results were obtained in Ad-GFP- and
Ad-BMP9-infected BMSC-simSmad4158 cells when compared with
the infected BMSCs (Figure 4D). Collectively, these results strongly
demonstrated that FAMSi-mediated expression of multiplexed
siRNAs that either target a single gene or multiple genes can accom-
plish profound silencing effects on target expression.
Figure 3. One-Step Assembly of Four and Five siRNAs Targeting Mouse Smad

(A) Assembly of four siRNAs targeting mouse Smad1/4/5/8 (pSiEB-simSmad1458). Th

designed to PCR amplify and generate the three fragments (b), which are further cut with

assembled siRNA fragments, the locations of PCR primers, and expected product size

were positive by PCR screening with the indicated primer pair. (f) The plasmid DNA pu

primers. (B) Assembly of five siRNAs targeting mouse Smad4/1/5/8 (pSiEB-simSm

simSmad4158) (a) are designed to PCR amplify and generate the four fragments (b), whi

vector (c). (d) The assembled siRNA fragments, the locations of PCR primers, and the exp

picked 20 clones were positive by PCR screening with the indicated primer pair. (f) The p

four pairs of primers. All PCR products were resolved on 1% agarose gels and visualiz
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We further tested whether silencing Smad genes would impact
BMP9-induced osteogenic signaling in MSCs. The three BMSC-
simSmad lines, along with the control BMSCs, were infected with
Ad-GFP or Ad-BMP9. The basal expression (i.e., GFP groups) of
osteogenic regulators Runx2 and osterix (Osx), as well as osteogenic
markers Alp and osteopontin (Opn), was noticeably reduced in tar-
geted cells, compared with that of the control BMSCs (Figure 5).
More importantly, BMP9-induced expression of Runx2, Osx, Alp,
and Opn, which are known to be upregulated by BMP9,38–41 was
significantly inhibited in the three BMSC-simSmad lines, compared
with that of the control BMSC line (Figure 5). Furthermore, BMP9-
induced Sox9 expression was also reduced in the three BMSC-
simSmad lines, compared with that of the control BMSC line (Fig-
ure 5). Interestingly, silencing Smads in BMSCs significantly
enhanced BMP9-induced expression of Pparg (Figure 5), suggesting
that blockade of BMP9-induced osteogenic differentiation may be
beneficial to adipogenic differentiation of MSCs.

Next, we assessed the effect of silencing Smads on BMP9-induced
early osteogenic marker ALP activity. Histochemical staining assays
revealed that, compared with the control BMSCs, BMP9-induced
ALP activity staining was inhibited in the three BSMC-simSmad lines
at days 3 and 7 after Ad-BMP9 infection (Figure 6A, a and b). The
quantitative assays further demonstrated that BMP9-induced ALP
activity was significantly inhibited in the three BSMC-simSmad lines
at days 3, 5, and 7 after Ad-BMP9 infection, compared with that in the
control BMSCs (Figure 6B). Furthermore, silencing Smads in MSCs
significantly diminished the BMP9-induced in vitro matrix mineral-
ization as revealed by alizarin red S staining (Figure 7A, a and b).
On the contrary, knockdown of Smad expression in MSCs enhanced
BMP9-induced adipogenic differentiation as indicated by oil red O
staining (Figure 7B, a and b), suggesting that BMP9 may induce
adipogenic differentiation at least in part through a Smad-indepen-
dent mechanism. Lastly, we analyzed the effect of silencing Smads
on BMP9-induced ectopic bone formation capability and found
that silencing Smad4 and/or Smad1/5/8 significantly diminished the
sizes and volumetric measures of the ectopic bone masses in athymic
nude mice (Figures 8A–8C). Histological analysis further indicated
that, compared to that of the control BMSC group, silencing Smad
expression effectively decreased BMP9-induced trabecular bone for-
mation (Figure 8D). Trichrome staining also demonstrated that
more immature bone or unmineralized bone matrix was detected in
the three simSmad lines (Figure 8E).
1/4/5/8 (pSiEB-simSmad1458 and pSiEB-simSmad4158)

e four siRNA sequences targeting mouse Smad1/4/5/8 (i.e., simSmad1458) (a) are

BsaI, preassembled, and then subcloned into the BbsI-cut pSiEB vector (c). (d) The

s for colony PCR screening are depicted. (e) Four of the randomly picked 20 clones

rified from the same four clones was further confirmed by PCR using three pairs of

ad4158). (a–c) The five siRNA sequences targeting mouse Smad1/4/5/8 (i.e.,

ch are further cut with BsaI, preassembled, and then subcloned into BbsI-cut pSiEB

ected product sizes for colony PCR screening are depicted. (e) Four of the randomly

lasmid DNA purified from the same four clones was further confirmed by PCR using

ed by ethidium bromide. Representative results are shown.



Figure 4. Seamless and Orderly Assembly of Multiplex siRNA Fragments and Functional Characterization of the Multiplex siRNA Expression Vectors

(A) (a and b) The four and five siRNA fragments containing unique BsaI sites were assembled in the predesigned orderly fashion with high specificity. The desired PCR

products and preassembled products are indicated with asterisks. Note that fragments that were out of order yielded no or very weak “assembled” products. (B) The

simSmad4 stably expressed in BMSCs (BMSC-simSmad4) effectively knocked down Smad4 expression at the basal level (GFP) or stimulated by BMP9 as assessed by

touchdown quantitative real-time PCR. (C) The simSmad1458 stably expressed in BMSCs simultaneously knocked down Smad1, Smad4, Smad5, and Smad8 expression at

the basal level (GFP) or stimulated by BMP9 as assessed by touchdown quantitative real-time PCR. (D) The simSmad4158 stably expressed in BMSCs simultaneously

knocked down Smad1, Smad4, Smad5, and Smad8 expression at the basal level (GFP) or stimulated by BMP9 as assessed by touchdown quantitative real-time PCR. *p <

0.05, **p < 0.01, compared with that of the siControl counterpart (i.e., BMSCs).
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Nonetheless, it is noteworthy that the decrease in BMP9-induced ALP
activity, in vitromatrix mineralization, and ectopic bone formation in
MSCs were not statistically different among the three simSmad lines,
suggesting that the FAMSi-mediated expression of three siRNAs
targeting Smad4 expression alone (i.e., BMSC-simSmad4) may exert
similar biological effects on BMP9-induced osteogenic signaling in
MSCs, compared to the two lines expressing siRNAs targeting
Smad1, Smad5, and Smad8, in addition to Smad4 (i.e., BMSC-
simSmad1458 and BMSC-simSmad41258).

DISCUSSION
By exploiting the type IIS restriction endonuclease-based synthetic
biology approach, we have developed the simple, efficient, and
user-friendly FAMSi technology for the rapid assembly of multiplex
siRNA expression cassettes. In our proof-of-principle experiments,
we demonstrated that fragments containing three, four, or five siRNA
sites targeting the BMP9/Smad signaling pathway could be efficiently
assembled, and their gene expression silencing efficacy was fully vali-
dated by a series of in vitro and in vivo biological functional assays in
MSCs. Therefore, the engineered FAMSi system may be a valuable
tool to explore siRNA biology.

During the process of developing and optimizing the FAMSi system,
we learned several important technical considerations. First, while it
is theoretically feasible to bypass the preassembly step of all desirable
fragments, we found practically that a direct shotgun approach by
pooling all digested fragments and destination vector yielded 5- to
10-fold lower cloning efficiency. Second, we performed gel purifica-
tions of PCR-amplified and BsaI-digested fragments and achieved
high assembly efficiency, while the unpurified fragments decreased
the assembly efficiency by approximately 6-fold. Third, it is important
to use the neighboring siRNA sequences as PCR primer pairs to
perform bacterial colony PCR screening due to the repeated U6
andH1 promoter sequences. Otherwise, tandem or laddered products
lead to inconclusive screening results. Lastly, while we only designed
up to five siRNA cassettes in this proof-of-concept study, it is conceiv-
able that the FAMSi system could accommodate more than five
siRNA sites, as long as unique sequences of the 50 end overhang of
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 891
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Figure 5. The Smad-Targeting siRNAs Effectively Inhibit BMP9-Stimulated Osteogenic Markers in BMSCs

The BMSCs stably expressing simSmad4, simSmad1458, simSmad4158 or siControl cells (i.e., BMSCs) were infected with AdGFP or AdBMP9 for 48 h. Total RNA was

isolated and subjected to touchdown quantitative real-time PCR using primers specific for mouseRnux2,Osx,Alp,Opn,Sox9, and Pparg (Gapdh as the reference gene). *p <

0.05, **p < 0.01, compared with that of the siControl counterpart (BMSCs).

Molecular Therapy: Nucleic Acids
BsaI are used and validated. Therefore, the FAMSi system is highly
versatile and flexible in this regard. Furthermore, it is noteworthy
that the current FAMSi system can be easily reconfigured and ex-
pressed in different viral vector systems, such as adenoviral vectors,
adenovirus-associated viral vectors, lentiviral vectors, and HSV vec-
tors, to name a few.
892 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
Numerous efforts have been devoted to the development of effective
construction and/or delivery systems for multiple siRNAs. In one of
our early efforts, we developed the pSOS vector system, in which a sin-
gle siRNA is produced by convergent U6 andH1 promoters.16 In order
to accommodate the expression of multiple siRNA cassettes in a single
vector, we later developed a one-step pSOK system by exploiting the



Figure 6. The Smad-Targeting siRNAs Effectively Inhibit BMP9-Induced Early Osteogenic Marker Alkaline Phosphatase (ALP) Activity in BMSCs

The BMSCs stably expressing simSmad4, simSmad1458, simSmad4158 or siControl cells (i.e., BMSCs) were infected with AdGFP or AdBMP9. (A and B) ALP activity was

histochemically stained (A) and quantitatively assessed (B) at day 3 (a), day 5, and day 7(b). ALP activity was quantitatively determined by using amodified Great Escape SEAP

chemiluminescence assay. Representative results are shown. **p < 0.01, compared with that of the siControl counterpart (BMSCs).
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use of the Gibson DNA assembly technology.17 However, the Gibson
DNA assembly methodology is finicky and empirical. More recently,
we developed the BSG restriction enzyme-based two-stage system to
express three siRNA sites.26 While we and others have successfully
used these vector systems to accomplish siRNA-mediated gene
silencing,18,19,22–25,42 these above systems are not user-friendly and
require prospective users to possess significant experience inmolecular
cloning. In this study, we developed a simple and more user-friendly
FAMSi system to accomplish the expression of multiple siRNAs in
mammalian cells. It is noteworthy that the FAMSi system can be easily
adapted to express multiple single guide RNAs (sgRNAs) for CRISPR-
Cas9-based genome-editing investigation.43–46
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 893
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Figure 7. The Smad-Targeting siRNAs Effectively Inhibit BMP9-Induced Bone Matrix Mineralization while Enhancing BMP9-Induced Adipogenic

Differentiation in BMSCs

The BMSCs stably expressing simSmad4, simSmad1458, simSmad4158, or siControl cells (BMSCs) were infected with AdGFP or AdBMP9. (A) At 10 days after infection, the

cells were fixed and subjected to alizarin red S staining and oil red O staining (a, day 3; b, day 7). Representative images are shown. (B) Both alizarin red S stain and oil red O

stain were dissolved and quantitatively measured. **p < 0.01, compared with the BMSC-siControl.
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Several other strategies for single vector-based multiple siRNA and/or
sgRNA expression have also been reported. Similar to our pSOK
system,17 the string assembly guide RNA (gRNA) cloning (STAgR)
technique involves a single-step multiplexing of gRNAs by using
the N20 targeting sequences as necessary homologies for Gibson
assembly.47 The adaptable system for assembly of multiplexed plas-
mids (ASAP) methodology allows the assembly of multiple gRNA
cassettes via the “PCR-on-ligation” process.48 However, it is techni-
cally challenging to modify these systems for siRNA expression, as
siRNAs necessitate the expression of both strands, which is not
required for sgRNA expression.

In summary, we exploited the type IIS restriction endonuclease-
based synthetic biology approach and developed the efficient and
user-friendly FAMSi technology for the rapid assembly of multiplex
siRNA expression cassettes. In a series of proof-of-concept experi-
ments, we demonstrated that multiple fragments containing three,
four, or five siRNA sites targeting the common Smad4 and/or
Smad1, Smad5, and Smad8 required for the BMP9/Smad signaling
pathway could be efficiently assembled. The constructed multiplex
siRNAs were shown to effectively knock down the expression of
Smad4 and/or Smad1, Smad5, and Smad8 in MSCs, and to inhibit
all aspects of BMP9-induced osteogenic differentiation in BMSCs,
including the decreased expression of osteogenic regulators and
markers, a reduced ALP activity, and diminished in vitro matrix
894 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
mineralization and in vivo ectopic bone formation. Collectively,
our findings demonstrate that the engineered FAMSi system pro-
vides a one-step fast-track technology to express multiplexed
siRNAs in a single vector, and thus it should be a valuable tool to
investigate gene functions and/or to develop innovative siRNA-
based therapeutics.
MATERIALS AND METHODS
Cell Culture and Chemicals

The mouse MSC line imBMSCs (referred to as BMSCs hereafter)
is conditionally immortalized mouse BMSCs as previously
described.49 The 293pTP and RAPA cells were previously charac-
terized HEK293 derivative cells.50,51 The above cells were cultured
in DMEM containing 10% fetal bovine serum (FBS, Gemini Bio-
Products, West Sacramento, CA, USA), supplemented with
100 U/mL penicillin and 100 mg/mL streptomycin at 37�C in 5%
CO2 as described.19,26,41,52–54 Restriction endonucleases, NEBu-
ilder HiFi DNA assembly master mix, Phusion high-fidelity
DNA polymerase, and the electrocompetent DH10B cells were
purchased from New England Biolabs (NEB, Ipswich, MA,
USA). Blasticidin S was ordered from InvivoGen (San Diego,
CA, USA). Unless indicated otherwise, other chemicals/reagents
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA) or Sigma-Aldrich (St. Louis, MO, USA).



Figure 8. SilencingMouse Smads Effectively Inhibits

BMP9-Induced Osteogenic Differentiation of

BMSCs

The BMSCs stably expressing simSmad4, simSmad1458,

simSmad4158, or siControl cells (BMSCs) were infected

with AdGFP or AdBMP9 for 36 h and collected for subcu-

taneous injection into the flanks of athymic nudemice (n = 5

per group). At 4 weeks after implantation, animals were

sacrificed, and bony masses at the injection sites were

retrieved. (A) Representative gross images are shown. No

detectable masses were retrieved from the GFP group. (B)

The retrieved masses were subjected to mCT imaging, and

representative results of the 3D reconstruction of scanning

are shown. (C) The average bone volumes of the retrieved

bony masses were quantitatively analyzed by using Amira

software. **p < 0.01, simSmad groups versus the BMSC

group. (D and E) The retrieved samples were further de-

calcified and subjected to hematoxylin and eosin staining

(D) and Masson’s trichrome staining (E). Representative

images are shown.
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Development of the FAMSi Vectors

The FAMSi system consists of three vectors, two template vectors
(pH1U6-T1 and pH1U6-T2) and a destination vector (pSiEB). Both
template vectors were constructed on the base of our homemade
pMOLuc and pMOK vectors17,55,56 by incorporating the back-to-
back human H1 and U6 promoters. The pH1U6-T1 and pH1U6-
T2 vectors have a slight sequence difference at the 30 end of the H1
promoter region. The pH1U6-T1 vector is used for the amplification
of the first fragment, while the pH1U6-T2 vector is used for ampli-
fying all other fragments. The full-length sequences and vector
maps for pH1U6-T1 and pH1U6-T2 are shown in Figures S1 and S2.

The destination vector pSiEB was constructed through a series of sub-
cloning experiments on the base of our previously reported retroviral
siRNA expression systems, such as the pSEB61 vector, which has been
used to express single siRNA driven by convergent U6 and H1 pro-
moters.16,17,26 Briefly, the BbsI site in the blasticidin S coding region
was first silently mutated through the Gibson assembly approach by
following the manufacturer’s instructions. Then, a long oligonucleo-
tide cassette containing both BbsI-A and BbsI-R sites was inserted be-
tween the convergent U6 and H1 promoters through Gibson assem-
bly. The full-length sequence and vector map for pSiEB are shown in
Figure S3. All cloning junctions and inserted oligonucleotide frag-
ments were DNA sequencing verified. Details about the vector con-
struction are available upon request.

General Guidelines for Hi-Fi PCR Amplification and Assembly of

Multiplex siRNA Fragments Using the FAMSi System

The siRNA targeting sequences were designed by using either
BLOCK-iT RNAi designer (Invitrogen, Carlsbad, CA, USA) or siDE-
Molecular Therap
SIGN (Dharmacon/Horizon Discovery). The
siRNA sites were incorporated into the PCR
primers that were used to amplify the back-to-
back H1-U6 fragments from pH1U6-T1 and pH1U6-T2 using the
Phusion Hi-Fi PCR system. The amplified fragments were cut with
BsaI and preassembled with T4 DNA ligase for 30 min at room tem-
perature, followed by the gel purification of the desired preassembled
products. Lastly, the purified preassembled products were subcloned
into the BbsI-digested pSiEB, followed by electroporation transfor-
mation into DH10B cells for bacterial culture. Colony PCR was per-
formed to identify potential positive recombinants for further
analyses.

Establishment of BMSC Stable Lines Expressing siRNAs

Targeting Smads

The retroviral vector-mediated transduction and establishment of sta-
ble cell lines were carried out as previously described.19,22,53,54,57–60

Briefly, the retroviral transfer vectors pSiEB-simSmad4, pSiEB-
simSmad1458, and pSiEB-simSmad4158 were co-transfected with
pCL-Ampho into subconfluent 293 Phoenix Ampho (293PA) cells to
package retroviruses. The retrovirus-containing supernatants were
harvested at 36–72 h after transfection and pooled to infect subconflu-
ent BMSCs. At 48 h post-infection, the cells were subjected to blastici-
din S selection (5 mg/mL). The resulting stable lines were designated as
BMSC-simSmad4, BMSC-simSmad1458, and BMSC-simSmad4158.
The previously constructed pSEB-siControl26 was used to establish a
stable control line, designated as BMSCs. All stable lines were kept in
LN2 tanks for future use.

Construction and Amplification of Recombinant Adenoviral

Vectors Ad-BMP9 and Ad-GFP

Recombinant adenoviruses were created by using the AdEasy tech-
nology as reported.38,41,61–63 Briefly, the coding region of human
y: Nucleic Acids Vol. 22 December 2020 895
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BMP9 was PCR amplified and subcloned into an adenoviral
shuttle vector to generate the recombinant adenoviral vector
pAd-BMP9, which was then used to produce and/or amplify the
adenovirus Ad-BMP9 in 293pTP or RAPA cells.50,51 Ad-BMP9 also
co-expressed GFP as reported.20,21,64,65 The Ad-GFP was used as a
mock virus control.66–68 Polybrene (4–8 mg/mL) was added to all
adenoviral infections to enhance viral transduction efficiency as
reported.69

RNA Isolation and Touchdown Quantitative Real-Time PCR

Total RNA was purified by using the NucleoZOL RNA isolation kit
(Takara Bio USA,Mountain View, CA, USA) and subjected to reverse
transcriptase (RT) reactions using hexamer andMoloney murine leu-
kemia virus (M-MuLV) RT (NEB). The resultant RT cDNA products
were properly diluted and used as touchdown quantitative real-time
PCR templates. Touchdown quantitative real-time PCR primers
were designed with the Primer3 Plus program.70 Touchdown quanti-
tative real-time PCR reactions were carried out as described.21,71–74.
Briefly, the SYBR Green (Bimake, Houston, TX, USA) qPCR reac-
tions were carried out by using the following cycling program: 95�C
for 3 min for 1 cycle; 95�C for 20 s, 66�C for 10 s per cycle, and
then �3�C per cycle for four cycles; followed by 95�C for 10 s,
55�C for 15 s, and 70�C for 1 s for 40 cycles. Gapdh was used as a
reference gene. The gene expression calculations were performed us-
ing the 2�DDCt method.37,56,57 Touchdown quantitative real-time
PCR primer sequences are listed in Table S1.

ALP Assays

ALP activities were assessed both qualitatively and quantitatively by
using histochemical staining and a modified Great EscAPe secreted
alkaline phosphatase (SEAP) chemiluminescence assay (Takara Bio
USA), respectively, as described.75–77 Each assay condition was
done in triplicate.

Matrix Mineralization Assay (Alizarin Red S Staining)

The cells were infected with Ad-BMP9 or Ad-GFP and cultured with
10% FBS DMEM containing ascorbic acid (50 mg/mL) and b-glycer-
ophosphate (10 mM) for the indicated time periods. Alizarin red S
staining was carried out to assess mineralized matrix nodules as
described.20,64,78–81 The staining of calcium mineral deposits was
documented under a bright field microscope. For quantitative assays,
the alizarin red stain was dissolved in 10% acetic acid, and the absor-
bance was measured photometrically at 405 nm. Each assay was done
in triplicate.

Oil Red O Staining Assay

Subconfluent BMSCs were infected with indicated adenoviruses for 7
or 14 days. Oil red O staining was carried out as described.22,49,82,83

Briefly, the cells were fixed with 10% formalin at room temperature
for 10 min and washed with PBS. After residual PBS being aspirated,
the cells were stained with oil red O solution, placed in a 37�C incu-
bator for 1 h, and washed with tap water. The stained lipid droplets
were documented under a bright field microscope. For quantitative
assays, the oil red O stain was eluted in 2-propanol and the absor-
896 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
bance was measured photometrically at 510 nm. Each assay was
done in triplicate.

Subcutaneous Stem Cell Implantation and Ectopic Bone

Formation

The use and care of athymic nude mice were approved by
the Institutional Animal Care and Use Committee. All experi-
mental procedures were carried out according to the approved
guidelines. The subcutaneous stem cell implantation procedure
was carried out as previously described.24,25,66,84 Briefly, subconflu-
ent BMSCs were co-infected with Ad-BMP9 or Ad-GFP for 36 h
and then collected, resuspended in PBS (�50 mL per injection),
and subcutaneously injected into the flanks of nude mice
(Envigo/Harlan Laboratories; n = 5/group, female, 5 weeks old;
2 � 106 cells per injection). At the indicated endpoints, nude
mice were sacrificed and the masses were retrieved for micro-
computed tomography (mCT) imaging and histologic evaluation
as described.22,24,59,85

mCT Analysis

The retrieved masses were fixed in 10% formalin and imaged using
the X-CUBE (Molecubes, Gent, Belgium) at the Integrated Small
Animal Imaging Research Resource (iSAIRR) of The University of
Chicago. Spiral high-resolution CT acquisitions were performed
with an X-ray source of 50 kVp and 200 mA. Volumetric CT images
were reconstructed in a 350 � 350 � 840 format with voxel dimen-
sions of 200 mm3. All image data were analyzed by Amira 5.3 (Visage
Imaging), and 3D volumetric data and bone density were calculated
as described.24,52,76,86

Hematoxylin and Eosin (H&E) and Masson’s Trichrome Staining

After mCT imaging, the fixed samples were decalcified, paraffin-
embedded, and subjected to serial sections and H&E staining and
Masson’s trichrome staining as described.59,75,85,87

Statistical Analysis

All quantitative experiments were carried out in triplicate and/or
repeated in three independent batches. Data are expressed as
mean ± standard deviation (SD). Statistical significance was analyzed
by using the one-way analysis of variance. p < 0.05 was considered sta-
tistically significant.
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