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ABSTRACT

Silencing gene expression through a sequence-specific manner can be achieved by small interfering RNAs (siRNAs). The discovery of
this process has opened the doors to the development of siRNA therapeutics. Although several preclinical and clinical studies have
shown great promise in the treatment of neurological disorders, cancers, dominant disorders, and viral infections with siRNA, siRNA
therapy is still gaining ground in musculoskeletal tissue repair and bone regeneration. Here we present a comprehensive review of
the literature to summarize different siRNA delivery strategies utilized to enhance bone regeneration. With advancement in
understanding the targetable biological pathways involved in bone regeneration and also the rapid progress in siRNA technologies,
application of siRNA for bone regeneration has great therapeutic potential. High rates of musculoskeletal injuries and diseases, and
their inevitable consequences, impose a huge financial burden on individuals and healthcare systems worldwide. © 2016 American

Society for Bone and Mineral Research.
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Introduction

one retains the capacity to employ all of the essential
Bsignaling cascades present during organogenesis, on the
occasion of an injury repair throughout life."” Bone healing and
fracture repair occur via an orchestrated sequence of over-
lapping molecular and cellular events® (Fig. 1A). Owing to
advancements in molecular and physiological sciences, there is
a growing understanding of the cellular events and underlying
mechanisms involved in healthy fracture healing and natural
bone regeneration.®* However, in spite of bone’s natural ability
to regenerate following an injury, large amounts of bone loss
due to trauma, tumor excision, developmental anomalies, or
infections do not heal on their own and require therapeutic
intervention® (Fig. 1B). These “critical size defects,” in which
bone regeneration fails to occur, present major clinical
complications in reconstructive orthopedic and craniofacial
surgery.©
Surgical reconstructive approaches to these defects include
llizarov, Masquelet, and bone graft techniques” (Fig. 1C).
However, the most widely used surgical technique, and the gold
standard for treating such conditions, is autologous bone
grafting.”® In spite of encouraging results, there are morbidities
associated with this technique due to postoperative infections
and longer hospitalization time. Moreover, the amount of
available autologous bone from a patient is limited, and two

invasive surgical procedures are needed for bone extraction
(usually from the iliac crest) and grafting at the site of injury.©%

The field of tissue engineering offers a promising alternative to
the use of autologous bone grafts."®'” The main principle behind
a traditional tissue engineering approach involves the use of three
components (ie, triangular concept): a scaffolding biomaterial,
growth factors (both osteoinductive and angiogenic), and cells
with potential osteoblastic fate.*® Biomaterials are also utilized in
the design of drug delivery systems (DDSs) that can provide a
controlled release of growth factors at the site of injury. The major
advantage of providing a controlled release is the ability to reduce
the concentrations of growth factors needed to induce a
therapeutic effect, which reduces overall cost and eliminates any
unwanted side effects associated with high doses.

Growth factors that stimulate one or several phases of bone
formation have recently been identified and studied for specific
clinical applications such as fracture repair, long bone
nonunions, spinal fusions, and periodontal and dental proce-
dures.®® The most widely studied growth factors for bone tissue
engineering are bone morphogenetic proteins (BMPs).%13) |n
skeletal tissue, BMPs are secreted by various cells types involved
in the healing process. Secreted BMPs interact with their specific
surface receptors on target cells and initiate a cascade of
intracellular signals, leading to osteoblastic downstream gene
expression. Some types of BMPs (rhBMP2 and rhBMP7) are
currently commercially available and have been used in clinical
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Fig. 1. (A) Schematic presentation of three main physiological stages of fracture healing (inflammatory stage, endochondral bone formation, and

remodeling stages) in a mouse model with closed femur fracture and an intramedullary rod fixation.”’ (B) Critical size defect in the rat femur.

(C) llizarov technique for long bones.'2"

applications.">">) However, because of their short half-life in

vivo, and tendency to diffuse away from the site of application,
doses thousands of times higher than physiological concen-
trations are needed to achieve a therapeutic effect.'*'” Aside
from the enormous cost of such amounts of recombinant
protein, they may cause serious safety issues for patients such as
toxicity, heterotopic ossification, retrograde ejaculation, osteol-
ysis, seroma/hematoma, infection, and dysphagia.'>'¢1819
Therefore, as mentioned previously, designing a DDS capable
of providing a controlled release of BMPs is highly desirable.

In addition to BMPs, the effects of other agents such as
synthetic peptides,®® small molecules (eg, phenamil, pur-
morphamine),?" or drugs (eg, statins, melatonin) on bone
regeneration have been explored.©'32223

Similar to the delivery of growth factors, gene therapy aims to
deliver genetic material in order to induce and stimulate new
bone formation at the site of bone defects. This could be achieved
by introducing genes into bone tissue in an attempt to enhance
the local expression of proteins capable of either reducing bone
resorption or enhancing the infiltration and proliferation of
osteoblast precursors and cell differentiation toward an osteo-
genic lineage. Gene therapy methods explored for bone tissue
engineering include vector-mediated ex vivo and in vivo DNA
transfection of the cells. A variety of vectors and genes have been
extensively investigated for gene therapy in bone. A detailed
description of such methods is beyond the scope of this review,
but can be found in other topic-specific reviews.+2%

RNA interference (RNAI) is an innovative biological mechanism
that reduces the gene expression, characteristically by destruc-
tion of the transcript product (ie, messenger RNA [mRNA]) via
different known processes. Two types of small RNA are
fundamental to RNAi: microRNA (miRNA) and small interfering
RNA (siRNA). Natively expressed pri-mRNA molecules are short
hairpin structures (about 61 nucleotides long) encoded by
nuclear DNA. These molecules are further processed in the
nucleus to form pre-miRNAs and then exported to the cytoplasm.
Pre-miRNAs are identified by a protein complex called Dicer
which cleaves them into shorter miRNAs with two strands of non-
perfect complementarity. Double-stranded miRNA is detected by
Argonaute 2 (AGO2) and integrated into the RNA-induced
silencing complex (RISC). The passenger strand is discarded and
the guide strand of miRNA guides this complex to bind the target
mRNA with partial complementarity, leading to mRNA translation
repression, degradation, or cleavage.?’2®

Similarly, endogenous or exogenously introduced long
double-stranded RNA (dsRNA) is also identified by Dicer, which

(26)

cleaves the dsRNA into 20 to 25 nucleotide siRNAs, with perfect
complementarity.?>3% A single strand of siRNA complexes with
RISC and recognizes homologous mRNA substrates matched
exactly with the siRNA sequence. The RISC-siRNA complex
mediates the cleavage of the mRNA to smaller pieces.
Subsequently, the accumulation of mRNA in the cytosol is
reduced and this leads to a downregulation of the target gene
expression.®3* The simplified series of these events is shown
schematically in Fig. 2. In addition to the naturally occurring
intracellular miRNA and siRNA, the synthetic form of these
molecules could be introduced into the cells exogenously.®*3¢)
There are several excellent reviews on this topic that are
suggested for further reading.”-2837-49

Short hairpin RNA (shRNA) is synthesized intracellularly
by the production of vector-mediated DNA.’*? The structure
of shRNA consists of two complementary 19-bp to 22-bp
RNA sequences that are linked to each other by a non-
complementary sequence of 4 to 11 nucleotides, forming a short
loop, similar to the hairpin structure present in the natural
miRNA.“? Expression of shRNA is attained using plasmids
delivered to cells by viral or bacterial vectors.*® In addition to
the unfavorable type of vectors (ie, viral or bacterial) for future
clinical applications, shRNA has been associated with a high risk
of overexpression and toxicity in the cells.*

The silencing property of siRNAs was initially revealed by Fire
and colleagues™ in 1998 and is continuously developing as an
innovative approach to downregulate target gene expres-
sion.“® RNAi, particularly siRNAs, have been utilized as
investigational tools to understand the biological role of specific
genes by observing the consequences of knocking down that
gene in vitro or in vivo. Similar to other tissues, several bone-
specific pathways and genes have been elucidated using this
technique.*’~""

However, recent applications of siRNA have gone beyond
investigatory studies and into the field of therapeutics.”? The
ability to knock down any gene of interest by knowing the
MRNA sequence alone provides an inexpensive and robust
technique for treating a wide range of diseases. In the case of
bone regeneration, siRNA that can knock down the expression
of BMP inhibitors such as Noggin and Chordin has been widely
explored as a means of enhancing bone formation. The major
challenge, however, is the ability to deliver the siRNA into the
cytoplasm of target cells and to promote the successful
formation of the RISC complex.”® In order to overcome this
issue, various DDSs have been investigated in order to preserve
the siRNA in the extracellular environment, promote its uptake
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siRNA: Transcribed or exogenously introduced long dsRNA is detected by a protein complex called Dicer,

which cleaves it into multiple siRNAs then loaded into the RISC. One strand of siRNA is cleaved by AGO2, a component of RISC, the remaining strand
(guide strand) guides the active RISC to recognize its target mRNA with exact complementarity. The RISC-siRNA complex mediates the cleavage and
degradation of the mRNA and results in gene silencing. miRNA: Nuclear transcribed pri-miRNAs are cleaved by Drosha and form pre-miRNAs, which are
later exported to the cytoplasm by Exportin. Pre-miRNA is detected and further processed by Dicer to miRNA, with two strands of imperfect
complementarity. The miRNA is detected by AGO2 and is loaded into the RISC, where the passenger strand is discarded and the guide strand of miRNA
guides this complex to bind the target mRNA with partial complementarity, leading to mRNA translation repression, degradation, or cleavage. Artificial
siRNA or miRNA could be introduced directly to the cell via DDS to load into RISC for RNAi. Adapted from Ref. 27 with minor modifications.
dsRNA = double-stranded RNA; RISC = RNA-induced silencing complex.

by the target cells usually via endocytosis, and protect it from
enzymatic degradation within the cytoplasm. In this review we
provide a comprehensive analysis of the different siRNA delivery
strategies for enhancing bone regeneration.

siRNA DDS for Bone Regeneration

There are two major categories of DDSs that have been used for
successfully delivering siRNA into osteoblastic cells, namely
polymer-based and lipid-based systems. Polymers are long
chains of repeating chemical units that can be modified to
achieve a wide range of physicochemical properties. On the
other hand, most lipid molecules used in DDS design are
amphiphilic in nature, which means they contain hydrophilic
and hydrophobic regions that allow them to form spherical

vesicular structures in an aqueous environment. Both polymers
and lipids are versatile and can be rationally designed to
fabricate DDSs that provide targeted and controlled delivery of
therapeutic agents.”*”® Viral DDSs have also been explored,
mostly for in vitro studies and cell transfection; however, there
are potential toxicity concerns associated with the use of live
viruses, hindering their safe application in humans. The majority
of studies included in this review utilized either polymer-based
or lipid-based systems.

Polymer-based DDS for siRNA delivery

Synthetic and natural polymers have been used for the past
50 years to fabricate a multitude of microparticles and nano-
particles that can act as DDS for proteins, small molecules, and
genetic material.”®’” Conjugating moieties such as antibodies,
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short peptide sequences, and aptamers have also been explored
to improve DDS targeting to desired tissues once administered
in vivo. Moreover, strategies used to overcome physiological
barriers and improve intracellular uptake of polymer-siRNA
systems have been thoroughly discussed in two excellent
reviews.67®

Poly(lactic-co-glycolic) acid (PLGA), a synthetic copolymer, has
also been explored as a viable DDS for the delivery of siRNA. PLGA
is biocompatible, biodegradable, and U.S. Food and Drug
Administration (FDA)-approved for use in therapeutic devices.”?
Hong and colleagues®” fabricated PLGA microparticles and were
able to encapsulate siRNA and provide a controlled release in vitro
for up to 40 days. siRNA against glucocorticoid receptors (GRs)
was used in order to reduce endogenous glucocorticoid (GC)
activity in human mesenchymal stem cell (MSCs). Elevated levels
of GC were shown to reduce the ability of MSCs to proliferate by
causing them to readily differentiate. Therefore, by silencing the
expression of GRs and reducing the effect of GCs, MSCs were
hypothesized to proliferate more readily and preferentially
differentiate into an osteogenic lineage. The siRNA-mediated
gene silencing resulted in significantly higher proliferation rates
and differentiation toward osteoblasts, with lower adipogenic
differentiation. The authors concluded that the PLGA microparti-
cle system was a promising DDS for the transfection and delivery
of siRNA to MSCs. Another study explored the use of PLGA
microparticles encapsulating RANK siRNA in order to reduce bone
resorption.®” RANK receptors on the surface of osteoclasts
activate osteoclastic gene expression, which increases bone
resorption. Therefore, silencing RANK was hypothesized to
reduce bone resorption. The authors used the PLGA-siRNA
microparticle system mixed with commercially available bone
cement as a platform to seed murine cells on the surface.
Although this study did not show any effect of this strategy on the
function of osteoclasts and/or bone resorption, the authors
demonstrated good bioactivity of the system and effective siRNA
transfection of cells followed by inhibition of progression toward
an osteoclastic phenotype (Fig. 3A).

In addition to the use of polymer-based particles, 3D
polymeric hydrogels have also been explored in the context
of DDSs for siRNA transfection of encapsulated cells.®? Nguyen
and colleagues”" fabricated 3D polyethylene glycol (PEG)
scaffolds for localized and sustained delivery of siRNA to
differentiate encapsulated human MSCs within the hydrogel
network. siRNA was first complexed with polyethyleneimine
(PEI)—a highly cationic polymer—prior to incorporation in the
hydrogel. The authors showed enhanced osteoblastic differen-
tiation of the human MSCs using this hydrogel as a result of the
prolonged delivery of Noggin siRNA or miRNA-20a (known to
downregulate the expression of peroxisome proliferator-acti-
vated receptor gamma [PPAR-v], a negative regulator of BMP2).
This study demonstrated an interesting biomaterial methodol-
ogy and approach; however, hMSCs from only one to two
donors were examined (Fig. 3B).

Zhang and colleagues®® explored the use of a nanoparticle
system fabricated from the synthetic copolymer, N-(2-hydrox-
ypropyl) methacrylamide (HPMA) conjugated with poly-aspartic
acid sequence and Alendronate (a bisphosphonate) for specific
targeting to bone tissue. HPMA is a highly hydrophilic polymer
that is non-immunogenic and improves blood circulation of
therapeutic agents, and was therefore explored as a promising
DDS for siRNA.®* Moreover, the octa-aspartic acid sequence
(D-Asp8) and bisphosphonates have been shown to target
bone tissue because they recognize and specifically bind to

hydroxyapatite.®> Semaphorins are molecules involved in cell-
cell communication between osteoblasts and osteoclasts.
Semaphorin 4d (Sema4d) specifically has been shown to be
released by osteoclasts in order to repel osteoblasts and reduce
mineralization.®® Therefore, gene silencing of Sema4d was
explored as a treatment for osteoporosis in the mandibular
alveolar bones of osteoporotic mouse models. The authors
demonstrated that systemic administration of this bone-specific
system led to targeting high bone turnover sites including the
mandible alveolar region, peaking at 4 hours after the
intravenous injection of the drug. They also showed that
the treatment interferes with Sema4d in the target areas in vivo
and decreases the bone loss resulting from osteoporosis by
anabolic effects on bone regeneration without affecting
osteoclast count (Fig. 3C). The latter finding is advantageous
over the use of bisphosphonates, because bisphosphonates
deteriorate osteoclasts and therefore can potentially affect
natural bone turnover.

Atelocollagen is another 3D gel system that was developed
for siRNA delivery.®” Atelocollagen is a decomposition product
of type | collagen that is positively charged and thus can
complex with siRNA.®” Kawakami and colleagues® used
Atelocollagen to complex the siRNA against Lnk (an inhibitory
signaling molecule for stem cell renewal) in order to accelerate
fracture healing. Primary mouse bone marrow cells and
osteoblasts were transfected with siRNA against Lnk using
lipofection. For the fracture model experiments, the siRNA was
administered to the site of fracture in a 3D Atelocollagen gel,
which underwent thermally induced gelation once injected in
vivo (37°C). This strategy was reported to contribute to a
favorable environment for fracture repair by promoting both
angiogenesis and osteogenesis and resulted in enhanced
recovery from facture (Fig. 4A).

Lipid-based DDS

Lipid-based DDS have been more widely used for transfecting
cells with siRNA than their polymeric counterparts. As a matter of
fact, almost all commercially available transfection reagents are
modified cationic liposome-based systems (eg, Lipofectamine
from Invitrogen; DOTAP and DOSPER from Boehringer Man-
nheim Biochemicals; TransFast from Promega; Ambion from
Thermo Fisher Scientific; and SUB9 kits from Precision Nano-
Systems). Liposomes are core-shell vesicular structures with at
least one lipid bilayer. For siRNA transfection applications, the
hydrophilic heads of amphiphilic lipids used to fabricate
liposomes are usually cationic in nature. Neutral lipids such as
cholesterol are used to stabilize the lipid bilayer structure.
Cationic liposomes can easily complex with anionic siRNA
through electrostatic attractions, and also adhere readily to the
anionic membrane of cells. Moreover, liposomes have been
commercially available for decades as DDSs for various
therapeutic agents (eg, Ambisome), and therefore established
methods are available for large-scale production of liposomes,
which makes them attractive to pharmaceutical companies.
Commercially-available Ambion (polyamine-based transfec-
tion agent) was used to transfect MSCs with siRNAs against
guanine nucleotide-binding protein alpha-stimulating activity
polypeptide 1 (GNAS1) and prolyl hydroxylase domain contain-
ing protein 2 (PHD2) to target core binding factor alpha 1 (Cbfa1)
and hypoxia-inducible factor 1(HIF-1) pathways, respectively.®
Activating GNAS1 leads to the proteolytic degradation of Cbfa1l
(an osteogenic differentiation transcript factor); therefore,
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Fig. 3. (A) In vitro only: Encapsulation of siRNA in PLGA microparticles, physical, chemical, and functional properties of the microparticles.“’” (B) In vitro
only: Alizarin red staining of hydrogels. Calcium content measurement in the hydrogels containing Noggin-siRNA or miRNA showing increased calcium
content compared to the control group, over time.”" (C) In vivo only: Representative immunohistological study of the intermolar regions in mice treated

either with Sema4d siRNA or control: osteoblast and osteoclast numbers and

silencing GNAST can lead to enhanced osteogenic differentia-
tion. On the other hand, silencing PHD2 promotes the
expression of angiogenic factors through the hypoxia pathway.
Although in vitro analyses were not decisive regarding the

Sema4d gene expression and knockdown.®?

effectiveness of the GNAS1 and PHD2 siRNAs in increasing
osteogenesis, in vivo results demonstrated some promising
results. In a sheep model of bone formation, siRNA-loaded
chitosan-silk fibroin scaffolds were implanted over the
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periosteum. By day 70 there was an increase in bone volume in
scaffolds containing GNAS1, PHD2, and the combination of both
siRNAs (Fig. 4B).

Lipofectamine 2000 is a widely used, highly cationic, lipid-
based DDS utilized for siRNA delivery. Jia and colleagues®®
investigated the effects of two different siRNA-Lipofectamine
2000 complexes targeting casein kinase 2interaction protein 1
(Ckip-1) and soluble vascular endothelial growth factor (VEGF)
receptor 1 (siFlt-1) to promote both osteogenesis and angio-
genesis simultaneously in MSCs and also in vivo, using a skull
critical size defect in rat models. These siRNA-Lipofectamine
2000 complexes were incorporated in a biodegradable lyophi-
lized chitosan sponge as a scaffold for bone regeneration. The
authors concluded that this scaffold system was able to maintain
the siRNA efficiently over time and the synergistic effect of two
different types of siRNA stimulated both osteogenesis and
angiogenesis in vitro and enhanced bone regeneration in vivo
(Fig. 40). In a similar biological approach, Xu and colleagues®®"
investigated the inhibitory effects of siRNA against PPAR-y on
the suppression of adipogenic differentiation of cryopreserved
human subcutaneous preadipocytes and also fresh fetal-femur-
derived MSCs. The authors used Lipofectamine 2000 for siRNA
delivery to the cells and showed a significant suppression of
adipocyte differentiation capacity in vitro. Lipofectamine 2000
complexed with siRNA was also used to knock down the
expression of Chordin (BMP inhibitor) in human MSCs.®?
Chordin knockdown resulted in increased expression of an
osteoblastic cell marker (Alp) and extracellular mineral formation
by these cells. Lipofectamine RNAIMAX is another liposome-
based system that has been commercially developed for
enhanced transfection of mesenchymal and neural stem cells.
Chen and colleagues®® studied the effects of silencing BRE
(Brain and Reproductive Organ-Expressed), a multifunctional
adaptor protein important in cell survival, DNA repair, and stress
response, on osteogenic and chondrogenic differentiation of
human umbilical cord perivascular (HUCPV) multipotent pro-
genitor cells. The authors found that the expression of BRE is
decreased when chondrocytic or osteoblastic differentiation is
induced in HUCPV mesenchymal cells. Therefore, Lipofectamine
RNAIMAX was used to deliver siRNA against BRE to HUCPV
progenitors. Both osteogenesis and chondrogenesis were
accelerated posttransfection. Zhang and colleagues®? reported
a systemically-administered and targeted approach to silence
genes inhibitory to bone formation, utilizing siRNAs in
osteogenic lineage cells. The group explored the use of DOTAP
cationic liposomes targeting only bone-formation surfaces to
deliver siRNA against Plekho1 in an in vivo osteoporotic rat
model. The gene Plekho1 was recently discovered as a negative
regulator of osteogenic lineage activity with little effect on
bone resorption. The proposed cationic liposome in this study
had a high binding affinity to poorly crystallized hydroxyapatite
due to an (AspSerSer)s moiety. As such, this strategy was found
effective in specifically targeting the bone-forming surfaces of
the skeletal system and delivering the cargo to the osteogenic-
lineage cells (Fig. 4D). In a recent work, Liang and colleagues®®®
reported on a more efficient application of the same siRNA
using a lipid nanoparticle whose surface was functionalized
with an osteoblast-specific aptamer to deliver Plekho1 siRNA
specifically to bone. Systemic application of this siRNA resulted
in Plekho1 gene silencing followed by improved bone formation
and bone microarchitecture and increased mechanical proper-
ties, tested in both healthy and osteoporotic animal models
(Fig. 4E).

Lipidoids—another class of lipid-based nanoparticles—have a
similar structure to liposomes and are synthesized by conjugat-
ing alkyl-acrylamides and amine molecules. They require fewer
steps for fabrication compared to liposomes, which makes them
preferential for high-throughout analysis of different therapeu-
tic agents.®® Moreover, it has been shown that at a low serum
level (2%), the transfection of human umbilical vein endothelial
cells (HUVECs) using lipidoid was comparable to Lipofectamine
2000. However, at a normal serum level (10%), lipidoids had
superior transfection efficiency compared to Lipofectamine
2000. This is another advantage of using lipidoids over cationic
liposomes, which easily aggregate in the presence of high serum
concentrations. Ramasubramanian and colleagues®®” examined
the effects of delivering BMP2 DNA in conjunction with siRNA
against both Noggin and GNAS to a human fetal osteoblast
(immortalized) cell line using a lipidoid called NA114, which was
previously demonstrated to be an efficient nanoparticle for
siRNA delivery.®® Cell transfection with BMP2 DNA or Noggin
and GNAS siRNA resulted in increased cell apoptosis as well as
decreased proliferation and viability compared to sham DNA or
siRNA treated cells. The authors concluded that the response of
progenitor cells and immortalized cell populations to exogenous
osteogenic gene delivery is different, and highlighted the need
for a targeted gene delivery mechanism for bone regeneration.

Other DDS

El-Figi and colleagues®® fabricated and utilized bioactive glass
nanoparticles (BGn) smaller than 100 nm with 3-nm to 5-nm
mesopores for delivery of both small chemical drugs
(Na-ampicillin) and small nucleic acids (siRNA). They showed a
sustained release profile of siRNA from such nanoparticles up to 3
days and a high cell transfection efficiency (roughly 80%)
followed by about 85% target gene silencing in Hela cells. The
authors examined the cytotoxicity of their delivery system on
mouse preosteoblastic cell line and rat bone marrow stromal cells.
A summary of preclinical studies employing siRNA approa-
ches directly for bone regeneration is provided in Table 1.

Discussion

Universal challenges facing siRNA therapeutics

siRNA-based therapies have been gaining much attention, and
their use in a wide range of applications, including bone
regeneration, has been promising. However, there are some
universal challenges facing the use of siRNA therapeutics.
Almost a decade ago, three main off-target effects of siRNA were
discovered with potential unwanted side effects.'%? The first
was the silencing of a number of unintended genes through
partial sequence complementarity; second was an inflammatory
response caused by either the siRNA or DDS used; and the third
surprising event was the saturation of endogenous RNAi
machinery, which could affect normal miRNA functionality.'%®
In order to avoid silencing unintended genes, there has been
evidence that lowering the concentration of siRNA used can
significantly reduce these unwanted effects."°" Lowering
the concentration to the minimum effective limit can also
reduce the burden on RNAi machinery and avoid disrupting
physiological processes. Different factors that trigger an
immune reaction in response to siRNA sequence and length,
as well as the siRNA-DDS complexes, have been thoroughly
explored in an excellent review."” For example, it was
shown that the motif 5-UGUGU-3’ is immune-stimulatory,
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and therefore, should be avoided when designing siRNA
sequences for bone regeneration.'%?

Strategies to improve efficacy of siRNA therapies in bone
regeneration

Besides the universal barriers that any siRNA DDS should
overcome,”® there are a few additional design criteria that can
improve the efficacy of siRNA therapeutics in bone regeneration
applications.

Incorporation of siRNA particles in injectable matrices

Incorporating siRNA-loaded particles inside injectable biodegrad-
able matrices can be very beneficial in localizing the delivery of
siRNA at the site of a bone defect or fracture, maximizing its
therapeutic effect. Such an approach would also circumvent
various physiological barriers the DDS-siRNA would have to
overcome in the case of systemic administration. Moreover, the
injectable system does not have to be a passive carrier of the
siRNA-loaded particles, instead, it could be modified to provide a
cumulative bone regeneration effect. For example, incorporating
inorganic osteoconductive components such as bioactive glass,
hydroxyapatite, or tricalcium phosphates into the injectable
matrix can accelerate bone formation and improve bone
quality."%*'%% The choice of an osteoconductive polymer, such
as collagen or chitosan, to fabricate the injectable matrix can
further improve bone formation."®"% Finally, controlling the
rate of degradation can provide a continuous release of the
siRNA-loaded particles and therefore prolong the therapeutic
effect. Such control can be achieved by varying the degree of
polymer crosslinking or by utilizing different crosslinking
methods (ie, chemical or physical crosslinking).

Functionalizing targeting moieties on siRNA-DDS complexes

The addition of targeting moieties is another important
approach to improve the efficacy of siRNA delivery. The three
most commonly used moieties for bone regeneration are
bisphosphonates, bone-specific oligopeptides, and aptamers.
Poly-aspartic acid sequences (eg, (Asp)g) are oligopeptides
discovered to have a high affinity for crystalline hydroxyapatite
present on bone-resorption surfaces, and have therefore been
used as targeting moieties to bone tissue.'%”"'%® |nterestingly,
the oligopeptide (AspSerSer)s was shown to have a higher
affinity for more amorphous hydroxyapatite resembling miner-
alizing nodules as compared to highly crystalline hydroxyapa-
tite, and has therefore been utilized to target bone-forming
surfaces.®*1%® Bisphosphonates, on the other hand, have high
affinity to the calcium present in hydroxyapatite and can
therefore target both bone-resorption and bone-formation
surfaces.'® On the other hand, a recent study done by Liang
and colleagues®® demonstrates the use of aptamer-function-
alized nanoparticles to selectively deliver siRNA to osteoblasts,
which makes it a “cell-specific” DDS. Finding such moieties that
increase cellular specificity to osteoblasts will improve the
therapeutic effect and clinical relevance of DDS-siRNA systems.

Incorporation of osteogenic and angiogenic factors

Incorporating low concentrations of osteogenic factors (eg,
BMPs, bFGF, etc.) along with siRNA can further improve bone
regeneration. However, similar to siRNA, using very low and safe
concentrations of osteogenic factors (eg, rhBMP2 and rhBMP7) is

critical in order to avoid unwanted side effects such as ectopic
bone formation and toxicity. Similarly, incorporating angiogenic
factors such as VEGF can accelerate bone formation by
increasing the blood supply to the fracture site.'’” The
synergistic effect of siRNA therapy and osteogenic/angiogenic
factors is therefore believed to be superior to the use of siRNA
alone.

Additional criteria to ensure clinical safety

In addition to improving the therapeutic effect of any siRNA
therapies mentioned above, there are also safety issues to be
taken into account in order to move the technology into a
clinical setting. The first is to fabricate the DDS and injectable
matrices using degradable, biocompatible biomaterials, with
degradation byproducts that are noncytotoxic, and that can be
cleared readily from the body, without accumulation in the liver
or other organs. Cationic polymers have been widely used for
oligonucleotide delivery because of their ability to readily
complex with DNA and RNA."""" However, upon degradation
some cationic polymers can induce cytotoxic effects to
surrounding cells and cause red blood cell lysis."'? For example,
it has been shown that poly(L-lysine) (PLL) and PEIl are more
cytotoxic at concentrations higher than 0.1 mg/mL as compared
to other cationic polymers such as poly (diallyldimethyl-
ammonium chloride) or diethylaminoethyl-dextran."'? The
cytotoxicity of PEl has also been attributed to its limited
biodegradability in vivo. Therefore, hydrolysable polymers that
can degrade more readily have been getting more attention in
the literature."""® One group of polymers that have been shown
to be both biocompatible in humans and highly effective in
siRNA incorporation and delivery are cyclodextrin-containing
polymers.'¥

Cationic lipids can induce a cytotoxic effect and reduce cell
viability. For example, a study done in vitro found that at a
concentration of 40 wM, cationic liposomes fabricated using
dimethyldioctadecyl-ammonium bromide (DDAB) and dioleoyl-
phosphatidylethanolamine (DOPE), were more cytotoxic com-
pared to those fabricated using N[I-(2,3-dioleoyloxy) propyll-N,
N,N-trimethylammonium-methylsulfate (DOTAP)."'® Cationic
lipids can also accumulate in Kupffer cells in the liver and induce
an inflammatory response that can ultimately cause liver
damage."'® Surface charge of the nanoparticles is not the
only factor that determines cytotoxicity, but also the shape, size,
hydrophilicity, concentration, and length of exposure.®'® All of
these factors also dictate whether the siRNA-DDS complexes can
end up accumulating in organs such as liver and kidney. Readers
are encouraged to refer to these reviews for further discussion
on this specific topic.''¢'17

Conclusion and Future Outlook

siRNA therapies have emerged as excellent genetic tools in biology
and are also becoming the next frontier in gene therapy, holding
great therapeutic promise. Please visit the Google-based World of
RNAi Therapeutics,”'® which pinpoints all the companies currently
involved with RNAI globally and the list of their RNAi agents in
clinical trials or under investigation. Advanced nanotechnology
offers novel solutions for improved and efficient DDSs. Neverthe-
less, our search revealed no current or previous clinical trials
utilizing siRNA therapy for musculoskeletal defects or disorders.
Investigators have identified a large number of regulatory signals
and targets playing central roles in bone development and repair
that offer a long list of potential attractive candidates for
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translational research and siRNA therapeutics. Despite several
barriers in the systemic application of such therapeutics, local
application of siRNA at the site of bone defects is advanta-
geous and is less complex. This is mainly because if delivered
at the site of target tissue, significantly lower doses of siRNA
are required to achieve the therapeutic effect locally;''®'2%
this in turn reduces the associated risks and costs of such
treatment for patients. By focusing local delivery of siRNA at
the site of bone defects, undesired systemic effects and
obstacles in systemic delivery could also be avoided. Though
RNAi therapeutics is still a nascent field, advances in siRNA
design, biochemical modifications, and nanosized DDS are
contributing to a faster translation of preclinical experiments
to clinical trials. High rates of skeletal injuries with consequent
social, emotional, and economic impacts on individuals
warrants significant investment in drug discovery and
development in this area and provides a significant unmet
global market for pharmaceutical industries.
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