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Abstract

Osteoporosis remain major clinical challenges. RNA interference (RNAi) provides
a promising approach for promoting osteoblastic bone formation to settle the
challenges. However, the major bottleneck for translating RNAi with efficacy and
safety to clinical bone anabolic strategy is lack of osteoblast-specific delivery
systems for osteogenic siRNAs.

Previously, we developed a targeting system involving DOTAP-based cationic
liposomes attached to oligopeptides (AspSerSer)6, (also known as (DSS)6), which
had good affinity for bone formation surface. Using this system, osteogenic
Pleckstrin Homology Domain Containing, Family O Member 1 (Plekho1) siRNA
could be specifically delivered to bone formation surface at tissue level and
promoted bone formation in osteopenic rodents. However, concerns still exist
regarding indirect osteoblast-specific delivery, detrimental retention in hepatocytes,
mononuclear phagocyte system (MPS)-induced dose reduction and inefficient
nanoparticle extravasation.

Aptamers, selected by cell-based Systematic evolution of ligands by exponential
enrichment (cell-SELEX), are single-stranded DNA (ssDNA) or RNA which binds
to target cells specifically by distinct tertiary structures. By performing positive
selection with osteoblasts and negative selection with hepatocytes and peripheral
II

blood mononuclear cells (PBMCs), we aimed to screen an aptamer that could
achieve direct osteoblast-specific delivery and minimal hepatocyte and PBMCs
accumulation of Plekho1 siRNAs. In addition, lipid nanoparticles (LNPs) have been
widely used as nanomaterials encapsulating siRNA due to their small particle size
below 90 nm. Polyethylene glycol (PEG) as the mostly used hydrophilic polymer,
could efficiently prevent LNPs from MPS uptake. So, LNPs with PEG shielding
could serve as siRNA carriers to realize efficient extravasation from fenestrated
capillaries to osteoblasts and help reduce MPS uptake of the siRNAs.

Recently, we screened an aptamer (CH6) by cell-SELEX specifically targeting both
rat and human osteoblasts and developed the aptamer-functionalized LNPs
encapsulating osteogenic Plekho1 siRNA, i.e., CH6-LNPs-siRNA. Our results
demonstrated that CH6-LNPs-siRNA had an average particle size below 90 nm and
no significant cytotoxicity in vitro. CH6 aptamer facilitated osteoblast-selective
uptake of Plekho1 siRNA and gene silencing in vitro.

In this study, we further found that CH6 aptamer facilitated the bone-specific
distribution of siRNA by biophotonic imaging and quantitative analysis.
Immunohistochemistry results showed that CH6 achieved in vivo osteoblastspecific delivery of Plekho1 siRNA. Dose-response experiment indicated that CH6LNPs-siRNA achieved almost 80% gene knockdown at the siRNA dose of 1.0
mg/kg and maintained 12 days for over 50% gene silencing. microCT, bone
III

histomorphometry and mechanical testing confirmed that CH6 facilitated bone
formation, leading to improved bone micro-architecture, increased bone mass and
enhanced mechanical properties in osteoporotic rodents. Furthermore, CH6-LNPssiRNA achieved better bone anabolic action when compared to the previously
developed (AspSerSer)6-liposome-siRNA. There was no obvious toxicity in rats
injected with CH6-LNPs-siRNA.

All these results indicated that osteoblast-specific aptamer-functionalized LNPs
could act as a novel RNAi-based bone anabolic strategy and advance selectivity of
targeted delivery for osteogenic siRNAs from tissue level toward cellular level.

In addition, the generation of ssDNA from double-stranded PCR products is an
essential step in selection of aptamers in SELEX. We found that the size separation
derived from unequal primers with chemical modification could be a satisfactory
alternative to the classic magnetic separation.
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Chapter 1 General introduction

1.1 Epidemiology of osteoporosis
Osteoporosis, a major worldwide health problem, affects 20% of population with
age above 50-year-old in China (Li et al., 2002). Fractures, the most important
consequence of osteoporosis, are associated with enormous costs and substantial
morbidity and mortality (Keen, 2003). According to 2009 population census by
Hong Kong Census and Statistics Department, there are 1,260,200 elderly people
over 60 years old and 17.5% of the population at risk of osteoporotic fracture in
Hong Kong (http://www.censtatd.gov.hk/). The intervention of this disease is
therefore of paramount importance, especially for those elderly population with
high fracture risk.

1.2 Challenge for reversing osteoporosis
Bone is a dynamic tissue, which undergoes continuous remodeling throughout life.
Bone homeostasis is maintained by a balance of bone matrix and mineral resorption,
mediated by osteoclasts, and bone formation, controlled by osteoblasts (Fig. 1-1)
(Crockett et al., 2011). However, bone homeostasis shifts out of balance during
ageing, resulting in decreased bone formation relative to bone resorption and a
consequence of osteoporosis (Demontiero et al., 2012; Farr and Khosla, 2015).
Currently, there are a number of Food and Drug Administration (FDA)-approved
drugs for the intervention of osteoporosis that work by inhibiting bone resorption
1

(i.e., anti-catabolic). However, these agents only prevent further bone loss but do
not stimulate new bone formation in patients with serious osteoporosis (Khosla et
al., 2008). The only FDA-approved agent capable of stimulating new bone
formation for reversing bone loss (i.e., anabolic action) in patients with high risk
for osteoporotic fracture is intermittently administered parathyroid hormone (PTH).
However, the great concern is that the anabolic action of PTH may be considered
with regard to its stimulatory effects on bone resorption. Thus, the duration of
treatment with this drug is only limited to 18 months approved in Europe and 24
months approved in USA (Lindsay et al., 1997; Neer et al., 2001). Moreover, the
previously reported experimental studies showed osteosarcoma risk in rats treated
with PTH (Okazaki, 2003). Thus, it is highly desirable to develop alternative bone
anabolic agents.

Fig. 1-1 Bone remodeling process (http://www.york.ac.uk)

1.3 Bottleneck for RNAi-based bone anabolic strategy
RNA interference (RNAi), a natural cellular process that regulates gene expression
through a highly precise mechanism of sequence-directed gene silencing (Fig. 1-2)
2

(Kanasty et al., 2013), provides a promising approach for promoting osteoblastic
bone formation to reverse osteoporosis (Lopez-Fraga et al., 2009; Novina and Sharp,
2004). However, the major bottleneck for translating RNAi with efficacy and safety
to clinical bone anabolic strategy is lack of osteoblast-specific delivery systems for
osteogenic siRNAs (Wang and Grainger, 2012).

Fig. 1-2 The mechanism of RNAi (Kanasty et al., 2013).

1.4 Exploration of promising targets for RNAi-based bone anabolic strategy
To date, two important anabolic signals that induce the differentiation of osteogenic
lineage cells into mature osteoblasts are bone morphogenetic proteins (BMP) and
Wnt. Both of them play a fundamental role in osteogenesis (Krishnan et al., 2006;
3

Scarfi, 2016).

1.4.1 Candidate molecular targets in BMP signaling pathway
BMPs canonically signal through intracellular transducers (Smad1/5/8) (Scarfi,
2016). Briefly, BMPs initiate the signaling cascade by binding to the cell surface
receptors and then phosphorylate Smad1/5/8 for activation. Phosphorylated
Smad1/5/8 associate with Smad4 and translocate into the nucleus where they trigger
osteogenic gene expression (Chen et al., 2004; Miyazono, 1999). Smad
ubiquitination regulatory factor-1 (Smurf1) is a HECT-domain E3 ubiquitin ligase.
It has been confirmed that Smurf 1 interacts with these BMP signaling transducers
(Smad1/5/8) and mediates their degradation for inhibiting osteogenesis (Zhao et al.,
2003). Theoretically, Smurf1 should be selected as a therapeutic target for
inhibition to stimulate bone formation. However, recently published evidence
showed that mice with mutation of Smurf1 display defects of planar cell polarity in
the cochlea (an important organ responsible for body balance) and disorganized
stereocilia alignment in neurosensory cells (Narimatsu et al., 2009), suggesting that
there could be undetermined safety concern for Smurf1 as a promising therapeutic
target.

1.4.2 Candidate molecular targets in Wnt signaling pathway
The Wnt-ß-catenin signaling pathway is central to osteogenesis and bone formation
(Krishnan et al., 2006). In canonical signaling pathway, a Wnt ligand binds to the
4

seven-pass transmembrane receptor Frizzled (FZD) and the single-pass low-density
lipoprotein receptor-related protein 5 or 6 (LRP5/6) (Neer et al., 2001). These
interactions lead to the stabilization of ß-catenin, which translocates to the nucleus
and regulates osteogenic gene expression. It has been reported that secreted
Sclerostin and Dickkopf-1 (Dkk-1) prevent Wnt signaling by interacting with Wnt
co-receptors (Kawano and Kypta, 2003; Li et al., 2005). Accordingly, either
Sclerostin or Dkk-1 may become a potential therapeutic target for inhibition to
promote bone formation. Nevertheless, the clinical evidence showed that several
patients treated with a Sclerostin monoclonal antibody (AMG 785) in the higher
dose groups developed anti-AMG 785 antibodies, which might raise a potential
efficacy concern after a long-term administration (Padhi et al., 2011). On the other
hand, the experimental evidence demonstrated that the bone anabolic effect of
DKK1 antibody depended on the timing of initiation during fracture repair, which
may raise a potential timing concern for defining an administration protocol
(Komatsu et al., 2010).

1.4.3 Newly identified Plekho1 as a novel molecular target
Plekho1, also known as casein kinase-2 interacting protein-1 (CKIP-1), has been
newly identified as a novel molecular target for inhibition to promote osteogenesis
(Lu et al., 2008). The available evidence has showed that Plekho1 deficient mice
have increased bone mass and augmented osteogenic activity without significant
abnormality of bone resorption (Lu et al., 2008). Mechanistically, Plekho1 interacts
5

with Smurf1, which has been well-defined as a specific suppressor of postnatal bone
formation (Yamashita et al., 2005; Zhao et al., 2003), and enhances the ligase
activity of Smurf1 through targeting the linker region between the substraterecognizing WW domains (Fig. 1-3) (Lu et al., 2008). By this means, Plekho1
promotes the ubiquitylation and proteasomal degradation of BMP signaling
transducers and inhibits bone formation (Lu et al., 2008). Moreover, Plekho1 is
abundantly expressed in musculoskeletal system, whereas sparingly expressed in
liver, spleen, lung, kidney and pancreas as well as other non-skeletal tissues (Zhang
et al., 2007). There are no detectable toxicity in liver, kidney and other non-skeletal
tissues in mice with deletion of Plekho1 (Lu et al., 2008). All these data demonstrate
that Plekho1 could be a novel molecular target for inhibition to promote bone
formation.

Fig. 1-3 Proposed functional model for regulation of Smurf1 activity by Plekho1
(Lu et al., 2008)

1.4.4 Osteogenic potential of Plekho1 siRNA
Our research group has obtained an optimal cross-species Plekho1 siRNA with high
gene knockdown efficiency. In vitro data showed that the siRNA could significantly
6

activate osteogenic gene expression and remarkably increase calcium deposition in
human, rhesus, rat and mouse osteoblast-like cells in vitro. The expression of
neither IFN-α nor TNF-α in hPBMCs was induced by the siRNA, suggesting that
the Plekho1 siRNA may be applied for further in vivo studies without concern on
immune response (Guo et al., 2014). In addition, the Plekho1 siRNA also promoted
intraosseous expression of osteogenic genes in healthy rodents after a single
injection. Six periodic injections of the Plekho1 siRNA at an interval of one week
increased BMD, improved mictroarchitecture, and dominantly changed bone static
and dynamic histomorphometric parameters in favor of bone formation in healthy
rodents, without activating bone resorption (Guo et al., 2014). All these results
demonstrated the osteogenic potential of Plekho1 siRNA in vitro and in vivo.

1.5 Generation of targeted delivery system for osteogenic siRNA at tissue level
The niche surrounding bone formation surface is dominantly occupied by
osteogenic lineage cells. Previously, our research group identified six repetitive
sequences of Aspartate-Serine-Serine, i.e. (AspSerSer)6, which preferably
recognized the higher crystallization on bone formation surface (Zhang et al., 2012).
We linked the (AspSerSer)6 with DOTAP-based cationic Liposome (a transfection
system approved by US FDA for clinical trials in gene therapy) (NCT00059605)
and encapsulate the identified cross-species Plekho1 siRNA, i.e. (AspSerSer)6Liposome-Plekho1 siRNA. In vitro data showed that the diameter of the delivery
system was about 140 nm. In vivo studies indicated that (AspSerSer)6 could
7

facilitate delivering the siRNA to bone and reducing delivery of the siRNA to nonskeletal organs, leading to indirect targeting of osteoblasts at tissue level and
promoted bone formation in osteopenic rodents (Fig. 1-4) (Zhang et al., 2012). Due
to lack of selectivity at cellular level, concerns about efficacy and safety still could
not be adequately released (Wang et al., 2005; Wang et al., 2013b; Zhang et al.,
2012). Furthermore, systemically administered siRNA delivery systems are
inevitably exposed to hepatocytes in metabolism, resulting in potential safety
concerns regarding liver functions (Akhtar and Benter, 2007). Nanomaterials used
for siRNA delivery have the potential to possibly trigger immune response and dose
reduction induced by the mononuclear phagocyte system (MPS), including
peripheral blood mononuclear cells (PBMCs) and tissue macrophages (e.g.,
Kupffer cells in the liver) (Li and Huang, 2008; Shim and Kwon, 2010; Zamboni,
2005). In addition, the current available delivery materials for osteogenic siRNA
have an average particle size of 140 nm, which cannot efficiently extravasate from
bony sinusoids (80-100 nm) to osteoblasts (Wang et al., 2010). All these issues raise
concerns about therapeutic efficacy and safety.

8

Fig. 1-4 Schematic diagrams illustrating postulated principle of how (AspSerSer)6liposome-siRNA selectively targets bone formation surface (Zhang et al., 2012).

1.6 Application of aptamers
1.6.1 Advantages of aptamers
Aptamers are ssDNA or RNA oligonucleotides, generally < 100-mer (Mazars and
Theillet, 2003). They can bind with high affinity and specificity to a wide range of
targets, including peptides, proteins, drugs and even whole living cells (Cerchia et
al., 2005; Hicke et al., 2001; Sefah et al., 2010; Ulrich et al., 2002). Different with
the conventional view on nucleic acids as carriers of genetic information, aptamers
always function based on the specific three-dimensional structures and bind to
targets with dissociation constants in the nanomolar to picomolar range, which is
comparable and sometimes even superior to those of monoclonal antibodies
(Nimjee et al., 2005). Due to the nature of nucleic acids, aptamers also show low
toxicity, increased stability, ease of regeneration and simple modification, making
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them as potential tools in disease diagnosis, drug development, targeted therapy and
biosensing (Song et al., 2012).

1.6.2 Selection of aptamers
Aptamers are usually generated by an in vitro iterative selection and amplification
technology called systematic evolution of ligands by exponential enrichment
(SELEX) (Ellington and Szostak, 1990; Tuerk and Gold, 1990). From an ssDNA or
RNA library composing a large sequence diversity and structural complexity, only
those of oligonucleotides are selected and enriched, which can bind very tightly to
the specific targets during multiple SELEX rounds (Aquino-Jarquin and ToscanoGaribay, 2011; Stoltenburg et al., 2012; Stoltenburg et al., 2007). Basic steps
include the binding reaction between oligonucleotides and targets, washing steps to
remove unbound oligonucleotides, enzymatic amplification of target-bound
oligonucleotides and purification of the enriched oligonucleotide pools for the next
round of selection (Stoltenburg et al., 2012). Though RNA and ssDNA aptamers
have similar binding affinity towards the targets, ssDNA is more stable than RNA
owing to the absence of 2’-OH group, and requires only a single enzymatic step in
comparison to the three-enzymatic steps of RNA (transcription, reverse
transcription, and PCR amplification) (Marimuthu et al., 2012). Thus, ssDNA
oligonucleotides are more suitable for aptamer selection and show greater potential
in the subsequent clinical trial and other in vivo application (Null et al., 2000).
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1.6.3 Aptamers as targeting ligands
Aptamers have already been used as novel targeting ligands in drug or siRNA
delivery (Kim et al., 2010). For example, covalently assembled A-10 aptamerPLK1 or BCL2 siRNA chimeras can specifically target LNCaP cells and induce
apoptosis of tumor cells in vivo (McNamara et al., 2006). A-9 aptamer has also been
employed as a carrier to deliver gelonin toxin into PSMA-positive cells (Chu et al.,
2006). CD4-specific RNA aptamer fused with controllable self-assembly RNA
nanoparticles has been exploited to specifically deliver survivin siRNA into CD4overexpressing T cells (Khaled et al., 2005). AS1411 aptamer-liposome
bioconjugate effectively delivers cisplatin in a cancer-cell-specific manner (Cao et
al., 2009b). Accordingly, by performing positive selection with osteoblasts and
negative selection with hepatocytes and PBMCs, we aimed to screen an aptamer
that could achieve direct osteoblast-specific delivery and minimal hepatocyte and
PBMCs accumulation of osteogenic Plekho1 siRNAs.

1.7 LNPs as delivery carriers
The fenestrated capillaries or sinusoids in skeletal tissues was reported to be about
80–100 nm in diameter, which defined the limitation for particle size of osteogenic
siRNA delivery system (Wang et al., 2010). It has been demonstrated that LNPs, as
siRNA carriers, have small particle size below 90 nm for gene silencing in nonhuman primate and rodents (Novobrantseva et al., 2012; Semple et al., 2010). On
the other hand, PEG can efficiently prevent LNPs from opsonizing and subsequent
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uptake by MPS, which has been evidenced by well-studied lipid-materials (Akinc
et al., 2009; Morrissey et al., 2005) and employed by several clinical trials,
including TKM-PLK1, ALN-VSP02 and ALN-TTR01 (http://clinicaltrials.gov/).
So, LNPs with PEG shielding could serve as siRNA delivery carriers to realize
efficient extravasation from fenestrated capillaries to osteoblasts and also help to
reduce MPS uptake of osteogenic siRNAs.

1.8 Research hypothesis
we hypothesized that aptamers could facilitate the osteoblast-specific delivery of
osteogenic Plekho1 siRNA (encapsulated in LNPs) and the subsequent bone
formation. Furthermore, the aptamer-functionalized siRNA delivery system would
achieve better bone anabolic action when compared to (AspSerSer)6-liposomesiRNA and act as a novel RNAi-based bone anabolic strategy, thus advancing the
selectivity of targeted delivery for osteogenic siRNAs from tissue level toward
cellular level.
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Chapter 2 Screening and identification of osteoblast-specific aptamer

2.1 Introduction
Aptamers selected via cell-SELEX could bind to target cells specifically by distinct
secondary and tertiary structures even without knowledge of characteristic protein
profiles on cell surface (Fang and Tan, 2010; Kim et al., 2010). At present, aptamers
targeting lymphocytic leukemia cells, myeloid leukemia cells, liver cancer cells,
small cell lung cancer cells and non-small cell lung cancer cells have been
successfully generated (Chen et al., 2008; Sefah et al., 2009; Tang et al., 2007).
However, no osteoblast-specific aptamer was screened and identified in prior
studies. Here, we used rat primary osteoblasts as target cells and hepatocytes as well
as PBMCs as negative control cells in cell-SELEX, aiming to screen an aptamer
that could achieve direct osteoblast-specific delivery and minimal hepatocyte and
PBMCs accumulation of osteogenic Plekho1 siRNAs.

2.2 Experimental design
In positive selection, osteoblasts were incubated with ssDNA for 0.5–1 h. In
negative selection, hepatocytes and PBMCs were incubated with ssDNA for 1 h.
Binding assays of enriched ssDNA pools or aptamer candidates with the target cells
and non-target cells were performed by flow cytometry. After multiple rounds of
selection, the highly enriched aptamer pool was cloned and sequenced. The
sequences were grouped into families based on their homologies. The
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representative sequences were chosen for secondary structure prediction and then
truncated for further binding assays. Secondary structures of aptamers were
predicted by RNAstructure 5.6 software. Sequences with high binding ability with
the target cells and no obvious binding ability with the non-target cells were chosen
as aptamer candidates. To determine the binding affinity of aptamer candidates with
osteoblasts, fluorescence-labeled aptamer candidates at different concentrations (5
nM, 10 nM, 20 nM, 40 nM, 80 nM and 200 nM) were incubated with osteoblasts.
After washing, fluorescence was determined and equilibrium dissociation constants
(Kd) of the aptamer-cell interactions were calculated by the equation Y = BmaxX/(Kd
+ X). To minimize nuclease degradation, aptamer candidates were modified with
2’-O-methyl-nucleotide substitutions. Binding ability of the modified aptamer
candidates to rat primary osteoblasts and osteoclasts was tested to confirm the
potential of the aptamer candidates for in vivo targeting application. Binding ability
of the modified aptamer candidates to human primary osteoblasts, osteoclasts and
liver cell line THLE-3 was examined to confirm the translational potential of the
aptamer candidates in clinical application.

2.3 Materials and methods
2.3.1 Cell culture
Rat liver cell line BRL-3A (ATCC CRL-1442) and human liver cell line THLE-3
(ATCC CRL-11233) were cultured in dulbecco's modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 100 units ml–1 penicillin14

streptomycin. Rat PBMCs were obtained by density gradient centrifugation with
Ficoll-Paque PREMIUM (GE Healthcare Life Science). Rat primary osteoblasts
isolated from calvaria by enzymatic digestion (Bakker and Klein-Nulend, 2012)
were purchased from CHI Scientific., Maynard, MA, USA. Rat pre-osteoclasts
were purchased from B-Bridge International, Inc., Cupertino, CA, USA. Human
primary osteoblasts and osteoclasts were purchased from Wuhan PriCells
Biomedical Technology Co., Ltd., China. Osteoblasts were cultured in growth
medium (DMEM/F12 supplemented with 10% FBS and 100 units ml–1 penicillinstreptomycin) for 3-4 passages. Before the selection, 5 x 105 osteoblasts were
seeded on dish and cultured for 3-4 d until 100% confluence, osteoblastic phenotype
was validated by typical microscopical appearance (Bakker and Klein-Nulend,
2012) and stable mRNA expression of osteoblast markers (Alp, COL 1 and OCN)
(Guo et al., 2014; Sanguineti et al., 2008). Pre-osteoclasts were cultured in DMEM
medium containing 10% FBS, 100 units ml–1 penicillin-streptomycin, macrophage
colony-stimulating factor (M-CSF) and receptor for activation of nuclear factor
kappa B ligand (RANKL). Phenotype of osteoclasts was identified by positive
TRAP staining and stable mRNA expression of osteoclast markers (TRAP and
Cathepsin K) (Kishimoto et al., 2004; Susa et al., 2004). Primers were shown in
Table 2-1.
Table 2-1 Primers used for real-time PCR
Primers (5’-3’)
Genes
Forward

Reverse
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Rat Plekho-1

GAGCTTTCGGGTCGATCTGG

GGCTCCCTTGTCTGGTCTTT

Rat Alp

TGGACGGTGAACGGGAGAAC

GGACGCCGTGAAGCAGGTGA

Rat COL 1

CCTACAGCACGCTTGTGGAT

ATTGGGATGGAGGGAGTTTA

Rat OCN

CTCACTCTGCTGGCCCTGAC

CCTTACTGCCCTCCTGCTTG

Rat Cathepsin K

CCCAGACTCCATCGACTATCG

CTGTACCCTCTGCACTTAGCTGCC

Rat TRAP

CGCCAGAACCGTGCAGA

TCAGGCTGCTGGCTGAC

Rat GAPDH

CAAGTTCAACGGCACAGTCA

CCATTTGATGTTAGCGGGAT

Human Alp

GTCAGCTCCACCACAACCCT

GCCCTCATTGGCCTTCACCC

Human COL1

CACTGGTGATGCTGGTCCTG

CGAGGTCACGGTCACGAAC

Human OCN

AGGGCAGCGAGGTAGTGAAG

TGTGGTCAGCCAACTCGTCA

Human Cathepsin K

GATACTGGACACCCACTGGGA

CATTCTCAGACACACAATCCAC

Human TRAP

TTCTACCGCCTGCACTCCAA

AGCTGATCTCCACATAGGCA

Human GAPDH

GGCATGGACTGTGGTCATGAG

TGCACCACCAACTGCTTAGC

2.3.2 Random library and primers in cell-SELEX
Random library and primers: The synthetic ssDNA library contained a central
randomized sequence of 40 nucleotides flanked by two fixed regions: 5’ATCCAGAGTGACGCAGCA-40nt-TGGACACGGTGGCTTAGT-3’. A FAMlabeled forward primer (5’-FITC-ATCCAGAGTGACGCAGCA-3), and a biotinlabeled reverse primer (5’-biotin-ACTAAGCCACCGTGTCCA-3) were used in
the PCRs for the synthesis of double-labeled dsDNA. After denaturing in alkaline
condition (0.2 M NaOH), the FAM-labeled sense ssDNA strand was separated from
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the biotin-labeled antisense ssDNA strand with streptavidin-coated magnetic beads
(Promega Corporation, Madison, WI, USA) (Sefah et al., 2010). The library, PCR
primers

and

random

sequence

CTACTGGACTTCATCGGAGCTAGGTCATCGCTTGCATGCA)

(Rd,
were

synthesized in Sangon Co Ltd, Shanghai, China.

2.3.3 Cell-SELEX procedures
ssDNA (400 pmol) dissolved in 400 µl of binding buffer (PBS with 0.1 mg ml –1
yeast tRNA (Sigma), 0.1 mg ml–1 salmon sperm DNA (Invitrogen) and 1.0 mM
MgCl2 (Sigma)) was denatured by heating at 95 °C for 5 min and then cooled on
ice for 10 min. The above ssDNA pool was incubated with 1–2×106 target cells at
37 °C for 0.5–1 h (1 h for the first 8 cycles and 0.5 h for the left cycles). After the
incubation, the cells were centrifuged and then washed with the washing buffer
(PBS with 1.0 mM MgCl2 (Sigma)). The bound DNAs were eluted by heating at
95 °C for 5 min in 400 µl of binding buffer. The eluted DNAs were then incubated
with negative cells at 37 °C for counter selection for 1 h. After centrifugation, the
supernatant was desalted and amplified by PCR with FAM and biotin-labeled
primers (10–20 cycles of 0.5 min at 94 °C, 0.5 min at 56 °C and 0.5 min at 72 °C,
followed by 5 min at 72 °C; the Taq polymerase and dNTP were obtained from
Takara). The selected sense ssDNA strand was separated from the biotin-labeled
antisense ssDNA strand by streptavidin-coated magnetic beads (Promega). In the
first-round selection, the initial ssDNA pool was 20 nmol dissolved in 1.0 ml of
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binding buffer, and the counter-selection step was eliminated. After multiple rounds
of selection, the selected ssDNA pool was PCR-amplified by using unmodified
primers and cloned into Escherichia coli by using the TA cloning kit (Invitrogen)
(Sefah et al., 2010). Cloned sequences were determined in Sangon Co Ltd,
Shanghai, China. Secondary structures of aptamers were predicted by
RNAstructure 5.6 software. Truncation was performed to remove the non-critical
bases in fixed regions of each sequence.

2.3.4 Binding assay in cell-SELEX
Fluorescence-labeled ssDNA at different concentrations (5 nM, 10 nM, 20 nM, 40
nM, 80 nM and 200 nM) were incubated with 2×105 cells in 400 µl of binding buffer
at 37 °C for 1 h. After washing, the cells were re-suspended in 400 µl of binding
buffer. Fluorescence was determined with a FACScan cytometer (BD
Immunocytometry Systems) by counting 20,000 events. The MFIs of target cells
labeled with ssDNA were used to calculate binding affinity by subtracting the mean
fluorescence intensity of nonspecific binding from the unselected library. The
equilibrium dissociation constants (Kd) of the aptamer-cell interactions were
calculated by the equation Y = BmaxX/(Kd + X) (Huang et al., 2008).

2.3.5 Statistical analysis
All the variables in this study were expressed as mean ± standard deviation. To
determine inter-group differences, one-way ANOVA with LSD’s post hoc test was
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performed. All the data were analyzed by a service from Bioinformedicine (San
Diego, CA, USA). A statistical software program (SPSS version 22.0, SPSS,
Chicago, IL, USA) was used and P<0.05 was considered to be significant.

2.4 Results and discussion
2.4.1 Screening and identification of candidate aptamers
To select aptamers from a library composed of 1015 different ssDNA sequences by
cell-SELEX, we used rat primary osteoblasts as target cells in positive selection and
hepatocytes as well as PBMCs as control cells in negative selection. With increasing
rounds of selection, we observed progressive enhancements of fluorescence
intensity for FAM-labeled ssDNA pools in target cells (rat primary osteoblasts) by
flow cytometry analysis, whereas no obvious change of fluorescence intensity was
observed in non-target cells (rat liver cell line BRL-3A and rat PBMCs) (Fig. 2-1).
After 14 rounds of selection, the highly enriched ssDNA pool was cloned into
Escherichia coli for sequencing. we chose twenty representative sequences from
200 clones for truncation to remove the non-critical bases (Rockey et al., 2011)
based on the predicted secondary structures (Table 2-1). Flow cytometry analysis
showed that three aptamer candidates (CH2, CH5 and CH6) had good binding
ability to osteoblasts (Fig. 2-2) with equilibrium dissociation constants (Kd) in the
nanomolar-to-picomolar range (Fig. 2-3).
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Fig. 2-1 Binding ability of the enriched pools to target cells and non-target cells.
The concentration of the enriched pools was 250 nM. Nonspecific binding was
measured using an FAM-labeled unselected library. Rat OBs, rat primary
osteoblasts; Rat OCs, rat osteoclasts.
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Table 2-2 Twenty truncated representative sequences from different families
Name

Sequence

CH1

AGCACAGGCAATCGGCCACGGTGCATTGGTCCATTGCATGCTGCTG

CH2

TCTATGGCCTGTAGTCCGCCATCCGGCGTAGCTTTGCAAGTGG

CH3

GCACGATGGCCATACCTTGACTGGTCATGCTCAATGCCGCGTG

CH4

AGCACATGGCGCATCCATCGACTAGTCGGTCAGCCGACTCTCAGT

CH5

CTTGATTGGACGAAGCATCGTGCGCATCCGGCGAAATCCGTGG

CH6

AGTCTGTTGGACCGAATCCCGTGGACGCACCCTTTGGACG

CH7

CACTTAGCTTAATCGTTACGCTCCAAAGGCTGCCTGGCTCAATGG

CH8

GCAAGGGTGACCGGATGCCAGGTGGCGCTACTACGGTACGAGT

CH9

GCAAGGGACTAGGTGGACGGTGCACCTGGTACCGGGTTAC

CH10

CAGCAAACCGAATGCCGTACCGGTTTCCATGGGTACTAGTTG

CH11

ACGTAGCTCCAGGGTCCACCCGTCATCAGCCACGCTGGACAT

CH12

GCAGAGATGAGTCCCAGTTGCAAGTGTGCGACCTCGATCATTCTGG

CH13

CAGCAGGTCGTATGCAACTACGTCGTCACGATTCATCCTGAC

CH14

AAGCTGATCCTACTAGCCTCTACTGTCTAGTCTGACGTAGCTGGAC

CH15

GCATGCAGGCAGTGTACGGCATGCAGGCTGACGGCAGAGTCGGTG

CH16

TACGGTGAGTGTCAGCCTGCTGCGTGTGTGCACGCATGAGTG

CH17

GCAGCTAGCTGCCGATCGTAGCTAGAGAGGACGGGCTCCAAAGT

CH18

CAACCGTACTGTCGGCCACGGTAGCGCTGAGCTGCGACTCGTTGGA

CH19

CCGGATGCCAGGTGGAGGTAGACGGCCCATCGTACGAGAGTGG
21

CH20

GCACAGGGTCCACCCGTCAGTGGACCCAACGGCTCCGGCCTTGTGG

Fig. 2-2 Binding ability of the FAM-labeled aptamer candidates (CH2, CH5 and
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CH6) to target cells and non-target cells. The concentration of the enriched pools
was 250 nM. Nonspecific binding was measured using an FAM-labeled unselected
library. Rat OBs, rat primary osteoblasts; Rat OCs, rat osteoclasts.

Fig. 2-3 Flow cytometry to determine the binding affinity of the aptamer candidates
for the target cells. Nonspecific binding was measured using an FAM-labeled
unselected library. Kd (CH6) = 25.90 ± 3.66 nM; Kd (CH2) = 31.02 ± 4.76 nM; Kd (CH5)
= 34.87 ± 5.41 nM. The data are presented as the means ± standard deviation; n =
3.

2.4.2 CH6 as the optimal aptamer after the modification
To minimize nuclease degradation, CH2, CH5 and CH6 were modified with 2’-Omethyl-nucleotide substitutions (Gilbert et al., 2007; Keefe et al., 2010) and flow
cytometry analysis revealed that they still bound with high affinity to rat osteoblasts
but not rat osteoclasts (Fig. 2-4). CH2 and CH6 aptamers also bound to human
primary osteoblasts but not human osteoclasts or liver cells (THLE-3) (Fig. 2-5),
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implying their translational potentials as osteoblast-targeting moieties in clinical
application. As CH6 aptamer had satisfactory secondary structure and less base
number (Fig. 2-6), it is easier to be synthesized and conjugated to LNPs-siRNA.

Fig. 2-4 The binding ability of the FAM-labeled, 2’-O-methyl-nucleotide
substitutions–modified aptamer candidates to rat primary osteoblasts and
osteoclasts. The concentration of the enriched pools was 250 nM. Nonspecific
binding was measured using an FAM-labeled unselected library. Rat OBs, rat
primary osteoblasts; Rat OCs, rat osteoclasts.
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Fig. 2-5 Binding assays of aptamer candidates to human osteoblasts, osteoclasts and
hepatocytes. The binding ability of the FAM-labeled, 2’-O-methyl-nucleotide
substitutions-modified aptamer candidates to human primary osteoblasts (left),
osteoclasts (middle) and liver cells (right) was determined by flow cytometry.
Nonspecific binding was measured using a FAM-labeled unselected library. The
concentration of the aptamer candidates was 250 nM. Note: Human OBs: human
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primary osteoblasts; Human OCs: human primary osteoclasts.

Fig. 2-6 Proposed secondary structure of CH6. 2’-O-methoxy nucleotides are
marked with the asterisk symbol (*).
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Chapter 3 In vivo organ/cell-specific delivery and gene knockdown

3.1 Introduction
Our research group prepared and characterized CH6 aptamer-functionalized LNPs
encapsulating osteogenic Plekho1 siRNA, i.e., CH6-LNPs-siRNA. The preparation
procedures were shown in Fig. 3-1. Briefly, LNPs were prepared by spontaneous
vesicle formation after a lipid-ethanol solution was slowly injected into siRNA
buffer solution and then dialyzed. The 3’ thiol-modified CH6 aptamer was activated
and conjugated to DSPE-PEG2000-Mal to form CH6-PEG2000-DSPE. Finally,
CH6-PEG2000-DSPE in the form of micelles was inserted into the surface of the
LNPs. In vitro data showed that CH6-LNPs-siRNA had a diameter of 84.0 ± 5.3
nm, encapsulation efficiency above 80%, uniform particle shape, good serum
stability, no detectable cytotoxicity and high osteoblast selectivity. CH6 aptamer
facilitated osteoblast-selective uptake of Plekho1 siRNA and gene silencing in
dose-dependent manner in vitro (Liang et al., 2015). In this study, we further
determined the in vivo organ/cell-selective delivery of osteogenic Plekho1 siRNA
and gene knockdown in rats treated with different siRNA formulations.
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Fig. 3-1 Preparation of CH6-LNPs-siRNA

3.2 Experimental design
3.2.1 In vivo organ-selective delivery of the osteogenic siRNA
To investigate organ-selective delivery, 54 6-month-old healthy female SpragueDawley rats were divided into three groups and injected with Cy3-labeled siRNA
with different formulations via tail vein injection: (1) LNPs-siRNA, (2) Rd-LNPssiRNA and (3) CH6-LNPs-siRNA (n=18 for each group). Six rats from each group
were euthanized at 4, 6 and 12 h, respectively. We collected major organs (heart,
liver, spleen, lung, kidney and femur/tibia) and determined fluorescence signals
using the Xenogen IVIS® Lumina XR system (Xenogen Imaging Technologies,
Alameda, CA). To qualify fluorescence signals in different tissues, 54 6-month-old
healthy female Sprague-Dawley rats were divided into three groups and injected
with Cy3-labeled siRNA with different formulations via tail vein injection: (1)
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LNPs-siRNA, (2) Rd-LNPs-siRNA and (3) CH6-LNPs-siRNA (n=18 for each
group). Six rats from each group were euthanized at 4, 6 and 12 h, respectively.
Livers, kidneys, brains and bones (bilateral femurs, tibiae and vertebrae) were
homogenized and fluorescence was quantified using a fluorescence microplate
reader (Zhang et al., 2012).

3.2.2 In vivo cell-selective delivery of the osteogenic siRNA
To investigate cell-selective delivery of the osteogenic siRNA, 18 6-month-old
healthy female Sprague-Dawley rats were divided into three groups and subjected
to Cy3-labeled siRNA with different formulations via vein injection: (1) LNPssiRNA, (2) Rd-LNPs-siRNA and (3) CH6-LNPs-siRNA (n=6 for each group). 4 h
later, all rats were euthanized. Distal femurs were dissected for cryosections and
further immunohistochemical analysis. Cryosections from the distal femur were
immune-stained using markers of osteoblasts, including alkaline phosphatase (Alp)
(Zernik et al., 1990) and osteocalcin (OCN)) (Fukushima et al., 2010), and markers
of osteoclasts, including Oscar (Herman et al., 2008) and cathepsin K (Lotinun et
al., 2013), respectively. Hematoxylin and eosin (H&E) staining was performed on
the same sections for orientation after immunofluorescence staining. Colocalization of Cy3-labeled siRNA with Alp+ or OCN+ or Oscar+ or cathepsin K+
cells was observed to evaluate the in vivo cellular selectivity. In addition, a small
piece of liver was dissected for cryosections, F-actin was stained with Alexa Fluor®
488 phalloidin to distinguish the morphologies of the hepatocytes and the sinus, and
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further histological analysis was conducted to observe the cellular distribution of
the siRNA. Meanwhile, blood sample of each rat was collected and PBMCs were
obtained by density gradient centrifugation with Ficoll-Paque PREMIUM. MFIs of
Cy3-labeled siRNA were analyzed by flow cytometry to determine the cellular
uptake of siRNA in PBMCs.

3.2.3 In vivo cell-selective gene knockdown
For gene knockdown in vivo, 18 6-month-old healthy female Sprague-Dawley rats
were divided into three groups and subjected to Plekho1 siRNA with different
formulations via tail vein injection: (1) LNPs-siRNA, (2) Rd-LNPs-siRNA and (3)
CH6-LNPs-siRNA (n=6 for each group), respectively. Another six rats
administered with PBS served as negative controls. 2 d after administration, all rats
were euthanized, and their bilateral femurs were collected. The cells from the bone
marrow in unilateral femur were sorted by FACS using an antibody to Alp, OCN,
Oscar or isotype controls. Plekho1 mRNA expression was detected by real-time
PCR and normalized to GAPDH expression. The gene knockdown efficiency was
determined by comparing the Plekho1 mRNA level in the siRNA groups to that in
the PBS group. In addition, the distal femurs of the other side were dissected, and
frozen sections were prepared for isolating osteoblasts by laser captured
microdissection (LCM) using an antibody to OCN or Alp. Plekho1 mRNA
expression was detected by real-time PCR and normalized to GAPDH expression.
The relative Plekho1 mRNA level was determined by comparing the Plekho1
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mRNA level in the siRNA groups to that in the PBS group.

3.3 Materials and methods
3.3.1 Animal handing
All the animals in this study were housed in Laboratory Animal House of the School
of Chinese Medicine, Hong Kong Baptist University. For each in vivo study, the
animals were euthanized by lethal dose of pentobarbital after treatment. The
procedures of animal study were approved by the Animal Experimentation Ethics
Committee of the Hong Kong Baptist University.

3.3.2 Biophotonic imaging analysis of the tissue distribution of siRNA
Fluorescence imaging of the Cy3-labeled siRNA distribution in tissues at different
time points (4, 6 and 12 h) was detected using an IVIS® Lumina XR system.
Constant illumination settings were used during all image acquisition (Liang et al.,
2015). The pseudo-color image represented the spatial distribution of photon counts
within the tissues. Background fluorescence was subtracted prior to the analysis
according to our previously established methods (Zhang et al., 2012).

3.3.3 Analysis of tissue fluorescence by a microplate reader system
The tissues were crushed into pieces by a liquid-nitrogen pre-frozen pestle before
being homogenized. The excised tissues were homogenized in lysis buffer (0.1%
sodium dodecyl sulfate in DNase and RNase-free PBS) and incubated at 65C for
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10 min. After centrifugation, 150 l of supernatant was collected and fluorescence
intensity was measured by a microplate reader system (Bioscan, Washington, DC)
at ex = 550 nm and em = 570 nm. The tissue accumulation of Cy3-labeled siRNA
was expressed by the amount of siRNA in each tissue divided by the injected siRNA
dose (Zhang et al., 2012).

3.3.4 In vivo localization of Cy3-labeled siRNA in livers
Portions of the livers were placed in 4% paraformaldehyde overnight after
harvesting. Before embedding and sectioning, the liver pieces were incubated in 30%
sucrose for 6 h. The tissues were embedded and cryosectioned. The sections were
washed with PBS, permeabilized (0.1% Triton X-100), stained with Alexa Fluor®
488 phalloidin (Invitrogen) and mounted with DAPI (Vector Laboratories). Images
were acquired with a confocal microscopy.

3.3.4 In vivo Cy3-labeled siRNA cellular uptake in PBMCs
Blood sample of each rat was collected and PBMCs were obtained by density
gradient centrifugation with Ficoll-Paque PREMIUM. 1–2×105 PBMCs were resuspended in 400 µl PBS. Fluorescence was determined with a FACScan cytometer
(BD Immunocytometry Systems) by counting 20,000.

3.3.5 Immunohistochemistry
Distal femurs were dissected 4 h after administration of LNPs-siRNA, Rd-LNPs32

siRNA or CH6-LNPs-siRNA and then fixed. After decalcification with 10% EDTA,
the samples were embedded. The frozen frontal sections (5 µm thickness) were cut
in a freezing cryostat at –20°C. The sections were air dried, fixed, permeabilized
and blocked according to our previously published methods (Liang et al., 2015;
Zhang et al., 2012). The sections were incubated with a goat polyclonal antibody to
Alp or Oscar (Santa Cruz Biotechnology, Inc.) or a rabbit polyclonal antibody to
OCN or cathepsin K (Santa Cruz Biotechnology, Inc.) for overnight at 4C. After
washing in PBS for three times, the sections were incubated with Alexa Fluor® 488conjugated donkey anti-goat or anti-rabbit IgG (Invitrogen) for 1 h. The sections
were mounted with DAPI and examined using a fluorescence microscope. H&E
staining was performed on the same sections after immunofluorescence staining for
orientation.

3.3.6 Fluorescence-activated cell sorting (FACS)
To investigate the cell-selective knockdown efficiency, were collected bone marrow
cells

from

rat

femurs.

Allophycocyanin

(APC)-labeled

mouse

anti-

human/mouse/rat Alp monoclonal antibody (R&D Systems, Minneapolis, USA),
rabbit anti-human/rat OCN polyclonal antibody (FL-100) (Santa Cruz
Biotechnology, USA) and rabbit anti-human/mouse/rat polyclonal Oscar antibody
(Santa Cruz Biotechnology, USA) were used for FACS. Appropriate isotype
controls including APC-labeled mouse IgG1 (R&D Systems, Minneapolis, USA)
and rabbit IgG (Santa Cruz Biotechnology, USA) were used to discard the non33

specific background signals. Briefly, after washing by PBS containing 1% BSA, the
cells were directly stained with the APC-labeled antibody to Alp or isotype control
or were incubated with the antibody to OCN or Oscar or isotype control before
being stained with donkey anti-rabbit FITC-IgG (Santa Cruz Biotechnology, USA).
Stained cell populations were used for FACS. The obtained cell populations and
start cell population were used for real-time PCR (Zhang et al., 2012).

3.3.7 Laser capture microdissection (LCM)
The distal femurs of rats were decalcified in 10% EDTA and embedded in OCT. A
series of frozen sections (5 µm) from the distal femur were prepared in a cryostat
(CM3050; Leica Microsystems, Wetzlar, Germany) at –24°C. Adjacent sections
were mounted on either glass slides or polyethylene-membrane-equipped slides
(P.A.L.M., Bernried, Germany). The cryosections were air dried, fixed,
permeabilized and blocked. The sections were incubated overnight at 4C with a
rabbit polyclonal anti-OCN antibody (Santa Cruz Biotechnology, Inc.) or goat
polyclonal anti-Alp (Santa Cruz Biotechnology, Inc.). After washing, the sections
were incubated with Alexa Fluor® 488-conjugated donkey anti-goat or anti-rabbit
IgG (Invitrogen). Finally, the sections were mounted in DAPI and examined using
a fluorescence microscope to identify OCN+ cells and Alp+ cells. The adjacent
sections mounted on membrane-coated slides were stained with neutral red for 1
min at room temperature. After a brief rinse in water, the sections were air-dried.
OCN+ cells and Alp+ cells in adjacent sections were isolated by microdissection
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with an upgraded laser pressure catapulting microdissection system (P.A.L.M.)
using a pulsed 355 nm diode laser (Wang et al., 2013a).

3.3.8 Real-time PCR
Total RNA was extracted from the cells using an RNeasy Mini Kit (Qiagen, Cat.
No. 74106) according to the manufacturer’s protocol. Reverse transcription was
performed using a QuantiTect Reverse Transcription Kit. The 10 μl real-time PCR
solution contained 1 μl of diluted cDNA, 5 μl of 2 × Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA), 0.5 μl each of forward
and reverse primers and 3 μl of nuclease-free water. The primer sequences were
listed in Table 2-1. The amplification was conducted using our previously
established conditions (Zhang et al., 2012).

3.3.9 Statistical analysis
All the variables in this study were expressed as mean ± standard deviation. To
determine inter-group differences, one-way ANOVA with LSD’s post hoc test was
performed. All the data were analyzed by a service from Bioinformedicine (San
Diego, CA, USA). A statistical software program (SPSS version 22.0, SPSS,
Chicago, IL, USA) was used and P<0.05 was considered to be significant.
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3.4 Results and discussion
3.4.1 In vivo bone-selective delivery of the osteogenic siRNA
We used biophotonic imaging technology and a fluorescence microplate reader
system to examine the tissue distribution of Cy3-labeled siRNA delivered by LNPs,
Rd-LNPs and CH6-LNPs in 6-month-old female Sprague-Dawley rats at 4, 6 and
12 h. Compared with the LNPs-siRNA or Rd-LNPs-siRNA group, the fluorescence
signal intensities in bone were significantly higher in the CH6-LNPs-siRNA group
across the examined time points (P<0.05), whereas the fluorescence signal
intensities in liver and kidney were significantly lower in the CH6-LNPs-siRNA
group (P<0.05) (Fig. 3-1). Furthermore, the fluorescence signals in hearts, spleens
and lungs were hardly detected in all the three groups across the examined time
points (Fig. 3-2). The results from quantitative fluorescent analysis of bone, liver
and kidney were consistent with the results from the above biophotonic imaging
(Fig. 3-2). Quantitative fluorescent analysis also showed that there was no obvious
fluorescence signal in brains in all the three groups across the examined time points
(Fig. 3-3).
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a

b

Fig. 3-2 Tissue distribution of various siRNA formulations in vivo. localization of
Cy3-labeled siRNA in rats administered LNPs-siRNA, Rd-LNPs-siRNA or CH6LNPs-siRNA was visualized by biophotonic imaging at 4 h (a) and 12 h (b).
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Fig. 3-3 Quantitative analysis of siRNA in tissues from rats injected with different
siRNA formulations. * P<0.05 vs. Rd-LNPs-siRNA or LNPs-siRNA. The data are
presented as the means ± standard deviation. n = 6. * P<0.05 for a comparison of
CH6-LNPs-siRNA with LNPs-siRNA or Rd-LNPs-siRNA.

3.4.2 In vivo osteoblast-specific delivery of the siRNA
To investigate whether CH6 could facilitate delivery of siRNA in a cell-selective
manner in vivo, we examined the co-localization of Cy3-labeled siRNA and specific
markers of osteoblasts and osteoclasts in bone marrow after the administration of
siRNA delivered by LNPs, Rd-LNPs or CH6-LNPs in 6-month-old female
Sprague-Dawley rats. Cryosections from the distal femur were immune-stained
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using markers of osteoblasts at various differentiation stages, including alkaline
phosphatase (Alp) (Zernik et al., 1990) and osteocalcin (OCN) (Fukushima et al.,
2010). We found numerous instances of co-localization between the siRNA and the
Alp+ or OCN+ cells when CH6-LNPs-siRNA were administered, whereas there
were few instances of such overlapping staining when LNPs-siRNA or Rd-LNPssiRNA were administered (Fig. 3-4). Additionally, cryosections from the distal
femur were also immune-stained using markers of pre-osteoclasts and mature
osteoclasts, i.e., osteoclast-associated receptor (Oscar) (Herman et al., 2008;
Ishikawa et al., 2004) and cathepsin K (Lotinun et al., 2013). We found no obvious
overlapping staining for siRNA and Oscar+ or cathepsin K+ cells when CH6-LNPssiRNA was administered. However, there were several overlapping staining for
siRNA and Oscar+ or cathepsin K+ cells when LNPs-siRNA or Rd-LNPs-siRNA
was administered (Fig. 3-5). These results suggested that CH6 facilitated
specifically targeting osteoblasts and reducing exposure to osteoclasts for siRNA
(encapsulated in LNPs) in vivo. In future work, we will isolate osteoblasts or nonosteoblasts from rats treated with different siRNA formulations by FACS and
determine fluorescent intensity of siRNA in different cells by flow cytometry to
double check this result.
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a

b

Fig. 3-4 Osteoblast-selective delivery of various siRNA formulations in vivo. The
siRNA was labeled with Cy3. Immunofluorescence staining was performed to
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detect Alp+ (a) or OCN+ osteoblasts (b). Merged images showed co-localization of
siRNA with osteoblasts (Alp+ or OCN+ cells). H&E staining of the same sections is
included at right. Scale bars, 20 μm.
a

b
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Fig. 3-5 Accumulation of various siRNA formulations in osteoclasts in vivo. The
siRNA was labeled with Cy3. Immunofluorescence staining was conducted to
detect the Oscar+ pre-osteoclasts/osteoclasts (a) or cathepsin K+ osteoclasts (b).
Merged images showed co-localization of siRNA with pre-osteoclasts/osteoclasts
(Oscar+ or cathepsin K+ cells). H&E staining of the same sections is included at
right. Scale bars, 20 μm.

3.4.3 Accumulation of the siRNA in liver and MPS
To investigate whether the Cy3-labeled siRNA distributed in the liver was taken up
by hepatocytes or Kupffer cells in the sinus, we examined the localization of siRNA
delivered by LNPs, Rd-LNPs, CH6-LNPs and previously developed (AspSerSer)6liposome (Zhang et al., 2012) in the liver cryosections by confocal microscopy.
After staining F-actin with Alexa Fluor® 488-labeled Phalloidin, the morphologies
of the hepatocytes and the sinus were distinguishable. As shown in Fig. 3-6, no
obvious siRNA fluorescence was found in the liver cryosections from CH6-LNPssiRNA group, whereas a small amount of siRNA fluorescence was observed in
LNPs-siRNA and Rd-LNPs-siRNA groups and in which Cy3-siRNA mainly
accumulated in the sinus and its neighboring hepatocytes and MPS (Kupffer cells).
These data indicated that CH6 could facilitate a reduction of siRNA exposure to
hepatocytes and MPS uptake. In addition, compared with (AspSerSer)6-liposomesiRNA group, LNPs-siRNA, Rd-LNPs-siRNA and CH6-LNPs-siRNA exhibited
weaker fluorescence intensities in the liver, indicating that sufficient PEG on the
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surface of LNPs abolished non-specific uptake by the MPS. In future work, we will
digest the liver for isolation of hepatocytes by FACS and determine the fluorescent
intensity of siRNA in hepatocytes by flow cytometry to confirm this conclusion.

Fig. 3-6 Localization of siRNA in the liver. The siRNA was labeled with Cy3. Factin was stained with Alexa Fluor®488-labeled phalloidin and nuclei were stained
with DAPI. The sinus, where the Kupffer cells reside, was indicated by arrowheads,
and hepatocytes were indicated by arrows. S: sinus. Scale bar = 25 µm.

3.4.4 Cellular uptake of the siRNA by PBMCs
To investigate whether siRNA was taken up by PBMCs, we examined the MFIs of
Cy3-labeled siRNA delivered by LNPs, Rd-LNPs and CH6-LNPs in PBMCs by
flow cytometry analysis. PBMCs were obtained by density gradient centrifugation
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with Ficoll-Paque PREMIUM. Data showed that rare fluorescence signals occurred
in PBMCs treated with CH6-LNPs-siRNA, whereas many intense fluorescence
signals occurred in PBMCs treated with Rd-LNPs-siRNA and LNPs-siRNA (Fig.
3-7).

Fig. 3-7 In vivo cellular uptake of Cy3-labeled siRNA in PBMCs. Mean
fluorescence intensities of Cy3-labeled siRNA in PBMCs after the administration
of LNPs-siRNA, Rd-LNPs-siRNA and CH6-LNPs-siRNA, respectively. The data
are presented as the means ± standard deviation. n = 6. * P<0.05 for a comparison
of CH6-LNPs-siRNA with LNPs-siRNA or Rd-LNPs-siRNA.

3.4.5 In vivo osteoblast-selective gene knockdown
Plekho1 mRNA expression in rat bone marrow cells was examined after
fluorescence-activated cell sorting (FACS) using antibodies to Alp, OCN or Oscar.
In Alp+ cells and OCN+ cells, the gene knockdown efficiency of Plekho1 siRNA
delivered by CH6-LNPs was significantly higher than that delivered by Rd-LNPs
or LNPs (P<0.05). In contrast, there was no significant difference in the Plekho1
gene knockdown efficiency among Alp-, OCN- and Oscar+ cells after the
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administration of CH6-LNPs-siRNA, Rd-LNPs-siRNA or LNPs-siRNA (Fig. 3-8).
In addition, we used laser capture microdissection (LCM) followed with real-time
PCR to assess the expression of Plekho1 mRNA in OCN+ or Alp+ cells after the
administration of CH6-LNPs-siRNA, LNPs-siRNA or Rd-LNPs-siRNA. The levels
of Plekho1 mRNA were dramatically down-regulated in OCN+ or Alp+ cells
administered with CH6-LNPs-siRNA. However, no obvious down-regulation of
Plekho1 mRNA was shown in OCN+ or Alp+ cells administered with LNPs-siRNA
or Rd-LNPs-siRNA (Fig. 3-9).
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b

Fig. 3-8 In vivo gene knockdown in cells sorted by FACS. The knockdown
efficiencies of Plekho1 in Alp+, Alp −, Oscar+, OCN+ and OCN– cells sorted by
FACS after the administration of siRNA formulations were determined by real timePCR. The data are presented as the mean ± standard deviation. n = 6. *P<0.05 for a
comparison of CH6-LNPs-siRNA with LNPs-siRNA or Rd-LNPs-siRNA.
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a

b

Fig. 3-9 In vivo gene knockdown in cells isolated by LCM. (a) Osteoblasts are
identified by OCN or Alp staining in cryosections from the distal femurs (left). The
adjacent sections are indicated by fast red staining before (middle) and after (right)
LCM. Scale bars, 50 μm. (b) Real-time PCR was used to analyze the Plekho1
mRNA level (relative to baseline) in Alp+ or OCN+ cells of rats injected with the
specified siRNA formulation. The data are presented as the mean ± standard
deviation. n = 6. *P<0.05 for a comparison of CH6-LNPs-siRNA with LNPs-siRNA
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or Rd-LNPs-siRNA.
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Chapter 4 In vivo dose response relationship and persistence of gene silencing

4.1 Introduction
In vivo biophotonic imaging and quantitative fluorescent analysis demonstrated that
CH6 aptamer facilitated the distribution of siRNA in bone rather than in liver,
kidney, brain, heart and spleen. Results from immunohistochemistry and flow
cytometry showed that CH6 achieved in vivo osteoblast-specific delivery of
Plekho1 siRNA and no obvious accumulation of siRNA in hepatocytes and PBMCs.
Thus, it was of great significance to determine the in vivo dose response relationship
and persistence of gene silencing before the analysis of bone anabolic action of
CH6-LNPs-siRNA.

4.2 Experimental design
4.2.1 In vivo dose-response pattern
To determine the dose response relationship, 144 6-month-old healthy female
Sprague-Dawley rats were divided into four groups and injected with Plekho1
siRNA formulations at a dose of 0.1, 0.5, 0.8, 1.0, 3.0 or 5.0 mg kg–1 (n = 6) via tail
vein injection: (1) LNPs-siRNA, (2) Rd-LNPs-siRNA, (3) CH6-LNPs-siRNA and
(4) (AspSerSer)6-liposome-siRNA (n=36 for each group). Another six rats injected
with PBS served as baseline group. 2 d after the injection, all rats were euthanized
and bone marrow cells from the distal femurs were collected. The osteoblasts were
sorted with an antibody to OCN or isotype control. The Plekho1 mRNA level in
49

OCN+ cells were examined by real-time PCR and normalized to GAPDH
expression. The relative Plekho1 mRNA level was calculated by comparing the
Plekho1 mRNA level in the siRNA groups to that in the PBS group.

4.2.2 In vivo persistence of gene silencing
To determine the in vivo persistence of gene silencing, 240 6-month-old healthy
female Sprague-Dawley rats were divided into four groups: (1) LNPs-siRNA, (2)
Rd-LNPs-siRNA, (3) CH6-LNPs-siRNA and (4) (AspSerSer)6-liposome-siRNA
(n=66). All rats were injected with different siRNA formulations at the optimal dose
determined by the dose response experiments. Another 6 rats injected with PBS
served as baseline group. At 1, 2, 3, 6, 9, 12, 15, 18, 21 and 24 d after administration,
six rats at each time point from each group were euthanized, and their bone marrow
cells from the distal femurs were collected. The osteoblasts were sorted with an
antibody to OCN or isotype control. The Plekho1 mRNA level was quantified by
real-time PCR analysis and normalized to GAPDH expression. The relative Plekho1
mRNA level was calculated by comparing the Plekho1 mRNA level in the siRNA
groups to that in the PBS group.

4.3 Materials and methods
4.3.1 Fluorescence-activated cell sorting (FACS)
To investigate the cell-selective knockdown efficiency, bone marrow cells from the
rat femurs were collected. Allophycocyanin (APC)-labeled mouse anti50

human/mouse/rat Alp monoclonal antibody (R&D Systems, Minneapolis, USA),
rabbit anti-human/rat OCN polyclonal antibody (FL-100) (Santa Cruz
Biotechnology, USA) and rabbit anti-human/mouse/rat polyclonal Oscar antibody
(Santa Cruz Biotechnology, USA) were used for FACS. Appropriate isotype
controls including APC-labeled mouse IgG1 (R&D Systems, Minneapolis, USA)
and rabbit IgG (Santa Cruz Biotechnology, USA) were used to discard the nonspecific background signals. Briefly, after washing by PBS containing 1% BSA, the
cells were directly stained with the APC-labeled antibody to Alp or isotype control
or were incubated with the antibody to OCN or Oscar or isotype control before
being stained with donkey anti-rabbit FITC-IgG (Santa Cruz Biotechnology, USA).
After that, stained cell populations were used for FACS. The obtained cell
populations and start cell population were used for real-time PCR (Zhang et al.,
2012).

4.3.2 Real-time PCR
Total RNA was extracted from the cells using an RNeasy Mini Kit (Qiagen, Cat.
No. 74106) according to the manufacturer’s protocol. Reverse transcription was
performed using a QuantiTect Reverse Transcription Kit. The 10 μl real-time PCR
solution contained 1 μl of diluted cDNA, 5 μl of 2 × Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA), 0.5 μl each of forward
and reverse primers and 3 μl of nuclease-free water. The primer sequences were
listed in Table 2-1. The amplification was conducted using our previously
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established conditions (Zhang et al., 2012).

4.3.3 Statistical analysis
All the variables in this study were expressed as mean ± standard deviation. To
determine inter-group differences, one-way ANOVA with LSD’s post hoc test was
performed. All the data were analyzed by a service from Bioinformedicine (San
Diego, CA, USA). A statistical software program (SPSS version 22.0, SPSS,
Chicago, IL, USA) was used and P<0.05 was considered to be significant.

4.4 Results and discussion
4.4.1 Analysis of dose response relationship of siRNA formulations
We determined the dose-response pattern in OCN+ cells for CH6-LNPs-siRNA,
LNPs-siRNA, Rd-LNPs-siRNA and (AspSerSer)6-liposome-siRNA. The Plekho1
gene knockdown efficiency increased in a dose-dependent manner and achieved
almost 80% at an siRNA dose of 1.0 mg kg–1 in CH6-LNPs-siRNA group. However,
no obvious gene knockdown efficiency was achieved at the same dose of siRNA in
LNPs-siRNA group and Rd-LNPs-siRNA group, only 50% gene knockdown
efficiencies were achieved in (AspSerSer)6-liposome-siRNA group at the same dose
of siRNA (Fig. 4-1).
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Fig. 4-1 Analysis of dose-response pattern. Plekho1 mRNA level (determined by
real-time PCR) after a tail vein injection of different siRNA formulations at doses
ranging from 0.1 to 5.0 mg/kg. Data are presented as means ± standard deviation;
n = 6. *P < 0.05 for a comparison of CH6-LNPs-siRNA with LNPs-siRNA or RdLNPs-siRNA; #P < 0.05 for a comparison of CH6-LNPs-siRNA with (AspSerSer)6liposome-siRNA. One-way ANOVA with LSD’s post hoc test was performed to
determine inter-group differences.

4.4.2 Analysis of persistence of gene silencing of siRNA formulations
We determined the persistence of Plekho1 gene silencing in OCN+ cells for CH6LNPs-siRNA, LNPs-siRNA, Rd-LNPs-siRNA and (AspSerSer)6-liposome-siRNA.
After a single injection of CH6-LNPs-siRNA at an siRNA dose of 1.0 mg kg–1,
almost complete gene silencing was observed at 48 h, and over 50% gene silencing
was maintained for 12 d. However, no significant gene silencing was observed at
the examined time points after the administration of LNPs-siRNA or Rd-LNPs53

siRNA. Only 50% gene silencing was observed at 48 h and over 50% gene
knockdown efficiencies only lasted for about 7 d in (AspSerSer)6-liposome-siRNA
group at the same siRNA dose (Fig. 4-2).

Fig. 4-2 Analysis of persistence of gene silencing. Plekho1 mRNA level (measured
by real-time PCR) after a single injection of the indicated siRNA formulations at a
single dose of 1.0 mg/kg. Dashed line, 50% Plekho1 mRNA level relative to
baseline. Data are presented as means ± standard deviation; n = 6. *P < 0.05 for a
comparison of CH6-LNPs-siRNA with LNPs-siRNA or Rd-LNPs-siRNA; #P < 0.05
for a comparison of CH6-LNPs-siRNA with (AspSerSer)6-liposome-siRNA. Oneway ANOVA with LSD’s post hoc test was performed to determine inter-group
differences.
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Chapter 5 Analysis of bone anabolic action in osteopenic rats

5.1 Introduction
In vivo data showed that CH6-LNPs-siRNA exhibited satisfactory osteoblastspecific delivery of osteogenic Plekho1 siRNA and high gene knockdown efficiency.
We also optimized dosage of CH6-LNPs-siRNA and interval of administration,
which encouraged us to examine the bone anabolic action of CH6-LNPs-siRNA in
ovariectomized rats with established osteoporosis.

5.2 Experimental design
18 6-month-old female Sprague-Dawley rats were sham-operated (SHAM) and 54
6-month-old female Sprague-Dawley rats were ovariectomized (OVX) (Strom et
al., 2012; Zhang et al., 2012). Both groups were then left untreated for 8 weeks (8month-old) until siRNA treatment. To confirm the osteoporosis was induced by
OVX, the left proximal tibia was scanned in vivo by microCT at 6 months of age
(i.e., before surgery) and 8 months of age (i.e., before siRNA treatment). Then, nine
OVX rats and nine SHAM rats were euthanized to determine the baseline before
siRNA treatment. 8 weeks after the surgery, BMD of rats in ovariectomized (OVX)
groups decreased almost 40% when compared to SHAM groups. Other microCT
parameters (BV/TV, Tb.N, Tb.Th, Tb.Sp and SMI) also showed the similar change
pattern in OVX groups when compared to SHAM group, indicating that osteopenia
was induced by OVX. Thereafter, the remaining 45 OVX rats were divided into
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OVX + Free siRNA group (n=9), OVX + CH6-LNPs-siRNA group (n=9), OVX +
Rd-LNPs-siRNA group (n=9), OVX + LNPs-siRNA group (n=9) and age-matched
control group (OVX + PBS group, n=9). The rats in each group received six
periodic intravenous injections of free siRNA, CH6-LNPs-siRNA, Rd-LNPssiRNA, LNPs-siRNA and PBS control, respectively, with an siRNA dose of 1.0 mg
kg–1 at an interval of one week. The remaining SHAM rats were intravenously
administered PBS at an equivalent volume via six periodic injections at an interval
of one week. The proximal tibia of each rat was scanned in vivo by microCT every
3 weeks during the siRNA treatment period. In addition, all rats were injected
intraperitoneally with xylenol orange (30 mg kg–1) and calcein green (10 mg kg–1)
at 10 and 2 d, respectively, before euthanasia. After euthanasia, the mid-shaft of the
femur and the 5th vertebrae of each rat were scanned by microCT (Guo et al., 2014).
After microCT scan, the left femur was collected to allow examination of the
trabecular bone at the distal metaphysis using bone histomorphometric analysis.
The right femur was collected to allow examination of mechanical properties by
three-point bending tests. The serum was collected to allow examination of bone
formation marker PINP and bone resorption marker TRACP 5b by enzyme-linked
immunosorbent assay (ELISA).

5.3 Materials and methods
5.3.1 Animal handing
The animals were anesthetized with Ketamine (75 mg kg–1) and Xylazine (10 mg
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kg–1) during ovariectomy or in vivo microCT scaning. After the surgery, the rats
were given analgesia of Temgesic for 3 d with 300mg ml–1 buprenorphine
hydrochloride if necessary.

5.3.2 microCT analysis
The left proximal tibia, mid-shaft femur and vertebrae of each rat were scanned in
vivo or ex vivo with a microCT system (vivaCT 40, SCANCO MEDICAL,
Switzerland). The calibration was performed routinely in our lab using phantom
according to the manufacturer’s recommendations(Bouxsein et al., 2010). For
trabecular bone of the left proximal tibia, the left hind limb of rats from each group
was placed into a plastic cylindrical holder under anesthesia (75 mg kg–1 ketamine
and 10 mg kg–1 xylazine). The hind limb was positioned along the scanning axis,
and the ankle was fixed to avoid movements during scanning. In total, 422 slices
with a voxel size of 21 m were scanned at the region of the proximal tibia,
beginning at the growth plate and extending distally along the tibial diaphysis.
Eighty continuous slices, beginning 0.3 mm from the most distal aspect of the
growth plate and extending distally along the tibia diaphysis, were selected for
analysis. All of the trabecular bone in each selected slice was segmented for threedimensional reconstruction to calculate the following microCT parameters: relative
bone volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th),
bone mineral density (BMD), trabecular separation (Tb.Sp) and structural model
index (SMI) (Bouxsein et al., 2010; Wang et al., 2013a; Zhang et al., 2012). For
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cortical bone, 20 selected slices at mid-shaft of left femur were segmented into bone
and marrow regions by applying a visually chosen and fixed threshold for all
samples after smoothing the image with a 3D gaussian low-pass filter. The outer
and inner perimeter of the cortical midshaft was determined by a 3D triangulation
of the bone surface (BS) of the 20 slices, and cortical thickness was calculated by
the formula C.Th = 1/2 * BS / BV. In 3D mode, cortical thickness (Ct.Th) was
calculated by the formula Cortical Thickness = 1/2 * BS / BV. In 2D mode, cortical
bone area (Ct. BA) was calculated by counting all voxels that were segmented as
bone (Kohler et al., 2005). For trabecular bone of the 5th lumbar veterbae, the entire
region of secondary spongiosa between proximal and distal aspects from LV5 was
analyzed. The whole trabecular bone was isolated for three-dimension
reconstruction to measure the following parameters: BMD, BV/TV, Tb.N and
Tb.Th.

5.3.3 Bone histomorphometry
For dynamic bone histomorphometric analysis, the rats were injected
intraperitoneally with xylenol orange (30 mg kg–1) and calcein green (10 mg kg–1)
at 10 and 2 d, respectively, before euthanasia. After a microCT scan, the left distal
femur of each rat was dehydrated and embedded without decalcification. Frontal
sections of trabecular bone at a thickness of 10 m were obtained using an EXAKT
Cut/grinding

System

(EXAKT

Technologies,

Inc.

Germany).

Bone

histomorphometric analyses of the bone formation rate/bone surface (BFR/BS),
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osteoclast surface (Oc.S/BS), osteoblast surface (Ob.S/BS), mineral apposition rate
(MAR), osteoblast number (Ob.N/B.Pm) and osteoclast number (Oc.N/B.Pm) were
performed using image analysis software (ImageJ, NIH, USA and BIOQUANT
OSTEO, Version 13.2.6, Nashville, TN, USA) and a fluorescence microscope
(Zhang et al., 2012). Briefly, 25 systematically random fields of view were taken in
each section under the 20 × objective magnification within the trabecular
compartment.

5.3.4 Mechanical testing
A material test machine (H25KS; Hounsfield Test Equipment Ltd., UK) with a 25
N load cell was used to test the femurs to failure. The right femurs of rats were
positioned horizontally, with the anterior surface upward and centered on the
supports, 10 mm apart. A constant load was applied at the drill-hole site, with a
displacement rate of 5 mm min–1, and the load was directed vertically to the midshaft with the anterior surface upward. After failure, load vs. displacement curves
were recorded. The ultimate load (UL) and the energy to failure were calculated
using built-in software (QMAT Professional; Tinius Olsen, Inc., Horsham, PA, USA)
(Hao et al., 2007).

5.3.5 ELISA assays of bone turnover markers
Bone turnover markers for bone formation and bone resorption (PINP and TRACP
5b) were determined using commercially available kits (Immunodiagnostic
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Systems).

5.3.6 Statistical Analysis
All the variables were expressed as mean ± standard deviation. For the repeated
measurement data from longitudinal in vivo microCT examination, repeatedmeasures analysis of variance (ANOVA) was conducted to determine if (a) there
was a “time effect” and (b) if there was a “time by group interaction effect”. The
“time effect” indicates if there was a change over time for the examined variable,
and the “time by group interaction effect” indicates if there were different change
patterns over time among the examined groups. If F values for a given variable
were found to be significant during “Tests of Within-Subjects Effects” and “Tests
of Between-Subjects Effects”, each variable measured at a certain time point was
compared with that at the time point of siRNA treatment start in each group using
repeated-measures ANOVA after re-organizing output by group. On the other hand,
inter-group comparison for each variable measured at a certain time point was also
performed by multivariate analysis. If t values were found to be significant, LSD’s
post hoc test was used. For the non-repeated measurement data, one-way ANOVA
with LSD’s post hoc test was performed to determine inter-group differences in the
study variables. All the data in this project were analyzed by a service from
Bioinformedicine (San Diego, CA, USA,). A statistical software program (SPSS
version 22.0, SPSS, Chicago, IL, USA) was used and P<0.05 was considered to be
significant.
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5.4 Results and discussion
5.4.1 microCT analysis to determine bone mass and micro-architecture
We administered six periodic injections of Plekho1 siRNA (1.0 mg kg–1)
encapsulated in LNPs with or without the linkage of CH6 aptamer to
ovariectomized rats at an interval of one week. We then examined relative bone
volume (BV/TV), bone mineral density (BMD) and three-dimensional architecture
parameters (trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular
number (Tb.N) and structural model index (SMI) of the trabecular bone at the
proximal tibia using in vivo micro computed tomography (microCT) every three
weeks after treatment initiation (Fig. 5-1). A statistical analysis of the in vivo
microCT data by repeated-measures ANOVA showed that both the ‘time effect’ and
the ‘time by group interaction effect’ were significant for all the examined variables,
indicating both significant changes in the examined variables over time and
remarkably different change patterns over time among the examined groups after
administration. 8 weeks after the surgery, BMD of rats in ovariectomized (OVX)
groups decreased almost 40% when compared to SHAM groups. Other microCT
parameters (BV/TV, Tb.N, Tb.Th, Tb.Sp and SMI) also showed the same change
pattern in OVX groups when compared to SHAM groups, indicating that osteopenia
was induced by OVX. After the administration, all the in vivo microCT parameters
(BMD, BV/TV, Tb.N, Tb.Th, Tb.Sp and SMI) in the OVX + CH6-LNPs-siRNA
group were significantly improved and were nearly restored to the pre-surgery
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levels (P<0.05). In contrast, such restorations were not observed in the OVX + PBS,
OVX + Free siRNA, OVX + LNPs-siRNA or OVX + Rd-LNPs-siRNA groups
during the 6-week treatment period (Fig. 5-2). Consistently, better-organized microarchitecture and higher bone mass were found in the trabecular bone from the OVX
rats treated with CH6-LNPs-siRNA compared with the OVX rats treated with PBS,
Free siRNA, LNPs-siRNA or Rd-LNPs-siRNA during the treatment period (Fig. 53).

Fig. 5-1 A schematic diagram illustrating the experimental design.
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Fig. 5-2 The microCT parameters (BMD, BV/TV, Tb.Th, Tb.N, Tb.Sp and SMI) of
the trabecular bone monitored over time by in vivo microCT examination for the
rats from each group. The boxes indicated the initiation of treatment. sham-BS,
sham baseline; OVX-BS, OVX baseline before treatment initiation. The data are
presented as the means ± standard deviation; n = 9 per group. *P < 0.05 for a
comparison of OVX + CH6-LNPs-siRNA or OVX + PBS or OVX + free siRNA or
sham group with OVX + Rd-LNPs-siRNA group; #P < 0.05 for a comparison of
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OVX + CH6-LNPs-siRNA with OVX-BS group; ^P < 0.05 for a comparison of
OVX-BS with sham-BS.
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Fig. 5-3 Representative 3D microarchitecture of the proximal tibia in each group (n
= 9), obtained by in vivo microCT examination. Scale bars, 1.0 mm.

5.4.2 Bone histomorphometric analysis to determine bone formation
Histomorphometric analysis further demonstrated that the mineral apposition rate
(MAR), bone formation rate (BFR/BS), osteoblast surface (Ob.S/BS) and
osteoblast number (Ob.N/B.Pm) were significantly increased from baseline and
were obviously higher in the OVX + CH6-LNPs-siRNA group than those
parameters in other groups after 6 weeks of siRNA treatment (P<0.05) (Fig. 5-4).
In addition, a larger width between the xylenol and the calcein labeling bands,
which indicates the bone-formation-related parameters (that is, the mineral
apposition rate, bone formation rate, mineralizing surface and osteoblast surface),
was found in the OVX rats treated with CH6-LNPs-siRNA at 6 weeks after starting
siRNA treatment when compared with the OVX rats treated with LNPs-siRNA, RdLNPs-siRNA, Free siRNA and PBS at the same time point, respectively, or
compared to the rats in the baseline group (Fig. 5-5).
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Fig. 5-4 Analysis of bone histomorphometric parameters from rats in each group.
The data are presented as the means ± standard deviation; n = 9. *P < 0.05 for a
comparison of OVX + CH6-LNPs-siRNA or OVX + PBS or OVX + free siRNA or
sham group with OVX + Rd-LNPs-siRNA group; #P < 0.05 for a comparison of
OVX + CH6-LNPs-siRNA with OVX-BS group; ^P < 0.05 for a comparison of
OVX-BS with sham-BS.

Fig. 5-5 Bone formation examined by sequential labeling with fluorescent dye in
non-decalcified bone sections. Representative fluorescent micrographs of the
trabecular bone sections showing xylenol (red) and calcein (green) labeling in each
group (n = 9). Scale bar, 10 μm.

5.4.3 A three-point bending test to determine bone mechanical strength
A three-point bending test of the mid-shaft femur also showed that the maximum
load, the energy to failure and the stiffness were all significantly enhanced from the
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baseline and were obviously higher in the OVX + CH6-LNPs-siRNA group than
those parameters in other groups after 6 weeks of siRNA treatment (P<0.05) (Fig.
5-6).

Fig. 5-6 The maximal load, maximal energy and stiffness of the mid-shaft femurs
analyzed by three-point bending tests. The data are presented as the means ±
standard deviation; n = 9. *P < 0.05 for a comparison of OVX + CH6-LNPs-siRNA
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or OVX + PBS or OVX + free siRNA or sham group with OVX + Rd-LNPs-siRNA
group; #P < 0.05 for a comparison of OVX + CH6-LNPs-siRNA with OVX-BS
group; ^P < 0.05 for a comparison of OVX-BS with sham-BS.

5.4.4 ELISA assay to determine bone turnover markers
Serum bone biochemical assay showed that bone formation marker N-terminal
propeptide of type I procollagen (PINP) was significantly elevated from baseline
and were obviously higher in the OVX + CH6-LNPs-siRNA group than that in other
groups after 6 weeks of siRNA treatment (P<0.05). However, there was no obvious
change of bone resorption marker tartrate-resistant acid phosphatase 5b (TRACP
5b) from baseline in all the Plekho1 siRNA groups after 6 weeks of treatment (Fig.
5-7).

Fig. 5-7 Bone formation marker (PINP) and bone resorption marker (TRACP 5b)
determined by ELISA assay. The data are presented as the means ± standard
deviation; n = 9. *P < 0.05 for a comparison of OVX + CH6-LNPs-siRNA or OVX
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+ PBS or OVX + free siRNA or sham group with OVX + Rd-LNPs-siRNA group;
#P < 0.05 for a comparison of OVX + CH6-LNPs-siRNA with OVX-BS group; ^P
< 0.05 for a comparison of OVX-BS with sham-BS.

5.5.5 microCT analysis for cortical bone parameters
After 6 weeks of siRNA treatment, we also examined cortical bone parameters
(cortical bone area (Ct.Ar), endocortical perimeter (Ec.PM), cortical thickness
(Ct.Th) and periosteal perimeter (Ps.Pm)) of the mid-shaft femur and trabecular
bone parameters (BMD, BV/TV, Tb.N and Tb.Th) of the 5th vertebrae using
microCT. Our results showed that cortical bone parameters (Ps.Pm, Ct. Th and
Ct.Ar) were significantly increased from baseline and were obviously higher in the
OVX+CH6-LNPs-siRNA group than those parameters in other groups (P<0.05),
whereas Ec.PM was significantly decreased from baseline and were obviously
lower in the OVX + CH6-LNPs-siRNA group than that in other groups (P<0.05)
(Fig. 5-8).
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Fig. 5-8 The cortical bone parameters of the mid-shaft femur determined by
microCT analysis. The data are presented as the means ± standard deviation; n = 9.
*P < 0.05 for a comparison of OVX + CH6-LNPs-siRNA or OVX + PBS or OVX
+ free siRNA or sham group with OVX + Rd-LNPs-siRNA group; #P < 0.05 for a
comparison of OVX + CH6-LNPs-siRNA with OVX-BS group; ^P < 0.05 for a
comparison of OVX-BS with sham-BS.
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5.5.6 Trabecular bone parameters of the 5th vertebrae determined by microCT
After 6 weeks of siRNA treatment, we also examined trabecular bone parameters
(BMD, BV/TV, Tb.N and Tb.Th) of the 5th vertebrae using microCT. All the
examined trabecular bone parameters of the 5th vertebrae were significantly
increased from baseline and were obviously higher in the OVX + CH6-LNPssiRNA group than those parameters in other groups (P<0.05) (Fig. 5-9).

Fig. 5-9 The trabecular bone parameters of the 5th vertebrae determined by microCT
examination. The data are presented as the means ± standard deviation; n = 9. *P <
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0.05 for a comparison of OVX + CH6-LNPs-siRNA or OVX + PBS or OVX + free
siRNA or sham group with OVX + Rd-LNPs-siRNA group; #P < 0.05 for a
comparison of OVX + CH6-LNPs-siRNA with OVX-BS group; ^P < 0.05 for a
comparison of OVX-BS with sham-BS.
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Chapter 6 Comparison of bone anabolic action between the two siRNA
delivery systems

6.1 Introduction
In this study, we found that an siRNA dose of 1.0 mg kg–1 could achieve almost 80%
in vivo gene knockdown efficiency by CH6 aptamer-functionalized lipid
nanoparticles. In contrast, our previously developed delivery system, i.e.
(AspSerSer)6-liposome, required an siRNA dose of 3.75 mg kg–1 to achieve the
comparable gene knockdown efficiency (Zhang et al., 2012). Here, we further
compared the bone anabolic action between the two siRNA delivery systems at an
siRNA dose of 1.0 mg kg–1.

6.2 Experimental design
54 6-month-old healthy female Sprague-Dawley rats were divided into six groups:
(1) Free siRNA group (n=9), (2) LNPs-siRNA group (n=9), (3) Rd-LNPs-siRNA
group (n=9), (4) CH6-LNPs-siRNA group (n=9), (5) (AspSerSer)6-liposomesiRNA group (n=9) and (6) age-matched control group (PBS group, n = 9). The rats
in each group received six periodic intravenous injections of free siRNA, LNPssiRNA, Rd-LNPs-siRNA, CH6-LNPs-siRNA, (AspSerSer)6-liposome-siRNA and
PBS, respectively, with an siRNA dose of 1.0 mg kg–1 at an interval of one week.
After the treatment, the rats were euthanized and the left proximal tibia was
collected to allow microCT examination. The serum was collected to determine
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bone formation marker PINP and bone resorption marker TRACP 5b by ELISA.
Another nine 6-month-old female Sprague-Dawley rats were sacrificed as baseline
before siRNA administration.

6.3 Materials and methods
6.3.1 microCT analysis
The left proximal tibia of each rat were scanned ex vivo with a microCT system
(vivaCT 40, SCANCO MEDICAL, Switzerland). The calibration was performed
routinely in our lab using phantom according to the manufacturer’s
recommendations (Bouxsein et al., 2010). In total, 422 slices with a voxel size of
21 m were scanned at the region of the proximal tibia, beginning at the growth
plate and extending distally along the tibial diaphysis. Eighty continuous slices,
beginning 0.3 mm from the most distal aspect of the growth plate and extending
distally along the tibia diaphysis, were selected for analysis. All of the trabecular
bone in each selected slice was segmented for three-dimensional reconstruction to
calculate the following parameters: BV/TV, BMD, Tb.N, Tb.Th, Tb.Sp and SMI
(Bouxsein et al., 2010; Wang et al., 2013a; Zhang et al., 2012).

6.3.2 ELISA assays of bone turnover markers
Bone turnover markers for bone formation and bone resorption (PINP and TRACP
5b) were determined using commercially available kits (Immunodiagnostic
Systems).
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6.3.3 Statistical analysis
All the variables in this study were expressed as mean ± standard deviation. To
determine inter-group differences, one-way ANOVA with LSD’s post hoc test was
performed. All the data were analyzed by a service from Bioinformedicine (San
Diego, CA, USA). A statistical software program (SPSS version 22.0, SPSS,
Chicago, IL, USA) was used and P<0.05 was considered to be significant.

6.4 Results and discussion
6.4.1 microCT analysis in healthy rats
We administered six periodic injections of Plekho1 siRNA (1.0 mg kg–1)
encapsulated in LNPs, Rd-LNPs, CH6-LNPs or (AspSerSer)6-liposome to 6month-old female healthy Sprague-Dawley rats at an interval of one week. We then
examined BMD, BV/TV and three-dimensional architecture parameters (Tb.Th,
Tb.Sp, Tb.N and SMI) of the trabecular bone at the proximal tibia using in vivo
microCT. The (AspSerSer)6-liposome-siRNA group and CH6-LNPs-siRNA group
showed an improvement in the examined microCT parameters (BMD, BV/TV,
Tb.N, Tb.Th, Tb.Sp and SMI) after 6 weeks of administration when compared to
the Rd-LNPs-siRNA or LNPs-siRNA groups. Furthermore, the improvement of
microCT parameters in CH6-LNPs-siRNA group was much better when compared
with that in (AspSerSer)6-liposome-siRNA group (Fig. 6-1).
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Fig. 6-1 microCT examinations in healthy rats. BMD, BV/TV and threedimensional architecture parameters (Tb.Th, Tb.N, Tb.Sp and SMI) in trabecular
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bone were examined by microCT for the rats from the PBS, Free siRNA, CH6LNPs-siRNA, Rd-LNPs-siRNA, (AspSerSer)6-liposome-siRNA and LNPs-siRNA
groups, respectively. The data are presented as the means ± standard deviation; n =
9 per group. *P < 0.05 for a comparison of CH6-LNPs-siRNA with Rd-LNPssiRNA at week 6 after treatment; #P< 0.05 for a comparison of CH6-LNPs-siRNA
with (AspSerSer)6-liposome-siRNA.

6.4.2 ELISA assay to determine bone turnover markers in healthy rats
Consistent with the microCT quantification data, the (AspSerSer)6-liposomesiRNA group and CH6-LNPs-siRNA group showed an increase in bone formation
marker N-terminal propeptide of type I procollagen (PINP) rather than bone
resorption marker tartrate-resistant acid phosphatase 5b (TRACP 5b) after 6 weeks
of administration when compared to the Rd-LNPs-siRNA or LNPs-siRNA groups
(Supplementary Fig. 7b). Furthermore, the increase of bone formation marker in
CH6-LNPs-siRNA group was more significant when compared with that in
(AspSerSer)6-liposome-siRNA group (Fig. 6-2).
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Fig. 6-2 Assays of bone turnover markers in healthy rats. Serum bone formation
marker PINP and bone resorption marker TRACP 5b in rats from each group were
determined by ELISA assay. The data are presented as the means ± standard
deviation; n = 9 per group. *P < 0.05 for a comparison of CH6-LNPs-siRNA with
Rd-LNPs-siRNA at week 6 after treatment; #P< 0.05 for a comparison of CH6LNPs-siRNA with (AspSerSer)6-liposome-siRNA.
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Chapter 7 In vivo toxicity and immune response of CH6-LNPs-siRNA

7.1 Introduction
In vitro data from MTT assay showed that CH6-LNPs-siRNA had no obvious
cytotoxicity in osteoblasts at the examined concentrations. However, in vivo
toxicity and immune response of CH6-LNPs-siRNA was not clear. In this chapter,
we examined the changes of biochemistry parameters, hematology parameters and
immune factors in rats after single or multiple dose(s) of CH6-LNPs-siRNA.

7.2 experimental design
To determine the toxicity and the immune response after a single intravenous dose,
30 6-month-old healthy female Sprague-Dawley rats were subjected to CH6-LNPssiRNA at an siRNA dose of 0.5, 1.0, 3.0 and 5.0 mg kg–1 (n = 6) via tail vein
injection, respectively. Another six rats injected with PBS were served as negative
controls. 72 h after the administration, biochemical parameters (ALT, AST and
BUN), hematological parameters (TP, RBCs, hemoglobin, WBCs and PLTs) and
immune factors (IL-6, TNF-α, IFN-γ and IL-2) were determined. To determine the
toxicity and immune response after multiple injections, six rats received six
periodic intravenous doses of CH6-LNPs-siRNA at an siRNA dose of 1.0 mg kg–1.
Another six rats injected with PBS were served as negative controls. After the
administration, the same parameters were also examined.
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7.3 Materials and methods
A series of hematological parameters (TP, RBCs, hemoglobin, WBCs and PLTs)
were analyzed using an Auto Hematology Analyzer (Mindray International Ltd.,
China). Clinical biochemical parameters (ALT, AST and BUN) were analyzed using
a clinical chemistry analyzer (Cruinn Diagnostics Ltd., Ireland). Immune factors
(IL-6, TNF-α, IFN-γ and IL-2) were quantified using commercially available kits
(Life Technologies).

7.4 Results and discussion
There was no significant difference in biochemistry parameters, including liver
function indexes (alanine aminotransferase (ALT) and aspartate aminotransferase
(AST)) and a kidney function index (blood urea nitrogen (BUN)), between the rats
administered with CH6-LNPs-siRNA at a single siRNA dose ranging from 0.5 to
5.0 mg kg–1 and the rats injected with PBS (Table 7-1). No difference was found in
hematology parameters (total protein (TP), red blood cells (RBCs), hemoglobin,
white blood cells (WBCs) and platelets (PLTs)) in rats administered with CH6LNPs-siRNA at a single siRNA dose when compared to the rats injected with PBS
(Table 7-1). Furthermore, immune factors including interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and interleukin-2 (IL-2) also
showed no obvious change in rats injected with CH6-LNPs-siRNA at a single
siRNA dose when compared to the rats injected with PBS (Fig. 7-1). More
importantly, no obvious difference in the biochemistry parameters, hematology
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parameters and immune factors was found between the rats after six periodic
injections of CH6-LNPs-siRNA (1.0 mg kg–1) at an interval of one week and the
rats treated with PBS (Table 7-1 and Fig. 7-1). All these studies suggested that there
were no detectable systemic toxicity and immune response after single or multiple
dose(s) of CH6-LNPs-siRNA.

Table 7-1 Biochemistry and hematology parameter assays
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Fig. 7-1 Immune response in rats after single dose or multiple doses of CH6-LNPssiRNA. Levels of serum TNF-α, IL-6, IFN-γ and IL-2 were determined by ELISA
and normalized to PBS group. IL-6: interleukin-6; TNF-α: tumor necrosis factor-α;
IFN-γ: interferon-γ; IL-2: interleukin-2. The data are presented as the means ±
standard deviation; n = 6.
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Chapter 8 Comparison of methods for generating ssDNA in SELEX

8.1 Introduction
During the SELEX process, an important and critical step is the generation of
ssDNA from double-stranded PCR products. To date, several methods have been
described, including asymmetric PCR (Gyllensten and Erlich, 1988), lambda
exonuclease digestion (Higuchi and Ochman, 1989), magnetic separation with
streptavidin-coated beads (Hultman et al., 1989) and two newly raised size
separation derived from unequal primers with chemical or structural modification
by denaturing urea-polyacrylamide gel (Cao et al., 2009a; Williams and Bartel,
1995). For asymmetric PCR, unequal molar ratio of forward and reverse primers is
used in PCR reaction. The lower concentration primer is incorporated into dsDNA
and the higher concentration primer is used to synthesize an excess of ssDNA in
each cycle. However, asymmetric PCR products comprise not only single but also
double stranded DNA (dsDNA), which may reduce the diversity of ssDNA in the
enriched oligonucleotide pools (Avci-Adali et al., 2010). For lambda exonuclease
digestion, a 5´-phosphate group is introduced into one strand of dsDNA by
performing PCR and the phosphorylated strand is then removed by digestion with
lambda exonuclease. Nevertheless, incomplete digestion of the phosphorylated
PCR products may also leads to the contamination of the dsDNA in reaction mixture
(Marimuthu et al., 2012). Currently, the most commonly used method for isolation
of ssDNA from dsDNA is magnetic separation with streptavidin-coated beads.
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Biotinylated PCR products are immobilized onto streptavidin-coated beads and the
desired ssDNA is rapidly separated from biotinylated strand by alkaline
denaturation (Wilson, 2011). Besides the methods described above, another two
promising methods based on size separation derived from unequal primers with
chemical or structural modification have been raised in SELEX and attracts more
and more attentions. With the introduction of a chemical terminator (Williams and
Bartel, 1995) or a GC-rich stem-loop structure (Cao et al., 2009a) at the 5’-end of
the reverse primer, unequal strands of DNA could be created and subsequently
separated on denaturing urea-polyacrylamide gel. In this study, we optimized PCR
condition and determined the recovery rates and purity of ssDNA generated by
magnetic separation with streptavidin-coated beads and two size separation
methods derived from unequal primer with chemical or structural modification. The
results demonstrated that size separation derived from unequal primer with
chemical modification could be an alternative method to the classic magnetic
separation for generation of ssDNA in SELEX.

8.2 Experimental design
To optimize the PCR condition, we run gradient PCR at a series of annealing
temperatures or polymerization temperatures. For magnetic separation with
streptavidin-coated beads or size separation derived from the unequal primers
comprised of an 18-carbon ethylene glycol spacer and an extension of PolyA (20),
a series of annealing temperatures (52, 54, 56, 58, 60 and 62 °C) were set in gradient
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PCR. For size separation derived from the unequal primers containing a GC-rich
stem-loop structure, a series of polymerization temperatures (45, 50, 55, 60, 65 and
70 °C) were set in gradient PCR. After the PCR reaction, ssDNA was generated by
different methods and recovery rates and purity of ssDNA were determined.

8.3 Materials and methods
8.3.1 Chemical reagents
All chemical reagents were purchased from Sigma (The Woodland, TX) unless
otherwise stated. Taq polymerase (5 U/μl) and dNTPs (2.5 mM) were obtained from
Takara (Dalian, China). Streptavidin MagneSphere® Paramagnetic Particles,
Agarose MS-6 and 50 bp DNA ladder were from Promega (Madison, WI). The
SYBR® Safe dye was from Life Technologies.

8.3.2 ssDNA library and primers
An ssDNA library comprising a randomized region of 40 nucleotides (N) in the
center flanked by fixed primer hybridization regions, forward primers and reverse
primers22 were synthesized in Sangon Biotech (Shanghai, China) and shown as
follows.

ssDNA

Library:

5’-GCAATGGTACGGTACTTCC-40(N)-

CAAAAGTGCACGCTACTTTGCTAA-3’.

Forward

primer:

5’

-

GCAATGGTACGGTACTTCC-3’. Reverse biotin-labeled primer: 5’-biotinTTAGCAAAGTAGCGTGCACTTTTG-3’. Reverse primer comprised of an 18carbon ethylene glycol spacer and an extension of PolyA (20): 5’86

AAAAAAAAAAAAAAAAAAAA-C18TTAGCAAAGTAGCGTGCACTTTTG-3’. Reverse primer containing a GC-rich
stem-loop

structure

at

its

5’-end:

5’-

GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGCAAAGTAGCGT
GCACTTTTG-3’.

8.3.3 PCR reaction
100 ng of random ssDNA libraries were used as starting templates. 250 pM forward
and reverse primers, 0.2 mM deoxynucleotide triphosphate (dNTPs) and 5 units of
MyTaq HS DNA polymerase were added in per reaction. The volume of the PCR
reaction was 100 μl. The thermocycling program comprised following basic steps,
including the initial DNA denaturation step at 95 °C for 150 s, 20 cycles of DNA
denaturation at 95 °C for 30 s, primer annealing and DNA polymerization at the
appropriate temperature for 30 s. Final amplification at 72 °C for 180 s was
performed in order to complete the polymerization process. For magnetic separation
with streptavidin-coated beads or size separation derived from the unequal primers
comprised of an 18-carbon ethylene glycol spacer and an extension of PolyA (20),
gradient PCR was run at a series of annealing temperatures (52, 54, 56, 58, 60 and
62 °C) and polymerization temperature at 72 °C. For size separation derived from
the unequal primers containing a GC-rich stem-loop structure, gradient PCR was
run at annealing temperatures at 40 °C and a series of polymerization temperatures
(45, 50, 55, 60, 65 and 70 °C).
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8.3.4 Agarose gel electrophoresis
The double stranded PCR products or ssDNA were examined by 2% agarose gel
electrophoresis for comparison. For each method, 10 μl of the samples were added
to the gel and the electrophoresis was carried out at 140 V for 30 min.

8.3.5 Magnetic separation with streptavidin-coated beads
After the PCR reaction, biotin-labeled dsDNA products were concentrated and
ultra-filtered by an Amicon Ultra-15 centrifugal filter device with a membrane
NMWL of 10 kDa (UFC901096, Merck KGaA, Darmstadt, Germany). The strand
separation was performed with Streptavidin MagneSphere® Paramagnetic Particles.
Before the incubation, the beads were pre-conditioned with 200 mM NaOH for 5
min and washed three times with PBS to remove the dissociated streptavidin. The
purified PCR products were then incubated with the appropriate amounts of the preconditioned beads on a rotator for 2 h at room temperature. After the incubation,
the beads with the immobilized biotin-labeled dsDNA were separated by a magnet
stand and washed three times with PBS. An alkaline denaturation was performed
with 100 μl freshly prepared 200 mM NaOH for 5 min. Elutes was neutralized by
titration with 200 mM HCl and centrifuged to remove the beads that remain in the
elute since the last magnetization step is not strong enough, the ssDNA was
concentrated by ethanol precipitation.
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8.3.6 Separation of ssDNA by size separation derived from unequal primers
For size separation derived from unequal primers (a reverse primer comprised of an
18-carbon ethylene glycol spacer as a terminator and an extension of PolyA (20) or
a reverse primer with a GC-rich stem-loop structure in conjunction with unmodified
forward primer), 10 μl PCR products with unequal strands were analyzed by
electrophoresis in a 15 % polyacrylamide-8 M urea gel and stained with SYBR®
Safe dye in 1 x TBE buffer for 20 min. The band of interest was purified and
extracted from the gel for the next round of selection. Following the addition of
elution buffer [0.5 M ammonium acetate, 0.2% sodium dodecyl sulfate (SDS), 1 M
EDTA (pH 8.0)], ssDNA was recovered from the solution by ethanol precipitation
(3 M sodium acetate, 1 M MgCl2 in 100% ethanol) and allowed to settle for 24 h at
-20 °C. The resulting sample was centrifuged, and the pellet was rinsed twice with
70% ethanol and allowed to dry.

8.3.7 Statistical Analysis
All the variables were expressed as mean ± standard deviation. Student's t-test was
conducted to analyze the recovery rate of ssDNA, which was calculated by the
amounts of separated ssDNA divided by the half amounts of dsDNA products. A
statistical software SPSS (version 22.0) was used and P<0.05 was considered to be
statistically significant.
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8.4 Results and discussion
8.4.1 Technological process for generation of ssDNA
For magnetic separation with streptavidin-coated beads, a biotin-labeled reverse
primer is used in conjunction with unmodified forward primer in PCR amplification
and the biotinylated dsDNA products are concentrated and ultra-filtered to remove
the excessive primers and salt ions. Tetrameric streptavidin is covalently attached
to the bead’s surface, whereas monomeric streptavidin is non- covalently attached
to the bead’s surface. It has been reported that the non-covalent-bonded streptavidin
could be dissociated from the bead’s surface by alkaline treatment and then cause
the re-annealing between the biotinylated strand and the desired ssDNA strand (Paul
et al., 2009). According to previously reported solution (Wilson, 2011), we preconditioned the beads with alkaline and then incubated them with the concentrated
PCR products. Following the attachment of the biotinylated PCR products onto the
pre-conditioned streptavidin-coated beads, separation of desired ssDNA is
conducted by the second alkaline denaturation (Fig. 8-1a). For size separation
derived from unequal primers with chemical modification, an 18-carbon ethylene
glycol spacer is inserted at the 5’-end of the reverse primer as a terminator to impede
the elongation of sense strand and an extension of 20-nucleotides length of a string
of adenosine (PolyA (20) is designed to create a size difference of the amplicon
strands (Fig. 8-1b). For size separation derived from unequal primers with structural
modification, a GC-rich stem-loop region is constructed at the 5’-end of the reverse
primer, which is supposed to keep the advanced structure during the PCR reaction
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owning to its high melting temperature and thus create a size difference between
the two strands of dsDNA products (Fig. 8-1c). After the PCR reaction, the resulting
strands of different sizes are separated on denaturing urea-polyacrylamide gel
electrophoresis and the desired ssDNA is purified from the gel (Fig. 8-1b and 8-1c).
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Fig. 8-1 Schematic illustration of ssDNA separation. (a) Following the attachment
of the biotinylated PCR product onto streptavidin, treatment with NaOH breaks the
hydrogen bonds between the strands, releasing the unmodified ssDNA strand. (b, c)
The inclusion of an 18-carbon ethylene glycol spacer and an extension of PolyA
(20) (b) or GC-rich stem-loop structure (c) in the primers creates a size difference
of the two strands of the PCR products, which migrate at different rates upon
resolving on the denaturing urea-polyacrylamide gel.

8.4.2 Optimization of PCR condition
For magnetic separation with streptavidin-coated beads or size separation derived
from the unequal primers comprised of an 18-carbon ethylene glycol spacer and an
extension of PolyA (20), optimization of annealing temperature was conducted for
the generation of optimum yield of dsDNA products. With 100 ng of ssDNA library
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containing 83 oligonucleotides as template, gradient PCR was run at annealing
temperature ranging from 52 °C to 62 °C and polymerization temperature at 72 °C
in 100 °C reaction systems. After 20 cycles, agarose gel electrophoresis showed that
annealing temperature at 60 °C (Lane 11) produced the maximum double-stranded
products at the correct size (less than 100 bp) when using the biotin-labeled primer
as the reverse primer (Fig. 2a). With the primer comprised of an 18-carbon ethylene
glycol spacer and an extension of PolyA (20) as the reverse primer, the best
amplification was also obtained at the annealing temperature of 60 °C (Lane 11)
(Fig. 2b). For size separation derived from unequal primers containing a GC-rich
stem-loop structure, optimization of polymerization temperature was conducted for
the generation of optimum yield of dsDNA products. With 100 ng of ssDNA library
containing 83 oligonucleotides as template, gradient PCR was run at annealing
temperature of 40 °C and polymerization temperature ranging from 45 °C to 70 °C.
Surprisingly, our results showed that two dsDNA bands were detected at each
temperature after 20 cycles of amplification. The lower band showed the correct
molecular weight of less than 100 bp and the strongest intensity at 45°C (Lane 3).
The higher band showed an unexpected molecular weight of around 120 bp and the
strongest intensity at 70 °C (Lane 13). Furthermore, with the increase of
polymerization temperature from 45 °C to 70 °C, the intensity of the lower band
gradually decreased, whereas the intensity of the higher band gradually increased
(Fig. 2c). These results implied that the advanced structure of GC-rich stem-loop
region might be partly disrupted and the sense strand continued to be elongated to
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generate a portion of equal strands of DNA (the higher band) by Taq DNA
polymerase, as the increased polymerization temperature approached the melting
temperature of GC-rich stem-loop region.
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Fig. 8-2 Agarose gel electrophoresis of dsDNA products after PCR reaction. (a)
PCR products generated by an unmodified forward primer and an biotin-labeled
reverse primer at a series of annealing temperatures (52, 54, 56, 58, 60 and 62 °C).
Lane 1: 50 bp DNA ladder; Lane 2, 4, 6, 8, 10 and 12: Negative control with no
template DNA in PCR reaction systems at the above annealing temperatures; Lane
3, 5, 7, 9, 11 and 13: dsDNA products generated by PCR reaction at the above
annealing temperatures. (b) PCR products generated by an unmodified forward
primer and a reverse primer comprised of an 18-carbon ethylene glycol spacer and
an extension of PolyA (20) at a series of annealing temperatures (52, 54, 56, 58, 60
and 62 °C). Lane 1: 50 bp DNA ladder; Lane 2, 4, 6, 8, 10 and 12: Negative control
with no template DNA in PCR reaction systems at the above annealing temperatures;
Lane 3, 5, 7, 9, 11 and 13: dsDNA products generated by PCR reaction at the above
annealing temperatures. (c) PCR products generated by an unmodified forward
primer and a reverse primer containing a GC-rich stem-loop structure at a series of
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polymerization temperatures (45, 50, 55, 60, 65 and 70 °C). Lane 1: 50 bp DNA
ladder; Lane 2, 4, 6, 8, 10 and 12: Negative control with no template DNA in PCR
reaction systems at the above polymerization temperature; Lane 3, 5, 7, 9, 11 and
13: dsDNA products generated by PCR reaction at the above polymerization
temperatures. The arrow indicated the DNA marker with a molecular weight of 100
bp.

8.4.3 Purity of ssDNA after the separation
After generation of ssDNA by magnetic separation with streptavidin-coated beads
in combination with alkaline pre-condition, agarose gel electrophoresis showed a
unique ssDNA band at the correct molecular weight (Lane 5). However, without the
alkaline pre-condition, there were two bands appeared on agarase gel, including a
lower band at the correct molecular weight of ssDNA (less than 50 bp) and a higher
band at a molecular weight of dsDNA (less than 100 bp) (Lane 4) (Fig. 3a). These
results demonstrated that the introduction of pre-condition might remove the
unstable interaction between the streptavidin and the beads and eliminated the reannealing between the biotinylated strand and the desired ssDNA strand. After
generation of ssDNA by size separation derived from unequal primers, including a
reverse primer comprised of an 18-carbon ethylene glycol spacer and an extension
of PolyA (20) and a reverse primer containing a GC-rich stem-loop structure, results
from denaturing urea-polyacrylamide gel showed that the desired ssDNA bands at
the correct molecular weight (less than 100 nt) and the complementary ssDNA with
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a larger molecular weight (greater than 100 nt) were clearly distinguishable (Lane
3 and 4), which enabled selective excision of the lower desired strand with the aid
of UV shadowing (Fig. 3b).

Fig. 8-3 Purity of ssDNA after the separation. (a) Agarose electrophoresis showed
the ssDNA generated by magnetic separation with streptavidin-coated beads. Lane
1: 50 bp DNA ladder; Lane 2: ssDNA library; Lane 3: dsDNA PCR products; Lane
4: ssDNA generated by magnetic separation without the alkaline pre-condition;
Lane 5: ssDNA generated by magnetic separation with the introduction of alkaline
pre-condition. The black arrow indicated the DNA marker with a molecular weight
of 50 bp. (b) Urea denaturing-PAGE showed the generation of ssDNA by size
separation derived from unequal primers. Lane 1: DNA ladder; Lane 2: ssDNA
library; Lane 3: separation of the unequal DNA strands generated by unequal
primers comprised of an 18-carbon ethylene glycol spacer and an extension of
PolyA (20); Lane 4: Separation of the unequal DNA strands generated by unequal
primers containing a GC-rich stem-loop structure; Lane 5: DNA ladder. The black
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arrow indicated the DNA marker with a molecular weight of 100 nt.

8.4.4 Recovery rate of ssDNA
After generation of ssDNA from dsDNA products by magnetic separation with
streptavidin-coated beads and size separation derived from unequal primers,
respectively, we compared the recovery rate of ssDNA. PCR reaction was
conducted with the same amount of ssDNA template (100 ng), primers (250 pM)
and other components (DNase-free water, dNTP and Taq DNA polymerase).
Quantitative data from spectrophotometer analysis showed that size separation
derived from unequal primers comprised of an 18-carbon ethylene glycol spacer
and an extension of PolyA (20) produced an almost equivalent recovery rate of
ssDNA when compared to magnetic separation with streptavidin-coated beads (Fig.
4). However, size separation derived from unequal primers containing a GC-rich
stem-loop structure generated a significantly lower recovery rate of ssDNA (P <
0.05) (Fig. 4). This could be explained by the occurrence that PCR reaction with
structural modified unequal primer generated not only desired unequal strands of
the products but also undesired equal strands of the products with a larger molecular
weight, as the stem-loop structure might be partly disrupted at high polymerization
temperatures, thus leading to the waste of PCR components, inefficient PCR
amplification and low recovery rate for ssDNA. In summary, considering the low
cost for large scale application, size separation derived from unequal primers
comprised of an 18-carbon ethylene glycol spacer and an extension of PolyA (20)
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could be a satisfactory alternative to magnetic separation with streptavidin-coated
beads for generation of ssDNA from dsDNA products.

Fig. 8-4 Recovery rate of ssDNA. The recovery rate of ssDNA was expressed by
the amounts of separated ssDNA divided by the half amounts of dsDNA products.
Magnetic: magnetic separation with streptavidin-coated beads; Chemical: size
separation derived from unequal primers comprised of an 18-carbon ethylene glycol
spacer and an extension of PolyA (20); Structural: size separation derived from
unequal primers containing a GC-rich stem-loop structure. The experiments were
repeated three time (n = 3). Student's t-test was conducted to analyze the recovery
rate of ssDNA. The data were presented as the means ± standard deviation. * P <
0.05.
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Chapter 9 Discussion

In this study, it is the first time to design and validate aptamer-functionalized lipid
nanoparticles directly targeting osteoblast for osteogenic siRNA in osteopenic
rodent model, which facilitates RNAi-based bone anabolic therapy in efficacy and
safety.

Here, using cell-SELEX, we obtained an aptamer (CH6) with rat osteoblasts as
target cells and rat hepatocytes and PBMCs as non-target cells. Nuclease-resistant
modifications had no undesirable effect on the binding capacity of CH6 with rat
osteoblasts. CH6 aptamer could also bind with human osteoblasts with a potency
and specificity similar to that observed in rat osteoblasts, implying the great
translational potential of CH6 aptamer in clinical application. Similarly, in a
previous report, an anticoagulant aptamer against human coagulation factor IXa,
could also systemically induce anticoagulation in pigs and inhibit thrombosis in
murine models based on the high homology of the target protein between different
species(Butkowski et al., 1977; Rusconi et al., 2004; White et al., 2001). Thus, we
speculated that the binding protein of CH6 on rat osteoblasts might be highly
homologous with that on human osteoblasts.

We further developed CH6-functionalized LNPs encapsulating osteogenic Plekho1
siRNA, i.e., CH6-LNPs-siRNA. The in vitro data from flow cytometry analysis
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suggested that the linked CH6 to the LNPs-based delivery system selectively
targeted osteoblasts and subsequently facilitated osteoblast-specific localization of
the encapsulated Plekho1 siRNA. Consistently, the in vivo data from biophotonic
imaging, immunohistochemistry examination, real-time PCR, microCT reconstruction, bone histomorphometric analysis, mechanical testing and bone
turnover marker assay further confirmed that CH6 facilitated skeleton tissue and
osteoblast-specific delivery of Plekho1 siRNA and long persistence of gene
knockdown, leading to promoted bone formation, improved bone microarchitecture, increased bone mass and enhanced mechanical properties in
osteopenic rats.

In this study, we found that an siRNA dose of 1.0 mg kg–1 could achieve almost 80%
gene knockdown efficiency by CH6 aptamer-functionalized lipid nanoparticles. In
contrast, our previously developed delivery system, i.e. (AspSerSer)6-liposome,
required an siRNA dose of 3.75 mg kg–1 to achieve the comparable gene
knockdown efficiency(Zhang et al., 2012). Further, after six periodic
administrations of (AspSerSer)6-liposome-siRNA and CH6-LNPs-siRNA with a
siRNA dose of 1.0 mg kg–1 in healthy rats, respectively, CH6-LNPs-siRNA
achieved much better bone anabolic action compared with (AspSerSer)6-liposomesiRNA. This difference could be partly explained by the distinct mechanisms
responsible for targeted delivery. The target moiety (AspSerSer)6 in our previously
developed delivery system (AspSerSer)6-liposome could specifically approach
101

bone formation surface to facilitate targeting osteoblast around bone formation
surface, the targeting mechanism of which was indirect at tissue level3. The target
moiety CH6 aptamer in our current delivery system CH6-LNPs could directly target
osteoblasts at cellular level. Taken together, it suggested aptamer-mediated
osteoblast-specific delivery of siRNA could be further advanced toward the next
generation of siRNA delivery system for RNAi-based bone anabolic strategy.

A major safety concern for in vivo siRNA delivery is the potential detrimental
accumulation of siRNA in liver tissue. In our study, we performed cell-SELEX with
hepatocytes as negative control cells. The in vivo data from biophotonic imaging,
immunohistochemistry examination and liver-related biochemistry and hematology
assays confirmed that CH6 facilitated reducing siRNA exposure to liver tissue and
hepatocytes, leading to no detectable changes of biochemistry parameters,
hematology parameters and immune factors after single or multiple injections of
CH6-LNPs-siRNA.

Another major concern for in vivo siRNA delivery is the dose reduction of siRNA
induced by MPS (e.g., PBMCs and Kupffer cells in the liver) uptake. In this study,
we found that LNPs-based siRNA delivery systems achieved less siRNA
distribution in Kupffer cells when compared with the previously published
(AspSerSer)6-liposome. This difference could be partly explained by the distinct
PEG content in the two types of siRNA delivery systems. The percentage of PEG
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on the LNPs surface was higher than that on the liposome surface. It suggested that
the high PEG shielding on the LNPs-based siRNA delivery systems could
efficiently prevent nanomaterials from MPS uptake(Li and Huang, 2010). On the
other hand, cell-SELEX with PBMCs as negative control cells could decrease the
dose reduction of siRNA induced by MPS in blood circulation, which were
evidenced by less signals occurred in PBMCs isolated from rats treated with CH6LNPs-siRNA. Taken together, these advantages of CH6-LNPs-siRNA could
contribute to the high gene knockdown efficiency and enhanced bone anabolic
action in the osteopenic rodents after treatment with Plekho1 siRNA encapsulated
within CH6-LNPs.

In summary, CH6 aptamer-functionalized LNPs is a promising targeting system for
directly delivering siRNA to osteoblasts, thus updates the targeted delivery systems
from tissue level toward cellular level to facilitate clinical translation of RNAibased bone anabolic strategy in efficacy and safety. In future work, it is of great
significance to improve heterogeneity and purification of the siRNA delivery
system in large-scale production.

In addition, we made a comparison between the magnetic separation and the two
size separation methods in generation of ssDNA from double-stranded PCR
products by SELEX. Our results showed that all the methods produced good purity
of ssDNA. Compared to the magnetic separation, size separation derived from
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unequal primers with chemical modification achieved an almost equivalent
recovery rate of ssDNA, whereas size separation derived from unequal primers with
structural modification showed a lower recovery rate of ssDNA. Considering the
low cost, size separation derived from unequal primers with chemical modification
could be a satisfactory alternative to the classic magnetic separation for generation
of ssDNA in SELEX.
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