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ABSTRACT

Author: Wang, Mingding. PhD
Institution: Purdue University
Degree Received: May 2019
Title: Targeted Delivery of Dasatinib for Accelerated Bone Fracture Healing.
Committee Chair: Philip S. Low
Approximately 6.3 million bone fractures occur annually in the USA, resulting in
considerable morbidity, deterioration in quality of life, loss of productivity and wages, and
sometimes death (e.g. hip fractures). Although anabolic and antiresorptive agents have
been introduced for treatment of osteoporosis, no systemically-administered drug has been
developed to accelerate the fracture healing process. To address this need, we have
undertaken to target a bone anabolic agent selectively to fracture surfaces in order to
concentrate the drug’s healing power directly on the fracture site. We report here that
conjugation of dasatinib to a bone fracture-homing oligopeptide via a releasable linker
reduces fractured femur healing times in mice by ~60% without causing overt off-target
toxicity or remodeling of nontraumatized bones. Thus, achievement of healthy bone
density, normal bone volume, and healthy bone mechanical properties at the fracture site
is realized after only 3-4 weeks in dasatinib-targeted mice, but requires ~8 weeks in PBStreated controls. Moreover, optimizations have been implemented to the dosing regimen
and releasing mechanisms of this targeted-dasatinib therapy, which has enabled us to cut
the total doses by half, reduce the risk of premature release in circulation, and still improve
upon the therapeutic efficacy. These efforts might reduce the burden associated with
frequent doses on patients with broken bones and lower potential toxicity brought by drug
degradation in the blood stream. In addition to dasatinib, a few other small molecules have
also been targeted to fracture surfaces and identified as prospective therapeutic agents for
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the acceleration of fracture repair. In conclusion, in this dissertation, we have successfully
targeted dasatinib to bone fracture surfaces, which can significantly accelerate the healing
process at dasatinib concentrations that are known to be safe in oncological applications.
A modular synthetic method has also been developed to allow for easy conversion of a
bone-anabolic warhead into a fracture-targeted version for improved fracture repair.
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INTRODUCTION

1.1
1.1.1

Physiology of Bone
Bone Composition and Organization
Bone is one of the most important and versatile organs in the human body. Beside its

primary function of providing mechanical support and protection, bone also plays essential
roles in mineral homeostasis and hematopoiesis.1 Bone is not a dead stick of mineral;
instead, it is a highly dynamic organ undergoing catabolism and anabolism constantly, with
multiple highly-differentiated cell types performing various physiological functions. The
adult bone consists of 50-70% mineral, 20-40% organic matrix, 5-10% water and 1-5%
lipids.2 About 90% of the organic matrix is made up of type I collagen, with the remaining
10% being noncollagenous proteins. During bone formation, collagen is first deposited in
a highly organized manner with heavy cross-linkage, followed by the formation of bone
mineral within the collagen network.1 The major mineral component of the bone is
hydroxyapatite (HAp) with a chemical formula of Ca10(PO4)6(OH)2, which is regularly
broken down and freshly deposited.
Macroscopically, bone is organized in two distinct forms: cortical bone and
cancellous bone (Fig. 1.1). Cortical bone is dense and compact, delivering the majority of
structural support and protection; on the other hand, cancellous bone is porous, composing
of small plates and rods of bone (trabecular bone) that take up only 25-30% of its total
tissue volume.1 Cortical bone forms most of the shafts and diaphyses of long bones, while
trabecular bone is primarily located in the metaphyses of bone and mineralized fracture
calluses.1,3 Trabecular bone still provides crucial mechanical support, especially in a
fracture callus (see Section 1.2.2). The mechanical properties of cancellous bone is highly
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dependent on the density, interconnectivity, and thickness of trabeculae that it is comprised
of.1,2 A membrane called periosteum covers the outside of the bone, and the hollow cavity
inside the bone (intramedullary cavity) is filled with bone marrow, endowing the bone with
the capacity to influence hematopoietic homeostasis.

Fig. 1.1 Structure and Organization of Long Bone.
Diagram originally created by Pbroks13 [CC BY 3.0
(https://creativecommons.org/licenses/by/3.0)] and modified for use.
1.1.2

Cells Involved in Bone Homeostasis
Physiological functions of bone, including its anabolic and catabolic activities,

response to mechanical loading, and mineral homeostasis, rely on bone cells. There are
three major types of bone cells: osteoclasts, osteoblasts, and osteocyte, all of which
contribute to bone metabolism highly specifically. In the attempt to alter the homeostasis
of bone (e.g. to accelerate the rate of fracture healing), understanding and manipulating the
physiological functions of those cells is essential, making them important targets for
therapeutics agents.
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1.1.2.1 Osteoblasts
Being the only cell that synthesizes and deposits newly-formed bone, osteoblasts are
one of the most important bone cells.4 Osteoblasts are highly-differentiated, singlenucleated cells of the mesenchymal lineage that are capable of producing crosslinked
networks of collagen (majorly type I) and other noncollagenous proteins such as
osteopontin to form a highly organized organic matrix of bone, namely osteoid.14–195
Subsequently, HAp is produced by osteoblasts and deposited into the osteoid to form
mineralized bone tissue.4

Fig. 1.2 Depiction of Osteoblasts and Osteocytes.
Diagram originally created by Physio Muse [CC BY-SA 3.0
(https://creativecommons.org/licenses/by-sa/3.0/)] and modified for use.
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Bone morphogenetic proteins (BMPs) and Wnts activate the two major pathways
that promote osteoblast differentiation.6 The binding of BMPs to type I and type II BMP
receptors triggers the BMP signaling pathway and activates Smad transcription factors 1,
5, and 8, which would enter the osteoblast nucleus after forming complexes with Smad4.
This complex promotes the transcription of key factors such as RUNX2 and Osx as well
as various osteoblastogenesis genes, which in turn stimulates the proliferation and
differentiation of osteoblasts.7–10 The bone-anabolic efficacy of BMPs has drawn forth two
FDA-approved drugs for fracture repair: BMP-2 (Infuse, Medtronic) and BMP-7 (OP-1,
Stryker Biotech), both of which are locally- and surgically-applied therapeutics for long
bone fractures.11–13
The Wnt pathway has been known to play important roles in cell proliferation,
differentiation, and apoptosis in many tissues.14,15 Binding of Wnts to the frizzled (FZD)
family receptors or low-density lipoprotein receptor protein 5/6 (LRP5/6) activates the Wnt
signaling pathway, leading to the accumulation of -catenin in the cytoplasm, which would
later translocate into the nucleus. -catenin stimulates Tcf/LEF-mediated transcription in
the nucleus, which leads to proliferation, differentiation, and survival of osteoblasts.15–17
Given the central role that Wnt pathway plays in osteoblast function, it is not surprising to
see a plethora of research efforts put into stimulation of the pathway by suppressing the
physiological inhibitory factors of the pathway in order to promote osteoblast
differentiation and activity. Several mechanisms are involved in the inhibition of Wnt
pathway. The intracellular enzyme glycogen synthase kinase 3 (GSK3) phosphorylates catenin, which serves as a signal for the degradation of -catenin and prevents its nucleus
translocation, suppressing the activation of Wnt pathway.18,19 Thus, many GSK3 inhibitors,
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both known and newly-developed, have been studied for their potential as bone-anabolic
agents20–25. Meanwhile, several endogenous factors that antagonizes and hinders the
binding between Wnts and FZDs or LRP5/6 have been discovered, such as secreted
frizzled-related proteins (sFRPs), dickkopf-1 (Dkk-1), Wnt-inhibitory factor-1 (WIF-1),
sclerostin, etc.26 Positive results of enhanced bone formation by inhibition of extracellular
Wnt inhibitors have been reported, utilizing either neutralizing antibodies (Dkk-1 and
sclerostin) or small-molecule inhibitors (sFRP-1).27–29
1.1.2.2 Osteoclasts

Fig. 1.3 Depiction of an Osteoclast.
Diagram originally created by Cellpath [CC BY-SA 3.0
(http://creativecommons.org/licenses/by-sa/3.0/)] and modified for use.
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Osteoclasts are the major cell type involved in bone resorption, the catabolic activity
of bone homeostasis. Osteoclasts are multinucleated cells of the monocyte lineage, which
is formed by the in-situ proliferation and fusion of precursor cells recruited to the bone
surface.30 A mature osteoclast adheres to bone, creates a sealing zone, and forms a
resorptive pit under the cell (Fig. 1.3). Osteoclast-mediated bone resorption begins with the
acidification of the resorptive pit by proton pumps to dissolve the bone mineral, followed
by the secretion of various enzymes (e.g. cathepsin K and matrix metalloproteinases) to
break down the organic matrix of bone.4,30,31
The most important pathway to regulate the differentiation and function of
osteoclasts is the RANKL/RANK pathway.32 RANK is a type I transmembrane protein
expressed on the cell surface of osteoclasts, which regulates osteoclast differentiation and
activation.33 RANK ligand, or RANKL, is a type II membrane protein belonging to the
tumor necrosis factor (TNF) superfamily expressed on osteoblast and osteocyte surface,
and serves as the endogenous ligand for RANK.34 The binding of RANKL to RANK on
the surface of osteoclasts and its precursor cells functions as the signal for
osteoclastogenesis35. The ability to express RANKL has enabled osteoblasts to initiate and
regulate the activity of osteoclasts, and in turn, bone resorption.36
1.1.2.3 Osteocytes
Osteocytes are terminally-differentiated osteoblasts embedded in the bone matrix
(Fig. 1.2).37 Osteocytes make up more than 90% of bone cells, making them the most
abundant cell type in bone tissue.4,38 Canaliculi, which are dendritic processes formed by
osteocytes, extend to all directions and form an osteocyte network for communication and
exchange of materials such as proteins (see Fig. 1.1).4,39 Osteocytes are important
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regulators of bone homeostasis by secreting factors that influence osteoblast and osteoclast
activity (e.g. OPG, RANKL, sclerostin, etc.).40 Additionally, osteocytes are in charge of
bone’s response to mechanical load; they sense mechanical signals and react by directing
bone modeling to counteract the mechanical load.41 Moreover, osteocytes play an
important endocrine role: when unusual changes in plasma hormone levels are detected,
osteocytes would regulate bone formation and resorption in response to those changes.42
1.1.3

Bone Problems and Pathologies
When one or more processes in bone homeostasis fail, bone pathologies would

develop. Common pathologies arising from altered bone homeostasis include osteoporosis
(more active bone resorption than bone formation43), Paget’s Disease (bone turnover
malfunction44), and osteogenesis imperfecta (impaired osteoid production45). Healthy bone
can also fall victim to mechanical impact or bacterial infection, leading to bone fracture or
osteomyelitis.46
Among all bone pathologies, osteoporosis and bone fracture are the most common.47
Since osteoporosis is a major risk factor of bone fracture, the two pathologies are tightly
related.48 In the US, approximately 44 million people have low bone density with 10
million already suffering from osteoporosis, implying that a large proportion of the
population will have increased likelihood for fractures49. Unfortunately, although many
osteoporosis therapies have been developed, there is still a void for an effective, convenient,
and safe bone fracture repair therapy (see Section 1.2.3).
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1.2
1.2.1

Bone Fracture Repair
Types of Bone Fracture
Bone fractures occur when there is a break in the bone.50 Differentiated by the

character and cause, bone fractures can be classified as simple fracture, comminuted
fracture, and stress fracture. When bone is broken into two fragments, it is defined as a
simple fracture, while comminuted fracture describes a situation where bone is shattered
into several pieces. Stress fracture is characterized by an accumulation of microdamage
caused by the exposure to continuous and repeated force.50
1.2.2

Natural Process of Fracture Repair
The process of fracture repair can be divided into four stages: inflammatory response,

soft callus formation, hard callus formation, and bone remodeling (Fig. 1.4).50 The
inflammatory stage occurs immediately following the trauma, and lasts for as long as 7
days. During this stage, a hypoxic hematoma forms around the fracture wound site with an
influx of inflammation-responder cells (e.g. macrophages, leukocytes, etc.).51 These
recruited cells begin to participate in angiogenesis and fibrogenesis, resulting in the
formation of a fibrocartilage callus that bridges the fractured ends of bone, namely the soft
callus.52 This stage usually peaks on day 7-10 in rodent models.50 Following that, the soft
callus is gradually replace with cancellous/trabecular bone, bridging the bone ends with a
mineralized bony structure called hard callus, which leads to the progressive restoration of
the mechanical strength of the broken bone.53 During this stage, osteoblasts are highly
active, and osteoblast markers such as alkaline phosphatase (ALP) and type I collagen are
significantly upregulated.50 The peak of this stage is around day 14 in rodent models. The
last stage of fracture repair, bone remodeling, occurs from week 3-4 and may last for
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several months to several years before completion.53 During this stage, trabecular bone in
the fracture callus is gradually remodeled into cortical bone while the callus restores to the
original shape of the bone, although the reshaping might never fully complete.50
Osteoclasts and osteoblasts are both actively involved in the bone remodeling process,
where osteoclasts resorbs the trabecular bone in the fracture callus while osteoblasts build
new cortical bone.54 Inhibition of osteoclast activity with antiresorptives (such as
bisphosphonates) during this stage would impair the removal of trabecular bone tissue and
formation of compact bone.50

Fig. 1.4 The Four Stages of Fracture Repair.
(a) Inflammatory stage; (b) soft callus formation; (c) hard callus formation; (d) bone
remodeling. Diagram adapted from Anatomy and Physiology55 [CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/)]
1.2.3

Need for Improvements in the Treatment of Bone Fractures
Bone fracture has long been one of the least desirable ailments for human beings,

and it is causing major problems in the US and around the world. Approximately 6 million
bone fractures occur each year in the USA55, resulting in 3.5 million visits to the emergency
room and 887,679 longer term hospitalizations (data source: National Ambulatory Medical
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Care Survey and the American Academy of Orthopaedic Surgeons). With 61 million older
Americans estimated to suffer from osteoporosis56, this number of fractures is expected to
increase, especially as the population continues to age. Costs associated with hip fracture
repairs were estimated at $21 billion in 200957, and lost wages due to fracture-related
absence from work have added substantially to these costs58. Morbidities deriving from
loss of motility, pain, anxiety, and depression can also erode a patient’s quality of life59,60.
Most importantly, many fractures trigger more serious pathologies, with complications
deriving from hip fractures leading to 75,000 deaths/year in the USA61,62. Clearly,
strategies that might accelerate and/or improve bone fracture repair could mitigate many
problems facing an aging and physically active population.
Despite the burdens bone fractures have been and will be laying on the aging
population from all over the world, the current therapeutic solutions for bone fracture has
yet to catch up with the growing demand. Antiresorptive drugs and anabolic drugs are the
two major classes of drugs that are currently available for the expansion of bone mass, each
with its own disadvantages to be used for the improvement of bone fracture repair.
1.2.3.1 Problems with Antiresorptive Drugs
Examples of antiresorptive include various bisphosphonates (alendronate, zoledronic
acid, etc.), estrogen therapy, and RANKL antibody (Denosumab). Those agents increase
bone mass by inhibiting the function of osteoclasts, resulting in a decrease in bone
resorption. Bisphosphonates suppress bone resorption by suppressing osteoclast activity63,
while estrogen prevents bone loss by disrupting the initiation of osteoclastogenesis and
inducing osteoclast apoptosis64. RANKL antibody neutralizes RANKL and inhibits the
binding between RANKL and RANK, which hinders the differentiation from
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hematopoietic precursor cells into osteoclasts65. Since osteoporosis is caused by an
imbalance between bone formation and resorption, those antiresorptive drugs work well
for osteoporosis by inhibition of bone resorption. However, they have not been employed
to accelerate fracture healing since they do not promote the formation of new bone, which
is essential in the process of fracture healing. Additionally, bisphosphonates inhibit
angiogenesis, which together with their resorption-hindering ability, might impede bone
turnover essential for fracture repair66,67. Furthermore, as mentioned about in Section 1.2.2,
inhibition of bone resorption is detrimental to the last stage of fracture healing, which is an
undesirable feature for a drug intended to enhance fracture repair.
1.2.3.2 Problems with Derivatives of Parathyroid Hormone
Problems also exists for a class of parathyroid-hormone-related bone-anabolic agents.
Recombinant human parathyroid hormone 1-34 (Forteo, Eli Lilly), abaloparatide
(Tymlos, Radius Health), and parathyroid hormone related protein (PTHrP) can all
activate osteoblasts and thereby induce bone mineralization68,69, but their abilities to
improve fracture repair in human have not proven statistically significant70, even at
concentrations that promoted hypercalcemia and the consequent pain, nausea, confusion
and fatigue71–73. In fact, since PTH can induce osteoclastogenesis and may cause either a
net gain or a net loss of bone material depending on the dosing regimen 68,71, there are
reports of conflicting results on Forteo’s ability to improve fracture healing69,74.
1.2.3.3 Problems with BMPs
BMP-2 and BMP-7 are the only FDA approved anabolic drugs for fractures; however,
they must be applied topically for fractures in which the fracture surface is exposed during
surgery or spinal fusion, severely restricting their use.75 Both clinically approved BMPs
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have also been continuously plagued by safety concerns such as vertebral osteolysis and
ectopic bone growth, leading to the withdrawal of BMP-7/OP-1 from the market in
August 2014.76–79
Clearly, a major need exists for a systemically administered drug that will accelerate
fracture repair without promoting turnover of undamaged bones or causing other unwanted
side effects such as hypercalcemia. From our perspective, a bone anabolic agent that would
concentrate at the fracture site, promote osteoblast activity without overt inhibition of bone
resorption, and clear rapidly from unaffected sites should satisfy the above requirements.

1.3

The Role of Src Kinase in Bone Metabolism
In the search for a novel bone-anabolic agent that avoids the above-mentioned

drawbacks, Src inhibition has drawn our attention as a potential strategy that meets our
criteria. Indeed, studies with Src-knockout mouse models have shown that although Src
kinase is ubiquitously expressed in tissues80, the only major consequence of Src gene
knockout appears to be osteopetrosis (excess formation of bone)81,82, suggesting that Src
kinase plays a critical role in bone turnover and formation83. However, it was unclear
whether this effect has been a result of promoted bone formation or suppressed bone
resorption. Since the role that Src plays in osteoclastogenesis has been extensively studied
and documented,1,84,85 the prevailing opinion has been that Src inhibition would merely act
as an antiresorptive.86,87
Despite the dogma, multiple recently reports have studied and discussed the effect of
Src inhibition on bone-anabolism (see Section 2.1), giving us the initiative to explore the
possibilities of using Src inhibitors as bone-anabolic agents for accelerated fracture repair.
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Dasatinib, a potent Src inhibitor with a safety profile that has stood up to the test with
human patients for over a decade,88 is our top candidate.

1.4

Targeted Delivery of Bone-Anabolic Agents to Accelerate Fracture Repair

1.4.1

Leading Drugs to the Right Places: Targeted Drug Delivery

Traditional drug discovery designs drug molecules that interfere with one or more key
processes during disease development. Given that the majority of these processes are not
constrained to diseased tissue, those drug molecules are, in turn, non-specific in terms of
toxicity. Hence, many effective drugs fail due to side effects originating from their
interaction with normal, healthy cells and tissues.89 This concern brings into our sight a
new class of drug conjugates that combine a drug payload with a disease-tissue-specific
ligand.90 This new class of targeted drug conjugates would accumulate specifically at the
disease site, release the drug payload, and achieve improved therapeutic efficacy as well
as reduced systemic toxicity.91 Apparently, a therapy to accelerate bone fracture healing
would benefit significantly from targeted drug delivery, which enables concentration of the
bone-anabolic efficacy of the drug and reduction of the potential for systemic toxicity (e.g.
abnormal ectopic bone growth, hypercalcemia, etc.). The key to a successful targeted drug
for bone fracture repair is finding a good targeting ligand with high specificity for a bone
fracture.
1.4.2

Bone-Fracture-Specific Targeting Ligands
To achieve fracture-specific targeting, a HAp-binding moiety should work well since

crystalline HAp is exposed in the case of a fracture, whereas it is fully covered with the
periosteum in healthy bones.92 HAp-specific bone targeting ability has been in existence
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for quite some time: technetium-99m-methylene diphosphonate (99mTc-MDP) was
developed in the 1970s, and has been widely used in bone scintillation scans for almost
four decades.93,94 Besides bisphosphonates, other HAp-targeting moieties such as calcium
phosphate nanomaterials/scaffolds and oligo-acidic peptides are all potential choices as
targeting ligands. However, despite bisphosphonates’ strong HAp binding characteristics,
they cause an imbalance in the fracture repair process by potently inhibiting
osteoclastogenesis,95 which is undesirable for a fracture healing drug as discussed before.
Plus, their excessively long half-life in bone96 and teeth97 may increase the risk of sideeffects. Calcium phosphate nanomaterials/scaffolds are similar in composition to bone and
have demonstrated potential as bone-specific delivery systems, but they have been difficult
to be reproducibly synthesized with well-defined morphologies and have therefore not yet
progressed into the clinic.95
A superior strategy for fracture targeting involves targeting moieties consisting of
strings of acidic amino acids, such as aspartic acid and glutamic acid.98 Oligomers of
aspartic acid and glutamic acid are compositionally similar to motifs of bone sialoprotein
(BSP) and proteins in the small integrin-binding ligand, N-linked glycoprotein (SIBLING)
family, which are naturally occurring bone homing peptides with strong affinity for
HAp.99,100 Additionally, their peptidic nature allows them to be readily biodegraded
following completion of their targeting function.101 Consequently, oligomers of aspartic
acid and glutamic acid are burdened by few if any unwanted side effects when used for
fracture targeting. The biodistribution profile of aspartic acid octapeptide, in particular,
was impressive with high uptake in fractured bone, high fractured-to-healthy bone ratio,
and limited uptake in other tissues.100,102 As shown in Fig. 1.5, an

125

I-labeled,
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oligoaspartic-acid-targeted small molecule 6BIO would concentrate specifically at the
fracture site of a mouse 24 h post injection, while the free, untargeted version had mostly
been excreted with only small quantities distributed in a scattered fashion in the mouse
body.100 Hexamers, octamers and decamers of oligoaspartic acids have all been reported to
localize efficiently to bone fracture surfaces and clear rapidly from the plasma in vivo, with
increasing targeting ability with increasing length of the peptide.98,103 For those reasons,
aspartic acid decapeptide has been chosen for our fracture-targeting purposes.

Fig. 1.5 SPECT/CT Image of Fracture-Bearing Mice Receiving Free (Left) or Targeted
(Right) Versions of 125I-6BIO.
The small amount of remaining free 125I-6BIO was randomly distributed in the mouse
body, while a considerable quantity of targeted 125I-6BIO had accumulated at the fracture
site. Images were taken 24 hours after injection of the radiolabeled compounds. Reprinted
(adapted) with permission from [100]. Copyright © 2015, American Chemical Society.
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1.5

Summary of Our Hypothesis
Since osteoblasts play essential roles in both bone formation, regulation of the

activity of osteoblasts is the key to manipulation of the fracture repair process. Given that
Src inhibition could promote the activity and differentiation of osteoblasts in vivo, we
hypothesize that accumulation of a potent Src inhibitor at the fracture site should stimulate
new bone formation, which might in turn facilitate the healing of a fracture. To test our
hypothesis, we would need to first verify the ability of a Src inhibitor to stimulate osteoblast
differentiation and function in vitro. If the inhibitor does facilitate osteoblastogenesis, we
would implement a mouse fracture model and concentrate the inhibitor at the fracture
surface to test its bone fracture healing efficacy. Src inhibitor dasatinib is chosen to be
tested owing to its potency and safety, and a deca-aspartic acid will be used as the fracturetargeting ligand for specific delivery to the fracture site. Since dasatinib needs to be
released from the targeting moiety to work, the two parts would be joined by a hydrolysable
ester linker.
If a fracture-targeted version of dasatinib should turn out to be a potent bone-anabolic
agent that could facilitate bone fracture repair, this finding may have significant clinical
implications. Complications derived from prolonged immobility could be alleviated, and
patients could be able to return to their normal lives sooner. Moreover, we would also
attempt to reduce the dosing frequency of the targeted drug to further cater to the need of
patients bearing bone fractures. Finally, more bone-anabolic small molecules would be
delivered to bone fracture with the same targeting ligand to examine their ability to
facilitate fracture healing.
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IN VITRO EVALUATION OF THE EFFECT OF
DASATINIB TREATMENT ON OSTEOBLASTS

2.1

Introduction

2.1.1

The Effect of Src Inhibition on Bone Cells
As discussed in Chapter 1, the potential that Src inhibition might be a good bone-

anabolic strategy for has driven us to examine the efficacy of Src inhibition on fracture
healing. The essential role Src plays in osteoclast activity has long been welldocumented;1,2 however, it would be premature to conclude that the increased bone
formation in Src-knockout mice is a result of an impaired bone resorption process.
Although the potent Src inhibitor dasatinib inhibited both the formation and activity of
osteoclasts in vitro3, reports in the literature claimed that the number of osteoclasts derived
from Src-KO mice were actually increased, measuring more than twice that in wild-type
(WT) mice4,5. Also, a marked increase in both osteoblast number and activity was observed
in vivo on Src-KO mice5. These results confirmed that the osteopetrosis phenotype of SrcKO mice was not a result of reduced osteoclast formation, but rather of boosted osteoblast
activity as well as reduced osteoclast function. These observations suggest that instead of
being merely anti-resorptive as traditionally believed, Src inhibition might actually be
bone-anabolic by stimulating osteoblast differentiation and function. This has made Src
inhibition a promising bone-anabolic strategy for our purpose of accelerating bone fracture
repair.
2.1.2

Dasatinib, a Potent Src Inhibitor
Dasatinib is a small-molecule Src kinase inhibitor with an IC50 of 0.8 nM. It has been

developed by Bristol-Myers-Squibb for the primary indication of CML and approved by
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the FDA in 2006. Our initial speculation that dasatinib might be a potential drug for fracture
repair has been reinforced by multiple reports of dasatinib being a potential bonemodifying agent.3,6–8 However, results from those reports are not only conflicting and
confusing, but are mainly focused on the effect of dasatinib on osteoclasts, presumably
owing to the dogma that Src pathway is only involved in osteoclastogenesis. Due to the
limited documentation of the direct effect of Src inhibition on osteoblasts and the
conflicting results of whether Src inhibition is anti-resorptive, we have undertaken to
elucidate the relationship between Src inhibition by dasatinib and osteoblastic function and
differentiation.
In this Chapter, we are studying a murine pre-osteoblastic cell line (MC3T3-E1)
cultured in mineralization media containing different concentrations of dasatinib to
evaluate the effect of the Src kinase inhibitor, dasatinib, on osteoblast differentiation and
function in vitro.
2.1.3

Genes Selected for the Evaluation of Dasatinib’s Effects on Osteoblasts
In order to fully assess the interaction between dasatinib and osteoblasts, expression

of essential genes involved in osteoblast differentiation and function need to be analyzed
with and without exposure to dasatinib. Representatives of three classes of genes were
selected for this evaluation: a) genes necessary for the differentiation of osteoblasts from
mesenchymal precursors, e.g. RUNX2, and Osx9,10; b) genes for intracellular enzymes and
extracellular matrix proteins indicative of osteoblastic function, e.g. ALP, COL1A1, and
OPN11,12; c) genes for factors that regulate osteogenesis, e.g. RANKL, and OPG13,14. The
formation and differentiation of osteoblasts from mesenchymal precursors are regulated by
multiple transcription factors, with RUNX2 and Osx being two of the most important
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ones.15 RUNX2 and Osx are critical for the maturation of osteoblasts, and a lack of either
genes would lead to a cartilaginous skeleton caused by impaired mineralization, and even
perinatal lethality.10,16 ALP hydrolyzes organic monophosphates and inorganic
pyrophosphates to produce inorganic phosphates, which promotes mineralization of hard
tissue17. Type-I collagen is the most abundant protein in the organic scaffold in bone that
mineralization takes place, and plays an important role in the tensile strength of the
bone12,18. The distribution of OPN is rich on cell-matrix and matrix-matrix interfaces in
bone; it facilitates the attachment of bone cells to bone matrix as well as increases the
physical strength of the bone tissue11,19. The binding of RANKL to RANK on osteoclasts
promotes osteoclastogenesis, while OPG functions as the decoy receptor for RANKL by
binding to RANKL and inhibiting its interaction with RANK. Osteoblasts express RANKL
to stimulate bone resorption as they mature to keep a tight regulation between bone
formation and resorption14. At the meantime, a housekeeping gene, GAPD, was used as
the reference gene.
In addition to the target genes mentioned above, the enzymatic activity of
intracellular ALP was measured with a colorimetric enzyme kinetic assay. ALP activity
has been widely used as a reliable marker for osteoblast differentiation.20

2.2
2.2.1

Materials and Methods
Culture of a Murine Pre-Osteoblastic Cell Line, MC3T3-E1
A murine pre-osteoblast cell line (MC3T3-E1) was purchased from American Type

Culture Collection (ATCC) and cultured in -MEM without ascorbic acid (Gibco, Thermo
Fisher Scientific, Waltham, MA), supplemented with 10% HI-FBS (VWR, Chicago, IL)
and 1% penicillin/streptomycin (Corning, Corning, NY) as monolayers at 37 °C in a 5%
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CO2/95% humidified-air atmosphere. 24-well plates were seeded with 0.05 million cells
per well, followed by a switch to mineralization media (-MEM (Gibco, Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% HI-FBS, 1% penicillin/streptomycin,
and 10 mM -glycerophosphate) when cells reached confluence, which marked Day 0 of
mineralization. Media in each well was switched every 3 days to fresh mineralization
media containing the desired concentration of dasatinib (20 mM stock solution dissolved
in DMSO). For this purpose, the stock solution was diluted with PBS, sterile-filtered and
further diluted in mineralization media to yield media with various concentrations of
dasatinib.
2.2.2

Real-Time Quantitative PCR
To determine the mRNA levels of diagnostic markers for osteoblast differentiation

and activation, cultured cells (3 wells per dasatinib concentration) were analyzed by realtime quantitative PCR with SYBR Green dye (SensiFAST™ SYBR® No-ROX Kit;
Bioline, Taunton, MA). Briefly, total cell RNA from each study group was extracted and
purified using a GenCatch Total RNA Extraction Kit (Epoch Life Science, Sugar Land,
TX). Approx. 900 ng RNA were reverse transcribed using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA) on a Bio-Rad T100 Thermal
Cycler. cDNA samples were diluted 7.5 before real-time reactions were performed on a
Bio-Rad CFX Connect Real Time System using 40 cycles at 95 C for 5 s, 60 C for 10 s,
and 72 C for 20 s. Primers for each target gene and the housekeeping gene (Runx2, Osx,
Col1A1, ALP, OPN, OPG, RANKL, GAPDH) were purchased from Integrated DNA
Technologies (Coralville, IA). Technical triplicates were performed for each of the three
biological replicates in each treatment group to ensure reliability of results. The Cq values
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obtained were analyzed using the ΔΔCq method and presented as the relative expression
level between each target gene and the reference gene (GAPDH). All relative expression
levels were normalized against the control (DMSO) value.
2.2.3

Quantitation of Alkaline Phosphatase Activity
Alkaline phosphatase (ALP) activity was quantified with SensoLyte ALP Kit

(AnaSpec, Fremont, CA) following the instructions provided by the manufacturer. Briefly,
cells in a 24-well plate were washed twice with ice-cold lysis buffer and then lysed in the
same buffer supplemented with 0.5% Triton-X 100. Whole cell lysates were collected,
centrifuged at 2500g for 10 minutes, then mixed with p-nitrophenol phosphate. The
absorbance at 405 nM was measured every 5 minutes for 1 hour at 37 °C. The ALP activity
was calculated from the rate of absorbance change, using only data with a linear correlation
coefficient of R2 > 0.99. Protein content in each whole cell lysate was also determined
using QuickStart Bradford Assay Kit (Bio-Rad, Hercules, CA) according to manufacturer’s
procedures.

2.3
2.3.1

Results
Expression of Osteogenesis-Related Genes in Response to Dasatinib Treatment
Analysis of osteoblast-related gene expression on days 7 and 14 revealed that

transcripts of RUNX2 and OSX were significantly upregulated in MC3T3-E1 cells during
exposure to 100 nM dasatinib (Fig. 2.1A-B), indicating a strong stimulation of osteoblastic
differentiation.
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Fig. 2.1 Dasatinib Stimulates Expression of Multiple Osteogenic Genes.
(A)-(G) Mouse pre-osteoblastic cell line MC3T3-E1 was incubated in mineralization
media containing 100 nM dasatinib or DMSO (n = 3 for all groups) and expression levels
of selected bone remodeling genes were analyzed and normalized to GAPDH.
Specifically, (I) shows the ratio of OPG and RANKL expression. (H) MC3T3-E1 cells
were cultured in mineralization media containing 10 nM, 50 nM, or 100 nM dasatinib or
DMSO only, and the enzymatic activity of intracellular alkaline phosphatase (ALP) was
measured. Levels of statistical significance are denoted with asterisks according to the
following definition: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Furthermore, Dasatinib has also upregulated the expression of ALP, COL1A1 and
OPN (Fig. 2.1C-E), which confirmed its potent ability to facilitate osteoblastic functions
by the production of alkaline phosphatase, collagen matrix and osteopontin. Dasatinib
treatment also boosted the expression of OPG and RANKL (Fig. 2.1F-G). Moreover, the
ratio of OPG to RANKL, a measure of the balance between osteoblastogenesis and
osteoclastogenesis, was observed to strongly shift towards the former after 7 days of
dasatinib treatment, but this inclination for osteoblastogenesis over osteoclastogenesis was
reduced significantly during the following week of dasatinib administration (Fig. 2.1H).
Following dasatinib treatment, ALP activity also demonstrated a strong
concentration dependent increase (Fig. 2.1I), suggesting that differentiation of MC3T3-E1
cells into mature osteoblasts was induced by dasatinib.

2.4

Discussion
The seven selected genes the regulates osteoblast differentiation and function have

all been upregulated 2- to 60-fold in response to dasatinib treatment. Overall, these data
suggest that dasatinib could prove useful in not only promoting the differentiation of
osteoblastic progenitor cells into mature bone forming osteoblasts, but enhancing the
capability of osteoblasts to produce enzymes, matrix proteins and cellular factors that boost
bone growth. The data collectively indicate that treatment of an osteoblast precursor with
a Src kinase inhibitor (dasatinib) can reprogram a pre-osteoblastic cell to express genes
involved in bone regenerating processes, in accordance with findings from other
studies.6,7,21,22
Importantly, as Fig. 2.1G and Fig. 2.1H suggest, MC3T3-E1 cells upregulated the
expression of RANKL after dasatinib treatment, especially in the late stage of

51
differentiation, indicating an attempt to elevate osteoclastogenesis. The decline in
OGP/RANKL ratio at the last stage of differentiation has also strengthened this point.
These data suggest that Src inhibition by dasatinib on osteoblasts would indeed suppress
osteoclastogenesis by favoring OPG secretion over RANKL, but this effect considerably
declines as osteoblasts further mature, during which OPG production is reduced while
RANKL production is elevated. This observation, together with previous reports stating
that osteoblasts derived from Src-KO mice demonstrated unchanged morphological
features compared to those harvested from WT mice and was able to fully regulate normal
osteoclast differentiation via the RANKL/RANK/OPG pathway23, argue that Src inhibition
might not function as a pure anti-resorptive agent in vivo. Instead, Src inhibition would
stimulate osteoblast differentiation and function while suppressing osteoclastogenesis to
maximize bone deposition at the early stage of fracture repair but shift towards the
induction of osteoclastogenesis at later stages of the repair process, encouraging bone
resorption. Since bone resorption is essential for the remodeling phase of fracture repair,
this finding enhanced our confidence in dasatinib to be a potentially effective and safe drug
to accelerate the natural fracture repair process.
In conclusion, in this chapter, we have demonstrated that the Src kinase inhibitor
dasatinib is a potentially valuable bone-anabolic agent that potently stimulates osteoblast
differentiation and function. A fracture-targeted version of dasatinib would later be
generated to be tested in vivo.
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SYNTHESIS AND CHARACTERIZATION OF THE
DASATINIB-ASPARTIC10 CONJUGATE (DAC) AND
ASPARTIC10-S0456 DYE CONJUGATE

3.1

Introduction
As introduced in Chapter 1, a novel, systemically-administered drug for the

acceleration of bone fracture repair would benefit from targeted drug delivery, which could
be realized by utilizing a fracture-specific deca-aspartic acid (D10) targeting ligand. Thus,
we have designed a dasatinib-aspartic10 conjugate (DAC) that combines the bone-anabolic
efficacy of dasatinib and the fracture-targeting capability of D10. This conjugate is
synthesized chemically via a simple and convergent synthetic route, where the D10
targeting ligand is synthesized with solid-phase peptide synthesis (SPPS) for its efficiency
and high yield,1 and is later joined to dasatinib with a “click” style reaction. The modularity
of this route has enabled us to easily modify it to produce D10-conjugates of other potential
bone-anabolic molecules.
In this Chapter, we report the successful synthesis of DAC (Fig. 3.1). As a
demonstration of the adaptivity of our synthetic strategy, we also report a slightly modified
version of this route for the successful synthesis of a D10-targeted near-IR dye, S0456 (Fig.
3.2). This conjugate is valuable in studying the in vivo distribution of the D10 targeting
ligand, which is a useful addition to previous reports of the biodistribution of other oligoaspartic acid ligands.2–4
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3.2
3.2.1

Materials and Methods
Materials
All materials, solvents and reagents were purchased from commercial sources and

used without further purification unless specifically noted. DMF, DMSO, TFA, piperidine,
TEA, DIPEA, IPA, MeOH, DCM, Et2O, and -glycerophosphate were purchased from
Sigma-Aldrich (St. Louis, MO). Fmoc-L-Asp(OtBu)-OH, Fmoc-S-trityl-L-cysteine, TIPS,
and EDT were purchased from Chem-Impex International (Wood Dale, IL). PyBOP and
dasatinib were obtained from AK Scientific (Union City, CA), while 2-chlorotrityl chloride
resin was purchased from ChemPep, Inc. (Wellington, FL). 3-maleimidopropionic acid
was purchased from Combi-Blocks (San Diego, CA). Mass spectra were obtained on
Agilent Technologies 1220 series LC-coupled 6130 quadrupole MS. HPLC purifications
were performed on an Agilent Technologies 1200 series semi-preparatory HPLC. Regular
phase flash column chromatography was performed on Teledyne CombiFlash Rf+ Lumen
system. NMR spectra were obtained on a Bruker Avance III 500 HD Spectrometer.
3.2.2

Synthesis of D10-Cys
For the initial loading of the SPPS resin, 2-chlorotrityl chloride resin (0.4 g, 1.4

mmol/g) was swollen in DCM (10 mL/g resin) followed by addition of Fmoc-LAsp(OtBu)-OH (1.15 g, 2.8 mmol) and DIPEA (1.66 mL, 9.5 mmol) dissolved in DCM
(14 mL). The mixture was agitated by bubbling argon for 1 hour, after which the solution
was drained before 20 mL of capping cocktail (DCM:MeOH:DIPEA = 17:2:1) was added
and the solution was again bubbled for 20 minutes. The resin was then subjected to standard
washing procedures which consisted of washes with DMF (3 times), DCM (3 times) and
IPA (3 times) following each coupling reaction, and washes with DMF (3 times) following
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each deprotection. After the initial loading, all subsequent coupling reactions were
performed with solutions of Fmoc-L-Asp(OtBu)-OH (1.15 g, 2.8 mmol) or Fmoc-S-tritylL-cysteine (1.64 g, 2.8 mmol), PyBOP (1.42 g, 2.75 mmol), and DIPEA (1.66 mL, 9.5
mmol) in DMF (14 mL). One-hour standard coupling time was used for all aspartic acid
and cysteine residues. Fmoc-deprotection was done with 20% piperidine solution in DMF
for two sessions of 5 minutes and 10 minutes each. The 11-mer peptidic product was
cleaved off the resin using a cleavage cocktail consisting of 90% TFA, 3.3% TIPS, 3.3%
water and 3.3% EDT. Following cleavage, the crude product was concentrated under
reduced pressure to remove most TFA, water, TIPS, and EDT, and then washed 3x with
Et2O, dried under reduced pressure for 24 hours to give 1 as a white powder (680 mg, 81.3%
overall yield, 98.1% average coupling efficiency).
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Fig. 3.1 Synthesis for DAC.
Reagents and conditions: a) Fmoc-L-Asp(OtBu)-OH, DIPEA, DCM, 1 h; b) 20%
piperidine in DMF, 5 min and 10 min; c) Fmoc-L-Asp(OtBu)-OH, PyBOP, DIPEA,
DMF, 1 h; d) 20% piperidine in DMF, 5 min and 10 min; e0 Fmoc-S-trityl-L-cysteine,
PyBOP, DIPEA, DMF, 1 h; (f) cleavage cocktail (90% TFA, 3.3% TIPS, 3.3% water and
3.3% EDT), 20 min, 81% overall; (g) dasatinib, PyBOP, DIPEA, DMF, 4h, 68%; (h) 1,
DMSO, 5h, 32%.
3.2.3

Synthesis of 2-(4-(6-((5-((2-chloro-6-methylphenyl)carbamoyl)thiazol-2yl)amino)-2-methylpyrimidin-4-yl)piperazin-1-yl)ethyl 3-(2,5-dioxo-2,5-dihydro1H-pyrrol-1-yl)propanoate (Dasatinib-Maleimide)
3-maleimidopropionic acid (200 mg, 1.18 mmol) and PyBOP (572 mg, 1.10 mmol)

were dissolved in 5 mL anhydrous DMF in a 50-mL round-bottom flask degassed with
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argon. The flask was cooled on ice and diisopropylethylamine (1.03 mL, 5.9 mmol) was
added and stirred for 5 minutes. Dasatinib (360 mg, 0.738 mmol) dissolved in 2 mL
anhydrous DMF was then added dropwise to the mixture and the reaction mixture was
warmed slowly to room temperature with stirring over the ensuing 4 hours. Ethyl acetate
(~50 ml) was added to the reaction flask and the diluted mixture was washed 2x with DI
water followed by 4 washes with saturated aqueous NaCl. The organic phase was then
collected, dried over sodium sulfate and concentrated in vacuo to yield the crude product.
The crude product was purified by flash column chromatography on Teledyne CombiFlash
Rf+ Lumen (0-25% MeOH in DCM) to give 2 as a pale-yellow powder (320 mg, 68%).
3.2.4

Synthesis of Dasatinib-Aspartic10 Conjugate (DAC)
2 (300 mg, 0.47 mmol) was dissolved in 5.5 mL anhydrous DMSO in a 25-mL round-

bottom flask degassed with argon. 640 mg Asp10-Cys (1) (0.43 mmol) was added quickly
to the aforementioned solution and stirred until all solid dissolved. The reaction mixture
was stirred for 1 hour under argon atmosphere before purification using preparatory reverse
phase HPLC. Pure fractions were collected, concentrated in vacuo to remove acetonitrile,
frozen and lyophilized to yield the final product DAC (3) as a fluffy white solid (228 mg,
32%).
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3.2.5

Synthesis of S0456-Maleimide

Fig. 3.2 Synthesis of D10-S0456 Conjugate.
Reagents and conditions: a) S0456-Cl, DIPEA, DMSO, 60 C, quant.; b) 40%
TFA/DCM, rt, 47%.; c) N-succinimidyl 3-maleimidopropionate, DIPEA, DMSO, rt,
91%; d) D10-cys, DMSO, rt, 25%.
S0456, boc-tyramine and KOH were charged into a degassed 50-mL RB flask. 5 mL
DMSO was added to dissolve all solid, then the mixture was stirred at 60 C under argon
atmosphere for 1.2 hours. The resulting mixture was cooled to room temperature and added
to cold ethyl acetate (50 mL) dropwise. The resulting mixture was vigorously agitated, then
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centrifuged at 3000 rpm for 3 minutes. After centrifugation, dark green solid can be seen
on the bottom of the conical tube. The supernatant (very slightly greenish clear solution)
was discarded before a new batch of cold ethyl acetate was added to the solid. The mixture
was vigorously agitated and subjected to the same centrifugation process as before. The
resulting dark green solid was dried in a vacuum desiccator overnight before 5 mL 40 %
TFA/DCM solution was added, together with 5% TIPS as a cation scavenger. The mixture
was stirred at rt for 30 mins before being concentrated in vacuo to remove all TFA and
DCM. The concentrated crude was dissolved in 3 mL water and subject to prep-HPLC
purification. Pure fractions of S0456-tyramine were collected, concentrated in vacuo,
frozen, and lyophilized to yield the pure product as a dark green fluffy solid. This solid
(120 mg) was dissolved in 3 mL DMSO together with N-succinimidyl 3maleimidopropionate (30 mg) and DIPEA (40 L) and stirred under argon atmosphere for
one hour before purification with prep-HPLC. Pure fractions of S0456-maleimide were
collected, concentrated in vacuo, frozen, and lyophilized to yield the pure product as a dark
green fluffy solid (125 mg).
3.2.6

Synthesis of D10-S0456 Conjugate
S0456-maleimide (100 mg) was dissolved in 2 mL DMSO in a flask degassed with

argon, followed by the addition of D10-cys to the solution with stirring. The mixture was
stirred at room temperature for 2.5 hours before purification with prep-HPLC. The purified
and lyophilized product appeared as a green fluffy solid (57 mg).
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3.3

Characterization of Intermediates and Products
In this section, mass spectra of D10-cys, dasatinib-maleimide, DAC, and D10-S0456,

together with HPLC chromatograms of DAC and D10-S0456 are reported. Mass spectra
verify the correct composition of the aforementioned compounds. HPLC chromatograms
of the two final conjugates serve as proof of purity for animal use.
3.3.1

Mass Spectrometry
D10-cys: LRMS− LC/MS (m/z): [M - H]- calculated for C58H67N11O34S, 1492.4;

found, 1492.4 ([M - H]-), 745.7 ([M-2]2-/2).
Dasatinib-maleimide: LRMS− LC/MS (m/z): [M + H]+ calculated for
C29H31ClN8O5S, 639.2; found, 639.1.
DAC: LRMS− LC/MS (m/z): [M - H]- calculated for C87H98ClN19O39S2, 2131.5;
found, 1064.8 ([M-2]2-/2), 709.5 ([M-3]3-/3).
D10-S0456: LRMS− LC/MS (m/z): [M - H]- calculated for C111H130N15O50S5, 2632.7;
found, 1315.3 ([M-2]2-/2), 876.6 ([M-3]3-/3).
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3.3.2

HPLC Chromatograms

Fig. 3.3 HPLC Chromatogram for DAC.

Fig. 3.4 HPLC Chromatogram for D10-S0456 Conjugate.
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3.4
3.4.1

Discussion
Synthesis of DAC
As shown in Fig. 3.1, the synthesis of DAC is divided into two halves: synthesis of

D10-cys, and synthesis of dasatinib-maleimide. The two halves are finally joined by a
nucleophilic addition between a thiol group on the peptide and a maleimide group on the
dasatinib-maleimide half. The thiol-maleimide “click” reaction is highly specific and
efficient,5,6 lending this synthetic route the flexibility to be applied to other drug payloads
with ease. The peptidic half is synthesized by standard fluorenylmethoxycarbonyl (Fmoc)
solid phase peptide synthesis (SPPS), which has given high yield while only taking 3-4
days to complete. Overall, this synthetic route is simple, efficient, and convergent, with the
ability to be expanded to other potential bone-anabolic molecules with free
hydroxyl/thiol/oxime functional groups.
3.4.2

Synthesis of D10-S0456 Dye Conjugate
Synthesis of the D10-S0456 conjugate is an extrapolation of the convergent synthesis

of DAC discussed in the previous section. Synthesis of the targeting peptide has been kept
unchanged, and in order to react with N-succinimidyl 3-maleimidopropionate, an amine
group is added to S0456 in the form of tyramine via nucleophilic substitution. The resulting
S0456-maleimide reacts with the thiol group on D10-cys via the same thiol-maleimide
“click” reaction. In Chapter 6, more molecules will be conjugated with D10-cys using this
convergent synthetic system.
In conclusion, D10-S0456 and DAC have both been successfully synthesized and
purified. Next, a mouse model of femoral fracture will be implemented to test the fracture-

65
targeting ability of D10-S0456, and most importantly, DAC’s efficacy to promote bone
fracture healing.

3.5

References

(1) Palomo, J. M. Solid-Phase Peptide Synthesis: An Overview Focused on the
Preparation of Biologically Relevant Peptides. RSC Adv 2014, 4 (62), 32658–
32672.
(2) Low, S. A.; Galliford, C. V.; Yang, J.; Low, P. S.; Kopeček, J. Biodistribution of
Fracture-Targeted GSK3β Inhibitor-Loaded Micelles for Improved Fracture
Healing. Biomacromolecules 2015, 16 (10), 3145–3153.
(3) Ishizaki, J.; Waki, Y.; Takahashi-Nishioka, T.; Yokogawa, K.; Miyamoto, K.-I.
Selective Drug Delivery to Bone Using Acidic Oligopeptides. J. Bone Miner.
Metab. 2009, 27 (1), 1–8.
(4) Sekido, T.; Sakura, N.; Higashi, Y.; Miya, K.; Nitta, Y.; Nomura, M.; Sawanishi, H.;
Morito, K.; Masamune, Y.; Kasugai, S.; et al. Novel Drug Delivery System to Bone
Using Acidic Oligopeptide: Pharmacokinetic Characteristics and Pharmacological
Potential. J. Drug Target. 2001, 9 (2), 111–121.
(5) Nair, D. P.; Podgórski, M.; Chatani, S.; Gong, T.; Xi, W.; Fenoli, C. R.; Bowman, C.
N. The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool
in Materials Chemistry. Chem. Mater. 2014, 26 (1), 724–744.
(6) Northrop, B. H.; Frayne, S. H.; Choudhary, U. Thiol–Maleimide “Click” Chemistry:
Evaluating the Influence of Solvent, Initiator, and Thiol on the Reaction
Mechanism, Kinetics, and Selectivity. Polym Chem 2015, 6 (18), 3415–3430.

66

IN VIVO EVALUATION OF THE BONEFRACTURE TARGETING CAPABILITY OF ASPARTIC10 AND
DAC’S EFFICACY FOR THE ACCELERATION OF BONEFRACTURE REPAIR

4.1

Introduction
To test our hypothesis that targeted delivery of dasatinib to bone fracture site may

accelerate the rate of fracture repair, we need to first verify the fracture-targeting capability
of D10, then test the D10-targeted version of dasatinib, DAC, on fracture-bearing mice for
its efficacy to enhance fracture repair. Despite multiple reports on the in vitro influence of
dasatinib on bone cells,1–5 to the best of our knowledge, this is the first report of dasatinib
(or any of its derivatives) being examined in vivo for a bone-fracture-related purpose.
Beside the investigation of the potential clinical implications of a fracture-targeted
dasatinib conjugate, another important objective of the in vivo studies is elucidating
whether dasatinib acts as a mere antiresorptive agent, and whether its reported inhibitory
effect to osteoclastogenesis obstructs the bone remodeling stage of fracture repair. Should
the answer to either question be negative, DAC might not be suited as a therapy for bone
fracture repair, because bone remodeling is essential and the lack of such would result in
an unresolved fracture callus with poor mechanical properties.6 In this chapter, we report
that DAC is a potent bone-anabolic agent that promotes bone fracture repair in vivo,
without either overt systemic toxicity or apparent inhibition to the bone remodeling process.
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4.2
4.2.1

Materials and Methods
Animal Husbandry and Femoral Fracture Induction
All animal protocols were reviewed and approved by Purdue’s Animal Care and Use

Committee (PACUC). Female ND4 Swiss Webster mice (12-week) were purchased from
Envigo (Indianapolis, IN) and maintained on a standard 12 h light-dark cycle (5 animals
per cage). All mice were acclimated in the housing facility for one week before initiation
of any studies.
Preparation of a stabilized femoral fracture with intramedullary pin fixation was
performed following a modified method described previously7. ND4 Swiss Webster mice
were anesthetized by isoflurane inhalation, after which the right hind knee was shaved and
sanitized first with 10% (w/v) povidone-iodine solution (Fisher Scientific, Pittsburg, PA)
and then with 70% aqueous ethanol. A small incision through the skin was made with
surgical scissors followed by the removal of the knee cap to reveal the distal femur. The
femur was then stabilized by insertion of a 22-gauge stainless steel pin down the
intramedullary cavity of the bone followed by creation of a controlled fracture near the
middle of the femur using surgical scissors. Excess pin was removed with a wire cutter,
and the wound was closed with sutures. Fracture induction and implant position were
confirmed using an X-ray Multispectral Imaging System (IS4000; Kodak, Rochester, NY)
after surgery. For pain relief, all mice were injected subcutaneously with 0.1 mg/kg
buprenorphine solution at the time of the surgery, followed by two doses per day for three
days post-surgery.
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4.2.2

Drug Formulation and Injection Schedule
Vehicle solution (85% Millipore water, 10% ethanol, and 5% Kolliphor EL) for

delivery of dasatinib or dasatinib-Asp10 conjugate (3, DAC) was prepared according to a
modified procedure8. Dasatinib or DAC was dissolved in DMSO and then diluted with the
vehicle solution to yield a final drug and DMSO concentration of 2.5 mM and 0.1%,
respectively. Buprenorphine solution (0.03 mg/mL final) was prepared by dissolving
buprenorphine HCl (Sigma-Aldrich, St. Louis, MO) in DMSO (0.1% final) and then
diluting to 0.03 mg/mL with phosphate-buffered saline (PBS). In studies involving only
saline or DAC groups, DAC was dissolved in PBS to reach a final concentration of 2.5
mM. All injections were performed subcutaneously. In biodistribution studies, D10-S0456
was dissolved in PBS to reach a final concentration of 2.5 mM, 12.5 mM, or 25 mM. All
solutions were sterile-filtered before injection, and each mouse was administered 0.1 mL
of solution for each injection.
All drug solutions were administered to mice subcutaneously above the neck. Initial
injections of test articles were always administered immediately after surgery. Subsequent
injections were given at frequencies of everyday (QD), every other day (QAD), every four
days, every seven days, or every ten days, depending on the requirement of the study. The
injection schedules are specified in each figure legend. In biodistribution studies, D10S0456 was administered 10 days post-fracture followed by the retrieval of fractured femurs
after 24 hours.
4.2.3

Microcomputed Tomography
Following the desired treatments with DAC, vehicle or PBS, mice were euthanized

with CO2 followed by cervical dislocation to assure the mice were dead. Both fractured and
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contralateral femurs were removed, cleaned, wrapped in Kimwipes wetted with PBS, and
stored at -20 °C. The diaphysis of broken femurs that contained the fracture calluses or the
entire length of healthy femurs were scanned using high-resolution microcomputed
tomography (CT 40; Scanco Medical AG, Brüttisellen, Switzerland) after removal of the
stabilization pins from the femurs. Images were acquired at a tube potential of 70 kVp, an
X-ray intensity of 113 A, and 300-ms integration time, with voxel sizes of 8  8  8 m3.
Slide images (2048  2048) were analyzed with ImageJ (version 1.51) containing BoneJ
plugin (version 1.4.2)9. 100 continuous slices with the largest diameter were selected from
each image to represent the center portion of the fracture callus. Manual contouring of the
fracture callus region was performed on the first, last and middle slices, followed by
automated interpolation for all remaining slices. 3-dimentional (3D) image reconstruction
of those slices were used to calculate bone density (bone volume/total volume, or BV/TV),
trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) according to Bouxsein,
Dempster, and their colleagues10,11.
4.2.4

Four-Point Bending Test
Stabilization pins were removed from the femurs prior to mechanical analysis.

Quantitation of the mechanical properties associated with bending and refracturing the
repaired femurs was also performed using a four-point bending apparatus (ElectroForce
TestBench; TA Instruments). The lower supports were set 10 mm apart on the anterior face
of the femur in contact with the proximal and distal diaphysis. The upper supports were 4
mm apart and were placed such that they spanned the entire fracture callus on the diaphysis.
Force was applied from the posterior face of the femur with a displacement rate of 0.3
mm/sec. Maximum load, stiffness, displacement to yield, and work to fracture data were
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then generated. Stiffness is defined as the slope of the linear region of the loaddisplacement curve. Displacement to yield is defined as the displacement to the fracture
point after reaching the yield point. Work to fracture is defined as the total area under the
load-displacement curve12.
4.2.5

Quantification of Aspartic10-S0456 Conjugate in Bone
12% neutral buffered EDTA solution was prepared by dissolving 27 g anhydrous

EDTA in 200 mL Milli-Q water with vigorous stirring. 7.5 g sodium hydroxide pellets
were dissolved in the solution, and the pH of the solution was adjusted to 7.2 with small
amounts of additional sodium hydroxide.
Broken femurs were collected at the indicated time for each group, rinsed with PBS
for three times, thoroughly dried overnight in a vacuum desiccator, broken into small
pieces, and weighed. 0.5 mL of 12% neutral buffered EDTA solution were added to each
bone sample and mixed on a shaker for 8 hours to decalcify the bone mineral and extract
the dye conjugate. Following the decalcification, samples were centrifuged for 5 min
@8000 rpm. OD780 of 200 μL supernatant was obtained with a microplate reader. Dye
was quantified by comparing OD780 to the standard curve. Standard curve was generated
by measuring OD780 of serially diluted samples of D10-S0456, using EDTA bone-extract
solution of femurs unexposed to D10-S0456 as diluent.
4.2.6

Statistical Analyses
All statistical analyses were performed with GraphPad Prism (version 7.0; GraphPad

Software, CA). Unpaired two-tailed t-tests were carried out with a 95% confidence interval
to assess statistical significance. Data are displayed as mean  standard error of mean
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(SEM). In the figures, levels of statistical significance are denoted with asterisks according
to the following definition: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

4.3
4.3.1

Results
Fracture-Specificity of Aspartic10-S0456 Dye Conjugate

Fig. 4.1 Quantification of D10-S0456 in Fracture-Bearing Mice.
Femurs were broken in ND4 Swiss Webster mice and stabilized with an internal rod prior
to receiving a single injection of D10-S0456 conjugate 10 days post fracture. (A) Standard
curve that correlates D10-S0456 concentrations to OD780 readings. (B) Quantification of
the dye conjugate in broken and healthy femurs.
The D10-targeted version of S0456 was injected subcutaneously to ND4 Swiss
Webster mice containing broken but stabilized femurs (see Method). First, a standard curve
with good linearity (Fig. 4.1A) was generated with D10-S0456 of various concentrations,
enabling the quantification of dye in decalcified bone samples just by measurements of
OD780. As shown in Fig. 4.1B, D10-S0456 accumulated in fractured femurs 5 to 12 times
more than healthy femurs, verifying the fracture-specific targeting ability of D10.
Importantly, the dye concentration in fractured femurs was dose-dependent while that in
healthy femurs remained relatively constant, indicating that the dye deposition in healthy
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bone was non-specific. Meanwhile, there was no sign of saturation of the targeting capacity
even with a dosage of 2.5 mol D10-S0456 (10-times the amount dosed with DAC),
promising a wide dosing range of D10-targeted drugs with respectable targeting efficacy.
4.3.2

Fracture-Healing Efficacy of DAC With Daily Dosage

Fig. 4.2 DAC Increases Bone Density and Volume While Reducing Trabecular Spacing
at the Fracture Site.
Femurs were broken in ND4 Swiss Webster mice and stabilized with an internal rod prior
to daily therapy with either vehicle, free targeting ligand Asp10 (10 mol/kg), free
dasatinib (10 mol/kg), or DAC (10 mol/kg) (n = 8 in each group, except for n = 13 in
DAC group). After 3 weeks mice were euthanized and analyzed for (A) bone density
(bone volume/total volume) and (B) bone volume (mineral volume) at the fracture callus
site. CT images at the fracture callus site were also obtained, and representative images
of (C) trabecular structure, (D) trabecular thickness (with colors from blue to magenta
representing thinner to thicker, and bright yellow indicating cortical bone), and (E)
trabecular spacing (with colors from magenta to blue representing the open spacing
between trabeculae from larger to smaller, respectively). Complete dark denotes spaces
fully filled with trabecular or cortical bone.
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As described in Chapter 3, dasatinib was linked to an aspartic acid decapeptide to
yield DAC, a fracture-targeted dasatinib conjugate. This conjugate was administered daily
to ND4 Swiss Webster mice containing broken but stabilized femurs (see Method). As
shown in Fig. 4.2A, daily injection of 10 mol/kg dasatinib-Asp10 conjugate (DAC)
essentially doubled the bone density at the fracture site relative to vehicle-treated controls.
While non-targeted dasatinib also enhanced mineralization by the end of the three-week
evaluation period, its impact was less than half that of its targeted counterpart. In terms of
total bone volume (Fig. 4.2B), treatment with DAC also exceeded vehicle-treated controls
by 82%. Importantly, daily dosage of the free targeting oligopeptide, Asp10, had no impact
on either bone density or total bone volume, confirming that the enhanced therapeutic
effect of DAC is entirely due to the targeted delivery of dasatinib.
More detailed analysis of CT data demonstrated that DAC-treated mice have denser
trabecular bone microstructures than either vehicle- or free dasatinib-treated controls (Fig.
4.2C). Fracture calluses from DAC-targeted mice were also characterized by increases in
trabecular thickness (Fig. 4.2D) and decreases in trabecular separation (Fig. 4.2E); i.e.
further establishing that the repair process was leading to stronger bone. Because each of
these changes occurs much sooner in the DAC-treated than control mice, we conclude that
fracture healing process is accelerated in DAC-treated mice.
4.3.3

Fracture-Healing Efficacy of DAC With Dosage at Lower Dosing Frequencies
To determine whether DAC dosing frequency might be reduced without

compromising therapeutic efficacy, similar studies to that described in Section 4.3.2 were
performed with increasingly longer intervals between DAC administration.
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4.3.3.1 Bone Properties at the Fracture Site
As seen in Fig. 4.3A, treatment with DAC every other day for 3 weeks was equally
effective as daily injection of DAC, more than doubling the bone density relative to PBStreated controls. Reducing dosing frequency to every four days, however, resulted in a
measurable decline in potency (~62% increase over saline controls), and this potency was
further diminished when DAC was dosed only weekly (i.e. ~39% increase over saline
controls). As expected, analysis of CT scans of fracture calluses (Fig. 4.4) confirmed this
trend towards reduced mineralization with decreasing dosing frequency. However, even
the weekly dosing schedule resulted in a callus density that was comparable to that seen in
mice treated daily with nontargeted dasatinib, suggesting that dasatinib’s potency is
dramatically increased by concentrating the drug on the fracture surface.

Fig. 4.3 DAC Stimulates Bone Growth at Lower Dosing Frequencies.
Mouse femurs were broken and stabilized as described in Methods, and affected mice
were treated with PBS, dasatinib (10 mol/kg), or DAC (10 mol/kg) at the indicated
dosing frequencies prior to analysis at 3weeks post-fracture. (A) Bone density (bone
volume/total volume) at the fracture callus site. (B) Percent body weight change during
therapy. (C) Percent body weight on the last day of the study. (n = 7 in each group).
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4.3.3.2 Mouse Body Weight Change

Fig. 4.4 Efficacy of DAC Declines as Dosing Frequency Lowers.
CT images of trabecular microstructure at the fracture callus site after mice were treated
with DAC (10 mol/kg) at the indicated dosing frequencies prior to analysis at 3 weeks
post-fracture.
Although the dose of DAC used in these studies (equivalent to 4.9 mg/kg dasatinib)
was more than 8-fold lower than free dasatinib’s MTD (40 mg/kg13), it was still important
to obtain a crude measure of the systemic toxicity of the different DAC treatment regimens.
Because weight loss constitutes a widely employed metric for whole animal toxicity, we
monitored the weight of all animals in each of the studies. As seen in Fig. 4.3B, all animals
lost weight over the first 10 days following femur fracturing, presumably due to loss of
appetite or discomfort associated with moving to a feeding station. However, persistence
of weight loss differed among the treatment groups, with the daily dosed cohort displaying
the slowest recovery to normal weight and the alternate day dosed cohort experiencing
weight recovery at least as rapid as PBS-treated controls (Fig. 4.3C). Because the alternate
day dosing schedule maintained the accelerated rate of fracture repair without inducing
overt toxicity, all subsequent studies were performed using every-other-day dosing.
4.3.4

The Time Course of DAC-Stimulated Bone Fracture Healing
Although it was difficult to quantitate the minimum time for affected mice to return

to normal mobility, it was nevertheless possible to accurately compare both the rates of
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fracture callus remineralization and restoration of mechanical strength among treatment
groups. For this purpose, fracture-bearing mice were dosed with DAC every other day for
as long as 8 weeks, accompanied by analyses of radiological and mechanical properties of
fractured femurs at various time-points.

Fig. 4.5 DAC Accelerates Fracture Repair and Return to Normal Mechanical Strength.
Mouse femurs were broken and stabilized as described in Methods, and affected mice
were treated every other day with either PBS or DAC (10 mol/kg) for the indicated
duration prior to euthania and analysis. (A) Bone density (bone volume/total volume) at
the fracture callus site. (B) Maximum load quantitated using a four-point bending
apparatus as described in Methods. (C) CT images of bone microstructure at the
fracture callus site after 8 weeks of therapy. (D) Percent change in body weight of mice
undergoing the aforementioned treatments. (n = 9 in each group, except n = 8 for DAC
and PBS groups in 2-week dosing group)
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4.3.4.1 Bone Density at the Fracture Callus and Mechanical Strength of the Healed
Femurs
As shown in Fig. 4.5A, DAC-dosed mice showed significantly greater bone density
than PBS-treated mice at every time point during the 8-week dosing period, i.e. confirming
the accelerated healing process enabled by DAC.

Fig. 4.6 DAC Accelerates Return to Normal Mechanical Strength.
Comparison of repaired fracture stiffness (A), post-yield displacement (B), and work to
fracture (C) with PBS-treated controls. All conditions are as outlined in the legend to Fig.
4.5. Stiffness is defined as the slope of the linear region of the load-displacement curve.
Post-yield displacement is defined as the displacement to the fracture point after reaching
the yield point. Work to fracture is defined as the total area under the load-displacement
curve.
Moreover, comparison of the forces required to refracture the healing femurs
(maximum sustainable loads) at each time point (Fig. 4.5B) revealed that DAC-treated
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animals recovered weight-bearing mechanical strength more than twice as fast as their
PBS-treated counterparts. Thus, DAC-treated femurs required only 3 weeks to develop the
same mechanical strength achieved by PBS-treated controls only after 8 weeks. In addition
to this dramatically improved resistance to refracture, DAC-treated femurs were also
mechanically stiffer (Fig. 4.6A) and ductile (Fig. 4.6B) than their PBS-treated counterparts,
requiring more work to refracture the repaired bones (Fig. 4.6C) at every time point during
the healing process than PBS-treated controls. In fact, PBS-treated femurs achieved the
same desirable mechanical properties realized by DAC-treated femurs only after 8 weeks
of healing (Fig. 4.6A-C).

Fig. 4.7 DAC Accelerates Fracture Repair and Return to Normal Morphology.
Comparison of maximum cortical bone thickness (A), bone volume (B), and bone density
(C) at fracture sites in PBS- and DAC-treated mice after 8 weeks. All conditions are as
outlined in the legend to Fig. 4.5. Measurements of healthy femurs were obtained at the
femoral midshaft of contralateral femurs in mice receiving PBS.
As expected, differences in bone properties at the fracture site between treated and
untreated mice gradually decreased as both cohorts remodeled to form normal bone; i.e.,
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demonstrating that the final repaired bone eventually became similar between treated and
untreated groups. Thus, as noted in Fig. 4.5C, trabecular bone eventually remodeled into
cortical bone in both groups, however, the cortical bone remained slightly thicker and more
voluminous in the DAC- than PBS-treated group (Fig. 4.7A-B); i.e. enabling the DACremodeled bone to more closely resemble healthy femur than the PBS-treated controls (Fig.
4.7C).
4.3.4.2 Mouse Body Weight Change
Analysis of body weight changes during the course of these studies revealed no
obvious toxicities that were not attributed to the short-term trauma associated with the
broken femurs (Fig. 4.5D). Together with the lack of overt toxicity observed with the 3week dosing course, the finding here reiterates the safety of DAC to be dosed long-term.
4.3.4.3 Analysis of Healthy Contralateral Femurs
While an absence of body weight loss suggested no obvious systemic toxicity
deriving from DAC therapy, a concern nevertheless remained that systemic administration
of a bone anabolic agent might promote unwanted growth of healthy bones. To assess
whether DAC might have altered the properties of healthy bones, unbroken femurs from
the contralateral legs of both DAC- and PBS-treated mice were analyzed by CT.
Comparison of bone density, trabecular thickness, and trabecular separation at the distal
femurs showed no significant differences between PBS- and DAC-treated mice following
continuous QAD dosing for 8 weeks. Moreover, comparison of the properties of the healthy
femurs following both 2 and 8 weeks of continuous DAC dosing revealed no changes in
bone characteristics (Fig. 4.8A); i.e. BV/TV, trabecular thickness, and trabecular
separation did not change in healthy femurs during 8 weeks of treatment with DAC.
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Because nontargeted dasatinib has been shown to increase trabecular bone growth in
healthy distal femurs8, the absence of impact of the fracture-targeted DAC on healthy
femur properties (Fig. 4.8B) reinforces that fracture-specific targeting of dasatinib can
avoid unwanted systemic effects that arise when dasatinib is not targeted.

Fig. 4.8 DAC Causes No Detectable Changes in Healthy Contralateral Femurs.
(A) Bone volume fraction (bone volume/total volume), trabecular thickness, and
trabecular spacing at the distal femur of healthy contralateral femurs in mice after
receiving either PBS for 8 weeks, or DAC (10 mol/kg) therapy q.a.d. for 2 weeks/8
weeks. (B) CT images of femoral midshaft or distal femur cross-sections from healthy
contralateral femurs of mice after various durations of therapy with either PBS or DAC
(10 mol/kg) q.a.d. (n = 9 in each group, except n = 8 for DAC and PBS groups in 2week dosing group)
4.4

Discussion
Although a variety of cytokines, hormones, peptides, and low molecular weight

drugs have been found to exhibit bone anabolic activity8,14–18, we elected to target dasatinib
to fracture surfaces because it was previously reported to potently promote bone
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formation1,2,19. Thus, while the mechanism underpinning dasatinib’s acceleration of
fracture repair remains uncertain, we speculate that it derives from inhibition of Src kinase,
since systemic knockdown of Src in mice has been shown to increase osteoblast number
and activity as well as induce excessive bone formation20,21. Indeed, analysis of osteoblast
mRNA levels that changed in response to dasatinib administration (Fig. 2.1) revealed that
transcription of genes involved in i) differentiation of mesenchymal precursors into
osteoblasts, ii) biosynthesis of enzymes and extracellular matrix proteins critical for
osteoblast function, and iii) bone turnover and remodeling were all amplified considerably.
This dramatic reprograming of bone metabolic processes, however, also raised a concern
that the plethora of induced osteogenic activities might not be properly balanced, resulting
in an abnormal healing process at the fracture site and stimulation of bone growth at
healthy/undamaged sites. Fortunately, as shown in Figs. 4.3-4.8, neither major concern was
realized, as the fracture healing chronology seemed to track the normal process, only at an
accelerated rate, and since healthy bone elsewhere in the body remained essentially
unperturbed.
Although the duration of any bone fracture therapy should ideally last only a few
weeks, the fact that nontargeted dasatinib has been administered daily at higher doses for
many years to CML patients without significant toxicity suggests that the likelihood of
encountering disqualifying toxicities with DAC should be minimal. Thus, as shown in Fig.
4.3, the optimal dosing regimen for DAC was 10 mol/kg DAC every other day for 3
weeks (i.e. the equivalent of 4.9 mg/kg free dasatinib QAD). Considering that the
recommended human dose for advanced CML therapy (180 mg/day; equivalent to 5.2
mg/kg/day in a mouse with the oral bioavailability taken into account 3,22) is higher, one

82
might anticipate that a lower dasatinib dose that was targeted specifically to a fracture
surface on alternate days should cause significantly fewer adverse effects.
As noted above, we were initially concerned that the diverse effects of dasatinib on
calcium fixation19, bone matrix protein biosynthesis23, release of bone remodeling
hormones24, and differentiation of osteoblast and osteoclast precursors8, etc. (see also Fig.
1) might not be physiologically balanced and thereby result in an altered or functionally
inadequate bone structure. For example, reports of reduced osteoclast viability and function
following exposure to dasatinib15,22,23 raised concern that DAC might yield a “healed”
fracture comprised of excessive trabecular bone characterized by weaker mechanical
properties; i.e. similar to the trabecular bone commonly seen after antiresorptive therapy 24.
However, this concern was soon dismissed when DAC-treated femurs were observed to
gradually remodel to a density and morphology approaching that of healthy femurs. Thus,
fracture calluses at the 8-week time point consisted almost exclusively of desired cortical
bone, implying that a normal remodeling process had been stimulated. More importantly,
by the 8-week juncture, DAC-treated femurs displayed similar mechanical properties to
PBS-treated controls, confirming that DAC does not alter the final repaired fracture, but
simply accelerates its development. These results, combined with the decline in
OPG/RANKL ratio during later stages of mineralization (Fig. 2.1H), confirm that DAC
therapy differs significantly from antiresorptive therapy in that it more accurately
recapitulates normal fracture repair.
Although accelerated fracture repair may seem unimportant when the fracture
minimally impedes normal activity, more complicated fractures that significantly limit
mobility can lead to serious morbidities and even mortality, especially in the elderly. Thus,

83
when fracture immobilization that prevents ambulation is required, quality of life can
decrease, muscle mass and bone density can decline25, blood perfusion of internal organs
can be compromised, and earned income can be lost26. In the case of hip fractures in older
individuals, associated complications will lead to death in ~25% of patients27,28. Clearly, a
safe and effective therapy that accelerates return to normal activity should find application
in some patient populations. Although the ~60% reduction in healing time (i.e. time to
restoration of normal bone mechanical strength) suggests that DAC might fulfill this need
(Fig. 4.5B), several challenges must still be addressed before DAC or a similar molecule
can be moved towards a clinical trial. Thus, while every-other-day dosing constitutes an
improvement over the initial daily dosing regimen, every-other-day dosing might still be
too frequent for widespread compliance. Moreover, although DAC can apparently be
administered without injection site reactions, an orally bioavailable formulation would still
be preferred by most patients. Finally, while initial data look encouraging for use of DAC
in treating long bone fractures, additional studies will be required before DAC should be
considered as a potential treatment for nonunion fractures, hip fractures, stress fractures,
or spinal fusions, especially when comorbidities such as diabetes, infections, or smoking
exist.
In conclusion, we have shown that a fracture-targeted version of dasatinib works as
a powerful bone-anabolic agent that significantly accelerates bone fracture healing without
overt systemic toxicities or unwanted negative influences on the bone remodeling process.
With possible improvements in dosing schedule and confirmation of efficacy in other
species, a DAC–like molecule could soon be ready for human clinical trials.
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FURTHER OPTIMIZATION OF THE DOSING
SCHEDULE OF DAC

5.1

Introduction
In Chapter 4, we have demonstrated that an every-other-day-dosed DAC serves as a

promising therapy to accelerate fracture healing, and that a mere 3-week dosing course was
able to reduce the fracture healing time by 60%. However, one major aspect that remains
to be improved is the dosing schedule. An every-other-day injection schedule of DAC,
despite its short dosing course (3 weeks), involves 11 total doses and would still account
for a considerable burden towards patients bearing broken bones. In order to minimize the
inconvenience of frequent injections for patients, DAC needs to be dosed less often.
One might simply trade the low dosage of DAC for less frequent dosing, but raising
dosage could also significantly increase toxicity, which should be avoided at all costs. Thus,
understanding the physiological processes during different stages of fracture repair is the
key to the optimization of dosing schedule. Meanwhile, the rate of release of dasatinib from
the conjugate bound to the fracture site may also be tweaked to maximize the exposure of
dasatinib to cells in the fracture microenvironment. In this chapter, we report our
hypotheses and attempts to reduce the dosing frequency of fracture-targeted dasatinib.
5.1.1

DAC’s Proposed Function at Different Stages of Fracture Repair
Dasatinib does not facilitate all stages of the fracture repair process. As mentioned

in Chapter 1 (Section 1.2.2), repair of a fracture involves four stages: inflammatory
response, soft callus formation, hard callus formation, and bone remodeling.1 As a
stimulant for osteoblast differentiation and function, dasatinib is supposed to have the
biggest impact on fracture healing during the stage of hard callus formation, during which
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osteoblasts play a central role in the mineralization of the soft callus. This stage takes place
during week 2 and 3 of the healing process, and peaks around day 14 post fracture in rodent
models.2 Despite the observation that DAC enhances fracture healing even with long-term
dosing, the dosages outside of the stage of hard callus formation might have been
meaningless or even detrimental to the efficacy. Avoiding unnecessary dosing should not
only reduce the total doses required for the patients, but potentially improve the efficacy
while circumventing additional toxicities.
The first stage of fracture repair involves an influx of inflammatory cytokines and
inflammation responder cells, which play important roles in fibrogenesis and formation of
soft callus.3,4 However, dasatinib has been reported to be anti-inflammatory5,6 and antifibrotic7,8, making it a potential inhibitor of the initiation of fracture repair and soft callus
formation. Furthermore, revascularization does not complete until day 5-10 post
fracture,9,10 deferring the delivery of DAC to the fracture surface. Thus, we hypothesize
that doses of DAC during the first week of fracture repair are unnecessary for the
acceleration of the process.
Similar speculation holds true for doses past week 3 of fracture repair. Even though
inhibition of bone resorption was not seen with DAC therapy during week 4-8 of fracture
repair (Section 4.3.4), a molecule to stimulate osteoblast function might not contribute
meaningfully to bone remodeling. This concern, together with the observation that DAC
restores the mechanical strength of a fractured femur to normal with a 3-week dosing
schedule, precludes the need for doses beyond the end of the third week of fracture repair.
Thus, the main evolution of DAC is based on finding an optimal combination of dosing
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frequency and dosing window to achieve a similar efficacy to an every-other-day dosage
but with considerably fewer total doses.
5.1.2

Tweaking the Drug Release Rate and Retention Kinetics of DAC at Fracture Site
Aside of the strategy elaborated in the previous section, methods that prolong the

availability of dasatinib at the fracture site for each dose might also result in a reduction of
required total doses. This might be realized by either slowing down the release of dasatinib
after DAC’s accumulation or lengthening the time DAC stays at the fracture site, both of
which require adjustments of the chemical composition of the targeted conjugate.
To slow down the release of dasatinib from a targeted conjugate, a linker less labile
than the ester found on DAC might be used. One example is -substituted esters, which
have increased steric hindrance compared to normal esters and are consequently less prone
to hydrolysis. Another chemical linker that could allow for slower release rate than an ester
linker is carbamate linker.11–13 When a version of DAC with a slower-release linker is
bound to the fracture surface, the linker is expected to sustainably release dasatinib over a
longer period of time, resulting in reduced demand for DAC administration.
Meanwhile, due to the peptidic nature of the D10 targeting ligand, DAC might be
degraded prematurely by peptidases at the fracture site before dasatinib could be released.14
Reducing the propensity of degradation by using unnatural, D-amino acids could be a
potential method to improve DAC’s retention at the fracture site, which might enable a less
frequent dosing frequency while retaining the efficacy towards fracture repair.
It remains unclear which factors may contribute the most to the desired reduction in
dosing frequency of DAC. Thus, multiple tweaked versions of DAC were synthesized and
tested in vivo, while the release kinetics of different linkers were examined in vitro.
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5.2
5.2.1

Materials and Methods
Materials
All materials, solvents and reagents were purchased from commercial sources and

used without further purification unless specifically noted, and materials and instruments
described in previous chapters are omitted here. 3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)2,2-dimethylpropanoic acid was purchased from Combi-Blocks (San Diego, CA).
5.2.2

Synthesis of Dasatinib Protected Ester Slow-Release Conjugate (MW0346)

Fig. 5.1 Synthesis of Dasatinib Protected Ester Slow-Release Conjugate (MW0346).
Reagents and conditions: a) dasatinib, PyBOP, DIPEA, DMF, 4h, 91%; b) 1, DMSO, 1h,
24%
The synthesis for D10-cys followed the procedure described in Chapter 3, and the
dasatinib-protected-ester-maleimide was synthesized similarly to dasatinib-maleimide (Fig.
5.1). 1 (50 mg, 0.25 mmol) and PyBOP (122 mg, 0.235 mmol) were dissolved in 2 mL
anhydrous DMF in a 10-mL round-bottom flask degassed with argon. The flask was cooled
on ice and diisopropylethylamine (221 L, 1.25 mmol) was added and stirred for 5 minutes.
Dasatinib (100 mg, 0.738 mmol) dissolved in 2 mL anhydrous DMF was then added
dropwise to the mixture and the reaction mixture was warmed slowly to room temperature
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with stirring over the ensuing 4 hours. EtOAc (~20 ml) was added to the reaction flask and
the diluted mixture was washed 2x with DI water followed by 4 washes with saturated
aqueous NaCl. The organic phase was then collected, dried over sodium sulfate and
concentrated in vacuo to yield the crude product. The crude product was purified by flash
column chromatography on Teledyne CombiFlash Rf+ Lumen (0-25% MeOH in DCM) to
give 2 as a yellow powder (123 mg, 91%).
2 (100 mg, 0.15 mmol) was dissolved in 1.8 mL anhydrous DMSO in a 10-mL roundbottom flask degassed with argon. 170 mg D10-Cys (0.11 mmol) was added quickly to the
aforementioned solution and stirred until all solid dissolved. The reaction mixture was
stirred for 1 hour under argon atmosphere before purification using preparatory reverse
phase HPLC. Pure fractions were collected, concentrated in vacuo to remove acetonitrile,
frozen and lyophilized to yield the final product dasatinib protected ester slow-release
conjugate MW0346 (3) as a fluffy off-white solid (60 mg, 24%).
5.2.3

Synthesis of D-Aspartic10-S0456 Conjugate
Fmoc-D-Asp(OtBu)-OH and Fmoc-S-trityl-D-cysteine were purchased from Chem-

Impex International (Wood Dale, IL). S0456-maleimide was synthesized following the
procedures described in Chapter 3.2.6, while the targeting ligand consisting of only Damino acids (DD10-cys) was synthesized with SPPS (Fig. 5.2). For the initial loading of the
resin, 2-chlorotrityl chloride resin (0.4 g, 1.4 mmol/g) was swollen in DCM (10 mL/g resin)
followed by addition of Fmoc-D-Asp(OtBu)-OH (1.15 g, 2.8 mmol) and DIPEA (1.66 mL,
9.5 mmol) dissolved in DCM (14 mL). After this step, the same resin capping, coupling,
deprotection, wash, and cleavage procedures were followed as described in Chapter 3.2.2,
using Fmoc-D-Asp(OtBu)-OH and Fmoc-S-trityl-D-cysteine. The cleavage solution was
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concentrated in vacuo, washed 3 times with cold Et2O, dried overnight to give DD10-cys
as a white powder (630 mg, 75% overall yield, 97.2% average coupling efficiency).

Fig. 5.2 Synthesis of DD10-S0456.
Reagents and conditions: a) Fmoc-L-Asp(OtBu)-OH, DIPEA, DCM, 1 h; b) 20%
piperidine in DMF, 5 min and 10 min; c) Fmoc-L-Asp(OtBu)-OH, PyBOP, DIPEA,
DMF, 1 h; d) 20% piperidine in DMF, 5 min and 10 min; e) Fmoc-S-trityl-L-cysteine,
PyBOP, DIPEA, DMF, 1 h; (f) cleavage cocktail (90% TFA, 3.3% TIPS, 3.3% water and
3.3% EDT), 20 min, 75% overall; g) S0456-maleimide, DMSO, rt, 25%.
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S0456-maleimide (100 mg) was dissolved in 2 mL DMSO in a flask degassed with
argon, followed by the addition of D-D10-cys to the solution with stirring. The mixture was
stirred at room temperature for 2.5 hours before purification with prep-HPLC. The purified
and lyophilized product DD10-S0456 appeared as a green fluffy solid (57 mg).
5.2.4

Synthesis of D-Aspartic10-Dasatinib Conjugate
As shown in Fig. 5.3, the synthesis of D-D10-cys followed the method described in

Section 5.2.2, and the synthesis of dasatinib-maleimide and D-D10-dasatinib followed the
method described in Section 3.2.3.

Fig. 5.3 Synthesis of D-D10-Dasatinib.
Reagents and conditions: a) dasatinib, PyBOP, DIPEA, DMF, 4h, 70%; b) D-D10-cys,
DMSO, 1h, 25%
5.2.5

Kinetics of Conjugate Hydrolysis and Drug Release
Tris stock buffer (1M, pH 7) was prepared by first dissolving 60.5 g Tris base in 400

mL Milli-Q water. The pH of the buffer was adjusted to pH 7 with HCl, then Milli-Q water
was added to reach a final volume of 500 mL. Before use, the stock buffer was diluted 20X
to yield the 50 mM Tris buffer. Citrate buffer (50 mM, pH 4) was prepared by dissolving
4.9 g sodium citrate dihydrate and 6.4 g citric acid in 800 mL Milli-Q water. The pH of the
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buffer was adjusted to pH 4 with 10% NaOH solution, followed by the dilution of the buffer
to 1 L with Milli-Q water.
DAC and MW0346 were dissolved in 50 mM Tris or citrate buffer to reach a final
concentration of 0.1 mg/mL, and aliquoted in 1-mL Eppendorfs in triplets. The aliquots
were incubated in a shaker at 37 C before 45 L of each aliquot were analyzed with LCMS
at the indicated time points. In studies with HAp, 5 mg HAp was added to 500 L aliquot
in Eppendorf, followed by constant agitation in a 37 C shaker. At each time point, samples
with HAp were centrifuged for 1 min at 10000 rpm, followed by the retrieval of 45 L of
supernatant from each sample for LCMS analysis. A separate set of aliquots were prepared
for each time point of the studies with HAp.
5.2.6

Drug Formulation and Injection Schedule
Buprenorphine solution (0.03 mg/mL final) was prepared by dissolving

buprenorphine HCl (Sigma-Aldrich, St. Louis, MO) in DMSO (0.1% final) and then
diluting to 0.03 mg/mL with phosphate-buffered saline (PBS). DAC, MW0346, D10-S0456,
DD10-S0456, and DD10-dasatinib was dissolved in PBS to reach a final concentration of
2.5 mM (1X), 5 mM (2X), or 7.5 mM (3X). All solutions were sterile-filtered before
injection, and each mouse was administered 0.1 mL of solution for each injection.
All drug solutions were administered to mice subcutaneously above the neck
following the injection schedule specified in each figure legend. In retention kinetics
studies, D10-S0456 and DD10-S0456 was administered 10 days post-fracture followed by
the retrieval of fractured femurs after 2, 24, 48, 72, and 96 hours post injection.
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5.3

Results

5.3.1

Optimizing the Dosing Schedule for DAC

5.3.1.1 Choosing the Best Dosage Starting Point
As hypothesized in Section 5.1.1, doses of DAC during the first week following a
fracture might be unnecessary, if not detrimental to the final healing result. To find out
whether DAC therapy could be initiated at a later stage during fracture repair, DAC (10
mol/kg, 1X) was administered to fracture-bearing mice during the first, or the second, or
the third week post-surgery. In each dosing week, 3 doses were injected with two-day
intervals. All broken femurs were harvested and analyzed after 3 weeks post-surgery. The
results are shown in Fig. 5.4.
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Fig. 5.4 Determining the Optimal Dosing Starting Point for DAC.
Femurs were broken in ND4 Swiss Webster mice and stabilized with an internal rod prior
to DAC therapy (10 mol/kg) dosed every other day, three times in the first, or the
second, or the third week post fracture (n = 7 in each group). After 3 weeks mice were
euthanized and analyzed for (A) bone density (bone volume/total volume) and (B)
percent body weight change. Q.A.D.: every-other-day dosage; W1: three doses in the first
week post fracture; W2: three doses in the second week post fracture; W3: three doses in
the third week post fracture.
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The results of this study argue that dosing during the first week of fracture repair is
unnecessary and might harm the overall healing. After three weeks, femurs dosed only
during the first week after surgery had considerably less bone density at the fracture callus
compared to the every-other-day treated femurs and was similar to untreated ones (Fig.
5.4A), suggesting that those doses failed to make a difference to the healing. This
observation is in accordance with our hypothesis that the anti-inflammatory and antifibrotic properties of dasatinib could suppress the inflammatory stage of fracture healing,
and that damage to the vasculature due to the wound could delay the delivery of DAC to
the fracture site. Importantly, all three new dosing schedules imposed no additional toxicity,
which was expected given the remarkably lower dosing frequency in those schedules (Fig.
5.4B).

Fig. 5.5 Fracture Callus Comparison Between Doses During Week 2 and Week 3.
CT images of trabecular microstructure at the fracture calluses of mice treated with
three doses of DAC in either the second week (W2) or the third week (W3) post fracture.
Doses during both the second and third week of the repair process promoted the
fracture repair to some extent (Fig. 5.4A). However, the three doses during the third week
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contributed more significantly to the repair, demonstrating a similar efficacy as the triedand-true every-other-day dosing schedule. Dosing three times during the second week
resulted in a less dramatic improvement to the callus density, and as can be seen in Fig. 5.5,
the fracture calluses in W2 group had notably less trabecular bone, indicating an inferior
healing process. These results suggest that DAC therapy would perform well even if the
dosing begins at the third week after fracture, and that doses during the first and second
week of a Q.A.D. dosing schedule could be avoided for the same fracture repair efficacy.
The stage of hard callus formation peaks by the end of the second week and the beginning
of the third week,1 thus doses during the third week maximizes the osteoblast-stimulating
efficacy of dasatinib. Whether or not doses during the second week are meaningful remains
to be further tested, but the ability to administer DAC only during the third week has
enabled us to potentially escalate dosage without overt increase in toxicity, which is
investigated in the next section.
5.3.1.2 Increasing Dosage with Different Dosing Schedules
To examine whether a higher dosage of DAC would bring about improved efficacy,
a Q.A.D. DAC therapy was repeated on fracture-bearing mice with different dosages. As
shown in Fig. 5.6A, the fracture-healing efficacy of DAC did demonstrate dosedependency, with 2X yielding the highest callus density and 0.5X yielding the lowest.
However, analysis of the body weight change (Fig. 5.6B) has indicated an increased
systemic toxicity with slower restoration to normal weight in mice dosed with 2X DAC
(20 mol/kg). This result has ruled out the use of higher dosage with Q.A.D. dosing
frequency despite the enhanced efficacy.
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Fig. 5.6 High Dosage with Q.A.D. Dosing Schedule Induces Toxicity.
ND4 Swiss Webster mice bearing stabilized femoral fracture received DAC therapy
dosed every other day at 0.5X (5 mol/kg), 1X (10 mol/kg), and 2X (20 mol/kg) (n =
7 in each group). After 3 weeks mice were euthanized and analyzed for (A) bone density
(bone volume/total volume) and (B) percent body weight change.

Fig. 5.7 High Dosage with W3 Dosing Schedule Retains Efficacy and Circumvents
Toxicity.
ND4 Swiss Webster mice bearing stabilized femoral fracture received DAC therapy
dosed every other day at 1X (QAD), three doses in the third week (days 15,18, and 21) at
1X (1W3), three doses in the third week at 3X (3W3), three doses on days 12,15, and 18
at 3X (AW3) (n = 6 in each group). After 3 weeks mice were euthanized and analyzed
for (A) bone density (bone volume/total volume), (B) bone volume, and (C) percent body
weight change. Red and green arrows indicate time points of the three doses for
1W3/3W3 dosing schedule, while blue arrows indicate time points of the three doses for
AW3 dosing schedule.
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However, systemic toxicity associated with high dosage might be circumvented with
reduced dosing frequency. To test this hypothesis, fracture-bearing mice were dosed with
the W3 dosing schedule detailed in the previous section (three times during the third week
post fracture), but with 3X dosage (30 mol/kg). As shown in Fig. 5.7A-B, the 3W3 dosing
schedule has yielded callus density and bone volume that are comparable to (if not slightly
better than) the Q.A.D. schedule. However, it would perform slightly worse than Q.A.D
when paired with 1X dosage (1W3). Considering the drastic reduction in the number of
total doses and delay in the initiation of the therapy, these were impressive fracture-repair
results. These data further suggest that dosing during the early stages of fracture repair is
unnecessary. At the meantime, the AW3 dosing schedule, which involves one dose by the
end of the second week (the peak of hard callus formation) and two doses flanking the
aforementioned one with three-day intervals, failed to yield a comparable level of bone
volume despite having a more uniform coverage of the peak of hard callus formation. This
observation has called for further insights into the maximizing DAC’s interaction with the
hard callus formation stage.
Importantly, the trend of body weight change with 3W3 dosing schedule did not
show significant signs of systemic toxicity compared to the untreated control with no body
weight loss during the week of dosing (Fig. 5.7C),, giving it a substantial advantage to the
2X group in Fig. 5.6 despite having a higher dosage (3X vs. 2X). These data imply that
systemic toxicity with high dosage was preventable by lowering the dosing frequency, e.g.
dosing only three times during the third week of fracture repair. Collectively, a dosing
schedule consisting of only three doses during the third week of fracture healing be one
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method to lower the dosing frequency of DAC while retaining its fracture healing efficacy
and avoiding excessive systemic toxicity.
5.3.1.3 Selection of the Optimal Dosing Window

Fig. 5.8 Finding the Optimal Dosing Window of DAC.
ND4 Swiss Webster mice bearing stabilized femoral fracture received DAC therapy at
1X dosage (10 mol/kg) with the dosing schedule detailed in (A), where each filled box
indicates three doses in the corresponding week, while an empty box indicates no dosing
(n = 7 in each group). After 3 weeks mice were euthanized and analyzed for (B) bone
density (bone volume/total volume), (C) bone volume, and (D) percent body weight
change.
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Although the W3 dosing schedule was proven effective in the previous section, the
influence of DAC during each week of fracture repair still remained elusive. It has been
shown in the previous sections that W2 dosing schedule did not perform well while both
W3 and AW3 dosing schedules performed similarly to Q.A.D., even though those
schedules have covered the dosing windows in week 2, week 3, and halfway between week
2 and 3, respectively. We hypothesize that those dosing schedules do not represent the
optimal therapeutic window, and that a dosing window overlapping with the hard callus
formation stage more thoroughly might bring further improvements to DAC’s therapeutic
efficacy to promote fracture healing. Thus, mice bearing femoral fracture were treated with
DAC at 1X dosage with the dosing schedule specified in Fig. 5.8A. The W123 dosing
schedule is a simplified version of Q.A.D. dosing schedule with three doses in all of the
three weeks post fracture, while the W12 dosing schedule skips doses in the third week and
the W23 dosing schedule skips doses in the first week. As shown in Fig. 5.8B-C, the
fracture healing efficacy of the W123 dosing schedule was very similar to that of the Q.A.D.
dosing schedule, which was expected considering the similarity between the two schedules.
Nonetheless, W123 constitutes an improvement over Q.A.D. since it consists of less doses
(9 versus 11) and avoids weekend dosing. The W23 dosing schedule showed the best
healing efficacy with both bone density and bone volume being significantly higher than
the W123 dosing schedule, which was slightly more effective than the W12 dosing
schedule. These results have confirmed that dosing during the first week is not only
unnecessary but detrimental to DAC’s efficacy, and should be avoided for patients’ benefit.
Additionally, the W23 dosing schedule demonstrated a better therapeutic efficacy
compared to the W3 schedule at the same dosage, suggesting that doses during the second
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week should be considered meaningful. Dosing over both the second- and third-week post
fracture would allow DAC to interact with the stage of hard callus formation more
thoroughly, resulting in a denser fracture callus with more trabecular bone after three weeks.
Furthermore, analysis of the body weight change has shown that a higher systemic
toxicity was associated with the W123 dosing schedule compared to W12 and W23 dosing
schedules (Fig. 5.8D). Although this observation might be attributed to experimental error
since the Q.A.D. dosing schedule did not invoke toxicity before, it was sensible that a
higher dosing frequency might lead to less tolerance. Collectively, we have identified the
second and third week post fracture as the optimal dosing window for DAC to fully take
advantage of its bone-formation-stimulating capacity while allowing for a reduction of the
total doses by almost 50% compared to an ever-other-day dosing schedule.
5.3.2

Hydrolysis and Retention Kinetics of DAC and Slow-Release Conjugate
In Section 5.3.1, we have identified the optimal dosing starting point and dosing

window for DAC. However, fundamental properties of DAC, such as the release rate of
dasatinib from DAC or the time DAC stays on the fracture surface might be fine-tuned to
further regulate its therapeutic efficacy and toxicity. Thus, the hydrolysis and retention
properties of tweaked versions of DAC are investigated in this section.
5.3.2.1 Hydrolysis Kinetics of DAC at Different pHs
HAP crystalline lattice surface is largely negative, attracting a layer of protons at the
very vicinity of its surface. This results in a negative zeta potential, as well as an acidic
surface layer good for acid-labile linker cleavage,15–18 which serves as the basis of our
design of DAC with an ester linker. This linker allows dasatinib to be released from DAC
on the fracture surface owing to the acidity, but also poses a risk of being prematurely
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hydrolyzed in the blood stream at neutral pH. To assess dasatinib’s rate of release under
both neutral and acidic environments, DAC was incubated at 37 C in both pH 7 and pH 4
buffers and analyzed with LCMS for the release kinetics.
As pointed out Fig. 5.9, the ester linker on DAC hydrolyzed quickly at pH 7,
releasing about 72% of dasatinib after 24 hours. Surprisingly, the hydrolysis slowed down
drastically at pH 4, releasing merely ~9% after 24 hours while leaving approximately 70%
of dasatinib unreleased after 72 hours. These unexpected results propose that the ester
linker on DAC is more labile to hydrolysis under neutral pH in comparison to acidic pH,
and that instead of having a fracture-accelerated release mechanism as originally assumed,
DAC actually features a fracture-specific sustained-release mechanism.
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Fig. 5.9 DAC Hydrolysis Curves at pH 7 and pH 4.
DAC was dissolved in either 50 mM Tris-HCl buffer (pH = 7) or 50 mM citrate buffer
(pH = 4) to reach a final concentration of 0.1 mg/mL, and incubated in a 37 C shaker
before analysis with LCMS at indicated time points for the percentage of hydrolysis.
The surprising results presented in this section has subverted our initial idea of using
a less labile linker to achieve slower release rate on a fracture surface, since the release rate
of the ester linker on DAC is already rather slow at acidic pH. Moreover, DAC is far more
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labile to hydrolysis at neutral pH, implying a fast degradation rate during circulation in the
blood stream. This has raised a concern of premature release, which could lead to unwanted
toxicity and reduced therapeutic efficacy. Thus, a linker that is more labile than ester would
not be considered suitable for the improvement of DAC, even if it might facilitate the
release of dasatinib on the fracture surface. Instead, a more stable linker should be
implemented to limit premature release in the plasma.
5.3.2.2 Hydrolysis Kinetics of DAC at pH 7 in the Presence of Hydroxyapatite
In Section 5.3.2.1, the rate of DAC hydrolysis at the fracture site was simulated at
pH 4. In this section, the hydrolysis rate of DAC bound on the surface of HAp is examined
for a more accurate representation of the hydrolysis taking place on a fracture surface.
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Fig. 5.10 DAC Absorption and Hydrolysis Curves at pH 7 with HAp.
DAC was dissolved in 50 mM Tris-HCl buffer (pH = 7) to reach a final concentration of
0.1 mg/mL, followed by the addition of HAp powder and constant agitation in a 37 C
shaker. Samples were centrifugated and the supernatant was analyzed with LCMS at
indicated time points for the percentages of hydrolysis as well as absorption.
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As shown in Fig. 5.10, DAC was absorbed to HAp very efficiently, with more than
90% DAC bound within 2 hours, by which time less than 3% of DAC has hydrolyzed in
plasma (Fig. 5.9). This is a crucial finding since a fast absorption to HAp ensures good
targeting efficacy of DAC prior to its excessive degradation during circulation. Meanwhile,
the actual pH level on the surface of HAp could be higher than 4, which might have
contributed to a faster hydrolysis rate of DAC as see in Fig. 5.10 though it was still far
slower than at pH 7. The results in this section have verified our conclusions from the last
section that DAC actually hydrolyzes notably slower at acidic pH or on the surface of HAp.
Thus, the justification for a slower-release linker has changed from achieving sustained
release to reducing premature degradation during circulation in plasma.
5.3.2.3 Hydrolysis Kinetics of Slow-Release Conjugate MW0346 at pH 7
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Fig. 5.11 Slow Release Conjugate MW0346 Degrades Slower at pH 7.
MW0346 was dissolved in 50 mM Tris-HCl buffer (pH = 7) to reach a final
concentration of 0.1 mg/mL, and incubated in a 37 C shaker before analysis with LCMS
at indicated time points for the percentage of hydrolysis.
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MW0346 is a version of DAC that features two methyl groups on the -carbon of
the ester carbonyl, which increases steric hindrance and slows down the nucleophilic
addition of water to the carbonyl, hence slowing down the rate of hydrolysis. This
presumably slower-release conjugate was put to the same hydrolysis test described in
Section 5.3.2.1 at pH 7. Predictably, MW0346 hydrolyzed considerably slower than DAC
at pH 7, merely releasing less than half of dasatinib after 48 hours compared to more than
90% released from DAC at the same time point. Thus, MW0346 should alleviate the worry
of DAC’s potential to pre-release in the blood stream, which could invoke additional
toxicity while negatively affecting the therapeutic effect. However, since the ester linker
in MW0346 is more stable, the release rate of MW0346 on a fracture surface also decreases,
leading to the concern about its fracture healing efficacy. Thus, MW0346 needs to be tested
in vivo to assess its balance of slower degradation in plasma and slower release of the
therapeutic warhead at the fracture site.
5.3.3

Retention Kinetics of L- and D-Aspartic10 at the Fracture Site
In Section 5.1.2, we have expressed concerns regarding the potential for D10 to be

prematurely degraded by proteases before completing the targeting or releasing of dasatinib.
To put this concern to the test, S0456 dye conjugates targeted with both regular D10 and
DD10, which is not digestible by natural enzymes, were injected into fracture-bearing mice
to study the retention kinetics.
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Fig. 5.12 DD10 Remains Undamaged at the Fracture Site Longer Than D10.
ND4 Swiss Webster mice bearing stabilized femoral fracture received a single injection
of D10-S0456 or DD10-S0456 conjugate 10 days post fracture. The dye conjugate in
broken and healthy femurs were quantified at the indicated time points.
As displayed in Fig. 5.12, the accumulated dye conjugate in the broken femurs
decreased over time for both conjugates. which could have been caused by either the
degradation of the targeting ligand absorbed on the HAp surface or the. Specifically, the
decline in quantification of the non-digestible DD10-S0456 conjugate in broken femurs
could only be associated with detachment of the conjugate from the fracture surface.
Naturally, D10-S0456 was subjected to enzymatic degradation, which contributed to the
significantly faster clearance than its D-amino acid counterpart. The retention half-life of
D10 was estimated to be ~35 hours, whereas that of DD10 was projected to be over 100
hours. Given the slow release rate of the ester linker discussed in Section 5.3.2, the
relatively short half-life of D10 at the fracture site might reduce the available amount of
dasatinib during the fracture repair process. Consequently, DD10 is valuable in the attempt
to truly constitute a “sustained release” conjugate with the ester linker to enable a reduction
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of the dosing frequency. Yet, this hypothesis awaits confirmation with in vivo therapeutic
studies. The half-life of D10 at the fracture site in healthy femurs followed the trend of the
fractured ones. However, DD10-S0456 did not appear to be cleared from the healthy femurs
over time. Despite the low level of accumulation, this raises some worries regarding the
safety of this strategy, since prolonged half-life in bone and teeth has been the major safety
concern plaguing tetracycline and bisphosphonates.19,20
Together, these data have confirmed that D10 binds very tightly to HAp with little
potential to break loose, and that the main route of clearance for D10 at the fracture site is
biological degradation. Additional therapeutic studies are required to fully uncover the
possible benefits of using a non-degradable targeting ligand.
5.3.4

In Vivo Evaluation of Slow-Release Conjugate MW0346 and DD10-Dasatinib
Conjugates
In this section, both the slow-release dasatinib conjugate MW0346 and DD10-

dasatinib conjugate were subject to in vivo therapeutic studies to assess their abilities to
accelerate bone fracture healing.
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5.3.4.1 Fracture-Repair Efficacy of MW0346 Conjugate

Fig. 5.13 Slow-Release Conjugate MW0346 Increases Bone Density and Volume in
Mice.
ND4 Swiss Webster mice bearing stabilized femoral fracture received MW0346 therapy
at 1X dosage (10 mol/kg) with the dosing schedule detailed in (A), where each filled
box indicates three doses in the corresponding week, while an empty box indicates no
dosing (n = 7 in each group, except n = 6 for SW2 group). After 3 weeks mice were
euthanized and analyzed for (B) bone density (bone volume/total volume), (C) bone
volume, and (D) percent body weight change.
The slow-release conjugate MW0346 were dosed to fracture-bearing mice with the
same dosing schedules described in Section 5.3.1.3 except for the W123 schedule, since
dosing during the first week should be prevented (Fig. 5.13A). As indicated in Fig. 5.13B-
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C, MW0346 worked very well as an enhancer for fracture healing. The SW23 (“S” denotes
slow-release) dosing schedule with MW0346 displayed impressive ability to increase bone
density and bone volume at the fracture callus. MW0346 demonstrated similar (or slightly
better) therapeutic efficacy as DAC with the W23 dosing schedule (Fig. 5.14A-B), both of
which were a drastic improvement over the original Q.A.D. or W3 dosing schedule (even
at 3X dosage). The reason that MW0346 was able to have similar therapeutic efficacy to
DAC despite releasing dasatinib at a far slower rate might owe to the reduced degradation
in circulation. Considering the similar efficacy and the enhanced stability in the blood
stream, MW0346 makes a superior therapeutic agent for the acceleration of fracture repair
compared to DAC.

Fig. 5.14 Comparison of Bone Density and Bone Volume Between MW0346 and DAC
with Different Dosing Schedules.
All conditions are as described in Fig. 5.7, Fig. 5.8, and Fig. 5.13.
Importantly, neither dosing schedules with MW0346 resulted in systemic toxicity
(Fig. 5.13D).
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5.3.4.2 Fracture-Repair Efficacy of DD10-Dasatinib Conjugate
As for the DD10-dasatinib conjugate, no apparent acceleration of fracture repair has
been observed with Q.A.D., or twice a week, or once a week dosing schedules (Fig. 5.15AB). Thus, a non-digestible targeting ligand was not only valueless for the reduction in
dosing frequency but might harm the therapeutic efficacy of the original DAC. One
possible explanation is that the prolonged absorption on the fracture surface could take up
HAp binding surface, which could potentially obstruct the binding of newly-delivered
conjugate molecules. Plus, due to the slow rate of release on the fracture surface, freshlydeposited bone matrix and mineral could cover up absorbed conjugate before dasatinib is
able to be released, rendering a considerable portion of bound conjugate useless.
More importantly, all three dosing schedules for the DD10 conjugate demonstrated
systemic toxicity to some extent. As mentioned in Section 5.3.3, prolonged half-life in bone
is a risk factor for toxicity. Together, the dasatinib conjugate targeted with a non-digestible
DD10 ligand has not only failed to show efficacy for the promotion of bone fracture healing
but induced minor systemic toxicity. Further exploration in the interaction between HAptargeting ligands and the fracture surface is needed.
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Fig. 5.15 DD10-Dasatinib Conjugate Failed to Accelerate Fracture Healing.
ND4 Swiss Webster mice bearing stabilized femoral fracture received DD10-dasatinib
therapy at 1X dosage (10 mol/kg) with Q.A.D., or twice a week, or once a week dosing
schedules (n = 6 in each group). After 3 weeks mice were euthanized and analyzed for
(A) bone density (bone volume/total volume), (B) max load, and (C) percent body weight
change.
5.4

Discussion
In Chapter 4, DAC paired with a Q.A.D. dosing regimen has demonstrated

impressive potency as a therapy to accelerate bone fracture repair. However, potency alone
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would not make DAC a welcomed medical solution for patients with bone fractures, since
the required every-other-day injection would be a major source of inconvenience. Plus,
there remained potential for improvement on the efficacy of DAC by dosing in the correct
therapeutic window, where it could interact with the physiological processes it has the most
significant influence on.21 Luckily, as shown in this chapter, we have successfully located
the optimal dosing window of DAC, which covers the entirety of the stage of hard callus
formation. Our speculation that the osteoblast-stimulator dasatinib should have the largest
impact on hard callus formation was verified with those results, while the initial
inflammatory stage has also been established to be susceptible to inhibition by dasatinib,
which could harm the fracture repair result. Thus, skipping dosing during the first week
post fracture not only reduces the total doses for the benefit of patients with broken bones,
but improves upon the therapeutic efficacy of DAC for a denser and more voluminous
fracture callus at three weeks post fracture, at which point a patient is expected to be able
to resume a normal, pre-fracture lifestyle.
Although some results suggest that DAC dosing could begin as late as the beginning
of the third week and the total doses could be reduced to merely three, the overall fracture
repair results with those dosing schedules were very close to that of the Q.A.D. schedule.
Those results could have called off the search for a dosing regimen with less doses and
comparable therapeutic efficacy, but we continued to look for an optimal dosing window
that could allow DAC to contribute to a significantly improved fracture repair. By
overlapping the dosing schedule with both the second and third week of fracture healing
for a more thorough interaction with the hard callus formation, we identified W23 as the
optimal dosing schedule for DAC. W23 features only 6 doses in total, with three in the
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second week after fracture occurrence and the other three in the third week. Since the
original Q.A.D. dosing schedule features 11 doses in total, W23 has still shortened the
dosing course by almost half, which should be welcomed by patients. While the W3
schedule paired with a high dosage (3X) could yield similar callus bone volume to W23
(Fig. 5.14) without overt systemic toxicity, the callus density was notably worse; moreover,
the high dose still raises concerns of problems like skin irritation at the injection site.
Overall, the reduced number of doses, together with the superior efficacy with regular 1X
dosage, has made W23 the ideal new dosing schedule for a DAC therapy.
On top of optimizations of the dosing regimen, the rate that dasatinib is released from
DAC has been studied and tweaked in this chapter. Many attempts have been reported on
achieving specific drug release at a fracture site, with two of the most popular strategies
being linkers hydrolysable by matrix metalloproteinases and cathepsin K (rich in resorptive
pit formed by osteoclasts)22–29 and acid-labile linkers (due to the acidity in fracture
hematoma, resorptive pit, and HAp surface).30–33 We have elected to use an acid-labile
ester linker, for its effectiveness, mechanistic simplicity, and its easy translatability to
human. Unexpectedly, the ester linker on DAC hydrolyzed slower under acidic pH
compared to neutral pH, making the conjugate susceptible to early hydrolysis in the blood
stream before the completion of targeting. Thus, a slower release rate has been
accomplished by the addition of two-methyl groups to the ester, which has more than
tripled the half-life of the conjugate at pH 7. The slow-release conjugate MW0346,
combined with the W23 dosing schedule, has achieved the best therapeutic effect of any
targeted dasatinib conjugate tested so far. Conclusively, MW0346 has pointed to us the
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direction to address the concern that “every-other-day dosing might still be too frequent
for widespread compliance” discussed in Chapter 4.

5.5
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IN VITRO AND IN VIVO EVALUATION OF
OTHER SMALL MOLECULES TO FACILITATE FRACTURE
REPAIR

6.1

Introduction
In the previous chapters, dasatinib, the Src kinase inhibitor, has been studied

extensively as a therapeutic agent to speed up bone fracture repair. In this chapter, the role
of Src inhibition in osteoblast metabolism is further examined with another Src inhibitor,
E738. Theoretically, any mechanism that stimulates osteoblastic activity could be exploited
for the acceleration of fracture repair, thus the bone-anabolic efficacy of two other
osteoblast-stimulating mechanisms (GSK-3 inhibition and S1PR1 agonism) are explored.
6.1.1

Src Kinase Inhibitor E738
In order to be targeted using D10 and released at the fracture site, a Src inhibitor bone-

anabolic agent eligible for our purpose must have a free hydroxyl functional group for the
formation of an ester. Thus, a class of indirubin derivatives with free hydroxyl groups were
chosen to be examined for their potential to facilitate fracture repair. Indirubin derivative
E804 is a Src kinase inhibitor with an IC50 of 0.43 μM (structure shown in Fig. 6.1A),1,2
which has been reported to promote osteoblast differentiation in vitro with an inferior
potency to dasatinib.3 To ensure the effectiveness of the drug, we have elected to study a
more potent indirubin derivative Src inhibitor E738 (IC50 = 10.7 nM; structure shown in
Fig. 6.1B).1,4 Given the proven efficacy of dasatinib and E804 to stimulate osteoblast
differentiation and function, E738 is a promising new small-molecule bone-anabolic agent
that might be targeted to a bone fracture surface to improve fracture repair. In this chapter,
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we have studied the bone-anabolic efficacy of E738 in vitro and the fracture-repair efficacy
of a D10-targeted version of E738 in vivo.

Fig. 6.1 Structures of Indirubin Derivative Src Inhibitors E804 and E738.
(A) E804; (B) E738.
6.1.2

GSK-3 Inhibitors
As an important player in the Wnt signaling pathway, GSK-3 has been one of the

most popular targets for the regulation of bone growth.5–8 As described in Chapter 1, the
activation of Wnt pathway leads to the accumulation of -catenin in the cytoplasm, which
contributes to the proliferation, differentiation, and survival of osteoblasts.9–11 In this
process, GSK3 plays a negative role by phosphorylating -catenin, which labels -catenin
for subsequent degradation and in turn suppresses Wnt signaling (Fig. 6.2).5,12,13 In order
to offset the physiological suppression of Wnt pathway by GSK-3, many small molecule
inhibitors for GSK-3 have been developed with demonstrated ability to enhance Wnt
signaling.14–19 Given the crucial role Wnt signaling plays in tissue and bone regeneration,
many of those inhibitors have also been investigated for their efficacy in promoting bone
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growth.16,19–22 Despite the varying degrees of success with those studies, GSK-3
inhibition remains as one of the more promising strategies to promote bone fracture healing.

Fig. 6.2 Phosphorylation by GSK3 Marks -Catenin for Degradation Via Proteolysis.
Diagram originally created by JWSchmidt at the English language Wikipedia [CC BYSA 3.0 (http://creativecommons.org/licenses/by-sa/3.0/)] and modified for use.
Since GSK-3 phosphorylation serves as an ubiquitous signal for the deactivation of
the downstream pathway of a protein in a number of cellular pathways in various tissues,23–
25

systemic administration of a GSK-3 inhibitor raises concerns for potential toxicity.26,27

Thus, the implementation of our targeted delivery strategy is important for a fracture-repair
therapy based on GSK-3 inhibition. Low et. al. has used a GSK-3 inhibitor 6BIO
incorporated in fracture-targeted micelles to enhance fracture repair while avoiding
systemic toxicity.22 In this chapter, a potent GSK-3 inhibitor CHIR-98014 (IC50 = 0.58
nM) is tested for its ability to stimulate the differentiation of mouse osteoblasts, while a
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D10-targeted version of a GSK-3 inhibitor, MW0260 (IC50 = 0.35 nM15), is studied for its
ability to promote fracture repair in vivo.
6.1.3

Small Molecules that Stimulate Sphingosine-1-Phosphate Receptor 1 (S1PR1)

Fig. 6.3 The Role of S1PR1 and S1PR2 in Osteoblast Precursors and Osteoblasts.
Signaling of S1PR1 and S1PR2 contributes to osteoblast differentiation from precursor
cells, proliferation, survival, migration and bone-formation. Illustration modified from
original publication by Meshcheryakova, et. al.31
Sphingosine-1-phosphate (S1P) is an important extracellular signaling molecule that
mediates a variety of physiological functionalities.28,29 There are five cell-surface receptors
responsible for the downstream signaling pathways related to S1P, namely S1PR1 to
S1PR5.30 In particular, the S1P-S1PR1 and S1P-S1PR2 axes are essential in bone
metabolism. It has been reported that S1PR1 knockdown would lead to reduced trabecular
thickness and trabecular density in vivo, resulting in an osteoporotic phenotype.31
Meanwhile, S1PR2 signaling boosts OPG production and promotes osteoblast
differentiation, which in turn facilitates bone formation.32 Judging from our experience
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with Src inhibition, stimulation of S1P signaling at the fracture site might promote bone
growth and facilitate fracture repair.
There are two major methods to stimulate S1P signaling: direct activation of S1P
receptor with small molecule agonists or increasing the availability of endogenous S1P by
deterring its degradation. Small molecule agonists for S1P receptors with selectivity for a
subset of the five S1PRs have been widely reported,28,33 leaving us with the task of finding
a potent one with a free hydroxyl group to derivatize from. On the other hand, the
availability of S1P could be increased by the inhibition of S1P lyase, which is the sole
enzyme responsible for the irreversible degradation of S1P.32 Naturally, disruption S1P
lyase activity would result in enhanced S1P signaling. Targeted delivery of a S1P inhibitor
or a S1PR1 agonist to the fracture surface would boost S1P signaling at the fracture site,
which might accelerate fracture repair. By utilizing our targeted delivery strategy, we are
able to deliver S1P lyase inhibitors or S1PR1/S1PR2 agonists specifically to the fracture
surface for enhanced ability to facilitate fracture healing. We are demonstrating the in vivo
efficacy for the acceleration of fracture healing from representative S1P lyase inhibitor
(DOP) and S1PR1 agonist (ozanimod) in this chapter.

6.2
6.2.1

Materials and Methods
Materials
All materials, solvents and reagents were purchased from commercial sources and

used without further purification unless specifically noted, and materials and instruments
described in previous chapters are omitted here. Ozanimod was purchased from
ChemShuttle (Hayward, CA). DMAP, TBDPSCl, 3-methoxybenzyl alcohol, fluoroindole,
ethyl (Triphenylphosphoranylidene)acetate, 5-methoxyisatin, and indoxyl acetate were
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purchased from TCI America (Philadelphia, PA). Toluene, THF, Ac2O, TBAF, MeI, NaH,
DOP, chloroacetic chloride, AlCl3, potassium t-butoxide, ethyl chlorooxoacetate, TMG,
and hydroxylamine hydrochloride Sigma-Aldrich (St. Louis, MO). 3-bromo-1,2propanediol was purchased from Combi-Blocks (San Diego, CA).
6.2.2

Synthesis of MW0260 and D10-MW0260 Conjugate
The synthesis of MW0260 were performed following a published route.15 Briefly, 3-

methoxybenzyl alcohol (1) is protected with acetate group by reacting with acetic
anhydride at the presence of DMAP to give 2. Then 2 undergoes Friedel-Crafts acylation
with chloroacetyl chloride to give 3. 3 cyclizes intracellularly at the presence of base
(sodium acetate) to yield the benzofuranone derivative 4. A Horner–Wadsworth–Emmons
reaction follows, giving the ethyl ester 5, which is then treated with 7 M ammonia in
methanol to deprotect the acetate group and transform the ethyl ester into acetamide in one
step. In the meantime, fluoroindole 9 is methylated at the N-position with methyl iodide to
give 10, which then undergoes Friedel-Crafts acylation to yield component 11. The justfreed alcohol is protected with TBDPSCl to give 7, which is condensed with 11 in the
following step then treated with TBAF (TBDPS deprotection) to give the final target
molecule 8 (MW0260).
MW0260: LRMS− LC/MS (m/z): [M + H]+ calculated for C22H15FN2O4, 391.1;
found, 391.0. The NMR spectrum for MW0260 was identical to the reported spectrum.
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Fig. 6.4 Synthesis of MW0260.
Reagents and conditions: (a) acetic anhydride, TEA, DMAP, DCM, quant.; (b)
chloroacetic chloride, aluminum chloride, DCM, 20 %; (c) sodium acetate, MeOH, 70 %;
(d) Ethyl (Triphenylphosphoranylidene)acetate, toluene, reflux, 60 %; (e) 7 M ammonia
in methanol, 60 C, 2 days, 90 %; (f) TBDPSCl, imidazole, DMF, DCM, 80 %; (g)
potassium t-butoxide, THF, 50 %; (h) TBAF, THF, quant.; (i) MeI, NaH, DMF, quant.;
(j) ClCOCOOEt, Et2O, 51 %.
D10-MW0260 conjugate was synthesized using the same modular system described
in Chapter 3. The synthesis for D10-cys followed the procedure described in Chapter 3, and
MW0260-maleimide was synthesized similarly to dasatinib-maleimide (Fig. 5.1).
MW0260 was conjugated to 3-maleimidopropionic acid with coupling reagent PyBOP
with the presence of DIPEA in DMF. The reaction mixture was worked up with water and
brine, then the organic phase was collected, dried over sodium sulfate and concentrated in
vacuo to yield the crude product. The crude product was purified by flash column
chromatography on Teledyne CombiFlash Rf+ Lumen (0-20% MeOH in DCM) to give
MW0260-maleimide as a bright red powder. MW0260-maleimide (90 mg, 0.23 mmol) was
dissolved in 2 mL anhydrous DMSO in a 10-mL round-bottom flask degassed with argon.
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300 mg D10-Cys (0.2 mmol) was added quickly to the aforementioned solution and stirred
until all solid dissolved. The reaction mixture was stirred for 1 hour under argon
atmosphere before purification using preparatory reverse phase HPLC. Pure fractions were
collected, concentrated in vacuo to remove acetonitrile, frozen and lyophilized to yield the
final product D10-MW0260 conjugate as a dark orange solid (79 mg, 21%).

Fig. 6.5 Synthesis of D10-MW0260 Conjugate.
Reagents and conditions: (a) 3-maleimidopropionic acid, PyBOP, DIPEA, DMF, 4h,
75%; (b) D10-cys, DMSO, 1h, 21%
D10-MW0260: LRMS− LC/MS (m/z): [M + H]+ calculated for C87H87FN14O41S,
2034.5; found, 1016.2 ([M-2]2-/2), 677.1 ([M-3]3-/3).
6.2.3

Synthesis of D10-E738 Conjugate
The synthesis of E738 was carried out following a modified published procedure.4

Indoxyl acetate 1 were dissolved in anhydrous methanol, followed by the addition of 5methoxyisatin and anhydrous sodium carbonate. The resulting dark purple mixture were
stirred at room temperature for 6 hours before the precipitate was isolated with vacuum
filtration. The dark red solid 2 was washed 3X with cold methanol before being dissolved
in pyridine with hydroxylamine hydrochloride. The mixture was refluxed for 4 hours
before neutralization with 0.1 N HCl. The resulting dark red precipitate was isolated with
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filtration and washed 3X with Milli-Q water to yield 3. 3 was charged in a degassed 75 mL
pressure tube, followed by the addition of 7.5 mL EtOH. 3-bromo-1,2-propanediol was
dissolved in 1.5 mL EtOH and added to the solution, followed by the addition of TMG.
The tube was sealed, and the mixture was stirred at 100 C bath for 3 hours before being
cooled to 0 C and worked up with water and 1N HCl (26 mL). The resulting mixture was
extracted with EtOAc for three times, dried over sodium sulfate and concentrated in vacuo
to give 4 (E738) as a dark purple/red solid.

Fig. 6.6 Synthesis of D10-MW0260 Conjugate.
Reagents and conditions: (a) 5-methoxyisatin, MeOH, sodium carbonate, 17%; (b)
hydroxylamine hydrochloride, pyridine, quant.; (c) 3-bromo-1,2-propanediol, TMG,
EtOH, 100 C, quant.; (d) 3-maleimidopropionic acid, PyBOP, DIPEA, DMF, 4h, 75%;
(e) D10-cys, DMSO, 1h, 20%
Both the addition of a maleimide moiety to E738 and the thiol-maleimide
conjugation reaction with to yield the final conjugate followed the same procedure
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described in the previous section. The final HPLC purification and lyophilization have
yielded D10-MW0260 as a bright red/pink solid.
Notably, the product has not been analyzed further to identify which hydroxyl group
was esterified, since either hydroxyl would have provided an ester linker that could be
hydrolyzed in physiological conditions. The terminal hydroxyl had a higher chance to form
the conjugate due to its lack of steric hindrance.
D10-E738: LRMS− LC/MS (m/z): [M - H]- calculated for C87H87FN14O41S, 2033.5;
found, 1016.2 ([M-2]2-/2), 677.1 ([M-3]3-/3).
6.2.4

Synthesis of D10-DOP Conjugate
The synthesis of D10-DOP conjugate followed the same modular system described in

previous sections. The free hydroxyl group on DOP was esterified with 3maleimidopropionic acid with PyBOP and DIPEA in DMF, then the purified DOPmaleimide was conjugated to D10-cys in DMSO. The purified and lyophilized product after
HPLC appeared as a white fluffy solid.

Fig. 6.7 Synthesis of D10-DOP Conjugate.
Reagents and conditions: (a) DOP, PyBOP, DIPEA, DMF, 4h, 73%; (b) D10-cys, DMSO,
1h, 25%.
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D10-DOP: LRMS− LC/MS (m/z): [M - H]- calculated for C73H83N13O39S, 1796.6;
found, 897.7 ([M-2]2-/2), 598.1 ([M-3]3-/3).
6.2.5

Synthesis of D10-Ozanimod Conjugate
The synthesis of D10-ozanimod conjugate followed the same modular system

described in previous sections.

Fig. 6.8 Synthesis of D10-Ozanimod Conjugate.
Reagents and conditions: (a) 3-maleimidopropionic acid, PyBOP, DIPEA, DMF, 4h,
76%; (b) D10-cys, DMSO, 1h, 21%.
D10-ozanimod: LRMS− LC/MS (m/z): [M - H]- calculated for C88H96N16O40S, 2047.6;
found, 1022.8 ([M-2]2-/2), 681.5 ([M-3]3-/3).
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6.3
6.3.1

Results
Bone-Fracture-Healing Efficacy of GSK-3 Inhibitors CHIR-98014 and MW0260

6.3.1.1 Effect of CHIR-98014 Treatment on MC3T3-E1 Cells

Fig. 6.9 GSK-3 Inhibitor CHIR-98014 Stimulates ALP Activity.
Mouse pre-osteoblastic cell line MC3T3-E1 was incubated in mineralization media
containing 100 nM dasatinib or DMSO (n = 3 for all groups) and the enzymatic activity
of intracellular alkaline phosphatase (ALP) was measured using the procedures described
in Section 2.2.
The ability of the GSK-3 inhibitor CHIR-98014 to promote in vitro ALP activity
was examined on a murine pre-osteoblast cell line MC3T3-E1. 6BIO, a GSK-3 inhibitor
(IC50 = 5 nM) reported to facilitate fracture repair in vivo,22 was included as a positive
control. As shown in Fig. 6.9A, CHIR-98014 at 7.5 nM concentration was able to potently
increase ALP activity in MC3T3-E1 cells, reaching 12 times the activity of the cells treated
with DMSO on day 18. 6BIO was also an effective stimulator for ALP activity at the same
concentration, but it showed a lower efficacy likely due to its inferior inhibitory potency.
It was worth noting that both inhibitors failed to promote ALP activity at a concentration
of 500 nM, indicating a bell-shaped curve in their relationship between concentration and
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efficacy. Thus, dose-escalation studies are required to locate the optimal dosage for
targeted versions of GSK-3 inhibitors.
To sum up, these data suggest that the GSK-3 inhibitor CHIR-98014 potently
stimulates osteoblast differentiation, as indicated by the ALP assay. Unfortunately, no
point of derivatization existed on CHIR-98014, ruling out the possibility of a D10-targeted
version. Thus, another GSK-3 inhibitor MW0260 with similar potency and a free
hydroxyl group has been incorporated in a D10-targeted conjugate for in vivo investigation.
6.3.1.2 In Vivo Evaluation of D10-MW0260 Conjugate

Fig. 6.10 D10-MW0260 Conjugate Did Not Promote Bone Fracture Repair in Vivo.
ND4 Swiss Webster mice bearing stabilized femoral fracture received D10-MW0260
therapy dosed daily at 6.9 nmol/kg, 69 nmol/kg, and 690 nmol/kg (n = 5 in each group).
After 3 weeks mice were euthanized and analyzed for (A) bone density (bone
volume/total volume) and (B) percent body weight change, in which the D10-MW0260
group was dosed at 6.9 nmol/kg.
As shown in Fig. 6.10, the D10-MW0260 conjugate was not able to increase the bone
density at the fracture callus while showing no signs for systemic toxicity (Fig. 6.10B),
with dosages ranging from 6.9 to 690 nmol/kg. Notably, the dosage was chosen a published
study by Low et. al.,22 in which a targeted 6BIO were dosed at 6.9 nmol/kg with meaningful
bone-anabolic efficacy. The reason that a targeted version of a more potent GSK-3
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inhibitor at a wider range of dosages failed to show bone-anabolic efficacy remains elusive,
but given the significantly lower dosage than that of DAC, one might speculate that a higher
dosage could improve upon the efficacy. Furthermore, the actual IC50 for GSK-3 and the
in vitro osteoblast-stimulation efficacy of MW0260 need to be verified before a convincing
conclusion can be drawn for the potential of using it for the acceleration of fracture repair.
Meanwhile, it is worth noting that during this study, food pellets were not moved to
the bedding of the cages in which the study objects were housed. Mice with femoral
fracture on their right hind legs had to reach up to the feeding station for food while
enduring pain and irritation, which was likely the cause for the increased body weight loss
observed in Fig. 6.10B. thus, the D10-MW0260 therapy revealed no obvious toxicities that
were not attributed to the short-term trauma associated with the broken femurs.
6.3.2

Bone-Fracture-Healing Efficacy of Src Kinase Inhibitor E738

6.3.2.1 Effect of E738 Treatment on MC3T3-E1 Cells

Fig. 6.11 E738 Treatment Upregulates Multiple Osteogenic Genes in Vitro.
(A)-(D) Mouse pre-osteoblastic cell line MC3T3-E1 was incubated in mineralization
media containing 10 nM E738 or DMSO (n = 3 for all groups) for 7 days and expression
levels of selected bone remodeling genes were analyzed and normalized to GAPDH.
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To further testify the bone-anabolic efficacy brought by Src inhibition, E738, a Src
inhibitor was incubated with MC3T3-E1, which was later analyzed for the expression of
multiple osteogenic genes and ALP activity. As shown in Fig. 6.11A-D, E738 was able to
upregulate the expression of OPN, Osx, RANKL and Runx2 at 10 nM on day 7, verified
its ability to promote osteoblast differentiation and function. Apparently, E738 was less
potent than dasatinib, upregulating less genes than dasatinib on day 7 while not being able
to significantly upregulate any genes on day 14. This was not surprising, however, since
E738 was 10-15 times less potent than dasatinib in terms of Src inhibition. It was worth
noting that despite the inferior potency, E738 were able to stimulate osteoblast
differentiation at a lower concentration (10 nM vs. 100 nM). This observation was even
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more evident with the ALP assay results (Fig. 6.12).

Fig. 6.12 E738 Treatment Promotes ALP Activity in Mouse Osteoblasts.
MC3T3-E1 cells were cultured in mineralization media containing 5 nM, 10 nM, 50 nM,
or 100 nM dasatinib or DMSO only, and the enzymatic activity of intracellular alkaline
phosphatase (ALP) was measured.
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E738 notably upregulated ALP activity on day 7; however, the efficacy was the most
prominent at 5 nM and 10 nM, declining steeply at 50 nM and 100 nM. Compared to
dasatinib, which had its best efficacy at 100 nM, the optimal working concentration of
E738 was clearly lower. This information was important for determining the dosage
window for in vivo studies with the targeted version.
6.3.2.2 In Vivo Evaluation of D10-E738 Conjugate
As mentioned in the previous section, the optimal working concentration of E738
was lower than that of dasatinib. Thus, lower dosages (0.1X to 1X) were used for the in
vivo evaluation of the D10-E738 conjugate to maximize the efficacy of the warhead. As
indicated in Fig. 6.13A-B, a D10-E738 therapy at 0.1X dosage increased bone density at
the fracture callus to a similar level achieved with DAC therapy, though bone volume was
markedly lower than the DAC-treated ones. The optimal dosage for D10-E738 should be
0.3X, which achieved comparable bone density and bone volume results as DAC.
Considering the different in potency between dasatinib and E738, the therapeutic efficacy
of D10-E738 was admirable. Meanwhile, no overt systemic toxicity was observed with D10E738 at any dosage (Fig. 6.13C).
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Fig. 6.13 D10-E738 Conjugate Increases Callus Density and Bone Volume.
ND4 Swiss Webster mice bearing stabilized femoral fracture received D10-E738 therapy
dosed daily at 0.1X (1 mol/kg), 0.3X (3 mol/kg), and 1X (10 mol/kg) (n = 7 in each
group). After 3 weeks mice were euthanized and analyzed for (A) bone density (bone
volume/total volume), (B) bone volume, and (C) percent body weight change.
Collectively, those data argue that D10-E738 is a promising therapeutic agent for the
acceleration of bone fracture repair. A D10-E738 therapy with Q.A.D. dosing schedule
could achieve a therapeutic effect only slightly poorer than DAC, at 30% of its dosage. In
the future, more detailed studies and optimizations into the targeted delivery of E738 and
other targetable Src inhibitors should be planned.
6.3.3

Bone-Fracture-Healing Efficacy of S1PR1-Stimulating Agents
In this section, S1PR1-stimulating agents ozanimod and DOP were tested for their

bone-anabolic efficacy. Ozanimod is a potent agonist selective for S1PR1 (0.41 nM) and
S1PR5 (11 nM),34 which is supposed to act directly on S1PR1 receptors on osteoblast
surface. Therefore, its osteoblast-stimulating efficacy could be investigated in vitro with
mouse pre-osteoblast cell line MC3T3-E1. On the other hand, since DOP promotes S1PR1
signaling indirectly by increasing the physiological availability of S1P with the inhibition
of S1P lyase,33 its ability to promote bone growth may only be examined in vivo. Thus,
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D10-targeted versions of ozanimod and DOP were also administered to fracture-bearing
mice for in vivo evaluation.
6.3.3.1 Effect of Ozanimod (S1PR1 Agonist) Treatment on MC3T3-E1 Cells

Fig. 6.14 Ozanimod Promotes ALP Activity in Mouse Osteoblasts.
MC3T3-E1 cells were cultured in mineralization media containing 0.1 nM, 0.2 nM, 0.5
nM, 1 nM, 5 nM ozanimod or DMSO only, and the enzymatic activity of intracellular
alkaline phosphatase (ALP) was measured on (A) day 7 and (B) day 14.
As shown in Fig. 6.14A-B, ozanimod showed moderate efficacy toward the
differentiation of osteoblasts. On day 7, ozanimod was able to upregulate ALP at
concentrations of merely 0.1-0.5 nM, which was significantly lower than the working
concentrations of dasatinib or E738. This was expected, however, since ozanimod
functions by binding to S1PR1 on the surface osteoblast and was not required to internalize
to take effect. Ozanimod was not able to display apparent stimulation of ALP activity on
day 14. These data suggest that a low dosage of ozanimod possesses the capacity to
promote the early stage of osteoblast differentiation.
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6.3.3.2 In Vivo Evaluation of D10-Ozanimod Conjugate

Fig. 6.15 D10-Ozanimod Moderately Accelerate Bone Fracture Repair in Vivo.
ND4 Swiss Webster mice bearing stabilized femoral fracture received D10-ozanimod
therapy dosed daily at dosages from 0.001X (10 nmol/kg) to 0.1X (1 mol/kg) (n = 5 in
each group). After 3 weeks mice were euthanized and analyzed for (A) bone density
(bone volume/total volume), (B) bone volume, and (C) percent body weight change.
To assess whether ozanimod’s stimulation of early osteoblast differentiation could
translate into enhanced bone fracture repair, D10-ozanimod conjugate was administered to
ND4 Swiss mice bearing femoral fractures. As shown in Fig. 6.15A-B, D10-ozanimod was
only able to moderately increase bone density at the fracture callus, while failing to bring
obvious benefit in terms of bone volume. The trend of body weight change did not show
signs of systemic toxicity, which was expected considering the low dosage of D 10ozanimod with an optimal dosing range of 0.003X-0.03X. However, the lack of meaningful
therapeutic effect has limited the outlook of D10-ozanimod as a therapy for human patients
with bone fractures.
Nonetheless, further investigation into several details regarding a targeted ozanimod
therapy is required before drawing a decisive conclusion. First, since the nucleophilic
secondary amine on ozanimod could form an amide with 3-maleimidopromionic acid in
the presence of PyBOP, D10-ozanimod synthesized using the method described in Section
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6.2.5 might have partly yielded a non-releasable conjugate with an amide linker instead of
an ester. Although ozanimod is not required to be released to activate S1PR1 signaling on
osteoblast surface in theory, the spacer between ozanimod and D10 was probably too short
to allow for an effective docking of the former to an S1P receptor. In the future, pure
conjugates that are releasable and non-releasable need to be synthesized using proper
protecting groups on ozanimod, to fully uncover the optimal design for ozanimod or other
potential bone-anabolic agents that interact with cell-surface receptors. Further discussion
on the future development of ozanimod could be found in Chapter 7.
6.3.3.3 In Vivo Evaluation of D10-DOP Conjugate (S1P Lyase Inhibitor)
As DOP has been reported to alleviate osteoporosis in vivo,32 its ability to improve
bone fracture healing is promising. As demonstrated in Fig. 6.16A-B, D10-DOP therapy
was able to increase the callus density of ND4 Swiss Webster mice bearing femoral fracture
with either QAD or W3 dosing schedules. Specifically, D10-DOP with W3 dosing schedule
showed comparable performance to a DAC therapy with QAD dosing schedule.
Unfortunately, neither dosing schedules with D10-DOP improved bone volume to the level
DAC achieved. Nevertheless, given its safety (Fig. 6.16C) and capacity to increase bone
density, D10-DOP remains an encouraging therapy to improve bone fracture healing with
further optimizations of its dosing regimen.
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Fig. 6.16 D10-DOP Accelerates Bone Fracture Repair.
ND4 Swiss Webster mice bearing stabilized femoral fracture received D10-DOP therapy
dosed at 1X (10 mol/kg) with Q.A.D. or W3 dosing schedules (n = 7 in each group).
After 3 weeks mice were euthanized and analyzed for (A) bone density (bone
volume/total volume), (B) bone volume, and (C) percent body weight change.
6.4

Discussion
In this chapter, we have demonstrated our framework for the development of new

targeted bone-anabolic agents for the acceleration of bone fracture repair. Essentially,
physiological processes that could either activate or suppress bone formation are the basis
for the bone-anabolic property, especially those involved in the regulation of osteoblastic
activity, are all potentially useful. We would identify small molecules (and peptides) that
could drive those processes to the direction we want, i.e. promotion of the activation or
inhibition of the suppression of bone growth, as potential drug warheads. A drug warhead
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might be subjected to in vitro studies with MC3T3-E1 cells to test its ability to activate
osteoblast differentiation and function before being delivered specifically to a fracture
surface with D10 in mice bearing femoral fracture to examine its therapeutic efficacy in
vivo. Once the efficacy of a conjugate has been verified, further investigation of its optimal
dosage and dosing window would be carried out to maximize the therapeutic potential.
The modular, convergent synthetic route for DAC has shown its power in Chapters
5 and 6, which has been used to synthesize seven conjugates with various warheads and
targeting ligands, with only minor modifications. Theoretically, any bone-anabolic agent
molecule with a free hydroxyl group might be conjugated to D10 with this synthetic strategy
to yield a targeted conjugate with a self-immolative ester linker. In this chapter, the small
molecule Src inhibitor E738, GSK-3 inhibitor MW0260, S1PR1 agonist ozanimod, and
S1P lyase inhibitor DOP have all been targeted to bone fracture surfaces in mice to show
their different capacities to accelerate bone fracture healing. E738, despite being more than
10 times less potent than dasatinib, has shown respectable bone-anabolic efficacy in vivo,
proving the legitimacy of exploiting Src inhibition to accelerate fracture repair. Although
D10-MW0260 had poor efficacy in vivo, the negative result might be attributed to reasons
not associated with the underlying mechanism. Given the abundance of success in using
GSK-3 inhibitors to promote bone growth, more GSK-3 inhibitors that have been
verified for efficacy in vitro should be tested in animals in a targeted form.
Moreover, we have recognized S1PR1 as a valuable target for bone regeneration.
Activation of S1PR1 signaling through the inhibition of S1P lyase with DOP, which raises
the physiological level of S1P, is clever and effective. Still, what exited us the most has
been the ability to promote bone growth at the fracture site with a targeted small molecule
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agonist for S1PR1. S1PR1 differs from the targets discussed previously in that it is located
on the surface of osteoblasts. Thus, a ligand that triggers S1P signaling through S1PR1 is
not required to internalize into osteoblasts to function properly, eliminating the need for a
release mechanism. Also eliminated are considerations on the rate and condition of release,
concerns of premature release, and risk of human translation failure due to a
malfunctioning release mechanism in different species. However, challenges facing nonreleasable conjugates of S1PR1 agonists are spacer lengths, spacer properties, and linking
positions. A spacer with optimal length is crucial to the binding of an agonist to a cellmembrane receptor, and it has been shown that rigid linkers are valuable in improving the
binding properties as well.35,36 More importantly, the position of derivatization from an
S1PR1 agonist determines whether or not the resulting conjugate could maintain the
affinity to the receptor. Extensive studies into the structure-activity relationship or cocrystal structure of a receptor-agonist complex is required to identify positions for
derivatization that are not located in the binding pocket to avoid interference with its
agonist efficacy.
Finally, many other mechanisms to promote bone formation fit in our framework and
are available to be tested. For instance, Bruton’s tyrosine kinase (BTK) has been found to
play important roles in osteoclastogenesis, and that mice deficient in BTK displayed severe
osteopetrosis.37,38 Although a mechanism involving osteoclasts does not meet our criteria
for the enhancement of bone fracture, inhibitors for BTK might be promising
antiresorptives. Another candidate for an antiresorptive therapy is inhibitors for RON
kinase, which is essential for osteoclastogenesis.39 PDGFR, on the other hand, serves as
the upstream factor of Src kinase, and plays a negative role in osteoblastogenesis. Thus,
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PDGFR inhibitors would made potential osteoblast stimulators for accelerated fracture
healing.40 Many more mechanisms to regulate bone homeostasis have been studied and
reported, making the prospect of discovering new warheads for our targeted delivery
system bright and enthralling.
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CONCLUSIONS AND FUTURE DIRECTIONS

7.1

Conclusions
Bone fractures are causing enormous economic and health burdens across the world,

costing tens of billions of dollars to the healthcare systems1 and substantial lost wages,2 let
alone the pain, anxiety, and depression that can eat away a patient’s life quality3,4.
Unfortunately, therapeutic approaches for fractures have not seen major advancement in
decades. Despite the serious problems caused by bone fractures, in our perspective, the
awareness for the need of a modern, convenient, and effective therapy to improve fracture
repair has remained befuddlingly low. Even patients suffering from fractures need a boost
in their awareness: although more women over 55 in America are hospitalized each year
for osteoporosis-associated fracture than for heart attacks, breast cancer, or strokes, twothirds of them still believe those other diseases are more of a concern than fractures.5–7 We
believe that patients with broken bones demand a better therapy, and that bone fractures
deserve the same attention from medical researchers as any other diseases. The
development of a systemically-administered drug that can potently accelerates bone
fracture repair without causing systemic toxicities serves as a good starting point for our
endeavor.
In this dissertation, we have demonstrated that DAC, a fracture-targeted version of
the Src kinase inhibitor dasatinib,8,9 promotes osteoblast differentiation and activation in
vitro and accelerates bone fracture repair in vivo. By linking dasatinib to a fracture-homing
deca-aspartic acid oligopeptide, the therapeutic efficacy of dasatinib is dramatically
improved, enabling a DAC therapy to restore the mechanical strength of a broken femur
more than twice as fast without altering normal homeostasis of undamaged bones. Our

146
studies have pointed out that Src inhibition with dasatinib does not solely display
antiresorptive properties as the dogma suggests; instead, it is strongly bone-anabolic
without apparent suppression of bone remodeling. Still, improvements on the dosing
schedule are required before DAC could be useful for human patients; thus, a wide range
of studies have been carried out to optimize the dosing regimen for DAC. An upgraded
version of DAC combines a more stable ester linker, an improved therapeutic efficacy, and
a dosing schedule that consists of only 6 doses in total (versus 11 total doses in the previous
version), without any required dosing during the first week after the fracture. We believe
that this upgraded drug is able to benefit fracture patients significantly more not only
because of the reduced dosing frequency, but because it works better at accelerating bone
fracture repair and is less likely to degrade prematurely in the blood stream, alleviating
concerns regarding toxicity or loss of efficacy. The updated dasatinib conjugate makes a
more mature drug, and is ready for validation of efficacy in other animal species before
further examinations in a human clinical trial.
The successful development of a targeted dasatinib therapy for enhanced fracture
repair, however, does not conclude this dissertation. We have implemented a modular
synthetic method for the synthesis of DAC, dividing the chemistry in two parts: synthesis
of D10-cys on SPPS, and synthesis of dasatinib-maleimide with a PyBOP-assisted
esterification. This synthetic route has been proven to be highly adaptable beyond the use
with dasatinib, making the screening of other drug warheads, linkers, and targeting ligands
easy and convenient. The interchangeability of this route has not only allowed us to test
the slow-release linker and the D-aspartic acid targeting ligand with dasatinib, but made
possible the highly efficient in vivo investigations of four different small molecule bone-
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anabolic agents in their targeted forms. Conclusively, this modular synthetic method has
enabled a relatively high-throughput workflow in the identification of new bone-anabolic
molecules as potential warheads to accelerate bone fracture repair.
With the help of the modular synthetic method, we have verified that Src inhibition
does promote osteoblast differentiation and function, with another Src inhibitor E738. In
addition to Src inhibition, GSK-3 inhibition and S1PR1 signaling activation have also
been recognized as promising mechanisms to promote bone growth. With further
optimizations of the dosing regimen and linker property, targeted versions of these
molecules could also be useful in speeding up fracture repair. Most importantly, we hope
that the work in this dissertation could provide new perspectives and insights into the
development of fracture-targeted bone-anabolic agents to help patients bearing bone
fractures recover faster and return to a pre-fracture lifestyle earlier.

7.2

Future Directions
Much work remains to be done to better prepare DAC for human clinical trials and

to further develop other bone-anabolic agents studied in this dissertation. To begin with,
mechanical strength data has been unavailable for in vivo studies with many new warheads.
Mechanical data for those studies and any future studies should be obtained to provide
more precise insights into the effectiveness and optimization routes for each new drug.
Expectedly, more detailed investigations into using non-digestible targeting ligands
are in the plan. In our studies, a non-digestible targeting ligand DD10 failed to show value
over regular D10. However, given the abundance of reports using bisphosphonates as
targeting ligands for bone diseases,10–14 more work is required to uncover possible benefits
of using stable ligands. Thus, the rate at which newly-formed bone might bury unreleased
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conjugate bound to the fracture site needs to be determined, then the potential benefits and
pitfalls of using a non-digestible targeting ligand could be studied more thoroughly.
Currently, D10-E738 can achieve a therapeutic efficacy not far from that of DAC at
a dosage less than a third of what DAC is dosed at. As a promising therapeutic agent for
bone fractures, D10-E738 demands optimizations of its dosing regimen and/or linker
property to further enhance its in vivo bone-anabolic capacity. Importantly, as Src
inhibitors, dasatinib and E738 represent not only two promising bone-anabolic agents, but
the entire category of Src inhibitors. In the future, besides optimizations to D10-E738, more
Src inhibitors might be tested with our framework to identify the one with the best efficacy.
With the possibility of future Src inhibitors with improved potency and selectivity being
designed, our finding has ensured a pathway of finding effective bone-anabolic agents for
the enhancement of fracture repair.
Also, additional studies should be planned for a targeted version of ozanimod.
Promoting bone formation by binding to and activating the downstream pathway of a cell
surface receptor S1PR1, ozanimod is able to function without the need to internalize into
cells, which theoretically removes the requirement of a release mechanism. As discussed
in Section 6.4, if a non-releasable D10-ozanimod conjugate with the optimal spacer length
could be identified, it could have properties that are superior to DAC. Dosage might be
significantly reduced, while loss of efficacy associated with non-optimal release rate or
release mechanism might be eliminated. To start the exploration with a non-releasable
ozanimod conjugate, a modified synthetic route with the hydroxyl group protected during
the synthesis is required for the synthesis of a non-releasable D10-ozanimod conjugate with
spacers of varying lengths. Should the strategy prove effective, extrapolation to other bone-
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anabolic molecules that functions by binding to cell surface receptors can be projected,
which is expected to bring even bigger benefit to fracture patients than DAC.
Hopefully, current and future work both in and after this dissertation would be able
to bring to the market one systemically-administered small molecule drug to accelerate
bone fracture while recognizing many more as potential candidates in the pipeline.
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