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Abstract

Lack of terminal differentiation is widely observed in bone cancer patients, yielding fast-
proliferating, immature cancer cells. A potential strategy for cancer treatment is
differentiation therapy, where the aim is to “reprogramme” cancer cell behaviour, by
inducing differentiation. Around 150 people are diagnosed with osteosarcoma (OS) in
England and Wales each year, which is a malignant primary bone cancer, with highest
incidence in young people between the ages of 10-24. Identifying small molecules that can
restore differentiation potential in OS cells was considered a promising strategy, so known
osteogenic conditions for MSCs, including nanokicking, and a known osteogenic medium,
containing ascorbic acid, dexamethasone and [-glycerophosphate, were applied on
osteosarcoma cell lines MG-63 and SAOS-2, and MSCs. Mechanical and chemical
stimulation appeared to drive differentiation in OS cells, as evident by upregulation of
RUNX2, OSX and/or ONN in different conditions. After confirming differentiation, a
metabolomics analysis was performed, to observe what groups of metabolites and pathways

are involved in differentiation, and to identify metabolites of interest.

Mechanical and chemical stimulation were shown to drive metabolic reprogramming in OS
cells, by altering bioenergetics, and employing metabolic pathways that are reported to be
impaired in OS, including TCA metabolism. Cholesterol sulfate (CS) and taurine (TAU)
levels were found to be significantly altered differentiation, so they were tested on OS cells,
along with mineralocorticoid fludrocortisone acetate (FA). The small molecules were tested
on SAOS-2 and MG-63 cells, and differentiation appeared to occur in a time, and dose
dependent manner, with a concentration of 10 M showing enhanced differentiation after 7

days.

A cancer targeting delivery approach was attempted for glucocorticoid, differentiation agent
dexamethasone, where the small molecule was tethered to glucose, via a hydrazone
cleavable linker. A hydrazone bond was formed at the C3 position of dexamethasone, and
extensive purification was carried out to obtain the hydrazone, in a mixture of cis-trans
isomers. The dexamethasone hydrazone was then coupled with the carboxylic acid of the
glucose linker, which generated a mixture of cis and trans isomers, which were successfully
separated via RP-HPLC. The novel small molecules were individually characterised, and the
cis isomer was deprotected under strongly basic conditions, with the aim of obtaining the

de-acetylated species. This led to degradation on the C20 sidechain of dexamethasone’s D-



ring, but the small molecule was isolated, and characterised, and was found to exhibit
biological activity, through initial testing. The small molecule induced a small decrease in
viability of MG-63 and SAOS-2 cells, without inducing extensive cytotoxicity. The
conjugate presented enhanced differentiation, compared to dexamethasone, in a dose
dependent-manner, in MG-63 cells, while more limited response was observed in SAOS-2
cells. Overall, conditions were identified that could drive differentiation in OS cells, while a
novel small molecule was successfully synthesised, characterised, and found to present

biological response in OS cells.
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Chapter 1: General introduction

1.1 Osteosarcoma

Between 124-150 people are diagnosed with osteosarcoma annually in England and Wales.*
Osteosarcoma (OS) is a high-grade primary bone cancer that predominantly affects children
and teenagers, with a second incidence in people over the age of 65.2 The solid tumour
mainly appears in the long bones, during rapid growth, especially during adolescence.® Risk
factors include age, predisposition due to genetic disease, gender, bone defects, previous
exposure to radiation, and in over 80% of patients defects in osteogenic differentiation®
(Figure 1.1). OS treatment typically involves limb-sparing surgery, combination
chemotherapy, and radiotherapy in some cases.® Introduction of chemotherapy in 1975
increased the survival rate of OS patients from 22% in 1957 to near 60% nowadays.’ The 5-
year survival rate of localised OS patients is over 70%, for patients that don’t present
chemotherapy resistant OS.® OS patients present a high rate of metastasis, mainly to the
lungs, which is associated with a very low survival rate of 25%, while others exhibit
recurrent OS, which is resistant to the established chemotherapy regime.® Since one of the
hallmarks of OS cells is a de-differentiated phenotype, which leads to high cell proliferation
rates and cancer spread,’® promoting further osteogenic differentiation in OS cells is an

attractive strategy.

Risk factors

Genetic

Age disease Gender
0000 § d
Bone. ) Radiation Differentiation
abnormalities defects

Jb .i.

Figure 1.1: Risk factors associated with OS include age, predisposition due to genetic disease, gender, bone

defects, previous exposure to radiation.*



1.1.1 Pathogenesis of osteosarcoma

Osteosarcoma is a complex disease, so there are limited characteristics that are observed
across all tumours, raising questions about the pathogenesis of osteosarcoma. A number of
genetic disorders have been linked to higher incidence rates amongst patients, with Li-
Fraumeni syndrome, retinoblastoma, Bloom syndrome and Werner syndrome increasing the
likelihood of OS development.*! People with Li-Fraumeni syndrome have a mutation on the
tumour suppressor tumour protein 53 (TP53 or p53) gene, which is a cell cycle regulator,
that normally triggers cell cycle arrest and induces apoptosis.*? p53 plays an important role
in a number of cancers, as when this checkpoint protein is mutated, cell growth goes
unchecked and uncontrolled proliferation occurs.®® Mutation of the retinoblastoma protein 1
(RB1) tumour suppressor gene has been found to lead to retinoblastoma, which is a disease
that makes patients more susceptible to cancer, and especially so for osteosarcoma.* A
number of oncogenes have been found to be activated in some OS patient tumours, including
c-Myc, c-Foc and tripartite motif-containing 14 (TRIM14).> One common point in at least
80% of osteosarcomas however, is an undifferentiated or partially differentiated phenotype,

which gives rise to cells that are immature and highly proliferating.®
1.1.2 Current treatment

Current OS treatment involves a combination of chemotherapy, limb sparing surgery and/or
radiotherapy.'® Typical chemotherapy regimens (Figure 1.2) include the combination of
multiple agents, including cisplatin, doxorubicin, methotrexate and/or ifosfamide.!’
Methotrexate is a folic acid analogue, that acts as a dihydrofolate reductase inhibitor,
blocking the synthesis of DNA purines and pyrimidines and causing DNA damage.*®
Doxorubicin is an anthracycline, topoisomerase-1I inhibitor, that acts as a DNA intercalating
agent, that blocks DNA and RNA synthesis, leading to apoptosis.'® Cisplatin is a platinum
coordination complex, that acts by crosslinking DNA’s purine bases, stopping cell division,
and initiating apoptosis.?® Ifosfamide and cyclophosphamide are prodrugs, that are activated
in the liver by cytochrome P450, with the released nitrogen mustards alkylating the DNA of
fast-dividing cells in the tumour, causing DNA damage.?* Etoposide, is also employed in
cases of metastatic osteosarcoma,?? and it acts by stabilising the DNA-topoisomerase-II
cleavage complex, breaking DNA strands, and triggering programmed cell death.? Multi-
agent regimens have shown improved 5-year survival, but present significant side-effects,

due to targeting any fast-dividing cells, while treatment is not standardised globally or



nationally.?* Cytotoxicity problems from chemotherapy, including potential renal, cardiac,
pulmonary, and hepatic failure, as well as nausea, neurotoxicity and immunosuppression
pose severe risks to patients’ survival and quality of life.?® Severe adverse effects, high

recurrence rates, and drug resistance,?® make the pursuit of new therapeutic avenues critical.
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Ifosfamide Cyclophosphamide Etoposide

Figure 1.2: Chemotherapeutic agents used to treat osteosarcoma include methotrexate, doxorubicin, cisplatin,

ifosfamide, cyclophosphamide and etoposide.

1.1.3 Osteosarcoma therapies and clinical trials

Therapies tested on OS have typically not been solely developed for bone sarcomas, but have
previously proven effective in different cancer cell types, before being tested on 0S.?’
Research into model systems enabling more accurate pre-clinical OS studies have proven
valuable in identifying new drugs and pathways involved in cancer.?® Recent clinical trials
on OS have largely focused on immunotherapies, monoclonal antibodies, antibody-drug
conjugates, tyrosine kinase inhibitors.?® Targeted delivery methods are focused on
accumulation of a therapeutic agent selectively in cancer cells, compared to healthy cells, as
well as improved pharmacological properties.®® Therapies investigated for OS have also
been widely employed to treat different types of cancer, including hepatocellular carcinoma

(HCC), which is an aggressive, malignant liver cancer.’!



Tyrosine kinase targeting therapies

Receptor tyrosine kinases (RTKSs) are enzymes that phosphorylate specific tyrosine sites in
proteins, thus activating or deactivating the selected target.>? Tyrosine kinases are involved
in signal transduction, via phosphorylation of substrates, thus modulating cell proliferation,
differentiation, invasion, and apoptosis.*®> Commonly investigated RTKs which are
overexpressed, and/or mutated in OS include human epidermal growth factor receptor 2
(HER2),3* epidermal growth factor receptor (EGFR), vascular endothelial growth factor
(VEGF),® ¢-KIT, and platelet-derived growth factor receptor (PDGFR).%® Tyrosine kinase
therapies, whether they involve pathway inhibition, antibody-drug conjugates, or selective
targeting via monoclonal antibodies, have found application in numerous cancers, including
breast cancer, kidney cancer, hepatocellular carcinoma and osteosarcoma.®’ Tyrosine kinase
inhibitors, including regorafenib,®® sorafenib,®4° lenvatinib,** and apatinib, have been
investigated in advanced OS, and have led to temporary disease stabilisation, though
treatment has not proved curative.*? Targeting multiple kinases simultaneously, and co-
administering with etoposide, ifosfamide, or immunomodulatory drugs has led to improved

outcomes.*?
Modulating the immune environment

Thomas and Burnet established the “immune surveillance theory” in the 1960s after
observing that the immune system recognised and attacked neoplasms in mice.* Cancer cells
have adapted, to evade immune recognition and destruction, thus evading immune system
modulated apoptosis.®® According to Yao et al. there were more than 300 cancer
immunotherapy clinical trials in either phase 111, or IV in 2023.** CAR T therapies, oncolytic
viruses, cytokines immune checkpoint inhibitors and monoclonal antibodies are amongst
common strategies to modulate the immune environment, to attack cancer cells.* Immune
checkpoint inhibitors (ICIs) seek to re-activate immune response, with the aim of T-cells
attacking the cancer cells.*® Common ICI targets in OS include targeting programmed cell
death protein 1 (PD-1), and programmed cell death ligands PD-L1 or PD-L2.*” Promising
findings in vitro. have not translated to the clinic for OS, with partial response being achieved
in 1 out of 17 patients, from PD-1 pathway inhibition, using mab pembrolizumab.*® Further
clinical trials on different ICIs have reported more limited response, ICI resistance, and

severe side-effects,*® thus highlighting the need to adapt strategies, and combine therapies.



Targeted delivery in osteosarcoma

Drug delivery is often hindered by poor pharmacological properties, rapid clearance, poor
solubility and off-target effects.>® Employing technologies that can enhance drug delivery to
cancer cells and minimise distribution to healthy cells is a promising approach, for managing
toxicities of established therapies.®® Different approaches include the use of drug
encapsulation, small molecule-drug conjugates, antibody-drug conjugates, and peptide drug
conjugates (Figure 1.3). Targeted delivery strategies in osteosarcoma (OS) have largely
focused on monoclonal antibody strategies and nanomedicine,>® with more limited research

on small molecule-drug conjugates.
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Figure 1.3: Targeted delivery approaches in cancer include encapsulation of a therapeutic agent in a targeted
delivery system or conjugation of the drug to a cancer targeting group. Encapsulation strategies may involve
the use of liposomes, nanoparticles, polymers and hydrogels. A drug may be conjugated to a cancer targeting
antibody, small molecule or peptide. Figure created with biorender.com

In the US there has been a large focus on the surfaceome, and monoclonal antibody-based
(mab) technologies to treat osteosarcoma.’® Use of patient derived xenografts (PDX), as
model systems of disease have provided a great platform to study efficacy of treatments,
with mab.>* Antibody drug conjugates (ADCs) have been studied in cancer, with the aim to

achieve enhanced drug uptake in cancer cells, by tethering a cytotoxic drug, to a monoclonal
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antibody, with specific activity for an antigen that is overexpressed at the tumour.*® Lack of
antigen specificity is a common issue, while there is no universally expressed OS cell surface
marker in patients, that can be used for the antibody to target,* limiting use to specific patient

phenotypes.

The use of nanomedicine to deliver drugs to cancer cells can improve solubility, minimise
toxicity, and promote increased distribution of the drug in the cancer cells.>® Mepact is a
liposomal formulation of immunomodulating agent mifamurtide, that has shown improved
efficacy in osteosarcoma patients, by releasing mimics of bacterial endotoxins, thus
activating macrophage response.®” Doxorubicin loaded, MSC derived exosomes have been
previously used to promote enhanced drug accumulation of doxorubicin in MG-63 cells, and
achieve controlled drug release in the cancer cells.®® Enhanced cytotoxicity in MG-63 cells
and low toxicity in cardiomyocytes was observed, suggesting selectivity towards cancer
cells. Widespread use of extracellular vesicle-based therapies is currently constrained by
trouble sourcing, isolating, purifying, and consistently characterising the vesicles.>®
Nanoparticles with different targeting sequences have also previously been employed to

achieve targeted delivery in OS, including albumin, chitosan.®

Hydrogels have been employed in drug encapsulation strategies, to achieve controlled
release in cancer cells, where the high water content of the gels, which can be crosslinked
with polymers, can mimic tissue environment.5! Doxorubicin loading in poly lactic-co-
glycolic acid (PLGA)-based hydrogels in OS, previously showed lower toxicity in mice, but
limited response in controlling tumour growth in lower doses, requiring 15 mg/kg to show
improved efficacy.®? Thermo-sensitive hydrogels, loaded with doxorubicin and palbociclib

have also previously been described to achieve controlled release in OS.%3

Tethering a pharmaceutical payload, to a cancer targeting group is a promising strategy for
allowing better selectivity of the drug, more limited off-target effects, as well as an improved
pharmacological profile.®* Prodrugs are an example of this strategy, and have found
particularly exciting applications on cancer therapeutics, by allowing the targeted release of
therapeutic agents to the site of interest, minimising off-target effects.® Prodrugs are
derivatives of pharmaceutical agents, which present limited biological activity, but undergo
chemical or enzymatic transformation in vivo, to release the drug at the site of interest.%®
While the use of prodrugs is commonplace in cancer research,®” more limited research was

identified on small molecule drug conjugates for osteosarcoma. This prompted research into



targeted delivery of potential therapeutic agents in OS, using small molecule-drug

conjugates, as will be discussed in chapter 6.
1.2 Cancer hallmarks

Osteosarcoma (OS) patients present phenotypic heterogeneity, yet common traits that define
cancer cell behaviour, also apply in OS cells too. Weinberg and Hanahan published a seminal
paper, in 2000, describing common characteristics in cancer cells, that aid them in sustaining
their uncontrolled growth, and evading cell death.%® They thus coined the term “hallmarks
of cancer” to encompass those traits that promote carcinogenesis. Initial hallmarks included
“uncontrolled proliferation, evading apoptosis, angiogenesis, and evading tumour
suppression”.®® Metabolic reprogramming emerged as a hallmark of cancer, where cancer
cells adapt, and use altered, and often energetically unfavourable metabolic pathways, to
obtain essential building blocks, and sustain their uncontrolled proliferation.®® In fact, OS
cells commonly employ metabolic pathways that promote osteogenesis, with disease
progression largely correlating to distinct pathways.”® The presence of cancer stem cells, that
may be involved in tumour initiation has also been considered to play a role in cancer
initiation, invasion, and metastasis.” In 2020 Hanahan updated the list of cancer hallmarks,
to include cancer cells’ phenotypic plasticity, which includes cancer cells’ lack of terminal

differentiation.”
1.3 Osteogenic differentiation in healthy vs cancer cells

1.3.1 Healthy osteogenic differentiation of MSCs

Mesenchymal stem cells (MSCs) are multipotent, stromal, self-renewing cells, which can
differentiate to various cell types, with the main classes being osteoblasts, chondrocytes,
adipocytes, and myoblasts’? (Figure 1.4). These cells are typically isolated from bone
marrow or adipose tissues, amongst other sources. Depending on the activation of different
genes, different differentiation pathways are activated. Adipogenesis is mainly regulated by
peroxisome proliferator-activated receptor-y (PPAR-y), while osteogenesis is regulated by
runt-related transcription factor 2 (RUNX2).”® Osteogenic differentiation towards mature
osteoblasts and osteocytes, occurs through various progenitor stages, and is regulated by a
cascade of signalling molecules and proteins.’ Different genes are involved in the different

stages of differentiation, with earlier progenitors being more proliferative, and more mature



cells presenting a more differentiated phenotype, that promotes mineralisation.” Bone
morphogenic proteins (BMPs) are involved in early stages of osteogenic differentiation and
play arole in bone remodelling and repair, while alkaline phosphatase (ALP), type I collagen
(Collal), osteopontin (OPN), and osteocalcin (OCN) are common markers of
osteogenesis.” Osteoblasts are involved in bone deposition, mineralisation and resorption,

and dysfunction in osteoblast formation is closely linked to bone disease and bone cancers.”®.
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Figure 1.4: MSCs are multipotent cells, that can differentiate into osteocytes, adipocytes, chondrocytes or
myoblasts, depending on the activation of different signalling pathways.”? Osteogenic differentiation of MSCs
occurs through intermediate osteo-progenitors, of different levels of maturity. Osteoblastic commitment is
followed by a proliferative phase, subsequent maturation, and then mineralisation, to produce osteocytes, and

eventually bone.” (created with biorender.com)

1.3.2 Aberrant osteogenic differentiation on osteosarcoma

Incomplete osteoblastic differentiation and uncontrolled proliferation are observed in at least
80% of osteosarcomas.® While osteogenic differentiation of MSCs occurs through various
intermediate osteoprogenitor cells, in osteosarcoma osteogenesis stops before the cells
become mature osteoblasts. Stem cells and “immature” osteosarcoma progenitor cells
possess increased potential for self-renewal and expansion.”” As seen in Figure 1.5, the

degree of differentiation, largely dictates the proliferative capacity of the cancer cells and



the degree of malignancy. Osteosarcoma cells that are closer to the phenotype of a stem-cell
like immature progenitor, are more malignant, faster proliferating, and possess lower levels
of late osteogenic markers.”® On the other hand, osteosarcoma cells which are more
differentiated, and closer to a more mature pre-osteoblast progenitor, are slower growing,
and less malignant.” The regulation between differentiation and proliferation that occurs in
healthy differentiation, is disrupted in osteosarcoma, shifting the balance towards faster
proliferating, immature cells.®’ Phenotypic cell plasticity is another ability cancer cells
possess, that aids them to adapt to their environment and survive.?! Consequently, inducing
further differentiation in osteosarcoma may hold promising therapeutic potential.
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Figure 1.5: Osteogenic differentiation of MSCs is disrupted in osteosarcoma, with the degree of maturity

affecting the proliferation capacity and malignancy of osteosarcoma. (created with biorender.com)

1.3.3 Differentiation therapy

As previously mentioned, a non-terminally differentiated phenotype is a hallmark of cancer,
that yields immature, fast-proliferating cancer cells, whose phenotype more closely
resembles immature progenitors, than terminally differentiated cells.®? Differentiation
therapy seeks to restore differentiation drive in cancer cells, and “reprogramme” cell
behaviour, thus suppressing cancer proliferation, and sensitising cells to chemotherapy.®* All

trans retinoic acid (ATRA) (Figure 1.6) and arsenic trioxide were amongst the first



molecules used to induce differentiation of acute promyelotic leukemia (APL) cells and are

still employed for the treatment of APL.%3

\\\\OH

All trans-retinoic acid

Figure 1.6: Historic differentiation therapy agent all trans-retinoic acid.

Differentiation therapy was first found to be effective on APL cells, where retinoids induced
terminal differentiation of leukemic cells, where retinoid pathway dysregulation was found
to play a key role in de-differentiation in APL cells.®* ATRA induced differentiation was
found to induce cell maturation, slow down self-renewal and reduce tumour bulk. This
exciting finding led researchers and clinicians to investigate this therapeutic strategy on
various cancers including hepatocellular carcinoma,®® prostate cancer® and 0S.®’
Furthermore, differentiation drugs have shown reduced toxicity compared to chemotherapy

regimens, making them attractive therapeutics.®®
1.3.4 Differentiation therapy in osteosarcoma

Differentiation therapy is a promising therapeutic strategy in cancer, but the success on
haematological cancers has not been replicated clinically on more complex solid tumours®
and sarcomas. OS presents a more complex cancer with a heterogeneous phenotype, with
signalling pathways presenting pleiotropic effects on cancer growth, and differentiation.®°
Moreover, mutations in osteogenesis regulator RUNX2 in OS, and aberrant expression has
introduced challenges in applying differentiation therapy in OS.%° Inducing terminal
differentiation in OS cells is a promising approach for treating OS in conjunction with

traditional chemotherapy. %
Differentiation of osteosarcoma cells on materials

Relatively slow-growing SAOS-2 OS cells were found to differentiate on nanocrystalline
diamond films, when they were treated with ascorbic acid.®* Cells were also found to adhere
well to this material, grow, promote bone mineralisation, and deposit extracellular matrix.
Diamon like coatings, coated with chromium were previously described to promote

enhanced cell adhesion and osteogenesis in SAOS-2 cells,*® with an observation of decreased
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differentiation, with increase in Cr content. A silk fibroin hydroxyapatite-based material was
found to support differentiation of MG-63 cells.** This fibroin blend is biocompatible for
bone defect grafts, and was found to promote osteogenic differentiation, according to an
ALP increase. Biomaterials that are used in bone grafts have also been seen to drive
differentiation in SAOS-2 cells, as evident by ALP upregulation.®® Titanium implant
integration® and TiO2°"% based materials have also been widely researched and found to
improve adhesion and promote differentiation in OS cell lines. OS cell lines have mostly
been used as model systems for osteoblasts, in materials studies, with a focus on developing
substrates that can promote improved osteoinduction in bone grafts.929697.98 Hence there
was a more limited focus on the effect of those materials on the cancerous phenotype, and

driving terminal differentiation.

BMP2 driven differentiation in osteosarcoma

Growth factors are commonly included in differentiation supplements for osteogenic,®
hepatic,'® and adipogenic®® differentiation. Bone morphogenic proteins (BMPs) are
members of the TGF-B superfamily, that regulate early stages of osteogenesis, with BMP2
being a common osteogenic differentiation supplement.’°2 BMP2 is an early differentiation
marker, and is known to promote bone regeneration, so BMP2 has previously been employed
in bone graft surgery, to aid bone viability.!® Kendal et al. reported that cell phenotype
affects OS cell response to BMP2 treatment, with BMP2 slowing proliferation, and inducing
further differentiation in more mature OS cells.X** On the other hand, poorly differentiated
cancer cells displayed increased proliferation, and lack of differentiation, when treated with
BMP2. Tian et al. also discovered that BMP2 could promote a malignant phenotype in OS
cells, through epithelial to mesenchymal transition.'% Gill et al. reported that BMP2 did not
appear to promote invasion and metastasis in patient derived xenograft (PDX) models.
BMP2 is sometimes included in bone grafts, to support bone regeneration, but more careful
consideration should be given to grafts meant for OS patients, to avoid this invasive

observation.
Flavonoid driven differentiation in osteosarcoma

Flavonoids are natural products with polyphenolic structures, that are naturally found in

fruits, vegetables, and plants.1% Flavonoids have interesting medicinal properties, including

107 108

antioxidant, antipyretic, anti-inflammatory, anti-neurodegenerative and anti-

carcinogenic effects.'% A variety of those molecules have been reported to promote
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osteogenic differentiation of MSCs,' and have been tested in OS cell lines (Figure 1.7), as
a form of differentiation therapy. Hyperoside was found to induce differentiation in U20S
and MG-63 cells within 7 days, whilst also inducing cell cycle arrest and slowing down
proliferation of these OS cells.!*! Quercetin was found to suppress invasiveness in OS cells,
and thought to differentiate the cells, which was evaluated by a decrease in matrix
metalloproteinase.*? The group did not look at more osteogenic markers, that would indicate
the degree of osteogenic differentiation. Nobiletin has also been reported to drive
differentiation in MG-63 cells, via the RUNX2/BMP2 pathway.'!® Galangin is a flavonoid,
derived from the herbal plant Alpinia officinarum, that has also been shown to induce OS
differentiation by modulation of TGF-B function.!* Genistein, which is an isoflavone
isolated from soy beans, induced MG-63 differentiation, as measured by increased ALP
activity, whilst differentiation led to cell cycle arrest.!'® Kaempferol was also found to induce
osteogenic differentiation of SAOS-2 cells, in a dose respondent manner, through the Wnt/j-
catenin pathway.'® TGF-p was involved in genistein, galangin and hyperoside driven OS
differentiation, and TGF-p is also known to regulate Wnt/f-catenin signalling in osteoblast
differentiation.'” This confirms the most common pathways involved in flavonoid induced
OS differentiation. Direct treatment with TGF- B8 and BMP-2!1° has been reported to slow

cell growth and promote differentiation in OS cells.

Quercetin Galangin
OH O
l OH
HO (o]
Genistein OH

Kaempferol

Figure 1.7: Flavonoids quercetin, galangin, genistein, kaempferol, and hyperoside, were found to induce
osteosarcoma differentiation. Flavonoids are polyphenolic compounds, that are naturally found in plants, and

possess medicinal properties.t%’

Despite the potential of various flavonoids for OS differentiation, as seen by the in vitro.
experiments mentioned above, clinical application could be limited, by potential assay
interference. A number of flavonoids are considered as “nuisance compounds”, or Pan Assay

INterference compoundS (PAINS).?2%121 They have been found to decrease membrane
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fluidity, form aggregates, and solubilise other molecules, leading to false positive results in
certain biological assays. Hence, whilst flavonoids have been shown to induce OS
differentiation in vitro, questions may be raised as to the validity, due to potential assay

interference.
Nuclear receptor agonist driven osteosarcoma differentiation

Several nuclear receptor agonists have been investigated for differentiation of OS cells, with
retinoids being commonly employed in stem cell differentiation.'?> Tretinoin or 9-cis-
retinoic acid (Figure 1.8), interacts with the retinoic acid receptor (RAR) and retinoid X
receptor (RXR), which are involved in signalling pathways including Akt, MAPK and
PKA,'% and regulate genes that modulate differentiation.'®* ATRA is an isomer of tretinoin,
that it has been found to induce differentiation in a variety of cancer cells, sparking interest
in those molecules.® Induction of PPAR-y, RXRa, and/or RARa has been found to slow
down proliferation of OS cells synergistically, or individually.?® Nuclear receptor agonists
have also been found to induce osteogenic differentiation in PS cell lines, apart from slowing
down their growth.1?® Modulators of nuclear receptors have also been reported to slow OS
growth, through the mTOR pathway,'?’ though information on the differentiation of the cells

was not provided.
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Figure 1.8: Nuclear receptor agonists have been found to induce osteosarcoma differentiation.

Retinoid 9-cis- retinoic acid, and PPAR-y agonists troglitazone and ciglitazone (Figure 1.8),
appeared to be driving OS differentiation and reducing cell proliferation in multiple OS
lines.*?® Whilst both compounds promoted osteogenesis individually, when combined they
appeared to form a synergistic effect, that enhanced differentiation. Haydon et al. further
investigated PPAR-y driven differentiation in OS and found that osteogenesis may be
induced though BMP2-independent pathways.*?° Isoflavone genistein also appears to slow
cell proliferation and induce OS differentiation through the PPAR-y pathway.''®> Moreover,
combining cisplatin with PPAR-y agonists, has been found to decrease chemoresistance in

0OS cells.** Stereochemistry was not defined, and though racemates of thiazolidine
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compounds present biological activity, the S-enantiomer shows stronger affinity for PPAR-
v.131 The synergistic effect of retinoid receptors and PPAR-y can offer a promising potential

therapeutic avenue for OS differentiation.
Differentiation strategies involving chemotherapeutics and the immune environment

Trabectedin is a particularly exciting example of differentiation therapy. Trabectedin is a
chemotherapeutic agent, that has been approved for treatment of soft tissue sarcomas,
including liposarcoma, and leiomyosarcoma.'®? Trabectedin is a marine alkaloid, that
showed promising response in OS, by modulating the immune environment, slowing
proliferation, and inducing terminal differentiation, through DNA alkylation.*3® Toll like
receptor agonists were found to suppress tumour invasion and suppression, with the added
observation, of induction of differentiation and mineralisation on the OS cells.*** Sciandra,
Manara et al. reported that CD99 was able to drive terminal differentiation on multiple OS
cell lines via the ERK1/2 pathway.*3® Transfection of SAOS-2 cells with CD99 was found
to promote differentiation, and reduce proliferation, while driving GO/G1 cell cycle arrest.
Terminal differentiation instead of senescence was confirmed by negative galactosidase

staining.
Steroid driven osteosarcoma differentiation

Dexamethasone (Figure 1.9) is a synthetic glucocorticoid steroid, that can alter multiple
cellular processes and functions by modulating the glucocorticoid pathway.'®
Dexamethasone presents strong anti-inflammatory action, and it is one of the most
commonly prescribed drugs, for a variety of ailments.'®” Dexamethasone has also been

widely used to promote further osteogenic differentiation in MSCs and OS cells, alongside

138

differentiation agents ascorbic acid, and B-glycerophosphate.

Dexamethasone Cholesterol sulfate Fludrocortisone acetate

Figure 1.9: Steroids dexamethasone, cholesterol sulfate and fludrocortisone acetate have been found to induce

osteogenic and/or osteosarcoma differentiation.
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The rat OS cell line ROS 17/2.8, and human OS cell line U-2 OS were treated with the
glucocorticoid dexamethasone (Figure 1.9), to study its effect on osteogenic differentiation
of OS cells.'* Dexamethasone was found to induce osteogenic differentiation, as evidenced
by nodule formation and increased expression of bone specific proteins. Whilst this was an
encouraging result, this glucocorticoid was found to also increase expression of astrocyte,
oligodendrocyte, and hepatocyte specific markers in the OS cells, indicating a lack of
selectivity. In addition, dexamethasone has also been found to induce OS cell differentiation
in combination with retinoic acid.*®*® Given the involvement of this glucocorticoid in several
signalling pathways,° the activation of competing pathways is expected, but this also

highlights the need for identifying compounds that can induce more selective osteogenesis.

Metabolomics was previously employed by the group, to identify small molecules that are
involved in the osteogenic differentiation of MSCs, as well as to study the effect of
glucocorticoid vs mineralocorticoid molecules on MSC metabolism.'#! Cells were treated
with a known osteogenic medium or nanovibrated at 1000 HZ, 30 nm, using a proprietary
equipment called nanokicking, to induce osteogenic differentiation. Metabolites promoting
differentiation in the samples were identified using metabolomics, and it was discovered that
the glucocorticoid pathway played an important role in osteogenic differentiation of MSCs.
The steroid cholesterol sulfate (Figure 1.9) was identified as a metabolite of interest, using
bioinformatics tools, and pathway analysis tools. It was found to induce differentiation
MSCs, but not selectively, so structure activity relation (SAR) studies were carried out.
These studies led to the identification of fludrocortisone acetate, as a molecule of interest, as
it was found to induce more potent and selective osteogenic differentiation of MSCs. The
group’s previous work on steroid induced osteogenic differentiation of MSCs, and clinical
research on dexamethasone induced OS differentiation, led to a focus on testing steroids on
OS cells in this thesis. Studying alterations in metabolism, during osteogenic differentiation
can provide important information on cell behaviour, and pathways involved in bone
formation, while it is a useful tool for identifying bioactive metabolites. Therefore, cell

metabolism was studied during differentiation of OS cells in this thesis, in chapter 4.
1.4 Cancer cell metabolism

Altered cell metabolism is a hallmark of cancer cells, that aids cells in evading apoptotic
signals, and adapting their processes, to support their uncontrolled cancer growth and

proliferation.”* Cancer cells require increased numbers of metabolites, to maintain their
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proliferative drive, which includes lipids for membrane formation, and vehicular transfer,
amino acids for protein synthesis and for nucleotide formation for DNA synthesis.'*? Cells

143 \which

are known to undergo metabolic reprogramming during osteogenic differentiation,
made it of interest to study cell metabolism during differentiation of OS cells (chapter 4).
Metabolomics is a powerful tool, that can be used to quantify metabolites in a biological

sample and obtain information on cell phenotype.'#*

1.5 Overall aim

Motivated by the previous success of differentiation therapy in haematological cancers,
discussed above, this thesis sought to investigate whether OS cells can be driven to
terminally differentiate, whether this would slow cell proliferation and to synthesise and test
small molecules that could promote terminal differentiation.

e One of the objectives was to study whether known osteogenic differentiation
conditions for MSCs also promote osteogenic differentiation in OS cells. The study
specifically aimed to examine whether mechanical and chemical stimulation lead to
similar distinct changes in cell phenotype and metabolic activity in OS cells
compared to MSCs.

e A further objective was to design, synthesise and test a set of small molecules that
were expected to promote osteogenic differentiation in OS cells, and show enhanced

uptake in cancer cells, compared to healthy cells.

1.6 Summaries of chapter content

Chapter 3 studied the effect of mechanical vs chemical stimulation on OS cells and MSCs.
Cells were nanovibrated at 1000 Hz, 30 nm, using nanokicking as means of mechanical
stimulation, while an osteogenic medium containing dexamethasone, ascorbic acid, and f-
glycerophosphate was used as means of chemical stimulation. Biological response was
assessed by assays that measured cell viability, differentiation proteins and genes, and cell

cycle progression.

Chapter 4 studied the effect of mechanical vs chemical stimulation on cell metabolism of
OS cells, and MSCs. Metabolomics was used as a tool for quantifying metabolite changes
in biological samples, and bioinformatics tools were used to study specific metabolites, and
metabolic pathways involved in differentiation.
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Chapter 5 studied the effect of identified metabolites, and related compounds on the
differentiation of OS cells. Small molecules were tested at different concentrations, and

further biological assays were carried out to study cell response.

Chapter 6 studied the synthesis of a steroid-glucose conjugate, through a hydrazone
cleavable linker, with focus on devising a synthetic route towards a novel molecule,

purifying it, characterising it, and testing its response on OS cells.

Chapter 7 included a general discussion of this thesis’ findings, as well as the general

conclusions that can be drawn from this research
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Chapter 2: Materials and methods

2.1 Software and resources

Biorender.com

Chemdraw 20.0 PerkinElmer Informatics
Fiji
FlowJo v 10.9.0 BD Life Sciences

Graphpad Prism 10.1.2

IDEOM
ImageStudio Li-Cor Biosciences
Ingenuity Pathway Analysis (IPA) Qiagen
Imaris Viewer 10.1.0 Oxford Instruments
MetaboAnalyst 6.0
Zotero 6.0.36

Table 2.1: Software used in this thesis

2.2 Cell culture

MSC cells were obtained from Promocell. MG-63 and SAOS-2 cells were obtained from the
American Type Cell Collection (ATCC). Cells were cultured in Dulbecco’s modified
essential medium (DMEM) (Sigma) supplemented with 5% Foetal Bovine Serum (FBS;
Sigma), 1% (v/v) L-glutamine (200 mM, Gibco) and 2% antibiotics (6.74 U/mL penicillin-
streptomycin, 0.2 pg/mL fungizone) (Sigma), unless otherwise specified. Cells were grown
in a T75 flask, to approximately 70% confluence, media was changed every 3-4 days, and
cells were split 1-2 times a week, depending on confluence. For differentiation studies cells
were grown in a T75 flask, washed with PBS, trypsinised, counted with a haemocytometer,
and resuspended in appropriate amount of DMEM. Cells were then seeded on multiwell

plates and treated at a defined timepoint.
2.3 Alamar blue metabolic assay

Samples were washed with warm PBS, and 400 uL of 10% v/v of Alamar blue reagent
(Biorad) in DMEM were added to each well. Cells were incubated at 37 °C, in an incubator,

in the dark for 4 hours. 150 pL of the alamar solution were added to a 96 well plate for each

18



condition in duplicate, and absorbance was measured at 570 nm and 600 nm, on a microplate
reader spectrophotometer. Viability was measured via % alamar reduction of treated cells,

compared to the untreated cell control, using equation 3 from the BioRad website. 4

2.4 Immunostaining recipes and antibodies

Buffer Ingredients
Formaldehyde fixative 10 mL of Formaldehyde solution (37% v/v), 90 mL PBS,
2 g sucrose
Blocking buffer (1% BSA) for 100 mL PBS, 1% w/v PBS
immunofluorescence
Permeabilization buffer 100 mL PBS, 0.1 % wi/v Sucrose, 50 mM NaCl, 3 mM
MgCl,.6H,0, 20 mM HEPES, 0.5 % v/v Triton X-100.
pH adjusted to 7.2
Blocking buffer (1% Milk powder) 100 mL PBS, 1% w/v milk powder
for ICW
Table 2.2: Immunostaining buffer recipes
Reagent Company Description Dilution
RUNX2 primary Santa Cruz RUNX2 (F-2) mouse monoclonal 1gG; 1:200
antibody Biotechnology antibody (sc-390351) '
OSX primary Santa Cruz 0OSX (F-3) mouse monoclonal 1:200
antibody Biotechnology 1gG; antibody (sc-393325) '
ONN (SPARC) Santa Cruz SPARC (D-2) mouse monoclonal 1:200
primary antibody Biotechnology 1gG; antibody (sc-398419) '
OPN primary Santa Cruz Osteopontin/OPN/SPP1 x5 mouse 1:200
antibody Biotechnology monoclonal antibody (AKm2A1) (sc-21742) '
Table 2.3: Immunostaining primary antibodies
Reagent Company Description Dilution
1:600 of 6.6
Phalloidin Oregon Molecular Probes Oregon Green™ 488 Phalloidin (O7466) MM stock in
green methanol
Goat anti-mouse Vector Labs (2B Horse Anti-Mouse 1gG Antibody (H+L), 1:200
secondary antibody Scientific) Texas Red® (T1-2000-1.5) '
Goat anti-rabbit Vector Labs (2B Goat Anti-Rabbit IgG Antibody (H+L), 1:200
secondary antibody Scientific) Texas Red™ (T1-1000-1.5) '
Vi L 2B VECTASHIELD® Antif M i
DAPI ecto_r a}b_s ( C _S _ ® Antifade Mounting 2 drops
Scientific) Medium with DAPI (H-1200-10)

Table 2.4: List of immunofluorescence secondary antibodies
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2.5 Immunofluorescence

Samples were washed with PBS and fixed with 4% formaldehyde at 37 °C for 15 min. They
were then washed with PBS and permeabilised using a permeabilisation buffer solution
(Table 2.2) at 4 °C for 5 min. The buffer was removed, and the cells were incubated at room
temperature for 1 hour in a 1% BSA/PBS blocking buffer. Primary antibody (Table 2.3) was
prepared in 1% BSA, added to the relevant samples and left on a shaker overnight at 4 °C.
The samples were then washed 4 times with 0.5% Tween 20/PBS and cells were incubated
for 1 hour at 37 °C, and 30 minutes at room temperature on a shaker, with the relevant
secondary antibody (Table 2.4) and Oregon green phalloidin (Table 2.4), in the dark. Cells were
washed 4 times with 0.5% Tween 20/PBS, nuclear stain Hoechst or DAPI was added and
then washed with PBS. 50 % glycerol in PBS was added to wells, and a coverslip was
mounted on top. Cells were imaged with EVOS microscope, at 20x magnification, and

images were processed using Imaris Viewer, unless stated otherwise.
2.6 In cell western

Samples were washed with PBS and fixed with 4% formaldehyde at 37 °C for 20 min. They
were then washed with PBS and permeabilised using a permeabilization buffer solution
(Table 2.2) at 4 °C for 5 min. The buffer was removed, and the cells were incubated at room
temperature for 1.5 hours in a 1% milk powder/PBS blocking buffer. Primary antibody
(Table 2.3) solutions were prepared in 1% milk powder/PBS and added to the samples and
left overnight at 4 °C. The samples were then washed 4 times with 0.1% Tween 20/PBS and
cells were incubated for 1.5 hours at 37 °C, with 1:1,000 secondary antibody IRDye 800CW,
and 1:1,000 CellTag 700 Stain (LICOR). Cells were washed 5 times with 0.1% Tween
20/PBS, samples were dried, and the plate was imaged, at 800 nm using the LICOR Odyssey
system. Images were processed using ImageStudio software. Protein expression was
calculated as a ratio of antibody/celltag readings. The fold-change expression of the protein
calculated as a ratio against the untreated cell control for the respective protein and timepoint

was reported, with the control having an assigned value of 1, after normalisation.
2.7 Quantitative polymerase chain reaction with reverse transcription (QRT-PCR).

After 3 and 7 days, media was removed from the samples, they were washed with PBS and

lysed with RLT buffer. The lysates were collected in RNA-free Eppendorf tubes, and stored
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at -80 °C, until the PCR experiment was carried out. RNA was extracted from this solution
using the Qiagen RNAeasy extraction kit, followed by the DNAse step, according to the
Qiagen’s protocols. The RNA was eluted in nuclease-free water and quantified using the
Nanodrop instruments. After RNA normalisation calculations, the cDNA was prepared by
reverse transcription using the Qiagen Quantitect Kit, according to Qiagen’s protocols.
cDNA concentration was normalised to 4 ng uL™ by dilution in nuclease-free water. Using
the 7500 real-time PCR system from Applied Biosystems, gRT-PCR was performed using
the Quantifast SYBR green qRT-PCR kit (Qiagen) and the appropriate gene primers,
(Eurofins Genomics). Gene primer sequences were obtained from the OriGene Technologies
website. Gene values were quantified using the 2-22t method, for treatments against the

individual timepoint control.*4®

Gene Forward primer Reverse primer
GAPDH TCAAGGCTGAGAACGGGAA TGGGTGGCAGTGATGGCA
RUNX2 GGTCAGATGCAGGCGGCCC TACGTGTGGTAGCGCGTGGC
ALP AGAACCCCAAAGGCTTCTTC CTTGGCTTTTCCTTCATGGT
RPL13a CTCAAGGTGTTTGACGGCATCC | TACTTCCAGCCAACCTCGTGAG
COL1A GATTCCCTGGACCTAAAGGTGC | AGCCTCTCCATCTTTGCCAGCA
0OSX GGCAAAGCAGGCACAAAGAAAG | AATGAGTGGGAAAAGGGAGGG
OPN AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA

Table 2.5: List of Primers purchased from Eurofins genomics. Primer sequence obtained from the OriGene

Technologies website.

2.8 Flow cell cycle staining and analysis

Cells were trypsinised, counted, and cell numbers were normalised accordingly, to keep
uniform cell populations. Cells were resuspended, centrifuged, and fixed in 80% ethanol,
20% PBS for 15 minutes at -20 °C. Cells were then centrifuged, and stored in PBS at 4 °C,
until the time of analysis. Cells were resuspended, centrifuged, and the supernatant was
discarded. 500 pl of FxCycle™ PI/RNase Staining Solution (Invitrogen) was added to each
condition, and the cells were left to stain in the dark for 15 minutes. For each condition, two
experimental replicates, and triplicate analytical replicates were added to a round bottomed
96 well plate. Unstained and stained controls for each cell line and timepoint were also
collected, to carry out the gating on the instrument. The Attune flow cytometer was used to
carry out cell cycle analysis, with BL3 bead compensation carried out, for calibration.
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FlowJo software was used to analyse cell cycle data, with individual gating, and threshold

parameters described in chapters 3 and 5.
2.9 Statistical analysis

Graphs were prepared, and statistical analysis was performed, using the GraphPad Prism
Software (v10.1.2; GraphPad Software Inc.). All treatments were compared against the
untreated control using the appropriate t-test or u-test, to answer the question of whether the
treatment promoted differentiation or altered cell viability. First, the Shapiro-Wilk test was
used to assess normality of the data, with a p<0.05 signifying that the sample is not normally
distributed. The Shapiro-Wilk test is considered useful for smaller sample numbers of
n<50,*7 which made this an appropriate test for the datasets in this thesis. Fold-expression
was assessed for protein and gene expression, where the data were normalised against the
untreated control, which had an assigned value of 1. Alamar reduction for different
treatments was measured against an untreated cell control of the respective timepoint, with
the untreated control having an assigned value of 100%. When data passed the normality
test, a parametric t-test with Welch’s adjustment was used to compare the fold-expression of
the protein of the gene of the treatment, compared to the control=1, or alamar reduction
against the control=100%. When data failed the normality test, a non-parametric Mann-
Whitney U-test was carried out for the treatment vs the control=1, or control=100% for the

alamar reduction. Differences of p<0.05 were considered statistically significant.
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Chapter 3: Effects of mechanical vs
chemical stimulation on osteosarcoma

differentiation.

3.1 Introduction

As previously discussed, a lack of terminal differentiation is a hallmark of cancer.®
Differentiation therapy (DT) aims to restore differentiation potential of the cancer cells and
sensitise the cancer to chemotherapy.®® This treatment has found application in
haematological cancers, in combination with traditional chemotherapy, leading to improved
prognosis for APL patients.®® Restoring the differentiation potential of cancerous cells has
proved to be more complicated in solid tumours, and the same success for haematological
tumours has not been replicated.®® Given osteosarcoma (OS) has previously been described
a differentiation disease, identifying conditions that can push OS cells to further
differentiation, is worth investigating. To identify whether conditions are indeed driving

osteogenesis, it is important to assess cell viability, and osteogenic differentiation markers.
3.1.1 Osteogenic differentiation markers

RUNX2 (Runt-related transcription factor 2) is a transcription factor that is a master
regulator of osteogenesis. As previously discussed, RUNX2 co-ordinates the osteogenic
differentiation of MSCs, by triggering relevant signalling pathways and regulating
osteogenesis and mineralisation.}*® Overexpression of RUNX2 has been linked to an
increase in proliferation of OS cells in vitro, poor clinical outcome, and poor response to
chemotherapeutic regimens.’*® From this it is evident that RUNX2’s role in OS is
complicated. Knockdown of RUNX2 has been reported to sensitise OS cells to
chemotherapy, and lead to apoptosis of OS cells.’®® RUNX2 mediated osteogenic
differentiation is disrupted in OS,*! which could in part account for the undifferentiated

phenotype of OS cells. Moreover, abnormal function of RUNX2 in OS, including RUNX2
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mutations and dysregulation, has been linked to impaired osteogenic differentiation of OS

cells. 148

Osterix (OSX) is a zinc finger containing transcription factor, that is a marker of early to
mid- osteogenic differentiation, and is modulated by RUNX2.1®2 OSX regulates the
expression of late-stage differentiation markers, including osteocalcin and osteopontin.>®
OSX expression is decreased in OS,** leading to incomplete osteogenic differentiation of
OS cells. When OSX is knocked down no osteogenesis occurs in mice, confirming the key

role of this transcription factor in bone formation and remodelling.1>

The expression of markers of later osteogenic differentiation and mineralisation, including
osteonectin, osteopontin and osteocalcin is regulated by RUNX2,# and OSX.!%
Osteonectin (ONN), or secreted protein acidic and rich in cysteine (SPARC, BM-40) is a
matricellular protein with a key role in osteogenesis, and bone remodelling.?>> ONN levels
correlate to parathyroid hormone (PTH) activity, with Wnt signalling regulating the
production of ONN.*® ONN plays a key role in calcification of collagen in bone, synthesis
of extracellular matrix and the promotion of changes to cell shape.'® Aberrant ONN
expression is associated with osteogenesis imperfecta, which is a congenital disease that can
lead to bone fragility and bone fractures.!® Osteopontin (OPN) is a late-stage osteogenic
differentiation marker, playing a key role in differentiation and bone mineralisation, matrix
deposition and resorption.*® Its role in OS is complicated, as reduced expression has been
linked to OS, whilst overexpression under hypoxia, also can trigger OS.*° OPN is also a

marker for metastasis in OS cells.1®°
3.1.2 Osteosarcoma cell lines

Different model systems are used to study OS, including patient derived xenograft (PDX)
models,*®! biomimetic and 3D models,*®? and animal models.*®® Immortalised OS cell lines
such as SAOS-2 and MG-63 are often used as model systems for osteoblasts and osteogenic
differentiation.'® This is because they possess some osteogenic markers and characteristics,
and they are fast-growing.'%® However, they bear major differences to healthy osteoblasts,
due to their invasive-cancer properties, their increased proliferation and their relatively
immature phenotype.'®® Whilst this presents limitations for studies of normal osteogenic
differentiation, they are invaluable for studies of the effect of differentiation therapy on OS,

as they are an unlimited resource, compared to cells freshly derived from a patient’s
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tumour.*®” Apart from the immortalised cancer cell lines, mesenchymal stem cells (MSCs)

were also used as a control group for healthy osteogenic differentiation, in early experiments.

MG-63 is an OS cancer cell line, isolated from a 14-year old's tumour, and established in
1977 by Billiau et al.1®® MG-63 is a fast proliferating, aggressive cancer, that resembles
poorly differentiated pre-osteoblast progenitors, more than mature osteocytes. RUNX2
expression is reduced in fast-proliferating cell lines, such as MG-63.1%° OSX expression in
MG-63 cells has been found to be significantly downregulated,*%* which further confirms
this poorly differentiated phenotype, and aberrant differentiation pathway. The cells also
express high levels of OPN, with OPN knockdown triggering programmed cell death.’°
SAOS-2 is an OS cell line that was isolated from a patient’s tumour and characterised by
Fogh et al. in 1975.1* It is an osteoblastic cell line, that presents a relatively mature
phenotype, and it is relatively slower growing in comparison to the faster growing MG-63.164
While RUNX2 is detected in low levels in MG-63 cells, it is expressed in high levels in the
more mature SAOS-2 cells.**® SAOS-2 cells also express intermediate levels of OPN,"2
and OSX,'”® making it a good model system for studying differentiation of more
differentiated OS.

3.1.3 Chemical stimulation of osteosarcoma cells

Overall, a lack of terminal differentiation is a hallmark of OS,> and while different
techniques have been employed, there is no gold standard, that has undisputedly been
employed in the differentiation and mineralisation of OS. The use of small molecules to
drive differentiation has been investigated in stem cell differentiation, as well as cancer cell
differentiation.!™® Benefits include typically lower molecular weights, favourable
pharmacokinetic properties, as well as defined chemical structures, standardised purity, and
usually more reproducible action, compared to biological factors.!” As discussed in chapter
one, numerous small molecules have been employed, with the aim to drive differentiation in
OS, with varying degrees of success. This includes different classes of small molecules,
including flavonoids,*** retinoids'?? and glucocorticoids.*® What will be referred to as
osteogenic medium (OGM) in this report, is a small molecule containing medium, that has
been extensively used in cell-based assays in literature, to induce osteogenic differentiation
of MSCs.176177 The small molecule cocktail contains ascorbic acid, B-glycerophosphate and
dexamethasone. Ascorbic acid induces osteogenic differentiation and mineralisation, by

increasing markers such as osteocalcin and alkaline phosphatase (ALP), and depositing
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collagen into the extracellular matrix.1”® B-Glycerophosphate promotes osteogenic
differentiation, nodule formation and osteocyte mineralisation,’® by acting as an inorganic
phosphate source for bone mineralisation.'®® Dexamethasone is a synthetic steroid, that
induces differentiation through the glucocorticoid signalling pathway, and enhances the
action of other components in the mixture.'® This OGM will be used to induce osteogenic
differentiation of MSCs and OS cells, through chemical stimulation. Identifying small

molecules that drive differentiation in OS cells is one of the main aims of this thesis.
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Figure 3.1: Osteogenic medium (OGM) contains ascorbic acid, -glycerophosphate and dexamethasone.

3.1.4 Mechanotranduction and mechanical stimulation in stem cells and

osteosarcoma

Mechanically modulating the cell environment is a promising strategy for driving
differentiation in MSCs. Mechanotransduction refers to the cells’ ability to sense changes in
their mechanical environment and transform that into a biological response, according to the
signal they receive.'8? Mechanotransduction also plays an important role in bone formation,
resorption, and regeneration. Injuries and sports are known to apply mechanical force onto
the bone, with literature reports of athletes not only showing increased muscle mass in their
predominant hand, but also an increased bone density.'® When mechanical force is applied
on bone, it can lead to changes in the microenvironment, activation of ROCK and FAK,

cytoskeleton reorganisation, and formation of focal adhesions.®*

There is a fine balance in tuning the microenvironment, with stiffness playing an important
role, as adipogenesis is promoted in soft surfaces, and osteogenesis is promoted in hard
surfaces.'® Controlling stem cell fate through mechanotransduction, to drive osteogenesis is
a widely researched topic with electrical, magnetic, and mechanical stimulation being
different approaches, to achieve that.!® Modulating the cellular environment using
biomaterials, is a further way to control the mechanical environment of the cells. Cao et al.

reported that a combination of electrical pulse stimulation on nanocomposites PLDA showed
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enhanced differentiation.’®” Hardy et al. also found that a combination of electrical
stimulation on biomaterials induced enhanced differentiation.'® Electrically stimulating
stem cells using polypyrrole based electrodes was reported to drive osteogenic
differentiation, when the signal provided was continuous.!®® Professor Adam Curtis
published seminal work on how altering surface topography and material properties can lead

to directing cell behaviour and stem cell fate,**°

with a later focus on nanotopography, and
the piezoelectric effect.’®! Dalby et al. employed lithography to compose nanotopographies,
to drive stem cell differentiation, and observed osteogenic differentiation.!®> Through RNA
sequencing studies, similarities between pathways involved in dexamethasone and

nanotopographies treatments were identified.

While harnessing effects of mechanotransduction to drive differentiation has proven
successful on MSCs, the same level of research has not been carried out on OS cells. Luu et
al. published a review, which focused on changes in the mechanical environment of 0S.1%
Most research carried out on the field has focused on how treatment alters the mechanical
environment, rather than directly mechanically stimulating the cancer cells. MG-63 cells,
which are less differentiated were reported to be smaller in size, with a more spindle-like
morphology, reduced matrix stiffness, fewer thick filaments, as well as a more disorganised
actin cytoskeleton, compared to MSCs and osteoblasts.*®* OS cells present changes in their
microenvironment that lead to aberrant mechanical properties, while the decreased stiffness,
and smaller size!®® are thought to be linked to OS’s invasive metastatic tendencies and poor
differentiation.' Singh et al. have previously studied the piezoelectric effect on MG-63
cells, but their focus was on bone viability, and the antimicrobial properties of the material,

rather than the induction of osteogenesis.®’

Nanokicking is a proprietary technique co-developed by Curtis, Dalby et al. at the University
of Glasgow, where MSC cells are stimulated with nanovibrations, to differentiate into
osteoblasts.'®® The reverse piezo actuator transforms the generated electronic signal into a
mechanical signal, which in turn induces a nanovibration.*** Both the frequency and the
amplitude of the vibration has been found to have a significant effect on the degree of
differentiation. Nikukar et al. reported that a frequency of 1000 Hz showed statistically
significant increase in osteogenesis, compared to 500 Hz, as this 1000 Hz frequency mimics
the bones’ natural frequency.'®® Different displacements have been tested, with Orapiriyakul
et al. reporting that a 90 nm displacement showed differentiation and inflammation, while

postulating that this inflammation was a contributor to the mineralisation.?®® Rho-associated
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kinase (ROCK) was found to be a main driver of osteogenesis via mechanical stimulation.
In the case of nanokicking, a ceramic material is used to harness the reverse piezo-electric
effect, and induce selective osteogenic differentiation of the cells, through mechanical
deformations. Tsimbouri et al. demonstrated in 2017 that 3D mineralised bone could
efficiently be produced from MSCs, by stimulating MSC cells on a nano-bioreactor, on a
collagen gel, without the need for additional growth factors.'®® This technique has great
potential for clinical applications for bone healing, whilst it is also scalable, doesn’t require
added osteogenic molecules or growth factors, and it is compatible with the typical cell
culture setup. 2% The nanovibrations apply mechanical stress to the stem cells, which in turn
induces differentiation through mechanotransduction. This was found to enhance
mineralised matrix formation, and an initial increase was observed for early markers ALP
and RUNX2, followed by a decrease after 21 days, where later marker osteocalcin was
expressed. The absence of additional osteogenic supplements might limit artifacts, that could
produce false positives in planned metabolomic experiments. Preliminary data on primary
OS cells indicate that NK affects gene expression, cell proliferation and metabolism of fast-

growing cancer cells. (Tsimbouri et al, manuscript in preparation)
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Figure 3.2: Nanokicking: MSCs are mechanically stimulated for 28 days using a nanokicker, to generate 1000

Hz, 30 nm nanodisplacements, and produce osteoblasts in vitro.

3.2 Aims and objectives

The aim of this chapter is to investigate whether OS cells can be driven to further
differentiation and maturation, by employing techniques known to drive osteogenesis in
MSCs. A small molecule cocktail containing B-glycerophosphate, dexamethasone and
ascorbic acid was employed as a means of chemical stimulation, as it is known to drive
differentiation and mineralisation in MSCs. Nanokicking was employed as a means of

mechanical stimulation. The aim was to observe the effect of mechanical vs chemical
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stimulation on the OS cells, compared to MSCs. Observing how the pre-existing degree of
differentiation of the cells affects the cells’ response to treatment was a further objective, so
MG-63 cells were used to represent poorly differentiated OS, and SAOS-2 cells were used
to represent more osteoblastic OS. A further objective was to assess whether osteogenic
conditions were cytotoxic to the cells, and what degree of differentiation could be achieved.

3.3. Materials and methods

3.3.1 Cell culture and differentiation conditions

Cells were cultured using protocols described in chapter 2. Osteogenic differentiation
medium contained basal medium, Dulbecco’s modified essential medium (DMEM) (Sigma)
supplemented with 5% Foetal Bovine Serum (FBS; Sigma), 1% (v/v) L-glutamine (200 mM,
Gibco) and 2% antibiotics (6.74 U/mL penicillin-streptomycin, 0.2 pg/mL fungizone)
(Sigma), supplemented with 200 uM ascorbic acid (Sigma-Aldrich), 100 nM dexamethasone
(Sigma-Aldrich), and 10 mM B-glycerophosphate (Sigma-Aldrich). Nanovibration (30-nm
displacement; 1000 Hz, using nanokickers) was applied to MSCs, SAOS-2 and MG-63, and

cells were cultured in their respective basal media.
3.3.2 Nanokicking bioreactor setup

A nanokicker was used, with the design described by Hodgkinson et al.1*! TC-treated 24-
well plates or 6-well plates were attached to a magnetic adhesive strip (NeoFlex Flexible
Neodymium Magnetic Sheet, 3M, MN, USA), that covered the whole cell-growth area. The
plate was then magnetically attached to the nanokicker. The nanokicker consists of an
aluminium block, which is layered with an array of multilayer piezo actuators (NAC2022,
Noliac A/S CTS, Denmark). On top of the piezo-array lays a ferromagnetic vibration top
plate, to which the cell culture plate is attached. The piezo array is connected to a signal
generator integrated circuit (AD9833, Analog Devices, MA, USA) to produce 1000-Hz
sinusoidal waves, which are amplified using custom audio amplifiers (TDA7293,
STMicroelectronics, Geneva, Switzerland). Monitoring of the nanokicker apparatus were
carried out by Dr Monica Tsimbouri using an accelerometer in-house. Laser interferometry
was used, in order to calibrate the nanokickers, to deliver 30 nm amplitude sine waves.
Calibrations were carried out at the University of Strathclyde by Dr Paul Campsie, using a

laser interferometric vibrometer (wavelength = 632.8 nm, CW power; 5mW; SI0S, Technik
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GmbH, Germany), which was connected to an oscilloscope (72-6800 model; Tenma, UK).2%

This set up produces 30 nm, 1000 Hz vertical, sinusoidal vibrations on the attached plates.

3.3.3 Differentiation experiments

Cells were cultured to approximately 70% confluency and detached using trypsin/EDTA
solution, before seeding. Cells were then centrifuged, and the cell concentration was
determined using a haemocytometer, and resuspensions with the appropriate density were
prepared in cell culture medium. Cells were seeded onto 24-well plates to allow attachment.
After 24-48 hours the appropriate samples were treated with osteogenic medium, or
nanovibrated. 4 experimental replicates were set up for each condition. For initial
experiments MG-63 cells were seeded at 1,000 cells/ cm?, and MSCs and SAOS-2 cells were
seeded at 2,000 cells cm?, for initial experiments. For subsequent experiments a seeding
density of 2,000 cells/cm? for MG-63 cells, and 4,000 cells/cm? was employed for SAOS-2
cells.

3.3.4 Alamar blue metabolic assay

Cell viability was assessed after 3 and 7 days (n=2 experimental replicates, n=2 analytical
replicates), by using the alamar blue assay, as was described in chapter 2. %Alamar reduction
was quantified against the untreated cell control for the individual cell line and timepoint,
using equation 3 from Bio-Rad.*°

3.3.5 Quantitative polymerase chain reaction with reverse transcription (qRT-PCR).

Cells were treated for 3 or 7 days, and lysed using appropriate amount of RLT buffer,
depending on well size. RNA, and cDNA were prepared, and gene levels were measured
using the protocol described in chapter 2. gRT-PCR reactions were carried out using 8 ng of
cDNA, in 20 pL reactions. Gene expression was quantified using the 2-*T method, by
comparing gene expression for the treated group against the untreated cell control group of

the same timepoint.146
3.3.6 Immunofluorescence

Immunofluorescence staining and imaging was carried out following the general protocol
described chapter 2. Cells were seeded, treated with NK or OGM, and fixed after 3 or 7 days.
RUNX2, OSX, ONN or OPN primary monoclonal bodies were used. Cells were imaged on
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EVOS M7000 microscope, at a 20x magnification. Images were processed using Imaris

Viewer.
3.3.7 In-cell western (ICW)

ICW staining was carried out following the protocol described in chapter 2. In brief, cells
were treated with control, NK or OGM, and fixed after 3 or 7 days. RUNX2, OSX, ONN or
OPN primary monoclonal antibodies were used. Following staining, samples were imaged
using the LICOR Odyssey SA, and protein expression was normalised to CellTag, and the

untreated control.
3.3.8 Flow cytometric cell cycle

Cells were seeded on 6-well plates, at a density of 2,000 cells/cm? for MG-63 cells, and
4,000 cells/cm? for SAOS-2 cells. Cells were allowed to attach overnight and treated after
two days, according to the previously described differentiation protocol. Cells were collected
after 3 and 7 days, and stained, using the flow cytometry protocol described in chapter 2.
For each condition 2 technical and 3 analytical replicates were used. Cell numbers were
normalised, to analyse uniform populations. Cell cycle analysis was carried out using FlowJo
software (Figure 3.3). First, gating was carried out to select single cell populations, by
plotting the forward scatter vs side scatter area and selecting the live population. A second
gating was carried out by looking at the FSCH vs FSCA, to select single cells, and exclude
dye artifacts and dimers. Populations to the upper right quadrant were unviable, cell debris,
dimers, and artifacts. The same gating was then applied to all cell populations, for different
conditions, to be able to compare representative comparable cell populations. Histograms
were then generated on the BL3-H channel, and the same thresholds were applied, to all
groups, to quantify the number of cells in the sub-G1, GO/G1, S and G2/M phase.
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Figure 3.3: Cell cycle analysis gating strategy included (i) Plotting SSC-A vs FSC-A, and selective the live cell
population. (ii) Plotting FSC-H vs FSC-A, to select the single cell population, and exclude dimers and artifacts.
(iii) Plotting histograms of DNA content, to quantify cells in the sub-G1, GO/G1, S and G2/M phase.

3.3.8 Statistical analysis

Statistical comparison was carried out for different treatments, against their untreated cell
control, using statistical tests described in chapter 2. For ICW and gPCR data a treatment’s
fold-expression of a specific gene of protein was measured against the untreated cell control
of the respective timepoint. Fold-expression was statistically compared to a control=1, using
the Mann-Whitney u-test for data that failed the Shapiro-Wilk normality test, or Welch’s
adjusted t-test for data that passed the Shapiro-Wilk normality test. For alamar blue data

treatments’ calculated alamar reduction was statistically compared to a control=100%.
3.4 Results and discussion

Nanokicking was employed as means of mechanical stimulation, and an osteogenic medium
(OGM) containing ascorbic acid, dexamethasone, and B-glycerophosphate was used as
means of chemical stimulation. MG-63 cells were used as an example of poorly
differentiated OS cells, SAOS-2 as an example of more mature OS cells, and MSCs were
included to study healthy osteogenic differentiation. Cell density is known to affect cell
growth, and cells’ response to differentiation.?%? Different cell densities were used for the
different cell lines, depending on their proliferation rate. Cell crowding can commit cells to
adipogenic differentiation, while nanotopographies that promote cell spreading and focal
adhesions, can commit cells to osteogenic differentiation.'®® For MSCs cells were seeded at
1,000-2,000 cells/cm?, SAOS-2 cells were grown at 2,000-4,000 cells/cm?. MSCs were
seeded at 4,000 cells/cm?. Variation in cell density was due to issues in cell growth in certain

instances and will be highlighted in respective experiments.
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3.4.1 MG-63 mechanical vs chemical stimulation

Cell morphology and viability

First, there was a need to establish whether the treatments were cytotoxic to the cancer cells.
Cell growth was assessed regularly via microscopy, during culture, as well as by Hoechst
nuclear staining, after 3 and 7 days. Cells were trypsinised and counted after 3 and 7 days,
with the limitation of a small number of technical replicates, of n=2. The cytoskeleton and
actin were visualised via phalloidin green staining. Viability was assessed via alamar blue,
which is a non-cytotoxic assay, where the reduction of the active ingredient, resazurin (blue)
to resorufin (pink), indicates the presence of metabolically active cells.?® The reduction of
Alamar blue was quantified relative to the untreated control group, so a reduction of less
than 100%, could indicate that growth is inhibited by the treatment. A reduction above 100%
would indicate that there are more metabolically active cells in the treatment group than the

control, which may translate to increased proliferation.

Cell density was not uniform across the whole growth area, but cells still had space to spread
at 3 days (Figure 3.4), and adjust to their environment, meaning they might be more receptive
to mechanotransduction effects. Cell numbers visibly appeared to be comparable for the
control, the nanokicked, and the osteogenic group, from the Hoescht staining, with some
cytoskeletal reorganisation observed, according to the phalloidin staining. Cell density
appeared to have a major effect on the cell structure. Cell counts of trypsinised samples
revealed similar numbers of collected cells, between the control and the treatments. Finally,
alamar blue indicated that the presence of metabolically active cells was very similar
between the control and the treatments, with very small deviation. A statistically significant
decrease in reduction of alamar in the NK group may suggest inhibition of cell growth, while
the statistically significant increase of alamar reduction in the OGM group, may suggest the
presence of more metabolically active cells. After 7 days confluent monolayers were formed,
with cell crowding observed, for all conditions, as seen by Hoechst nuclear staining. Some
differences in actin cytoskeletal organisation were observed again, but due to cell crowding,
the differences were not as evident. MG-63 cells are highly proliferative cancer cells, which
explains the rapid cell growth, and formation of confluent monolayers. From trypsinised cell
counts, comparable cell numbers were observed in the control and the OGM group after 7
days, while an increase was observed in the nanokicked group. Limitations include a lack of

cell detachment of all cells during trypsinisation, as well as a smaller sample number, which
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does not allow statistical observations. Alamar blue showed comparable reduction between
the control and the treatment after 7 days too, with a small, but a statistically significant
increase in reduction of alamar in the NK group, and a statistically significant decrease in
the OGM group. MG-63 cells are rapidly proliferating, with high cell numbers present after
3 days, and a confluent monolayer being formed within 7 days, in all conditions. All those
observations confirmed that the differentiation conditions were not cytotoxic, and cells were
still viable, which matches observations on stimulation of MSCs.'® Identifying conditions
that can drive differentiation on OS cells is the main aim of this project, so differentiation
was then assessed, via qPCR, immunofluorescence and ICW.
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Figure 3.4: Cell numbers during differentiation. 2,000 cells/cm? MG-63 cells were seeded, and then treated
after 2 days, with NK or OGM for 3, or 7 days. (A) Immunofluorescence staining showing cell numbers and
morphology: (N-1 biological replicate, N=8 experimental replicates) Cells were stained with Hoechst (blue)
and phalloidin (green) and imaged on EVOS at 20x magnification. Images processed on Imaris viewer. Scale
bars: 150 um for day 3, and 50 um for 7 days. (B) Trypsinised cell counts, after 3 and 7 days (N=1 biological
replicate, N=2 experimental replicates) (C) %Alamar reduction measured against individual untreated MG-
63 control, of day (i) 3 and day (ii) 7 timepoint respectively. Welch’s adjusted t-test was used to statistically
compare treatments’ alamar reduction vs control=100%. N=1 biological replicate, N=4 experimental
replicates, and N=3 analytical replicates each. (blank=ns=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001)
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Quantification of osteogenic genes via gPCR for MG-63 cells

Differentiation was first assessed via qPCR, where osteogenic potential was measured by
comparing osteogenic gene expression levels between the untreated control, and the
treatments. RUNX2 and OSX were chosen to screen differentiation conditions at first, due
to their role in regulating differentiation. While changes in OSX were measured, low

endogenous expression of OSX in MG-63 cells is a limitation,64

as to how representative
that increase would be. Experimental variability is a well-documented issue in molecular
biology, especially so in cancer cell lines.2%42% Superplots were used to assess variability
between biological replicates, and to assess statistical significance, following Lord et al.’s
described procedure.?® Data points of the same colour represent replicates from the same
experiment, while different coloured points represent different experiments. Variations in

numbers of replicates reflect sample limitations, RNA numbers, or technical issues.

After 3 days of nanokicking, a large, statistically significant decrease in RUNX2 was
observed, as well as a small decrease in OSX and ONN (Figure 3.5). For the OGM group,
a decrease in RUNX2 was observed after 3 days, and a statistically significant decrease of
OSX and ONN. Those findings would indicate a lack of differentiation, an early timepoint,
or earlier differentiation, under both mechanical and chemical stimulation. On the other
hand, after 7 days of nanokicking, a small upregulation of RUNX2 and OSX was observed,
and downregulation of ONN. This may indicate that mechanical stimulation drove earlier
differentiation, evident by the increase of osteogenesis regulators. Chemical stimulation also
appeared to drive differentiation after 7 days. A statistically significant upregulation of
RUNX2 gene expression indicates initiation of differentiation, while the observed
statistically significant increase in ONN indicates mineralisation. Variance was observed
between experiments, which may be due to biological heterogeneity, but some trends could
still be observed. Initial trends in differentiation were observed, so the panel of osteogenic
genes was expanded for a set of biological samples. Mechanical and chemical stimulation
both demonstrated differentiation after 7 days, with observed differences in the gene profiles,
while a day 3 timepoint seemed too early to observe differences. To confirm this finding
protein expression and localisation of osteogenic markers was assessed via

immunofluorescence.
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Figure 3.5: Gene fold-expression quantified by qPCR: MG-63 cells were seeded at a density of 1,000 cells/cm?,
treated with NK or OGM for 3 or 7 days. RUNX2, OSX and ONN gene levels were normalised against untreated
MG-63 D3 or D7 control. N numbers variable, but data from N=1-3 biological repeats. Mann Whitney u-test
was used to statistically compare treatments’ gene fold-expression vs untreated control=1 (p>0.05=ns=blank,
p<0.05=%*, p<0.01=** p<0.0001=****),

In order to further understand the osteogenic response of cells to the treatments, a deeper
analysis into a wider panel of osteogenic genes was carried out on a single dataset. A small,
yet statistically significant increase of COL1 was observed after 3 days of nanokicking
(Figure 3.6), which could indicate initiation of differentiation and mineralisation. No clear
discernible changes in COL1 levels were seen under chemical stimulation, or after 7 days of
mechanical stimulation. A small, but not statistically significant increase in alkaline
phosphatase (ALP) levels was observed for the nanokicked sample after 3 and 7 days, as
well as for the OGM group after 7 days. RUNX2, which is a key of osteogenesis, was
upregulated during chemical stimulation yet downregulated during mechanical stimulation.
ONN expression was not changed after 7 days. OPN expression was elevated after 7 days of
treatment, with NK treatment showing more of an increase than regulator OGM treatment,
with increase in OPN indicates later differentiation and mineralisation. Overall, though
changes in osteogenic genes were not statistically significant, they overall would show trends

in osteogenic differentiation, with limitations of biological variance.
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Figure 3.6: Gene fold-expression was quantified via qPCR: MG-63 cells were seeded at 2,000 cells/cm? and
treated after two days. Cells were nanokicked (NK) or treated with osteogenic medium (OGM) for 3 or 7 days.
COL1, ALP, RUNX2, ONN and OPN gene levels were normalised against untreated MG-63 D3 or D7 control.
N=1 biological replicate. N=3-4 experimental replicates, 2 analytical replicates. Mann Whitney u-test was
used to statistically compare treatments’ gene fold-expression vs untreated control=1 (blank=ns=p=>0.05,
*=p<0.05)

Visualisation and localisation of osteogenic proteins during differentiation

Immunofluorescence can provide valuable information on protein expression, cell
morphology, as well as the localisation of the protein,?®” which offers insights as to the
activity and function of the said protein. Cytoplasmic and perinuclear expression of RUNX2
was observed in MG-63 cells (Figure 3.7). Inhomogeneous protein expression was generally
observed, with pink arrows pointing to areas of increased protein expression. Higher levels
of RUNX2 are visible in the nanokicked group, compared to the control and the OGM group,
which is further indication of differentiation. In this specific instance OGM treatment did
not show increased RUNX2 expression. Protein expression was further quantified via the in-

cell western assay.
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Figure 3.7:Immunofluorescence staining: MG-63 cells were treated with nanokicking (NK), or OGM for 7
days. Nuclei were stained with Hoechst (blue), phalloidin (green), and RUNX2 (red), and imaged on EVOS at
20x magnification. Images processed on imartis viewer. Scale bars: 50 um. Yellow arrows point to areas of
decreased RUNX2 expression, and pink arrows point to areas of increased RUNX2 expression. N=1 biological

replicate, N=2 experimental replicates.

Low endogenous expression of OSX has been documented in literature for MG-63 cells,'®*
which was visually confirmed in this case via immunofluorescence. MG-63 cells present a
more fibroblastic, more poorly differentiated phenotype. OSX was found to be expressed in
a small number of cells (Figure 3.8). A small upregulation of OSX was observed for both
the nanokicked and the OGM treated samples (pink arrows), despite the abnormally low
expression of the protein (yellow arrows), compared to osteoblasts, and differentiating
MSCs. Only visual observations were made, as protein expression was later quantified via
ICW.
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Figure 3.8: Immunofluorescence staining: MG-63 cells were treated with nanokicking (NK), or OGM for 7
days. Nuclei were stained with Hoechst (blue), phalloidin (green), and OSX (red), and imaged on EVOS at 20x
magnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of
decreased OSX expression, and pink arrows point to areas of increased OSX expression. N=1 biological

replicate, N=2 experimental replicates.

While OSX expression was very low for MG-63 cells, osteonectin (ONN) which is a later
differentiation/mineralisation marker appeared to be more abundant (Figure 3.9). ONN
presented perinuclear localisation, as was observed for RUNX2, with some heterogeneity in
cell populations. Cells that were nanokicked appeared to show higher expression of ONN.
Treatment with osteogenic medium seemed to show enhanced expression of the matricellular
protein, with areas of higher cluster formation showing upregulated ONN. Overall, both
mechanical and chemical stimulation appeared to drive differentiation, as seen by the

increase of this late mineralisation marker.
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Figure 3.9: Immunofluorescence staining: MG-63 cells were treated with nanokicking (NK), or OGM for 7
days. Nuclei were stained with Hoechst (blue), phalloidin (green), and ONN (red), and imaged on EVOS at
20x magnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of
decreased ONN expression, and pink arrows point to areas of increased ONN expression. N=1 biological

replicate, N=2 experimental replicates.

As previously discussed, osteopontin (OPN) is a matricellular protein, that is overexpressed
in MG-63 cells.)® Upregulation of OPN is also an indicator of later osteogenic
differentiation in MSCs and in OS cells.*® OPN expression was found to be cytoplasmic,
and in a smaller number of cells perinuclear (Figure 3.10). Areas of cluster formation showed
increased OPN expression. Overall, some increase in osteogenic markers could be observed
visually for mechanical and chemical stimulation, but the protein expression was later

quantified via in-cell western (ICW).
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Figure 3.10: Immunofluorescence staining: MG-63 cells were treated with nanokicking (NK), or OGM for 7
days. Nuclei were stained with Hoechst (blue), phalloidin (green), and ONN (red), and imaged on EVOS at
20x magnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of
decreased OPN expression, and pink arrows point to areas of increased OPN expression. N=1 biological

replicate, N=2 experimental replicates.

Overall, perinuclear, and diffuse cytoplasmic localisation was observed for the different
osteogenic proteins, in MG-63 cells. RUNX2 was found to be abundant both in treated and
untreated MG-63 cells. OSX expression was found to be very low, and below limits of
detection for this technique in some areas. The matricellular proteins ONN, and OPN were
found to be more highly expressed in areas of cluster formation, with an indication of some
increase from treatments. Inhomogeneous expression of osteogenic markers was identified
in the samples, which has previously been described for different OS cells, including MG-
63.7° This variation is a common characteristic of the bone cancer cells but may also be an
indication that while further differentiation may have been induced, it was not terminal.
Nonetheless, the analysis was mostly qualitative, and hence protein expression was then

quantified via a quantitative immunofluorescence technique, called in-cell western (ICW).
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Quantification of osteogenic markers during differentiation

To study protein expression, in-cell western (ICW) was used, which is a quantitative
immunofluorescence technique, used to study protein expression.?® The IR dyes were
previously described in literature to show decreased background fluorescence, allowing for
more accurate quantification of the protein.?®® Values were normalised against cellTag,
which is a fluorescent dye, that is used to measure the number of cells. RUNX2 and OSX
are indicators of earlier differentiation, with ONN and OPN being included to measure later
differentiation, and mineralisation. Data from two separate experiments was plotted, with
different shape symbols and colours denoting different experiments. After 3 days the
nanokicked group did not show an increase in osteogenic markers, with a statistically
significant decrease in ONN being observed (Figure 3.11). This lack of differentiation is in
line with the gPCR data, that also demonstrated that perhaps a day 3 timepoint might be too
early to see a significant osteogenic response. Cells treated with osteogenic medium (OGM)
however showed an increase in OSX and OPN after 3 days, which was not statistically

significant, but could indicate cells undergoing differentiation.

47



w
1
w
]

(i) (ii)

N
1
>

s IS
> |
l>—|>+>
H }
P

o

o

_|;
P 1>
1S
21
T
N
Relative OSX fold-expression
- N
1
]
-
Q | |—>—'f
>
-
-
i >
Q
T
s

Relative RUNX2 fold-expression

c c
Q 349 © 37
1] 2]
[%] %]
2 2
o . Q A
(iii) 3 5 (iv) 5 o
o o
i) S i *
Z, 1 ctrl=1 g, 1 TL ctri=1
o Af I o —_{ T
g A* () A
= E A E
i) ©
o 0 T T T T @0
o ¥ T T T T
4] () A A () 5 A A
Q Q Q Q Q Q Q Q
SO S e

Figure 3.11: ICW analysis of protein fold-expression: MG-63 cells were seeded at 1,000 cells/cm? (square
symbols) or 2,000 cells/cm? (triangle symbols) and after 2 days were nanokicked (NK) or treated with
osteogenic medium (OGM). Protein fold-expression for (i) RUNX2, (ii) OSX, (iii) ONN and (iv) OPN was
quantified against untreated D3 or D7 MG-63 control, via ICW. Welch s adjusted t-test was used to statistically
compare treatments’ protein fold-expression vs control=1. (p>0.05=blank=ns, p<0.05=*). N=1-2 hiological

replicates. N=4 experimental replicates.

After 7 days of nanokicking an increase in RUNX2 and a more visible increase in OPN was
observed, which shows a trend of nanokicking driving osteogenic differentiation. The g°PCR
findings and the ICW findings corroborate that mechanical stimulation can induce
differentiation in the highly proliferative, and poorly differentiated MG-63 cells. It is also
noteworthy that albeit being poorly differentiated, MG-63 cells already express some
osteogenic markers. Osteogenic medium was used as a positive control of differentiation, so
there are more replicates, compared to other conditions. Cells treated with osteogenic
medium for 7 days, showed a statistically significant upregulation of RUNX2, and a
statistically significant increase in OSX, ONN, and OPN, which would also be consistent
with osteogenic differentiation. Moreover, both the gene and protein data for the nanokicked
and the osteogenic group, showed some statistically significant increase in osteogenic genes,

and markers respectively. This would strongly suggest that differentiation occurred in MG-
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63 cells both under chemical and mechanical stimulation after 7 days, albeit at different rates,

as seen by the different marker profiles.
Cell cycle distribution during differentiation

Cell cycle analysis was carried out for the control and the treatments, by measuring DNA
content, via flow cytometry, using a propidium iodide (PI), intercalating, fluorescent dye.?'°
First, the gating strategy described in section 3.3.8 was employed, to ensure single cell
analysis, and exclude dimers, and debris. Histograms were arranged by DNA content.
Analysis revealed that for the untreated control group 73.88% of cells were in the GO/G1
phase, 6.58% of cells were in the S phase, and 8.85% of cells were in the G2/M phase (Figure
3.12). The portion of cells in the GO/G1 phase demonstrates the osteoblastic commitment of
the cells, which is within reason of the partial differentiation of the cancer cells. Overlapping
histograms for the control, the nanokicked and the osteogenic group showed a shift in GO/G1
phase in the treatment groups compared to the control. The shift was more significant for the
osteogenic group. Moreover, more cells were in the G1, G2 phases and fewer cells were in
the S phase compared to the untreated control group, indicating fewer cells undergoing DNA
synthesis. Lengthening of the GO/G1 phase, as well as an increase of cells in that phase is a
sign of commitment to differentiation. A small increase of cells in the G2 was also observed,
which typically indicates stemness. A small increase of cells in G1 phase was observed in
the NK and OGM treated group, but the increase was not statistically significant. According
to Mubhr et al, a lengthening of the G1 phase, as well as an increase of portion of cells in the

G1 phase may indicate stem cells differentiating.'!
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Figure 3.12: Flow cell cycle distribution: (i) BL3-H histograms assessed cycle distribution of NK and OGM
treated MG-63 cells after 7 days. (ii) Table showing cell cycle distribution for control and treatments. (iii)
Graph showing cell cycle distribution. Welch’s adjusted t-test revealed no statistical significance. N=1

biological replicate, N=2 experimental replicates, N=3 analytical replicates.

3.4.2 The effect of mechanical vs chemical stimulation on SAOS-2 cells

Cell morphology and viability

SAOS-2 cells are more osteoblastic, further differentiated OS cells,'®* compared to the more
poorly differentiated MG-63 cells. Similar assays used for MG-63 cells were used for SAOS-
2 cells, with viability being assessed via Alamar blue. Microscopic observations were also
made, where within each well there was a level of variability, in terms of confluence (Figure
3.13). Observations after 7 days were made by studying the cell numbers, and morphology,
via HOESCHT DNA staining, and phalloidin actin staining, respectively. Extensive cell
death occurred in the cells that were treated with osteogenic medium, as observed
microscopically (iii). A statistically significant decrease in metabolically active cells was
observed, according to the alamar blue assay, confirming that OGM reduced metabolic
activity (iv). This degree of cell death was not previously observed in MG-63 cells, with the
differing response. For the nanokicked group, cell numbers were comparable between the
treated group (ii) and the untreated control (i), while statistically significant decrease in
metabolic activity was observed (iv). While the treatment may have slowed proliferation,

cell death was not as significant as for the OGM group.
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Figure 3.13: SAOS-2 cell numbers assessed by fluorescent imaging: Cells were treated with NK or OGM for
7 days. Hoechst stained the nuclei (blue), and phalloidin (green) stained the cytoskeleton. (i)control, (ii)NK,
(iii)OGM, Scale bars=50 um. (iv) Alamar blue used to quantify metabolic activity in NK and OGM treated
cells after 7 days, against untreated SAOS-2 D7 control. N=1 biological replicate, N=4 experimental
replicates, N=3 analytical replicates of each technical. Mann Whitney u test was used to statistically compare

treatments’ alamar reduction vs untreated control=100% (****=p<0.0001).

Quantification of osteogenic genes via gPCR for SAOS-2 cells

Differentiation was assessed in the more osteoblastic SAOS-2 cells using the assays
previously described in section 3.4.1. Gene expression for different biological replicates was
compared using previously described superplots.?® RUNX2 increase was found to be
statistically significant for the nanokicked and osteogenic groups after 7 days, with no
statistically significant increase being observed after 3 days (Figure 3.14). It is important to
note that cell numbers, and consequently RNA levels were low for the osteogenic group, so
extensive analyses were not carried out for SAOS-2. Fold-expression was increased for
RUNX2 for the nanokicked and the osteogenic group for different replicates, but there was
variation, as to the degree of increase. The increase in RUNX2, and to a lesser degree

increase in OSX and ONN, would indicate that differentiation occurred in the SAOS-2 cells,
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both under mechanical and chemical stimulation. This observation was further verified using

ICW analysis.
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Figure 3.14: Gene fold-expression assessed by qPCR: SAOS-2 cells were seeded at a density of 1,000 cells/cm?,
treated with NK or OGM for 3 or 7 days. (i) RUNX2, (ii) OSX and (iii) ONN fold-expression was quantified
against the untreated SAOS-2 D3 or D7 control. . Different colours signify data points from different biological
repeats. N numbers variable. N=1-4 biological repeats. Mann Whitney u test used to statistically compare

treatments’ protein gene-expression vs control=1 (p>0.05=ns=blank, p<0.05=*, p<0.01=**),

To assess the degree of differentiation, a panel of osteogenic genes were used. As previously
observed, 3 days of nanokicking appeared to be insufficient for inducing differentiation in
SAOS-2 (Figure 3.15). COL1 was found to be the most upregulated gene after 7 days of
nanokicking, which is an indication of collagen production, and early differentiation. ALP
and RUNX2 levels were also increased, which would further corroborate earlier
differentiation, with RUNX2 upregulation also being shown on Figure 3.14. No clear
changes were observed in OSX and ONN expression. Overall, some trends in osteogenic
genes could be observed after a week of mechanical stimulation, albeit not being statistically
significant. Differentiation was further assessed by studying protein expression and

localisation via immunofluorescence, while protein expression was later quantified ICW.
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Figure 3.15: Gene fold-expression assessed by qPCR: 4,000 cells/cm? SAOS-2 cells were seeded and then
treated with NK for 3 or 7 days. Relative fold-expression of COL1, ALP, RUNX2, OSX and ONN was quantified
against the untreated SAOS-2 D3 or D7 control. N=1 biological replicate, N=3 experimental replicates Mann
Whitney u test was used to statistically compare treatments’ gene fold-expression vs control=1. No statistical

significance observed.

Visualisation and localisation of osteogenic proteins on SAOS-2 cells

Immunofluorescence was used to study osteogenic protein expression and localisation in
mechanically stimulated SAOS-2 cells. Varying levels of RUNX2 were observed both in the
control and the nanokicked group (Figure 3.16), which would indicate cells within the
population are differentiated to varying degrees. Areas of higher density, and particularly
clusters appeared to express higher protein levels, which was a common observation in MG-
63 cells too. RUNX2 was found to be localised in the nucleus, which is in line with SAOS-
2 cells being more mature and expressing RUNX2 already. Cells within the population
expressed varying levels of RUNX2, which would indicate they were undergoing
differentiation. As previously discussed, RUNX2 localisation was found to be perinuclear in
most cells for MG-63. This difference between the two cell lines is interesting, as this is
another indication of the degree of differentiation of the cells dictating the cell behaviour,
and response to chemical and mechanical stimulation. SAOS-2 cells being further
differentiated and already expressing higher levels of RUNX2, would account for the
localisation that was not present in the MG-63 cells.

53



SAOS-2 Control D7

DNA

RUNX2

DNA

RUNX2

Figure 3.16: Immunofluorescence staining: SAOS-2 cells were treated with nanokicking (NK) for 7 days.
Nuclei were stained with Hoechst (blue), phalloidin (green), and RUNX2 (red), and imaged on EVOS at 20x
magnification. Images processed on Imaris viewer. Scale bars: 50 pum. Yellow arrows point to areas of
decreased RUNX2 expression, and pink arrows point to areas of increased RUNX2 expression. N=1 biological

replicate, N=2 experimental replicates
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SAOQOS-2 cells displayed nuclear localisation of the osteogenic regulator OSX, with some cell
populations expressing higher levels of OSX (pink arrows), and some expressing lower OSX
levels (yellow arrows) (Figure 3.17). Nuclear translocation of OSX has previously been
described during early differentiation in healthy cells, 2*2 with this localisation further
highlighting the cells’ more mature phenotype. Immunofluorescence was used as a
qualitative tool, and protein expression was later quantified via ICW, though certain areas

of increased protein levels were evident, as indicated by the pink arrows.
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Figure 3.17: Immunofluorescence staining: SAOS-2 cells were treated with nanokicking (NK) for 7 days.
Nuclei were stained with Hoechst (blue), phalloidin (green), and OSX (red), and imaged on EVOS at 20x
magpnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of

decreased OSX expression, and pink arrows point to areas of increased OSX expression. N=1 biological

replicate, N=2 experimental replicates
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ONN was found to display perinuclear localisation in SAOS-2 cells (Figure 3.18), as was
observed for MG-63 cells, with heterogeneous protein labelling. Nuclear polymorphism was
evident. Areas of higher density, and cluster formation presented increased levels of ONN,
which was more evident in the control group, but was also previously observed in MG-63
cells. Expression of ONN was higher in the control in this instance, compared to the

nanokicked group, which may be attributed to the increased cluster formation.
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Figure 3.18: Immunofluorescence staining: SAOS-2 cells were treated with nanokicking (NK) for 7 days: Cells
were stained with Hoechst (blue), phalloidin (green), and ONN (red), and imaged on EVOS at 20x
magpnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of

decreased ONN expression, and pink arrows point to areas of increased ONN expression. N=1 biological

replicate, N=2 experimental replicates
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OPN was not as highly expressed, with nuclear localisation observed for some cells, while
for others, both perinuclear, and cytoplasmic expression was also observed (Figure 3.19).
Nanokicking appeared to also have an effect on cell morphology, with cells that expressed
higher levels of OPN, appearing to have more rounded morphology, as seen by the actin
cytoskeleton organisation. Moreover, clusters of cells appeared to also express increased
levels of osteopontin, which further highlights that through “macromolecular interactions”

cell to cell contact may induce increased mineralisation, even in the absence of treatment.?'®
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Figure 3.19: Immunofluorescence staining: SAOS-2 cells were treated with nanokicking (NK) for 7 days. Cells
were stained with Hoechst (blue), phalloidin (green), and OPN (red), and imaged on EVOS at 20x
magpnification. Images processed on Imaris viewer. Scale bars: 50 um. Yellow arrows point to areas of

decreased OPN expression, and pink arrows point to areas of increased OPN expression. N=1 biological

replicate. N=2 experimental replicates.
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Quantification of osteogenic markers during differentiation

Nanokicking for 7 days led to statistically significant upregulation of RUNX2, and OPN
(Figure 3.20). Given RUNX2 is a regulator of osteogenesis, the increase in RUNX2, could
facilitate the downstream expression of more mature markers, ¢ such as osteopontin (OPN),
in this instance. No statistically significant changes were observed for OSX and ONN. On
the other hand, RUNX2, OSX and OPN were downregulated, when SAOS-2 cells were
nanovibrated for 3 days, indicating that it may be too early to study differentiation.
Treatment with OGM for 7 days led to a non-statistically significant increase of RUNX2,
and OSX, with further studies not including OGM treatment, due to cell death. Both SAOS-
2 cells and MG-63 cells showed enhanced differentiation after 7 days, when they were
mechanically stimulated. Cells showed limited differentiation after 3 days, as previously

observed.
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Figure 3.20: ICW analysis of protein expression: SAOS-2 cells were seeded at 2,000 cells/cm? (triangle), or
4,000 cells/cm? (square). Cells were treated with OGM or nanokicked (NK) for 3 or 7 days, and protein fold-
expression was quantified against untreated SAOS-2 D3 or D7 control, via ICW. RUNX2, OSX, ONN and OPN
levels were normalised against cell tag, followed by normalisation against the untreated D3 or D7 SAQS-2
control. (n=1 biological replicate, n=4 experimental replicates), Mann Whitney u test used to statistically

compare treatments’ protein fold-expression vs control=1. (p>0.05=ns=blank, p<0.05=*, p<0.01=*%*).
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Cell cycle analysis

Cell cycle analysis was carried out to study the effect of nanokicking and the osteogenic
medium, on the cell cycle distribution. The same gating strategy that was described for MG-
63 cells was employed on the SAOS-2 cells. In the untreated, control cells 64% of cells were
in the GO/G1 phase, 6.5% of cells were in the S phase and 5.99% of cells were in the G2/M
phase (Figure 3.21). Moreover, 18% of cells were in the sub-G1 phase, which may
correspond to unstained apoptotic fragments, which contain smaller DNA fragments.?
Some dead cells were visually observed in cell culture, which matches with this result.
Overall, most of the cells were in the GO/G1 phase, which is expected for SAOS-2 cells,
given they are further differentiated, and have committed to the osteogenic pathway, though
cells are not terminally differentiated. For the nanokicked group there was a statistically
significant increase of cells in the G1 phase, while there was a smaller portion of cells in the
G2/M and the S phase. GO/G1 phase also appeared during nanokicking treatment, which is
in agreement with increase in osteogenic gene and protein expression, previously described.
The lengthening of the G1 phase and increase of cells in that phase of the cell cycle was also
observed in MG-63 cells, which shows a degree of agreement between cell lines, in this
aspect. For the osteogenic medium group, which corresponds to the H10 orange peak on the
histogram, all cells were located in the sub-G1 region. Apoptotic cells contain smaller
fragments of DNA, and hence will appear earlier on the plot, indicating less stained
content.?** This was further evidence of the extensive cell death that was observed for this
treatment for the SAOS-2 cells. In the future carrying out Annexin V and caspase-3 staining,

would confirm that cells were truly apoptotic.
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3.4.3 The effect of mechanical vs chemical stimulation on MSCs

MSC differentiation was studied alongside OS cell differentiation, to study the effect on
healthy cells. Promo MSC cells were used, which are sourced from different donors, and
donor variation can lead to variability from batch to batch.?*>2'® Faster proliferating MSCs
present reduced differentiation potential. First, differentiation was observed by studying
gene expression. After 3 days there was a statistically significant decrease in OSX, and a
small increase in RUNX2, in the osteogenic medium (Figure 3.22, A). RUNX2 and OSX
were upregulated after a week in the osteogenic medium, which would indicate that
differentiation was occurring, despite the lack of statistical significance. For the nanokicked
group an increase in RUNX2 was observed after 3 days, which would indicate differentiation
occurred earlier. However, a decrease in OSX was seen at both timepoints, with the
limitation of fewer replicates to give the full picture. Both mechanical and chemical
stimulation appeared to drive differentiation, but at different rates. Protein expression was
also studied, to verify whether differentiation was occurring, via in-cell western (B). No
statistically significant increase in RUNX2 or OSX was observed for either condition after
3 or 7 days. This provides no meaningful insights into the differentiation of MSCs, but it
could either indicate a lack of differentiation or a need to expand the panel of osteogenic

proteins, to reflect the differentiation stage. The increase in the osteogenic genes that was
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previously described indicated that differentiation had occurred overall, but in the future
expanding gene and protein panels would provide more information on the cell behaviour.
Further tests were not run, as previous research in the group has widely explored osteogenic
differentiation of MSCs when nanokicked. 9819920201 Qyerall MSCs were included
alongside OS cell lines, to study differentiation. preliminary data was collected, that
indicated differentiation. Prior research on the effect of nanokicking and the osteogenic
medium on MSCs had shown that differentiation occurred, but lengthier differentiation

protocols were used, to achieve maturity and mineralisation.
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Figure 3.22: MSC osteogenesis assessed via (A) qPCR and (B) ICW: (A) Gene fold-expression of (i) RUNX2
and (ii) OSX normalised against untreated D3 or D7 MG-63 control for nanokicked (NK) and osteogenic
medium (OGM) group, after 3 and 7 days. Protein expression of (i) RUNX2 fold expression, (ii) OSX fold
expression. Mann Whitney u-test was used to statistically compare treatments’ gene or protein fold-expression

vs control=1, and showed no statistically significant changes between control and treatments.

3.5 General discussion

Known differentiation conditions for MSC osteogenesis were tested on OS cells. The aim
was to observe the effect of mechanical vs chemical stimulation, and whether both
conditions can drive differentiation. MG-63 cells represented a more undifferentiated, highly
proliferative OS cell line. SAOS-2 cells represented a more differentiated, slower
proliferating cell line. MSCs were used to study the response of differentiation conditions

on healthy cells, compared to the cancerous cell lines. It was exciting to see that both
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chemical and mechanical stimulation promoted differentiation, despite differences in protein

expression patterns.

First, it was observed that nanokicking promoted a small decrease in metabolic activity for
MG-63 and SAOS-2 cells, though cells still divided rapidly, given their cancerous
phenotype. Some initial observation of changed cell morphology would translate to cells
adapting to changes in their mechanical environment, though mechanical properties would
need to be studied in the future. The cells’ degree of differentiation clearly has some bearing

on cellular morphology, as would be expected.

Research into OS and mechanotransduction has shown greater focus on characterisation of
mechanical properties, rather than directly mechanically stimulating the cancer cells.
Nagayama et al. observed that during differentiation of SAOS-2 cells, using a small
molecule cocktail, mechanical changes occurred, including nuclear shrinkage and
stiffening.?” Rounding of nuclei, actin stress fibres, and nuclei was observed for the
differentiated group, while they reported a plateau in Alizarin production, after 20 days.
Griffin et al. electrically stimulated SAOS-2 cells for 28 hours, and observed enhanced
differentiation and mineralisation, without increased proliferation.?'® making it a promising
approach for mechanically inducing osteogenesis in cancer cells. Interested in how external
mechanical stimulation alters the mechanical environment of the OS cells, Alloisio et al.
applied 1 Hz cyclic stretch stimulation to SAOS-2 cells for 24 hours.?!® They reported that
while there were changes in the mechanical environment, no differentiation was apparent
after 24 hours, though one should consider that this is an early timepoint. While this study
was the closest identified to the scope of this project, direct comparison could not be drawn,
given the differences in length of treatment, as well as difference in stimulus. Choi et al. also
used compression stimulation HA/PLGA scaffolds, on MG-63 cells, but did not make
observations on differentiation and mineralisation.??° Chen, Jeng et al. applied cyclic stretch
stimulation (15% elongation, 0.5 Hz) to MG-63 cells, and reported apoptotic effects, due to
the increased mechanical loading.??* It is interesting to see how different sources of
mechanical stimulation significantly affect cell response, as cyclic stretch stimulation had
apoptotic effects on OS cells, while nanokicking did not present apoptotic effects. Wang,
Kingshott et al. reported that culturing OS cells on substrates with nanotopography patterns
can improve cell attachment and increase differentiation.??? Mechanical stimulation
appeared to induce changes in integrins in OS cells,??® while FAK was also found to play an

important role in mechanotransduction of OS cells.??* It would be interesting to carry out
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characterisation of mechanical properties of OS cells, during nanokicking, to observe what
pathways may govern mechanotransduction. Instead, the focus on this thesis was to
characterise differentiation of OS cells under the different stimuli, to better understand cell

behaviour, and later identify small molecules that could promote osteogenesis.

MG-63 cells showed no significant alterations in viability when treated with OGM, while
extensive cell death was observed in SAOS-2 cells, though differentiation had also been
previously seen in some biological replicates. Osteogenic medium cocktails containing -
glycerophosphate, ascorbic acid and dexamethasone are typically used to drive
differentiation in MSCs.11"” Use of the same conditions in OS cells is more complicated,
with different cell lines showing differing response, based on their phenotype. While MG-
63 cells showed few alterations in cell growth after 7 day of treatment, cell death and/or
differentiation was observed in the more osteoblastic SAOS-2 cells. Yevlashevskaya et al.
reported that osteogenic medium can drive differentiation in MG-63, while for the further
differentiated SAOS-2 cells they reported apoptosis.??® This was in line with observations
that were made in the OGM group after 7 days of treatment for both cell lines. MG-63 cells
remained viable and differentiated, while SAOS-2 presented reduced metabolic activity,
though differentiation was observed in remaining viable cells. Orimo et al. also observed
that the use of inorganic phosphate could drive differentiation in SAOS-2 cells, which was
also accompanied by observations of cell death.??® Cmoch et al. also reported that medium
supplementation with B-glycerophosphate and ascorbic acid drove apoptosis in SAOS-2
cells. This literature behaviour of differentiation, and apoptosis in OGM treated SAOS-2
cells matched findings of extended cell death under those conditions. While OGM treatment
drove extensive cell death in SAOS-2 cells, mechanical stimulation did not show the same
effect, with a small decrease proliferation observed in NK stimulated cells, with cells still

appearing viable.

Distinct cell morphologies, protein expression profiles, and localisation for the different
cancer cell lines were observed from immunofluorescence. Nuclear polymorphism was more
evident in SAOS-2 cells, compared to MG-63 cells, with more variation in nuclear size,
shape, as well as cells within the population presenting abnormally enlarged nuclei. A link
has been reported between nuclei sizes and patient outcomes in 0S.2%” Worse prognosis was
observed in patients that present smaller cell morphology, as they were more likely to present
chemoresistance. According to fluorescent staining SAOS-2 cells, which are further

differentiated present larger nuclei compared to MG-63 cells, which are less differentiated,
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with smaller nuclei and a more spindle-like elongated cell morphology. The degree of

differentiation clearly has some bearing on cellular morphology.

Overall RUNX2 and OSX were abundant in SAOS-2, with nuclear localisation of both
proteins, which indicate active expression. Tai et al. used GFP-OSX, to study OSX
localisation during differentiation, and reported that during early differentiation OSX was
located in the cytoplasm, and after 7 days of treatment, OSX translocated to the nucleus.?*?
MG-63 cells did not show this localisation pattern or high expression of OSX, which is both
reported in literature, and can be explained by the cell line’s “immature” phenotype,
compared to the SAOS-2 more osteoblastic phenotype. Perinuclear localisation of
matricellular proteins ONN and OPN was observed for both cell lines. Cell clusters tended
to display higher levels of osteogenic proteins, which may be linked to macromolecular

interactions, and increased mineralisation.??

Nanokicking MG-63 cells drove an increase in RUNX2 gene expression after 7 days, as well
as an increase in RUNX2, OSX and OPN protein expression, which would strongly
differentiation. The osteogenic medium drove an increase in RUNX2, OSX and OPN gene
expression, as well as an increase in OSX, ONN and OPN protein expression, which indicate
further differentiation. Earlier osteogenic genes such as RUNX2 and ALP were found to be
upregulated after 7 days of mechanical stimulation, with some overall trends being observed
for differentiation, but not statistical significance. RUNX2 and OPN protein levels were also
found to be upregulated after 7 days of treatment, though changes were not statistically
significant. Chemical stimulation also drove differentiation after 7 days of treatment, with
statistically significant increase in gene expression of RUNX2 and ONN, and trends showing
increase in ALP and OPN. This indicated further differentiation from chemical compared to
mechanical stimulation. Flow cytometric propidium iodide-based cell cycle analysis showed
an increase of cells in the GO/G1 phase and G2/M phase, from mechanical and chemical
stimulation, though changes were not significant. Overall, despite the lack of statistical
significance in some instances, the different assays strongly indicated that the MG-63 cells

can be pushed to further differentiated from chemical and mechanical stimulation.

For SAOS-2 cells RUNX2 gene levels were found to be upregulated after 7 days of chemical
and mechanical stimulation, while OSX was also upregulated for the OGM treated sample.
COL1, ALP, RUNX2 were also upregulated after nanokicking for 7 days, though changes
were not statistically significant. The nuclear localisation of RUNX2 and OSX reflect the

more mature phenotype of SAOS-2 cells, compared to MG-63. A statistically significant
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increase of RUNX2 and OPN after 7 days of nanokicking strongly suggested that mechanical
stimulation drove differentiation, while a smaller increase of RUNX2 and OSX was
observed for OGM treatment. SAOS-2 cells appeared to respond more consistently to
mechanical stimulation compared to MG-63 cells, showing that cell phenotype can affect
cell response to osteogenesis. Cell cycle analysis also showed that there were more cells in
the GO/G1 phase from nanokicking compared to the control, while osteogenic group was

localised in the sub-G1 region, which is an indicator of apoptosis.?**

Overall, mechanical and chemical stimulation both appeared to drive differentiation in MG-
63 cells. For SAOS-2 cells mechanical stimulation led to enhanced osteogenesis, but
chemical stimulation led to decrease in metabolic activity. Mechanically modulating the
environment is a promising approach for promoting osteogenic differentiation in OS cells,

with limited previous information on the osteogenic response identified.

3.6 Conclusions

Nanokicking and osteogenic medium treatment did not appear to alter cell proliferation and
viability in MG-63 cells, while some changes in cell morphology could be observed. For
SAOS-2 cells, differing response was observed to the stimuli. While OGM led to decrease
in metabolic activity, and fewer cell numbers in SAOS-2 cells, mechanical stimulation did
not induce cytotoxicity. Increase in osteogenic genes and proteins would strongly suggest
that the nanokicking induced differentiation, which was an exciting finding. 3 days of
treatment appeared to be insufficient to drive osteogenic differentiation, for the different cell
lines, and the different treatments, which led to future studies focusing on 7-day
differentiation protocols. Given promising initial results, the next aim was to identify small
molecules that can drive differentiation in the OS cells. To do this, metabolomic analysis
was carried out, to identify metabolites that are involved in differentiation, as well as

predicted changes in metabolite compositions, and pathways (chapter 4).

3.7 Future work

Future work may involve comparison studies in 2D cultures, 3D cultures, and spheroids, to
better understand cell response to mechanical stimuli. Collecting more information on
mechanical markers, and applying further methodologies for studying mechanotransduction
of MSCs, on OS cell lines would be beneficial. Studying signalling pathways such as the
FAK and ROCK pathway, and mechanical markers, such as piezo-1 would be beneficial.
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Obtaining further information on integrins, and YAP/TAZ localisation can provide further
information on how cells adapt to changes in their mechanical environment. To further
assess changes in the mechanical environment, AFM, can be employed to obtain information
on structure. Vinculin and talin could provide information on focal adhesion formation,
while integrins can provide valuable information. Overall further information on changes in
the mechanical environment and effects of mechanotransduction on OS cells, would provide

a deeper understanding of differentiation, and cell response.
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Chapter 4: Effects of chemical vs
mechanical stimulation on OS cell

metabolism

4.1 Introduction

4.1.1 Cancer cell metabolism

Cancer cells exhibit unique traits, that support their uncontrolled growth, and tumour
formation, including increased levels of oncogenes, reduced function and/or mutations of
tumour suppressor genes, and metabolic alterations.”* Rapid-growing cancer cells present
increased energy demands, which they support by using alternative metabolic pathways,
including aerobic glycolysis, fatty acid oxidation and glutaminolysis.??® Carbohydrate
metabolism plays an important role in osteogenic differentiation and in cancer. The Warburg
effect refers to cancers’ enhanced glucose consumption??® and increased lactate
accumulation,?®® that was first reported in landmark research by Warburg and Cori.?!
Warburg observed that while healthy cells rely on the more energetically efficient oxidative
phosphorylation to generate adenine triphosphate (ATP), as a source of energy, cancer cells
more extensively rely on the less efficient aerobic glycolysis. He had also postulated at the
time that the mitochondrial oxidative phosphorylation pathway is irreversibly impaired in
cancer cells, which promotes aerobic glycolysis in cancer cells.?®? However, later research
has extensively investigated the active role of tricarboxylic acid (TCA) cycle metabolites in
cell survival and maintenance, which would disprove the hypothesis of inactive oxidative
phosphorylation.?®® The TCA cycle is a biochemical pathway that is employed by cells to
produce to replenish biosynthetic blocks (Figure 4.1), such as lipids, carbohydrates and
amino acids, and to generate energy.?3* Carbohydrates, including TCA metabolites are
involved in osteogenic differentiation, while impaired carbohydrate metabolism has

previously been reported in OS.
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Figure 4.1: Role of glycolysis and TCA metabolic pathways in metabolite anaplerosis, including amino acids
and lipids. Abbreviations: Glucose transporter (GLUT), monocarboxylate transporter (MCT), mitochondrial
pyruvate carrier (MPC), glucose-6-phosphate (glucose-6P), fructose-6-phosphate (fructose-6P), fructose-1,6-
bisphosphate (fructose-1,6-biP), dihydroxyacetone-phosphate (DHAP), glyceraldehyde-3-phosphate (GA3P),
3-phosphoglycerate (3PG), acetyl coenzyme-A (acetyl-Cod), a-ketoglutarate (a-KG), succinyl-CoA (Succ-
CoA), oxaloacetate (OAA), oxidized nicotinamide adenine dinucleotide (NAD+), reduced nicotinamide
adenine dinucleotide (NADH, H+) Tricarboxylic acid (TCA). Figure adapted from DeBerardinis et al.,?® using

biorender.com. Figure reproduced with permission from Springer Nature.

Amino acids are important metabolic products, used as a source of nitrogen, as an energy
source, as building blocks for protein synthesis, and as anaplerotic metabolites.?3® Amino
acids are involved in cell survival and osteogenic differentiation,?” with proline playing a
role in RUNX2 regulation and collagen biosynthesis.?*® Glutamine is the most abundant
amino acid in the body, with cancer cells extensively using glutamine as a source of energy
and nitrogen in biosynthetic pathways.?*® Amino acid and glutathione metabolism have also
been found to be enriched in OS, to sustain the uncontrolled growth and proliferation.?
Glucose deprived OS cells were previously described to switch to glutaminolysis as a source

of energy, with glutamine starved cancer cells presenting reduced proliferation.?4!
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Lipids are hydrophobic metabolites that play an important role in cell signalling, hormone
regulation, small molecule transport, and membrane biogenesis.?*? Lipid metabolism is
altered in cancer to provide energy and biosynthetic building blocks, with increased lipid
uptake, and fatty acid synthesis and oxidation being observed.?*® Cholesterol and its
derivatives have previously been described to drive dose dependent osteogenic
differentiation.?** Moreover, cholesterol is involved in signal transduction, and is one of the
main components of cell membranes, aiding in the maintenance of membrane integrity and
fluidity 2% The TCA pathway is involved in metabolite anaplerosis in cells, connecting the
carbohydrate and lipid biosynthetic pathways, with cancer cells displaying enhanced lipid

catabolism.46

4.1.2 Metabolomics

Metabolites are low molecular weight molecules required for key cellular functions in a
biological substrate.?*” Metabolomics is a powerful high-throughput technique, that utilises
analytical chemistry techniques to quantify all metabolites in a biological sample.?4®
Metabolomics analyses can generate data on thousands of molecules, so different
bioinformatics tools have to be used to study trends in the data, and identify metabolites of
interest for testing.?*® Targeted metabolomics is employed in hypothesis driven studies, to
measure and analyse a defined group of metabolites in a biological sample, associated with
specific metabolic pathways.?° Fingerprinting or untargeted metabolomics can be employed
to map the full metabolome of a biological sample, and to detect alterations in small molecule
composition due to disease or treatment.?® One advantage of metabolomics is that while the
genome is in flux, the metabolome can be a snapshot of ongoing cell activity, showing the

current small molecules involved in a specific cell process.?>!

Different analytical techniques may be employed to study metabolite levels, based on sample
availability, intended application, and pathway of interest. High resolution mass
spectroscopy can provide invaluable information, as to the accurate mass and fragmentation
of a metabolite.?>? Coupling chromatography techniques to mass spectrometry can offer
improved metabolite separation, while information on retention times on optimised
conditions, aids in metabolite identification.’>>® Gas chromatography is preferable for
analysis of volatile metabolites, as derivatisation techniques are otherwise required, to
extend the pool of metabolites that can be tested.?®* Nuclear magnetic resonance (NMR)
spectroscopic analysis of biological samples is also often employed for the metabolic

analysis of clinical samples, including blood and urine, providing greater detail on
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metabolite structure.?® LC-MS is particularly useful for untargeted metabolomics, as it
allows for the quantification of a wider range of metabolites, compared to GC-MS, where
the compounds must be volatile, and NMR where there is often spectral overlap of
metabolites.?*® Hydrophilic interaction liquid chromatography (HILIC) columns can be
employed to quantify a wider set of metabolites, and can offer superior separation, compared
to regular reverse phase columns.?’ The field of metabolomics is a particularly growing and
exciting one, as there is a big portion of the metabolome that is untapped, while the biological

function of a significant number of known metabolites is not fully understood.

Metabolomic research on OS is more limited compared to more prevalent cancers, with a

258 a5 well as the link between metabolism, and

greater focus on biomarker identification,
disease progression.?>°20 Analyses of the metabolome of patients with localised, or
metastatic OS disease have previously shown that tumours can be classified on their
metabolic characteristics,?612622%° though no standardised, universal classification system
has been uncovered. Moreover, studies have focused on changes in OS metabolism, in
response to chemotherapeutic agents.?6%254 as well as ionising radiation.?®> OS studies have
also investigated altered metabolism in OS cancer stem cells,?®® as well as the role of MSCs,
and the microenvironment in OS tumour initiation, and progression.?%”28 Transcriptomic
and metabolomic analysis of SAOS-2 cells previously revealed that culturing conditions
play a significant role in cancer cell metabolism.?° Different 2D and 3D methodologies
revealed distinctive metabolic and phenotypic profiles, thus revealing the importance of
employed model systems in cancer studies. Metabolic alterations have also been reported,

when RUNX2 was silenced in OS cells.?"°

A limited number of studies on changes in cell metabolism during OS differentiation were
identified,?’* while there is little research into the effects of mechanical stimulation on the
OS metabolome.?’> A GC-MS based study Fanelli et al. studied the effect of
mechanotransduction, through 24 hour-1 Hz cyclic stretch, on SAOS-2 cell metabolism,
with a focus on reactive oxygen species.?’> They observed depletion of TCA metabolites
upon mechanical stimulation of the OS cells. Given the link between cell metabolism and
cancer, and previous observations of mechanically induced OS maturation (chapter 3), it is
worth studying the link between mechanotranduction, differentiation, and metabolic
reprogramming in OS. OS cells display altered lipid, amino acid, and carbohydrate
metabolism, to provide energy and precursors for building blocks, that will support the
cancer’s uncontrolled growth and proliferation.”® Studying changes in putative metabolic
groups, and mapping metabolites involved in major pathways, such as the TCA cycle,
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glutaminolysis, and fatty acid metabolism can offer insights into the bioenergetics of

differentiation.
4.2 Aims and objectives

The main aim of this chapter was to study the effect of mechanical versus chemical
stimulation on the metabolome of OS cells vs healthy MSCs and identify metabolic and
signalling pathways involved in differentiation. As limited previous research was identified
on metabolites involved in OS differentiation, a further objective was to detect changes in
carbohydrates, amino acids and lipids, and discern some initial observations on the
bioenergetics of differentiation. It was sought to discover how the degree of differentiation
of OS cells may affect their metabolic response to the different stimuli. Identifying specific
bioactive metabolites that are involved in differentiation, and testing them on OS cells, to

drive osteogenesis was the final aim.
4.3 Materials and methods

A multistep protocol was followed to isolate and identify metabolites, and to study
associated metabolic pathways (Figure 4.2). First, cells were cultured and then treated for 3
or 7 days with osteogenic medium or nanokicking, and metabolites were extracted and
submitted for chromatographic and bioinformatics analysis to Glasgow Polyomics.?” The
data output was received from the facility as an excel interface file, called the IDEOM, for
further bioinformatics analysis. IDEOM is a Microsoft Excel interface employed by
Glasgow Polyomics, which employs features of mzMatch and XCMS, to filter out noise,
and assign metabolites.?’* Analysis was carried out, by breaking down the data into separate
cell lines, and then comparing treatments to their own timepoint no treatment control.
MetaboAnalyst was used to carry out multivariate statistics, generate plots, identify
metabolites of interest and to study overall trends on what metabolic groups each treatment
employs.?’® Peak intensities were assessed relative to the control group, and data was logzo-
transformed on MetaboAnalyst, before generating plots. Ingenuity pathway analysis (IPA)
software was then used to look for trends in the type of metabolism employed, canonical
pathways?’® and metabolic reactions cells may employ to promote differentiation or cell
survival. The software also identified networks and pathways involved in differentiation,
whether treatment is predicted to be activated or inactivated, and what metabolites are

involved in this pathway identification.
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Figure 4.2: Metabolomics workflow: First cells were seeded, treated, and samples were lysed after 3 or 7 days.
Samples were then analysed using LC-MS, to measure metabolite levels, and bioinformatic tools were used to
carry out statistical analysis, metabolite identification, and pathway identification. (created with

biorender.com)

4.3.1 Cell culture

Differentiation of MSCs, MG-63 and SAOS-2 cells was carried out using nanokicking or
osteogenic medium, and differentiation was assessed via assays described in chapter 3, and
cell culture protocols from chapter 2. Cells were seeded at densities of 1,000 cells/cm? for
MG-63, and 2,000 cells/cm? for SAOS-2 and MSC cell lines. Cells were nanokicked or
treated with osteogenic medium for 3 or 7 days, and samples were harvested for subsequent

analysis.
4.3.2 Metabolite extraction

An extraction buffer containing chloroform:methanol:water (1:3:1, v/v) was prepared. Cells
were washed once with cold PBS for 5 minutes, liquid was aspirated, and 500 uL of ice-cold
extraction solvent was added to each well of the 24 well plate, on ice. The plate was wrapped
in parafilm, kept on ice, and agitated gently (300 rpm) on a shaker for 1 hour at 4 °C. Cells
were then scraped, and the lysate was transferred to clean Eppendorf tubes. Samples were
subsequently centrifuged at 13,000 g for 5 minutes, the supernatant transferred into clean
Eppendorf tubes and stored at -80 °C until ready for chromatographic analysis by Glasgow
Polyomics. For each condition N=1 biological replicate, and N=4 experimental replicates
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were collected, and data was compared to each individual cell line’s control group, at the

specific time point.
4.3.3 Chromatographic analysis

Sample preparation was carried out with the help of Dr Monica Tsimbouri. Quality control
analysis, as well as sample analysis was carried out by Dr Clement Regnault at the Glasgow
Polyomics facility.?”® Metabolite quantification was carried out using hydrophilic interaction
liquid chromatography (HILIC), on a Dionex UltiMate 3000 RSLC instrument (Thermo
Fisher Scientific, Hemel Hempstead, UK) using a ZIC-pHILIC column (150 mm x 4.6 mm,
5 um column, Merck Sequant). HPLC grade solvents were used, with 20 mM (NH4)2COs in
H->0, and CH3CN being used. The column was maintained at 40 °C during analysis. 10 pL

of sample were injected, and sample was analysed using the gradient reported in Table 4.1.

Mass spectrometric analysis was carried out on Thermo Orbitrap QExactive (Thermo Fisher
Scientific), in polarity switching mode. Analysis was carried out on positive ion electrospray

ionisation, and negative mode electro-ionisation.

Time (minutes) | %Acetonitrile %Water
0 80 20
15 20 80
15 5 95
17 5 95
17 80 20
25 80 20

Table 4.1: Solvent gradient used for chromatographic analysis of metabolites, via HILIC.

Data was initially processed by Dr Clement Regnault using the IDEOM MS Excel

interface.?’* Individual IDEOM files were created for each cell line and timepoint.
4.3.4 Biostatistical analysis using MetaboAnalyst software

MetaboAnalyst was used to carry out statistical analyses, generate plots, identify metabolites
of interest and to study overall trends on what metabolic groups each treatment employs.?”
Peak intensities were assessed relative to the control group, and data was logio-transformed
in MetaboAnalyst, before generating plots. Principle component analysis (PCA) plots were
used as statistical tools, with the x-axis corresponding to PC1, and y-axis belonging to PC2.
Heatmaps were generated from normalised data using the ward clustering algorithm, with a
Euclidean distance measure. ANOVA, and ANOVA with Tukey’s adjustment were used as

statistical tools.
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4.3.5 Biostatistical analysis via ingenuity pathway analysis software

SAOS-2 and MG-63 metabolic pathways were analysed for the day 7 timepoint, by
comparing fold-expression of a treatment group versus the control was assessed using IPA
software.?’® Each treatment was individually compared to the control, with observation 1
referring to NK treatment, and observation 2 referring to OGM treatment.

4.4 Results and discussion

Nanokicking has previously been described to drive selective osteogenic differentiation of
MSCs, while as discussed in chapter 3, nanovibrating cells at 30 nm for 7 days appeared to
drive osteogenic differentiation in OS cells. An osteogenic medium (OGM), containing f3-
glycerophosphate, ascorbic acid, and dexamethasone was used as means of chemical
stimulation, and was found to drive differentiation. Chemical stimulation drove
differentiation in poorly differentiated MG-63 cells, while for the more osteoblastic SAOS-
2 cells, treatment appeared to induce differentiation, in some biological replicates, but reduce
metabolic activity. Upon confirming that differentiation was occurring through a variety of
assays, metabolomic analysis was carried out, to identify small molecules of interest and
relevant pathways. Analysis of different classes of metabolites, such as amino acids,
carbohydrates and lipids was first carried out after 3, and 7 days of treatment, to assess
changes in the metabolome.

4.4.1 Metabolic profile of MG-63 cells

While both mechanical and chemical stimulation drove differentiation in MG-63 cells, they
did so at different rates. As previously mentioned, in chapter 3, nanokicking drove
upregulation of earlier markers, such as RUNX2, while osteogenic medium treatment drove
upregulation of earlier markers, such as RUNX2, and later markers such as OPN. Those
slight differences were even more evident from the metabolomic data. Metabolic changes
were assessed after 3 and 7 days, by comparing the untreated control for that timepoint, with
the nanokicked or the osteogenic medium treated sample. Statistical analysis revealed that
one of the technical replicates of MG-63 cells nanokicked for 7 days was a significant outlier,
and it was thus excluded from further analyses. MetaboAnalyst was first used to study cell
behaviour for putative metabolites, including amino acids, carbohydrates and lipids. IPA
software was then used to identify pathways involved in osteogenesis, and study how

metabolic alterations can alter downstream pathways.

77



Carbohydrates

One way ANOVA analysis revealed that 50/68 analysed carbohydrates were significantly
altered in MG-63 cells after 3 days of treatment, while 40/70 of them were significantly
altered after 7 days of differentiation. PCA plots revealed distinct groupings at the day 3
timepoint, showing significant log-increase along PC2 axis in the NK group compared to the
control (Figure 4.3, (A)). More subtle changes were observed after 7 days, according to PCA
(A, ii). Heatmap analyses confirmed those findings, showing significant accumulation of
carbohydrates after 3 days, followed by subtler changes after 7 days (B), with individual
metabolites being depleted or upregulated. Positive fold-change across PC1 was observed at
both timepoints for the OGM group, while changes across PC2 were further observed at the
day 3 timepoint (A). Significant accumulation of carbohydrates was observed at both
timepoints, with smaller clusters of metabolites being depleted. Accumulation of
carbohydrates was observed for both treatments after 3 days, though heatmap observations
highlighted that cells employ different clusters of metabolites during differentiation.
Different carbohydrate expression patterns were observed for the NK and the OGM groups,
suggesting differing metabolic pathways, and distinctive cell phenotypes, between the
control, the mechanically induced group, and the chemically induced group. Changes in
TCA, and glycolysis metabolism were further studied, to obtain more information on the

bioenergetics of OS differentiation.
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Figure 4.3: Carbohydrate profile of MG-63 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings shown across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated MG-63 control (red), the NK group (green),
and the OGM group (blue). (B) Heatmaps of top 70 most changed carbohydrates (calculated by t-test p-value)
were generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-SCOre.
Individual metabolites shown in darker red were most upregulated, while individual metabolites in dark blue

were most downregulated. N=1 biological replicate, N=3-4 experimental replicates.

Due to the role of carbohydrates on biosynthesis and bioenergetics in cancer growth and
differentiation, fold-expression of TCA and glycolytic metabolites was assessed against
individual timepoint controls, using heatmaps (Figure 4.4). Increased expression of TCA
metabolites, followed by depletion after 7 days was observed in the NK group (Figure 4.4),
highlighting the active role of this pathway in mechanically induced osteogenesis. Cis-
aconitate and citrate showed the largest fold-increase in the NK group after 3 days. This was
followed by significant fold-decrease in the analysed TCA and glycolytic metabolites after
7 days, except for an accumulation of oxaloacetate. Significant citrate accumulation was

observed for both NK and OGM treated cells after 3 days, which was followed by depletion
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in NK and accumulation in the OGM group, to a lesser degree. Citrate is a key TCA
metabolite, that is involved in osteogenesis of MSCs.?”” Glucose and lactate were
accumulated after 3 days in the NK, which was followed by depletion of glucose, pyruvate,
and lactate after 7 days, suggesting a role of glycolysis in mechanical stimulation. After
observing that carbohydrates were involved in the differentiation of MG-63, amino acids

were analysed.

(S)-Malate= 1.58
Citrate=] 262
Fumarate=f 163
Oxaloacetate=] 1.50
Pyruvate=f 1.10
cis-Aconitate= 239
Succinate=] 1.50

2-Oxoglutarate= 1.14

D-glucose=| 1.23

Lactate=] 1.30

T T T
NK D3 OGM D3 NK D7 OGM D7

Figure 4.4: TCA metabolites altered during differentiation of MG-63: MG-63 cells were treated with NK or
OGM for 3 or 7 days, and fold-presence of TCA metabolite levels was assessed as a ratio against individual

untreated cell control. N=1 biological replicate, N=4 experimental replicates.

Amino acids

Amino acid metabolism was found to be altered in MG-63 cells during differentiation. One
way ANOVA analysis revealed that 85/171 of the analysed amino acids were significantly
altered after 3 days of treatment and 79/171 of the amino acids were significantly altered
after 7 days of treatment. PCA plots revealed heterogeneity in amino acid distribution, for
the different NK D3 replicates, (Figure 4.5, (A, 1)) thus providing limited statistical insights.
On the other hand, heatmap analysis showed significant changes in amino acids after 3 days
of nanokicking MG-63 cells (B, i). One cluster of metabolites was significantly depleted,
and a smaller cluster was upregulated after 7 days of nanokicking, according to the heatmap
(B, ii), while PCA analysis showed more significant changes from the control, across PC2
(A, i1). More uniform distribution was observed across both time points, for the OGM group,
while significant changes across PC2 were observed (A). Small clusters of metabolites
showed variation from the control group, but overall, the metabolic profiles of OGM treated

cells and the control group were more similar after 7 days, compared to the NK group (B,
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ii). Changes in proline metabolism, which is an amino acid involved in osteogenesis,?®® were
observed after 7 days of treatment (C). Insignificant accumulation of proline was observed
3 days of OGM treatment, which was followed by significant depletion after 7 days, while
more significant fold-decrease in proline levels was observed after 7 days of nanokicking.
Changes in glutamine metabolism were observed, as evident by small accumulation of
glutamine (C) after 7 days for both treatments, while glutamate levels were depleted after 7

days of NK and accumulated after 3 days of OGM induction.
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Figure 4.5: Amino acid profile of MG-63 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated MG-63 control (red), the NK group (green),
and the OGM group (blue). (B) Heatmaps of top 70 most changed amino acids (calculated by t-test p-value)
were generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-SCOre.
Individual metabolites shown in darker red were most upregulated, while individual metabolites in dark blue
were most downregulated. (C) Fold-presence of proline, glutamine, and glutamate was assessed against
individual untreated MG-63 control for the respective timepoint. Stats by adjusted Welch t-test. Each group’s
metabolite fold-expression was assessed against ctrl=1. (blank=ns=p>0.05, *= p<0.05, **=p<0.01.

***=p<0.001). N=1 biological replicate, N=3-4 experimental replicates.
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Lipids

One-way ANOVA revealed that 57/105 analysed lipids were significantly altered after 3
days of treatment, while 39/92 analysed lipids were significantly changed after 7 days of
differentiation in MG-63 cells. PCA also showed alterations in lipid expression in cells that
were nanokicked after 3 days, as evidence by log-decrease along PC1 and PC2 against the
control (Figure 4.6, (A,i)) Heatmaps also revealed that NK treated cells employed lipids to
differentiate, with one cluster of metabolites being significantly accumulated after 3 days,
and a second cluster being significantly depleted (B, i). Similar observations on lipid
expression patterns were observed in NK cells after 7 days too, according to heatmap
analysis (B, ii), while a small log-increase along PC1 and no perceivable changes along PC2
(A, ii). OGM treatment also appeared to show more significant changes along PC1 and PC2
after 3 days, compared to 7 days of induction (A). Heatmaps of the OGM group showed a
smaller increase in lipids after 3 days, followed by subtler changes after 7 days, showing
more changes in individual metabolites (B). Overall, closer similarities were observed in the
metabolite profile of OGM and control group, while in the NK group opposite observations
were made on accumulated or consumed metabolites. Both the nanokicked and the
osteogenic medium treated group showed significant changes after 7 days. Significant
changes were observed in fatty acid, phospholipid and steroid metabolism under mechanical

and chemical stimulation.

85



Day 7 lipids

Scores Plot

Day 3 lipids

Scores Plot

(A)

(i)

PC2(19.3%)

o Group?
© Group8
o © Groupd o

(i) .

PC 2(24%)

(B)

Day 3 lipids

© Groupl0
© Groupll
© Groupl2

PC 1 (55.1%) PC1(43.4%)

control NK OGM
_class

Hexadecanulc acid

FA 0x0(22:0)] 10-

FA (20:0)] eicosa
(92)-Hexadecenoic

GP (18:0)] 1-octa

FA (22:0)] 13Z-do

|

GP 160 1-hexa

| [PC (16:1)] 1-(9Z-
PR] (+)-Bornane-2
Nona-2_6-dienal
3-Hydroxyestra-1_3
gP (3:0;?'§phinga
sn-glycero-3-Phosp
[PE 16 1)] 1-(1Z-
FA dioxo(8:0)] 4_
Pl (18:0)] 1-octa_
Choline phosphate

Phosphodimethyleth
N-Methylethanolami

Taurine
sn-glycero-3-Phosp
sn-Glycerol 3-phos
10-Hydroxydecanoic
Dodecanoic acld

[FA ?ydroxy@] 1)]

[FA 0x0(5:1/5: 0/8

PR] Juvenile horm

2-Oxooctadecanoic

[FA (4:2/3:0)] 2-b
= [FA dioxo(10:0)] 3

Decanoic acid

[FA meth (18:0)]

FA tri hy mxy(ls
FA (18:1)] 9Z-oct
[FA methyl(5:1)] 3
3alpha_7alpha_12al
[SP hydrox] 4-hydr

I E— [FA hydroxy(7:0)]
1 [FA methyl(14:0/2:
N-Butyryl-L-homose
acid
FA (7:0)] heptano
FA (8:0)] octanoi
ST hydrox] N-(3al

ntanoate
ST hydrox] 3alpha

5-Hydroxypentanoat
[FA(5:1)] 2-(2-cy
Icosatrienoic acid
[FA methyl(5:1/5:2
Acetoacetate
2-C-Methyl-D-eryth

:0)] He
FA (20: 4)] 57 _8Z_
FA E7 11/2:0)) 2-h

EOEN
INEW
ZNEW
ENEW
YNEW
TOEW
2OENW
E0ENW
YOEW

YOEN

TOEW
2OEN

86

12-Hydroxydodecano

Docosahexaenmcau
0)] O-deca

class
Group7
Group8
1 Group9



control NK OGM

B — class class
( ) PC (16:1)] 1-(9Z- Group10
l . PC (16:0)] 1-hexa 2 I Groupi1
Hexanolc acid 1 Group12

Nona-2_6-dienal

PC él&:[’llB:l ]1

SP (16:0)] N-(hex 0
[PI (18:0/20:4)] 1

C ic acid

[FA (20:0)] eicosa el
Cholesterolsulfate I

—_—
—
—

N

7alpha-Hydroxychol
[SP hydrox] 6-hydr 2
FA (16:2)] N-hexa
P (18 0)] 1-octa
O-Propanoylcarniti
Taurine
Choline phusphate
(R)-3-Hy! roxybuian
| | [FA dioxo(8:0)] 4
| O-Butanoylcarnitin
[FA (10:0)] O-deca
sn-Glycerol 3-phos
[PE (16:0)] 1-hexa
[P1(18:0)] 1-octa
| | - Phosphodimethyleth
[ [FA] O-Palmitoyl-R
sn-glycero-3-Phosp
] 2-C-Methyl-D-eryth
sn-glycero-3-| Phosp
| | | Acetoacetate

Day 7 lipids

I 1 (ST hydrox] 3alpha
[FA 0x0(5:1/5:0/8:
O

2
[PR] Juvemle horm

1 8 i acnd
| S— s | 1 10-+
9-Oxononanoic acid
Dodecanoic acid
[FA(18:1)] 92 O%t

ityryl-L-homose
[PR] Citronellyl a

[FA methyl(18:0)]
1 Decanoic acid

L (92)-Hexadecenoic
N-| Bu(yryl -L-| humose
FA 0x0(13:0)] 2-
FA (8:0 ] octanol

4 | D [FA (7:0)] heptano
Nonanoic acid

FA trihydroxy(18:

[ FA(SOZO) Tr
6:0/2:0)] He

[FA oxo(1z 1)] 12-

Suberic acid
[FA(IA :5)]5 7.9

FA dimethyl_amino
Fv] Isoliquiritig

TOLW
20N
€OLW
2NN
ENLW
YNLW
TOLWN
ZOLN
EOLN
YOLN

YOLW

Figure 4.6: Lipid profile of MG-63 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were generated
after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings shown across PC1 and PC2. Ellipses represent
boarders of different groups, including the untreated MG-63 control (red), the NK group (green), and the OGM
group (blue). (B) Heatmaps of top 70 most changed lipids (calculated by t-test p-value) were generated using
MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-score. Individual metabolites
shown in darker red were most upregulated, while individual metabolites in dark blue were most

downregulated. N=1 biological replicate, N=3-4 experimental replicates.

Signalling pathways

The ingenuity pathway analysis (IPA) software was used to predict how changes in the
metabolome may cause downstream effects on signalling pathways, after 7 days of
treatment. Both mechanical and chemical stimulation, were predicted to inhibit ERK %,
which is a key signalling pathway (Figure 4. 7). ERK plays a pleiotropic role in cancer,
regulating both increased proliferation and tumourigenesis,?’® as well as differentiation, and
apoptosis.?’®
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Figure 4. 7: Predicted changes in ERK Y2 MG-63 activity in NK and OGM treated SAOS-2 cells after 7 days:
Plots were created using IPA software. Blue nodules represent predicted pathway inhibition, and orange
represents predicted pathway activation. Green nodules represent depleted metabolites, and red nodules
represent accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.
JNK is a MAPK that regulates osteogenic differentiation, proliferation, and apoptosis.
JNK was predicted to be activated in nanokicked MG-63 cells (Figure 4. 8), suggesting that
this MAPK plays an active role in mechanically induced osteogenesis of OS cells. On the
other hand, JNK was predicted not to be involved according to the IPA software in OGM
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treated MG-63 cells. This further highlights that mechanically and chemically stimulated OS

cells may employ different signalling pathways to differentiate.
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Figure 4. 8: Predicted changes in INK MG-63 activity in NK and OGM treated SAOS-2 cells after 7 days:
Plots were created using IPA software. Blue nodules represent predicted pathway inhibition, and orange
represents predicted pathway activation. Green nodules represent depleted metabolites, and red nodules

represent accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.
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Akt was predicted to be inhibited in the nanokicked group after 7 days (Figure 4. 9), drawing
a link to observations of decreased proliferation in chapter 3. Given the activation of JNK,
and predicted inhibition of ERK %, and Akt, it would be interesting to test agonists and
inhibitors of those putative signalling pathways, and study their role in differentiation, and
proliferation in OS. More significant changes in amino acid metabolism were observed for
NK cells, which may explain why stronger predictions were made for signalling pathways.
As the control and the OGM group bore more similarities in their metabolic profiles, more

limited predictions on pathway activation were made using the IPA algorithm.
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Figure 4. 9: Predicted changes in Akt MG-63 activity in NK and OGM treated SAOS-2 cells after 7 days: Plots
were created using IPA software. Blue nodules represent predicted pathway inhibition, and orange represents

predicted pathway activation. Green nodules represent depleted metabolites, and red nodules represent
accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.
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4.4.2 SAOS-2 effect of mechanical vs chemical stimulation on metabolism

Carbohydrates

One way ANOVA revealed that 39/65 analysed carbohydrates were significantly altered
after 3 days of treatment, while 50/66 Carbohydrates were statistically changed after 7 days
of treatment. PCA revealed close similarities in carbohydrate metabolism between the
control and the nanokicked group after 3 days (Figure 4.10, (A,i)), which was confirmed by
heatmap analysis (B, i), which revealed subtle changes in carbohydrate metabolism. At the
day 7 timepoint distinctive groupings, and significant changes from the control and the OGM
group were observed via PCA (A, ii). Heatmap analysis revealed depletion of carbohydrates
after 7 days of NK (B, ii). 3 days of OGM treatment induced significant changes in
carbohydrate metabolism, as evident by the positive fold-increase along PC1 (A, i), while
heatmap analysis revealed significant carbohydrate accumulation in a cluster of metabolites
(B, i). The day 7 timepoint showed more distinct groupings, and significant changes between
the OGM group, the control, and the NK group, according to PCA (A, ii). Heatmap analysis
revealed significant depletion of carbohydrates, while a cluster of metabolites revealed
accumulation (B, ii). Overall, more significant changes in carbohydrate usage, compared to
the control was observed in chemically stimulated cells, while mechanically stimulated cells

showed subtler changes in carbohydrate metabolism.
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Figure 4.10: Carbohydrate profile of SAOS-2 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots
were generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings shown across PC1 and PC2.
Ellipses represent boarders of different groups, including the untreated SAOS-2 control (red), the NK group
(green), and the OGM group (blue). (B) Heatmaps of top 70 most changed carbohydrates (calculated by t-test
p-value) were generated using MetaboAnalyst afier 3 (i), and 7 days (ii). Colour represents a metabolite’s z-
score. Individual metabolites shown in darker red were most upregulated, while individual metabolites in dark

blue were most downregulated. N=1 biological replicate, N=4 experimental replicates.

Glucose and lactate depletion was observed after 7 days, for both treatments (Figure 4.11).
while, depletion of pyruvate was also observed after 7 days of OGM treatment, following
the small accumulation that was observed after 3 days. After 7 days, lactate levels were
decreased under both chemical and mechanical stimulation, with a more significant fold-
decrease during OGM treatment. further highlighting that mechanical and chemical stimuli
employ different metabolic pathways. Significant accumulation of oxaloacetate was
observed across both timepoints in the nanokicked group, while other TCA metabolites were
depleted after 7 days. Oxaloacetate on the other hand showed the largest depletion in OGM
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treated cells after 7 days, though general impaired carbohydrate metabolism was observed.
Malate accumulation was observed in the OGM treated cells after 3 days. Overall significant
changes in TCA metabolism were observed, with the OGM group showing more significant

fold-decrease in TCA metabolites after 7 days.
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Figure 4.11: TCA metabolites altered during differentiation of SAOS-2: SAOS-2 cells were treated with NK or
OGM for 3 or 7 days, and TCA levels were assessed as a ratio against individual untreated cell control. N=1

biological replicate, N=4 experimental replicates.

Amino acids

Amino acid metabolism was significantly altered during SAOS-2 cell differentiation.
According to a one-way ANOVA analysis 69/169 of the analysed amino acids were
significantly altered after 3 days of treatment, while 136/170 amino acids were significantly
changed after 7 days. For the nanokicked group, more subtle changes were observed on the
PCA after 3 days, with a small decrease along PC2 axis, with one replicate showing more
significant changes (Figure 4.12, (A, i)). After 7 days, changes along PC1, and PC2
demonstrated that nanokicking significantly altered the amino acid composition in SAOS-2
cells (A, ii). Heatmap analysis revealed subtler changes in metabolite composition after 3
days of treatment, with a small cluster of metabolites showing upregulation in the heatmap
(B, 1). This was followed by a trend in depletion of amino acids, compared to the control
after 7 days (B, ii). OGM treated cells showed significant changes after 3, and 7 days of
stimulation, with PCA revealing a more significant fold-increase along the PC1 after 7 days,
compared to the day 3 timepoint (A). Heatmaps revealed upregulation of a significant cluster

of metabolites, which was followed by significant depletion of amino acids (B). So as was
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observed for MG-63 cells, there was a difference in metabolic profiles of SAOS-2 cells
treated with OGM compared to NK cells. Specific amino acids of interest included proline,
glutamine and glutamate (C). Small accumulation in proline was observed for the OGM D3
group, which is linked to bone formation,?® while glutamine was also upregulated. After 7
days of treatment both proline, and glutamate were depleted under chemical and mechanical
stimulation, indicating that while each treatment displayed their own metabolic profile, there
were some common threads. More significant changes in amino acid metabolism were

observed in the OGM group compared to the NK group.
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Figure 4.12: Amino acid profile of SAOS-2 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated SAOS-2 control (red), the NK group (green),
and the OGM group (blue). (B) Heatmaps of top 70 most changed amino acids (calculated by t-test p-value)
were generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-SCOre.
Individual metabolites shown in darker red were most upregulated, while individual metabolites in dark blue
were most downregulated. (C) Fold-presence of proline, glutamine, and glutamate was assessed against
individual untreated SAOS-2 control for the respective timepoint. Each was statistically compared against
ctrlI=1, using Mann Whitney u-test. (blank=p>0.05 ns, *= p<0.05). N=1 biological replicate, N=4
experimental replicates.
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Lipids

One way ANOVA analysis revealed that 40/106 analysed lipids were significantly altered
after 3 days of treatment, while 73/113 lipids were significantly changed after 7 days of
treatment. An outlier for the day 7 control was observed for the lipid metabolism, but the
replicate was not an outlier for the different metabolic pathways, so it was not excluded
(Figure 4.13). PCA revealed closer groupings between the control and the treatment after 3
days of nanokicking (A, 1), while heatmap map analysis showed a cluster of metabolites
being accumulated and another depleted, though changes were subtle overall (B, i). More
significant changes were observed in the OGM treated group, with PCA revealing significant
changes across PC1 at both timepoints (A). Heatmap revealed accumulation of a cluster of
metabolites after 3 days, which was followed by significant depletion after 7 days of OGM,
with a small cluster of metabolites showing significant accumulation (B). Overall, more
significant changes in lipid metabolism were observed after 7 days. Changes in

phospholipids and fatty acid metabolism was generally observed.
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Figure 4.13: Lipid profile of SAOS-2 cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings shown across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated SAOS-2 control (red), the NK group (green),
and the OGM group (blue). (B) Heatmaps of top 70 most changed lipids (calculated by t-test p-value) were
generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-score. Individual
metabolites shown in darker red were most upregulated, while individual metabolites in dark blue were most

downregulated. N=1 biological replicate, N=4 experimental replicates.

Signalling pathways

Predicted changes in signalling pathways were assessed using the IPA software, where ERK
was predicted to be activated in nanokicked SAOS-2 cells (Figure 4. 14). This may indicate
that mechanically induced differentiation in the SAOS-2 cells is regulated via the
ERK/MAPK pathway. This pathway has been widely reported to be involved in
osteogenesis, with ERK inhibition inhibiting terminal osteogenesis, while ERK is known to
play a role in early stages of osteogenesis, regulating RUNX2 function.? and be inactivated
in mature osteoblasts. While ERK was predicted to be activated in NK cells, it was predicted
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to be inhibited in OGM treated cells. Reduced metabolic activity was observed in OGM
treated SAOS-2 cells, as confirmed in chapter 3 via the alamar blue assay, and the by
depletion of a significant cluster of amino acids, carbohydrates and lipids. Multiple
signalling pathways associated with cell survival were predicted to be inhibited in this group,
which may be linked to the observed reduced metabolic activity.
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Figure 4. 14: Predicted changes in ERK1/2 activity in NK and OGM treated SAOS-2 cells after 7 days: Plots
were created using IPA software. Blue nodules represent predicted pathway inhibition, and orange represents
predicted pathway activation. Green nodules represent depleted metabolites, and red nodules represent

accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.
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Akt, which belongs to the mTOR pathway?®? was predicted to be inhibited in both
mechanically and chemically stimulated cells (Figure 4. 15). Akt activation is linked to
proliferative signals, and Akt activation may drive cancer progression.?®® Akt was predicted
to be inhibited in both chemically and mechanically stimulated cells, which may suggest an
anti-proliferative effect of both treatments. Nanokicked SAQOS-2 cells were previously
discovered to slow cell growth, while extensive cell death observed in OGM treated cells
would corroborate the prediction of Akt inhibition in SAOS-2 cells. JNK is another MAPK

known to play a role in osteogenesis.Errort Bookmark not defined.
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Figure 4. 15: Predicted changes in Akt activity in NK and OGM treated SAOS-2 cells after 7 days: Plots were
created using IPA software. Blue nodules represent predicted pathway inhibition, and orange represents
predicted pathway activation. Green nodules represent depleted metabolites, and red nodules represent

accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.

JNK was predicted to be inactive in nanokicked cells, suggesting that JNK may not regulate
mechanically induced osteogenesis in SAOS-2 cells (Figure 4.16). On the other hand, INK

as well as ERK were also predicted to be inhibited in SAOS-2 cells, and while osteogenesis
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was observed, cell death was extensive. Apoptotic effects previously observed in OGM
treated SAOS-2, may contribute more to the inhibition of MAPK.
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Figure 4.16: Predicted changes in Jnk activity in NK and OGM treated SAOS-2 cells after 7 days: Plots were
created using IPA software. Blue nodules represent predicted pathway inhibition, and orange represents
predicted pathway activation. Green nodules represent depleted metabolites, and red nodules represent

accumulated metabolites. N=1 biological replicate, N=4 experimental replicates.
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4.4.3 MSC metabolism
Carbohydrates

Changes in MSC metabolism were observed, to compare response to differing stimuli in
healthy cells, compared to cancer cells. As previously discussed, carbohydrates are essential
sources of energy, with TCA metabolites, and glycolysis metabolites playing a role in cell
survival.?84 NK and OGM treatment induced changes in carbohydrate metabolism, as seen
in Figure 4.17. Nanokicking for 3 days showed variability within the group, with no fold-
change observed on PC1 axis, and a negative, insignificant foldchange observed on PC2 (A,
i), which was visually confirmed on the heatmap (B, i). 7 days of treatment showed more
dramatic differences from the control, with a significant fold-decrease on PC1, and a less
significant decrease on PC2 (A, ii). Carbohydrates levels were found to be significantly
downregulated, according to heatmap analysis (B, ii), which would suggest either pathway
inhibition, from differentiation, or the consumption of carbohydrates by differentiating cells.
PCA analysis showed positive fold-increase along PC1, and more limited variation along
PC2 (A, i), for the OGM day 3 group, which was visually confirmed by the upregulation of
carbohydrates from the heatmap (B, 1). Positive fold-change on PC1, and a less significant
negative fold change on PC2 were observed after 7 days of treatment (A, ii), with more

variation being observed in clusters of metabolites from the heatmap (B, ii).
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Figure 4.17: Carbohydrate profile of MSCs treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated MSC control (red), the NK group (green), and
the OGM group (blue). (B) Heatmaps of top 50 most changed carbohydrates (calculated by t-test p-value) were
generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-score. Individual
metabolites shown in darker red were most upregulated, while individual metabolites in dark blue were most

downregulated. N=1 biological replicate, N=4 experimental replicates.

Further analysis was carried out, with a focus on the TCA and glycolysis pathways (Figure
4.18). The fold-change against the individual timepoint control was assessed for the different
conditions. TCA metabolites were found to be accumulated after 3 days of nanokicking, and
significantly depleted after 7 days of stimulation. 3 days of treatment with osteogenic
medium led to more significant upregulation of TCA metabolites, while a more varied
observation was made after 7 days of treatment, with some metabolites being depleted, some
remaining unchanged, and some accumulating. The TCA cycle plays an important role in
cancer.?8 Accumulation of TCA metabolites was observed after 3 days, followed by

depletion after 7 days for both groups. Malate, fumarate and cis-aconitate were the most
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accumulated metabolites in the OGM group, with citrate accumulation observed. Citrate
fold-increase was not as large as was observed in MG-63, but accumulation was observed at

both timepoints.
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Figure 4.18: TCA metabolites altered during differentiation of MSCs: MSCs were treated with NK or OGM
for 3 or 7 days, and TCA levels were assessed as a ratio against individual untreated cell control. N=1

biological replicate, N=4 experimental replicates.

Amino acids

52/171 of the analysed amino acids were found to be significantly altered in MSCs after 3
days of treatment, and 133/170 were found to be depleted after 7 days of treatment in MSCs,
according to a one-way ANOVA analysis. Subtler changes were observed in the NK group
after 3 days, according to PCA (Figure 4.19, (A, i), with the heatmap analysis corroborating
that (B, i). After 7 days significant changes were observed between the control and the NK
group according to PCA (A, ii), with heatmap analysis revealing significant depletion of
amino acids, during differentiation (B, ii). In the OGM group more significant changes were
observed according to PCA (A, i), with the heatmap revealing significant accumulation of
amino acids after 3 days (B, i). 7 days of chemical stimulation induced depletion of amino
acids in a cluster of metabolites, and significant accumulation in a smaller cluster (B, ii).
Amino acids appeared to be consumed when MSCs were nanovibrated for 7 days, while
more significant enrichment of amino acids was observed in chemically stimulated MSCs.

This highlighted that amino acids play an active role in osteogenic differentiation in MSCs.
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Figure 4.19: Amino acid profile of MSC cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were
generated after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings across PC1 and PC2. Ellipses
represent boarders of different groups, including the untreated MSC control (red), the NK group (green), and
the OGM group (blue). (B) Heatmaps of top 70 most changed amino acids (calculated by t-test p-value) were
generated using MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-score. Individual
metabolites shown in darker red were most upregulated, while individual metabolites in dark blue were most
downregulated. N=1 biological replicate, N=4 experimental replicates.

Lipids

59/108 analysed lipids were found to be significantly altered after 3 days of treatment, while
52/107 of the analysed lipids were significantly altered after 7 days, according to one way
ANOVA of MSCs. Subtle changes in the NK lipid profile were observed according to PCA
(Figure 4.20 (A)) Lipid accumulation was observed for the nanokicked group after 3 days of
stimulation, with a cluster of metabolites being depleted during treatment (B, i). After 7 days
of mechanical stimulation a statistically significant fold-increase along PC1, and statistically
significant log-decrease along PC2 was observed, indicating that the NK group possessed a
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distinctive lipid profile, from the control (A, ii). Indeed, heatmap analysis revealed that a
cluster of lipids accumulated during mechanical stimulation, but a more significant cluster
was depleted, as a result of the treatment (B, ii). Cells treated with osteogenic medium
showed variation from the control group after 3 days, according to PCA, with a more
significant decrease along PC1, and PC2 (A, i). Cells treated with osteogenic medium
showed significant depletion of lipids after 3 days, which was followed by significant
accumulation after 7 days, according to the heatmap (B). Studying the clusters of lipids
involved in osteogenic differentiation of MSCs, it was evident that different groups of
metabolites were employed by NK and OGM cells, to differentiate, as evident by distinctive

clusters.
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Figure 4.20: Lipid profile of MSC cells treated with NK or OGM for 3 or 7 days: (A) PCA plots were generated
after (i) 3 and (ii) 7 days using MetaboAnalyst, with groupings across PC1 and PC2. Ellipses represent
boarders of different groups, including the untreated MSC control (red), the NK group (green), and the OGM
group (blue). (B) Heatmaps of top 50 most changed lipids (calculated by t-test p-value) were generated using
MetaboAnalyst after 3 (i), and 7 days (ii). Colour represents a metabolite’s z-score. Individual metabolites
shown in darker red were most upregulated, while individual metabolites in dark blue were most
downregulated. N=1 biological replicate, N=4 experimental replicates.

4.4.4 Metabolite identification

Bioinformatics tools MetaboAnalyst and IPA aided in uncovering trends in metabolite
changes, and in the discovery of specific metabolic pathways involved in osteogenic
differentiation of MSCs and OS cells. A further aim was to identify small molecules that are
transformed during differentiation, and assess their bioactivity, by testing them on OS cells,
and assessing their osteogenic effects. There was a special focus on metabolites that are

depleted during osteogenesis, and significantly altered in the different cell types.
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One way ANOVA with Tukey’s post-hoc highlighted taurine as a significantly altered
metabolite in all tested groups, apart from MSCs after 7 days of treatment (Table 4.2).
Martins et al. previously reported that taurine was depleted in MG-63 cells, when they were
treated with Pt and Pd chelate drugs, according to their NMR based metabolomics
analysis.?%® Initial statistical analysis revealed most statistically significant changes in
taurine levels in MG-63 cells after 7 days, with an f value of 86.506 and in SAOS-2 cells
after 7 days, with an f value of 146.65. Taurine, or 2-aminoethane sulfonic acid, is a
metabolite, that can be obtained through diet or biosynthetically derived from cysteine or
methionine.?®” Taurine is involved in bile acid conjugation, signal transduction, and cardiac
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regulation,=*® and is a known bioactive molecule, so it was further investigated for its role in

osteogenesis.

f.value p.value
MG-63 Day 3 24.849 2.1643 E-4
MG-63 Day 7 86.706 3.7818 E-6
SAQOS-2 Day 3 52.186 1.1189*E-5
SAQOS-2 Day 7 146.65 1.3648*E-7
MSC Day 3 45.407 1.9849 E-5
MSC Day 7 ns ns

Table 4.2: Statistical significance in taurine expression: The individual control for each timepoint and cell line
was compared to NK or OGM treated cells for MG-63, SAOS-2 and MSCs after 3 and 7 days. Statistical
significance assessed via one-way ANOVA with Tukey’s post-hoc. N=1 biological replicate, N=4 experimental

replicates.

Cholesterol sulfate (CS) was also identified as a significantly altered metabolite in MSCs,
and SAOS-2 cells, according to ANOVA, with Tukey’s post-hoc (Table 4.3). Significant
alterations were observed at both timepoints for MSCs, with a lower f and p value observed
for SAOS-2 cells after 7 days. This statistical analysis did not identify changes in CS
expression for MG-63 cells at either timepoint, or for SAOS-2 cells at the day 3 timepoint.
Previous research in the group, as discussed in chapter 1, had highlighted CS as a bioactive
metabolite, that drove osteogenic differentiation in MSCs.**! Furthermore, a more thorough
look into individual treatments highlighted CS indeed was altered during differentiation for
the different cell lines, prompting further analysis for the metabolite.
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f.value p.value
MG-63 Day 3 ns ns
MG-63 Day 7 ns ns
SAOS-2 Day 3 ns ns
SAOS-2 Day 7 6.846 0.015347
MSC Day 3 32.085 8.0277 E-5
MSC Day 7 18.951 5.9394 E-4

Table 4.3: Statistical significance in cholesterol sulfate expression: The individual control for each timepoint
and cell line was compared to NK or OGM treated cells for MG-63, SAOS-2 and MSCs after 3 and 7 days.
Statistical significance assessed via one-way ANOVA with Tukey’s post-hoc. N=1 biological replicate, N=4

experimental replicates.

CS was significantly depleted both under mechanical and chemical stimulation after 3 days
for MSCs (Figure 4.21). After 7 days, the metabolite was still being used by the nanokicked
group to differentiate, while CS levels were increased in the osteogenic group. The highly
proliferative OS cell line MG-63 exhibited a similar behaviour, with both chemical and
mechanical stimulation leading to depleted levels of CS after 3 and 7 days of treatment. NK
treatment showed more significant consumption of CS, as was observed in MSCs. On the
other hand, the more differentiated SAOS-2 cell line showed increased levels of cholesterol
sulfate after 7 days of treatment, with OGM treatment inducing more significant fold-

increase in CS levels.
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Figure 4.21: Metabolomic relative abundance of cholesterol sulfate (A), and taurine (B) levels, against
individual timepoint and cell line control for (i) MG-63 cells, (ii) SAOS-2 cells, and (iii) MSC cells. Adjusted
Welch t test was used to statistically compare treatments’ metabolite fold-presence vs control=1. N=1
biological replicate N=4 experimental replicates (h=3 for MG-63 NK D7 group).

3 days of treatment drove small downregulation of taurine in MSCs, which was followed by
more significant depletion after 7 days (Figure 4.21, (B)). Cells appeared to consume taurine
during osteogenic differentiation under both treatments, but most significant fold-decrease
in taurine levels was observed for the nanokicked group. Differing response was observed
in the more poorly differentiated MG-63 cells, with taurine depleted during mechanical
stimulation, and accumulated during chemical stimulation. For the NK group most
significant, larger fold-decrease was evident after 7 days, while more significant
accumulation of taurine was observed after days of OGM treatment. For SAOS-2 cells
taurine was depleted across both conditions and timepoints, with most significant decrease
after 7 days of treatment. OGM treatment elicited different response on the metabolite
expression for the different cell lines. NK treatment induced depletion of taurine in both
healthy and OS cells, highlighting a common metabolite in mechanically induced
differentiation. It was thus considered of interest to observe whether the identified
metabolites would promote osteogenic differentiation in both the poorly differentiated MG-
63, and the more mature SAQOS-2 cells.
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4.5 General discussion

While metabolomics is an established field with great potential for understanding cell
behaviour, there is more limited research on the osteosarcoma (OS) metabolome. Research
has focused on OS microenvironment,®® OS cancer stem cells,?®® biomarker
identification,®® response to treatment,®* and metabolic profiling of OS cancer
progression.?®® A key objective has been to identify metabolites associated with OS
progression, and metastasis, to aid in tumour metabolic classification.?®1:262263 Through
metabolomic studies Ren et al. previously reported a link between inositol metabolism, and
metastasis,?®® and further observed that interrupted ezrin phosphorylation has inhibited
metastatic potential in OS cells.?®® Wu et al. employed metabolomics, to study the tumour
immune microenvironment, and identify phenotypes that would be most likely to respond to
immune checkpoint inhibitors.?® They identified that ST3GAL4 knockdown could inhibit
proliferation in OS, and inhibit proliferation and macrophage polarisation, while vitamin
metabolism was identified to be significant. Vitamin metabolism has been reported to be
involved in OS,%%12% with research into 1,25-dihydroxyvitamin Dz metabolism revealing a
link to cancer cell differentiation.?®®* Thus, studying links between metabolism and
differentiation, may be a promising approach to identifying agents that may restore
differentiation potential in OS. Limited research was identified on metabolic reprogramming
during OS differentiation,?”* therefore a further objective was to identify changes in
carbohydrates, amino acids, and lipids. Through untargeted metabolomics, information on
cell behaviour, and involvement of different classes of metabolites, was also obtained. This
led to better understanding of OS cell behaviour, and biological processes involved in
differentiation. Bioinformatic tools were wused to study trends in metabolite
biotransformation during differentiation, and to infer biological relevance from the

generated high-dimensional data.

TCA metabolites were found to be significantly altered during differentiation of OS cells,
and MSCs. Zhong et al. previously reported that OS cells presented decreased TCA, and
glutathione metabolic activity, compared to healthy cells, while amino acid metabolism,
including arginine, aspartate was generally enriched.?®® The general implication was that
mitochondrial metabolism was impaired in OS. Zhang et al. reported that amino acid,
glutathione, and polyamine metabolism was enriched in OS, while lipid metabolism, and
carbohydrate metabolism, which included glycolytic and TCA metabolites, were

inhibited.?*® Conflicting results on glutathione metabolism may be linked to different
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instrumentation, analytical methods, as well as individual patient phenotypes. Smith et al.
reported that MSCs employed oxidative phosphorylation, more so than glycolysis, as a

source of energy, to undergo differentiation.?5?

While increased glucose consumption in cancer cells is often followed by significant
accumulation of lactate, this was not what was observed in OS cells that were mechanically
or chemically stimulated for 7 days. Both mechanical, and chemical stimulation of MSCs,
MG-63 and SAOS-2 cells appeared to induce changes in TCA metabolites. accumulation of
different metabolites downstream of glycolysis was observed for the different treatments.
Significant depletion of TCA metabolites was observed both for SAOS-2, and MG-63 cells,
after 7 days of mechanical stimulation, though accumulation of carbohydrates was observed

at an early timepoint.

Oxaloacetate was the most accumulated TCA metabolite in SAOS-2 and MG-63 cells, that
were nanokicked for 3 days. Oxaloacetate is involved in amino acid, and lipid metabolism,
linking glutaminolysis,?® the urea cycle,?® and fatty acid synthesis, to the TCA cycle.2%6:2%
Accumulation of oxaloacetate is a driving force of fatty acid synthesis, while oxaloacetate
treatment of MSCs was reported to induce osteogenic differentiation.?® The observed
accumulation of oxaloacetate in different mechanically induced cells may suggest a common
osteogenic pathway in mechanically induced differentiation in OS cells. In MG-63,
oxaloacetate, was depleted after 3 days of OGM treatment, while glutamate accumulation
was observed in this group. For SAOS oxaloacetate was depleted at both timepoints, while
glutamine accumulation was observed after 3 days, which was followed by significant
depletion after 7 days. This may indicate the glutamate pathway was involved in chemical

stimulation of MG-63 cells.

There is a fine balance between anaplerosis and cataplerosis in the TCA cycle, that helps
balance biosynthesis, and bioenergetics.?®® Citrate is a key TCA metabolite, that is mostly
deposited in bone, regulates energy metabolism, and has been described to be a driver of
osteogenesis in MSCs.?’ Citrate was the most altered TCA metabolite, after 3 days of
treating MG-63 cells with OGM, showing large accumulation. MSCs also displayed citrate
upregulation after 3 days of OGM treatment, though fold-change was not as significant.
Citrate remained accumulated after 7 days of treatment for both cell lines. On the other hand,
nanokicking induce citrate accumulation both MSCs, and MG-63 after 3 days, though this
was followed by depletion. SAOS-2 cells showing less significant changes in citrate

expression after OGM treatment, which may be linked to previously observed reduced
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metabolic activity (chapter 3). The more significant accumulation of citrate in OGM treated
cells may be linked to mineralisation, induced from the supplementation of OGM with 3-
glycerophosphate. Fu et al. reported that osteogenic supplementation with *C labelled
glucose, led to 13C labelled citrate deposition in hydroxyapatite crystals leading to
mineralisation.®® This research demonstrated that MSCs utilise TCA intermediates, to drive
differentiation, more so than glycolysis, with Zn uptake playing an important role in
differentiation. The active role of citrate in osteogenic differentiation was confirmed during
chemical stimulation of MSCs, and MG-63 further corroborating observations of increased
osteogenesis. Though TCA cycle has been reported to play a more limited role in cancer,
studies have proven TCA intermediates are also used as an energy source and building
blocks for macromolecules.®®* Osteogenic differentiation is an energetically demanding
process, 82 which may explain the observed increased activity in carbohydrate metabolism,
both in the healthy MSCs, and the OS cell lines.

Fanelli et al. had previously reported that mechanically stimulation of SAOS-2 cells led to
significant depletion of TCA metabolites, after 24 hour-1 Hz cyclic stretch.?’? This study
was relevant to this research, as there is limited information on metabolic alterations during
mechanical stimulation of OS cells. While both approaches focused on the effects of
mechanical stimulation, there were differences in length of treatment, as well as frequency,
where they employed 1 Hz frequency, while 1000 Hz frequency was employed in this thesis,
to more closely mimic bone. This may explain differing observations on metabolic pathways
involved in mechanotransduction of SAOS-2.

NK treated MG-63 cells had shown accumulation of amino acids after 3 days, which was
followed by significant depletion in a large cluster of metabolites. OGM treatment showed
more subtle changes in amino acid metabolism, compared to the control, according to
heatmap analysis. For SAOS-2 cells more significant changes in amino acid metabolism was
observed in the OGM group, compared to the nanokicked group. Significant depletion of
amino acids including proline and glutamate was observed after 7 days of nanokicking, with
OGM treatment inducing a more significant fold-decrease in metabolite expression. Changes
in proline metabolism were observed for both cell lines. A statistically significant
accumulation of proline was observed after 3 days of NK treatment in MG-63 cells, which
was followed by depletion after 7 days both in the NK and the OGM groups. Shen et al.
reported that proline is essential for osteoblastic commitment, with osteogenesis regulators
RUNX2 and OSX showing significant enrichment of proline pathways, compared to other
cell types.?®® Proline also plays a role in collagen biosynthesis, and in extracellular matrix
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deposition.2®2 Shen et al. theorised that rather than proline being further metabolised, it is
directly involved in synthesis of osteogenic proteins like RUNX2, COL1, and osteocalcin.
Given proline’s role in osteogenesis and RUNX2 regulation, it was interesting to observe
changes in proline metabolism, and it may be of interest to study amino acid metabolism
more thoroughly.

GC-MS studies into OS differentiation, by Sunjic et al. previously revealed increased fatty
acid metabolism.2’* Palmitic acid, stearic acid, and oleic acid were found to be abundant in
both treated and untreated OS cells, which would be expected given enhanced fatty acid
metabolism in OS cells. 5,8,11-eicosatrienoic acid was found to be significantly altered
compared to untreated cells, suggesting a role of C20 metabolism in OS differentiation.
Lipids play an important role in molecule transfer and signal transduction, and are implicated
in cancer progression, as well as osteogenic differentiation. One way ANOVA for MG-63
and SAOS-2 cells identified choline phosphate, taurine, carnitine, decanoic acid,
oxodecanoic acid, as significantly altered metabolites. Taurine is known to be involved in
signalling pathways, while cholesterol sulfate (CS) has previously been described to promote
osteogenic differentiation.!* CS was found to be depleted both under mechanical and
chemical stimulation after 3 days for MSCs. Previous research in the group had identified
CS as a metabolite of interest in stem cell differentiation,**! so this finding corroborates that.
MG-63 also showed significant depletion of CS under mechanical and chemical stimulation,
further highlighting commonalities between the 2 poorly differentiated cell lines. Lipid
metabolism was screened in this metabolomics dataset, and while some general observations
were made on lipids, expression levels for multiple lipids were below the limit of detection
of the instrument. HILIC chromatography was employed, which offers enhanced separation,
and allows for detection of diverse sets of metabolites, but this system is better suited for
polar metabolites, than hydrophobic ones.3%® Global lipidomic analysis may be carried out
in the future to obtain further information on hydrophobic metabolite involvement on OS

differentiation.

While mechanically induced osteogenesis was predicted to be driven through the JNK
pathway in MG-63 cells, through the IPA algorithm, nanokicking was predicted to drive
osteogenesis in SAOS-2 cells through the ERK pathway. Decreased metabolic activity in
OGM treated cells was previously observed in SAOS-2 cells, according to the alamar blue
assay (chapter 3), which was reflected by the decreased metabolic activity according to
metabolomics. This may potentially be linked to the depleted levels of carbohydrates, amino
acids and lipids, as well as predicted inhibition of ERK, JNK and AKT. Nonetheless several
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metabolites including malate were enriched in cells that were chemically stimulated, with

impaired metabolic activity potentially being linked to apoptotic effects.

4.6 Conclusions

Mechanical and chemical stimulation were previously found to drive differentiation both on
MSCs, and OS cells. Further maturity was achieved under both conditions, employing
separate metabolic pathways, though metabolites in common were also identified. Amino
acid metabolism was found to be significantly altered during differentiation for MSCs and
OS cells, though the different stimuli appeared to employ different types of metabolites to
induce osteogenic response. Citrate accumulation was observed in OGM treated MSCs, and
MG-63 cells, which is an indication of mineralisation. Significant accumulation of
oxaloacetate was observed when SAOS-2 and MG-63 cells were nanokicked for 3 days,
showing a shared link in mechanically induced differentiation. Further osteogenic
differentiation in OS cells appeared to induce metabolic reprogramming, and lead to cells
employing pathways, such as TCA, that were previously described to be impaired in OS.
Taurine and cholesterol sulfate were identified as metabolites of interest to be tested on OS

cells, which will be described in chapter 5.

4.7 Future work

Initial observations were made on bioenergetics of OS differentiation on a metabolic level.
Studying enzymes involved in glycolysis, glutaminolysis, and oxidative phosphorylation
may provide further information on the bioenergetics and enzymatic pathways involved in
differentiation, in the future. Some major signalling pathways predicted to be involved in
OS differentiation, included JNK, ERK, Akt, so carrying out inhibitor studies in the future
could help deconvolute which biological pathways are drivers, or suppressors of
osteogenesis. Moreover, pairing further omics studies, such as RNA-sequencing or
proteomics with the metabolomics would further highlight what are the most important
pathways that drive maturation in OS. Testing some of the identified metabolites of interest
from this dataset, on OS cells, is a promising strategy in assessing bioactivity of metabolites.
Hence, in the following chapter, MG-63 and SAOS-2 cells were treated with cholesterol

sulfate and taurine, to identify whether they would indeed promote differentiation.
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Chapter 5: Small molecule driven

differentiation in osteosarcoma

5.1 Introduction

As discussed in chapter 4, metabolomics was used to study metabolic pathways, and small
molecules involved in differentiation. The aim of this chapter was to test metabolites that
were identified from the comprehensive metabolomics data set and observe if they can drive
differentiation in osteosarcoma (OS) cells. Cholesterol sulfate and taurine were identified
from the metabolomic screen, while fludrocortisone acetate was also screened (Figure 5.1),
due to previous research in the group.2#! Cholesterol sulfate (CS) and fludrocortisone acetate

(FA) both possess a steroid scaffold.

Q. oH

S
NN

Cholesterol sulfate Fludrocortisone acetate Taurine

Figure 5.1: Small molecules screened in chapter 5 include cholesterol sulfate, fludrocortisone acetate and

taurine.

Taurine (TAU) is an endogenous metabolite, biosynthetically derived from amino acids such
as methionine and more commonly cysteine, though vertebrates typically obtain taurine from
their diet.3®* Taurine is an amine sulfonic acid, that modulates lipid metabolism, and liver
detoxification, by forming conjugates with bile acids, leading to the formation of easier to
clear salts.®®® Taurine presents wide bioactivity, modulating calcium homeostasis,
osmoregulation, central nervous system regulation and lipid membrane modulation.3
Taurine has been reported to drive in vitro, and in vivo. tumour suppression in breast cancer,
colon cancer, lung cancer, and nasopharyngeal cancer.®%” Overall, taurine is a wide acting

metabolite, that modulates signalling, with taurine deficiency being linked to ageing.3%

Cholesterol sulfate (CS) is an endogenous metabolite, that is an abundant cell membrane

lipid, and plays a role in signal transduction.®®® CS is synthesised via the reversible sulfation
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of cholesterol, in the presence of 3’-phosphoadenosine-5’-phosphosulfate (PAPs), as a
sulfate donor, and SULT, as a catalyst.3!° CS is abundant in rodent brains and is thought to
be a precursor to other sulfated steroids, such a pregnenolone sulfate.3!* CS binds to
matrisylin-7312312 and has also been reported to be a retinoid orphan receptor (ROR) agonist,
which is a nuclear hormone receptor.3'* ATRA, which has been employed in differentiation
protocols for a number of cancers, including OS and acute myeloid leukaemia also presents
biological activity through retinoid receptors.3'® Previous research in the group identified CS
as a metabolite involved in osteogenic differentiation of MSCs, through glucocorticoid
activity.2*! As discussed in chapter 1, the same research concluded that structurally related,
fludrocortisone acetate (FA) presented enhanced, selective osteogenic differentiation,

through mineralocorticoid activity.

Fludrocortisone acetate (FA) is a synthetic mineralocorticoid receptor agonist, that regulates
salt homeostasis,®!® and has been used to treat adrenal failure, in combination with
glucocorticoids.®” FA has been shown to present more potent mineralocorticoid receptor
(MR), than glucocorticoid receptor (GR) activity,*!® and has been reported to present a safe
pharmacological profile. MR and GR can be activated due to stress, and play an important
role in hormone homeostasis, with low affinity GR binding, and high-affinity MR binding.3!°
It was considered of interest to observe osteogenic response of the different steroid receptor

agonists on osteogenic induction of OS cells.
5.2 Aim

Literature search suggests that there is no previous published research on the effect of
cholesterol sulfate or fludrocortisone acetate on differentiation in OS. The aim of this chapter
was to assess whether steroid fludrocortisone acetate and metabolites cholesterol sulfate and
taurine can drive differentiation in OS. Further objectives included assessing whether the
small molecules could induce differentiation in a dose-dependent manner, and how they
would affect viability of OS cells.

5.3 Materials and methods

5.3.1 Dose response experiment

MG-63 and SAOS-2 cells were cultured, plated and maintained, using protocols described
in chapter 2. Cells were grown in a T75 flask, trypsinised, counted, and resuspended in

DMEM. Due to growth rate differences MG-63 cells (faster) were seeded at a density of
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1,000 cells/cm?, and SAOS-2 cells (slower) were seeded at 2,000 cells/cm?, in basal medium,
in a 48 well plate. Cells were treated the following day with cholesterol sulfate (CS),
fludrocortisone acetate (FA), or taurine (TAU) at 0.1, 1 or 10 uM, for 7 days. Viability was
assessed after 3 and 7 days, via the Alamar blue assay, while protein expression was assessed
via the ICW assay.

5.3.2 Timepoint experiment

Cells were grown in a T75 flask, trypsinised, counted, resuspended in DMEM, and plated at
10,000 cells/cm? for SAOQS-2 and 5,000 cells/cm? for MG-63. Cells were grown into
monolayers over a week, and subsequently treated with 10 uM CS, FA or TAU, or with
OGM (recipe in chapter 3). Media was changed every 3 days, and cells were fixed with 4%
formaldehyde in PBS, after 3, 7, 14 and 28 days. For each marker 4 experimental replicates

were used, and protein fold-expression against the control, was quantified via ICW.
5.3.3 Alamar blue

Cells were treated according to the protocol described for the dose response experiment.
Alamar blue was used to measure the metabolic activity of cells, after 7 days of treatment,
using the protocol described in chapter 2. %Alamar reduction was measured against an

untreated cell line control, using equation 3, reported on the Bio-Rad website. 1
5.3.4 In cell western

Cells were treated with 10 uM of CS, FA or TAU. Cells were fixed in 4% formaldehyde,
and stained for in-cell western analysis, using the reagents, and methods described in chapter
2. Monoclonal antibodies against proteins including RUNX2, OSX, ONN and OPN were
used. Protein expression was quantified using LICOR ODYSSEY SA instrument, and
protein expression was quantified for treatments by normalisation against CellTag, followed

by normalisation against relevant untreated cell controls, for each cell line and timepoint.
5.3.5 Quantitative polymerase chain reaction with reverse transcription (QRT-PCR).

Cells were seeded in 24 well plates, at a density of 2,000 cells/cm? for MG-63, and 4,000
cells/cm? for SAOS-2. Cells were treated with 10 pM of CS or FA after 2 days, and cells
were washed and lysed after 7 days of treatment, using protocols described in chapter 2.
gRT-PCR was employed to quantify osteogenic gene expression during small molecule

treatment, using protocols from chapter 2.
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5.3.6 Immunofluorescence

Cells were seeded in 6-well plates at a density of 2,000 cells/cm? for MG-63 and 4,000
cells/cm? for SAOS-2, and treated with 10 uM CS, FA, or TAU, after 2 days. Cells were
fixed after 7 days and stained using the immunofluorescence protocol described in chapter
2. Monoclonal antibodies against proteins including RUNX2, OSX, ONN and OPN were
used. Cells were imaged on EVOS M7000 microscope at 20x magnification, and images

were processed on Imaris Viewer.
5.3.7 Cell cycle assessment using flow cytometry

Cells were seeded in TC-treated 6-well plates at cell concentrations of 2,000 cells/cm? for
MG-63 cells, and 4,000 cells/cm? for SAOS-2 cells. Cells were allowed to attach overnight
and treated after two days, according to the previously described differentiation protocol.
Cells were collected after 7 days, using the protocol described in chapter 2. For each
condition 2 technical and 3 analytical replicates were used. Cell numbers were normalised,
to analyse uniform populations. Cell cycle analysis was carried out using FlowJo software,
and the gating strategy described in chapter 3 was employed, to eliminate artifacts, and

dimers, and analyse single cells.
5.3.8 Statistical analysis

Statistical tests described in chapters 2, and 3 were used to compared treatments protein or

gene expression, or alamar reduction, compared to respective untreated cell control.

5.4 Results and discussion

5.4.1 Effect of small molecule concentration on MG-63 cells

As previously discussed, cholesterol sulfate and taurine were identified as metabolites of
interest from our metabolomic screen. Given these small molecules have not previously been
described to have been tested on OS cells, to my knowledge, it was first essential to assess
cytotoxicity, and the effect of concentration on the MG-63 cells. Viability was assessed via
the alamar blue assay. Cell numbers were further assessed via cell counts, upon
trypsinisation. Cell morphology and confluence was further assessed via

immunofluorescence microscopy.

126



Treating MG-63 cells with CS did not cause changes in viability at 0.1 and 10 pM after 3
days, but after 7 days decreased alamar blue reduction was observed for the lowest
concentration, and increased alamar blue reduction was observed at the highest
concentration (Figure 5.2, A, (i)). More metabolically active cells were present after 3 days
of 1 uM CS treatment while after 7 days viability was comparable to the control (A, ii). FA
treatment showed a dose dependent increase in alamar blue reduction after 3 days, while 7
days of 1 uM treatment led to a statistically significant increase in metabolically active cells.
TAU did not appear to affect cell viability, with comparable reduction in alamar blue for
both timepoints, apart from an observed statistically significant increase in reduction after 3
days of 1 uM induction. Increased cell numbers were observed after CS treatment, and
decreased cell numbers were observed from FA and TAU treatment, after trypsinisation
compared to the control (B). Given confluent monolayers were formed across the different
conditions after 7 days, and the limited number of replicates, there is a limitation, as to how
representative those numbers are. To confirm that cells were viable after 7 days of 10 uM
treatment, fluorescent staining was also carried out (C). DAPI staining was used to assess
cell numbers, and phalloidin staining was used to assess cell spread and morphology.
Fluorescent staining confirmed formation of confluent monolayers after 7 days, both for the
control group, and the different treatments, which was in line with observations from chapter
2. Overall MG-63 cells tolerated CS, FA and TAU treatment, at the tested range of
concentrations, with no cytotoxicity observed. The small increase in alamar reduction may
be an indicator of increased proliferation from the small molecule stimulation, which was

not previously observed for nanokicking or osteogenic medium.
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were treated for 7 days with 10 uM of CS, FA or TAU, trypsinised and counted., N=1 biological replicate,
N=2 experimental replicates (C) Fluorescent images showing cell distribution during differentiation. MG-63
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nuclei, and phalloidin (green) stained actin cytoskeleton. 150 um scale bar. N=1 biological replicate, N=6
experimental replicates

After observing that cells were viable at the tested range of concentrations, protein
expression was assessed via the previously discussed in-cell western (ICW) assay. From
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earlier observations in chapter 3, cells had not typically achieved differentiation in 3 days,
S0 osteogenic protein expression was quantified after 7 days. ICW was the main screening
technique that was chosen, due to the increased throughput capability, as well as the
perceived accuracy of the readings, caused by the lower background from IR dyes. Protein
expression was normalised against the CellTag fluorescent cellular readout, and fold-
expression was quantified, relative to the untreated MG-63-day 7 control. RUNX2
expression was measured, as an increase in RUNX2 is required to initiate differentiation,
and downstream expression of osteogenic proteins. OSX expression was also measured, as

OSX is also a regulator of osteogenesis, that acts downstream of RUNX2.

All tested small molecules showed signs of osteogenic differentiation, as evident by a pattern
of increased RUNX2 and/or OSX expression (Figure 5.3). At the lowest tested
concentration, CS did not appear to drive differentiation, with comparable protein expression
to the control observed for RUNX2 (A, (i)) and OSX (B, (i)). Treatment with 1 uM of the
metabolite showed a small increase in RUNX2 and OSX. An increase in RUNX2 and OSX
was observed after 7 days of 10 uM CS treatment, which would suggest the glucocorticoid
small molecule could drive osteogenesis. Overall upward trends in osteogenic markers were
observed, even though statistical significance was absent. Fludrocortisone acetate was tested
under the same range of concentrations, with insignificant differentiation observed at 0.1 pM
and no observable changes at 1 pM. Insignificant increase in fold-expression was observed
for RUNX2 and a statistically significant increase in OSX was observed at the highest tested
concentration. This would strongly indicate that treatment with 10 pM FA induces

osteogenic differentiation, in a concentration-dependent manner.
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expression vs control=1 (blank=ns=p>0.05, *=p<0.05). N=1 biological replicate. N=4 experimental

replicates.

Given the gradual increase in osteogenic proteins, with the increase in small molecule
concentration, a dose dependent response was observed for CS, FA and TAU, with 10 uM
treatment showing the most significant differentiation. Glucocorticoids are often included in
osteogenic cocktails,}’®1"7 with Alakpa et al. reporting that CS showed a less potent, but
more selective osteogenic differentiation than dexamethasone on MSCs.3% Being
encouraged by the observed differentiation from 10 uM stimulation for the different small
molecules, further studies were carried out to study cell behaviour. Given previous research
on MSCs, and the group’s interest in steroid scaffolds, cholesterol sulfate and

fludrocortisone acetate were selected for further screening.
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5.4.2 Effect of small molecule 10 uM treatment on MG-63

As previously described, MG-63 had reached cell confluence after 7 days in culture, forming
overgrown monolayers, with disorganised actin filaments observed. Protein localisation and
expression, for osteogenic markers, were studied via immunofluorescence. First the
osteogenesis master regulator RUNX2 was imaged, with relatively abundant expression, and
perinuclear localisation observed (Figure 5.4). This was in line with previous observations
from nanovibration studies, described in chapter 3. CS and TAU appeared to drive an
increase in RUNX2 expression. Upward trends in RUNX2 expression were observed during
the dose response experiment (Figure 5.3), which were also visually observed from
immunofluorescence for CS and TAU, while RUNX2 seemed less abundant in the FA
treated cells. OSX expression was also studied, though the protein was not abundant in MG-

63 cells, as previously discussed.
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Figure 5.4: Immunofluorescence staining: MG-63 cells were treated with 10 uM CS, FA or TAU for 7 days.
Cells were stained with DAPI (blue), phalloidin (green), and RUNX2 (red), and imaged on EVOS at 20x
magpnification. imaged on EVOS microscope at 20x magnification. Images processed with Imaris Viewer. Scale
bars: 150 um. Yellow arrows point to areas of decreased RUNX2 expression, and pink arrows point to areas

of increased RUNX2 expression. N=1 biological replicate, N=2 experimental replicates.
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As was previously described in chapter 3 ONN expression was found to be perinuclear in
MG-63 cells (Figure 5.5). Not all cells were ONN positive, and the protein was expressed in
lower levels than RUNX2. FA and TAU treated cells visually showed a small increase in
protein expression, as indicated by pink arrows, though protein expression was not
quantified at this stage.
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Figure 5.5: Immunofluorescence staining: MG-63 cells were treated with 10 uM CS, FA or TAU for 7 days.
Cells were stained with DAPI (blue), phalloidin (green), and ONN (red), and imaged on EVOS at 20x
magpnification. imaged on EVOS microscope at 20x magnification. Images processed with Imaris Viewer. Scale
bars: 150 um. Yellow arrows point to areas of decreased ONN expression, and pink arrows point to areas of

increased ONN expression. N=1 biological replicate, N=2 experimental replicates.
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Perinuclear and cytoplasmic localisation of the matricellular protein OPN was observed for
different conditions. (Figure 5.6). Qualitative observations revealed increased OPN in
certain cells within the population for FA and TAU treated cells (pink arrows). This increase
in OPN may suggest differentiation, and potentially mineralisation from small molecule

induction, though immunofluorescence was solely used as a qualitative tool.
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Figure 5.6: Immunofluorescence staining: MG-63 cells were treated with 10 uM CS, FA or TAU for 7 days.
Cells were stained with DAPI (blue), phalloidin (green), and OPN (red), and imaged on EVOS at 20x
magnification. Images processed with Imaris Viewer. Scale bars: 150 um. Yellow arrows point to areas of
decreased OPN expression, and pink arrows point to areas of increased OPN expression. N=1 biological

replicate, N=2 experimental replicates.
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Cells were treated with 10 pM CS, FA or TAU or with OGM for 7 days, and protein
expression was quantified via ICW analysis. Cells appeared to differentiate under CS
treatment, as seen by the upward trend in RUNX2 and OSX expression (Figure 5.7, (A)),
despite the lack of statistical significance. FA treatment on the other hand showed the most
statistically significant upregulation of RUNX2, with comparable action to OGM treatment.
An upward trend in OSX was observed, with the caveat of a lack of statistical significance.
TAU also drove differentiation in MG-63 cells, as observed by the statistically significant
increase in RUNX2 protein expression, and the insignificant increase in OSX. Overall, all
the tested conditions showed an increase in differentiation, with FA showing the most
pronounced effect. These were exciting findings, as they indicated that the small molecules
identified through metabolomics indeed presented the desired activity and drove
differentiation. Fludrocortisone acetate was reported by Hodgkinson et al,**! to drive
enhanced, selective differentiation in MSCs, so it was interesting to observe that enhanced
differentiation in the OS cells. Lack of upregulation was observed in certain biological
repeats, so it was considered that studying a wider panel of proteins, over an extended period,
may provide further information on cell phenotype, and differentiation trends. Having
obtained information on protein expression during differentiation, gene expression was then
studied via gPCR.
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Figure 5.7: MG-63 cells were treated with 10 uM CS, 10 uM FA, 10 uM TAU or OGM for 7 days. (A) Protein
fold-expression was quantified against untreated D7 SAOS-2 control, via ICW analysis. (i) RUNX2 protein
expression. Data collected from 6 separate experiments (ii) OSX protein expression. Data collected from 4
separate experiments. (B) Gene expression was quantified via gqPCR. N=1 biological replicate. N=3-4
experimental replicates. Statistical analysis: Mann Whitney u test used to statistically compare treatments’
protein or gene fold-expression vs control=1 (ns=blank=p>0.05, *=p<00.5, **=p<0.01, ***=p<0.001,
*xxx=n<(,0001).

More subtle changes were observed for the gene expression, compared to the protein
expression (Figure 5.7 (B)). ALP levels were downregulated in the small molecule groups
and upregulated in the OGM group. RUNX2 fold-expression was statistically significantly
downregulated for the CS group, while protein expression was increased. For FA there were
no changes in RUNX2 gene expression (B), but protein levels were found to be significantly
upregulated (A). Protein expression is longer-lasting and downstream to gene expression,32
which may explain in part the observed differences. OGM treatment was included as a
positive control, and displayed increase in ALP, RUNX2 and OSX, which verified
differentiation. Fludrocortisone acetate treatment drove significant upregulation of OSX
expression, which is an indication of osteogenesis. Cells cultured in osteogenic medium too,
as a positive control, showed more significant upregulation of osteogenic genes. Osteogenic
medium contains the glucocorticoid dexamethasone, but also contains 3-glycerophosphate,

and ascorbic acid, which play an active role in differentiation and mineralisation.
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Cell cycle distribution was then studied in MG-63 cells, to see how small molecules alter
cell cycle. Modal analysis of the histograms revealed minimal shifting between the control
and the treatments, while changes in distribution were evident (Figure 5.8 (i)). Analysis
based on cell counts revealed that more cells were present in the control group population,
compared to the treatments (ii). In the control group 73.2% of cells were in the GO/G1 phase,
4.84% of cells were in the S phase, and 18.67% of cells were in the G2/M phase (iii). MG-
63 cells are partially differentiated, so the higher percentage of cells in the GO/G1 phase
reflects that osteoblastic commitment. For CS treated cells there was an insignificant
decrease in cells in the G1 phase, while there was a small increase of cells in the S and G2
phases. On the other hand, in FA treated cells there was an increase of cells in the G1 phase
and decrease of cells in the S and G2 phase. FA supplementation previously showed the
most consistent differentiation in MG-63 cells, amongst other small molecule treatments.
These findings were in line with previous observations of cell cycle distribution in
differentiated cells, where an increase of cells in G1 may signify osteogenic commitment.
For TAU there was a decrease of cells in the G1 phase, and an increase of cells in the S and
G2 phase. Overall, it was observed that small molecule driven differentiation drove some
subtle changes in cell cycle distribution. Cell cycle dysregulation is widely documented in
OS, with mutations in checkpoint kinases and cyclin kinases aiding cells to undergo
uncontrolled proliferation.?? This may in part explain the more discreet changes in OS cell
cycle, as well as provide a link to cancer cells’ resistance to terminal differentiation. Having
studied the effect of 10 uM treatment on MG-63 cells, cells were then treated with CS, FA
or TAU over a span of 28 days, and osteogenic protein expression patterns were studied at

different timepoints.
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5.4.3 Changes in osteogenic protein expression, after CS, FA or TAU treatment of MG-

63 cells for 28 days

Having studied the effect of small molecule concentration on differentiation, a temporal

protein expression study was then carried out. The aim was to study protein expression

patterns over time for the different treatments and see how osteogenic regulator RUNX2

affected the expression of downstream proteins. OS cells are highly proliferative and tend to

form confluent monolayers within a week of seeding. To limit variables, and differing

stimuli that can affect the degree of differentiation, cells were allowed to form monolayers,
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prior to small molecule treatment. This should in theory limit competing effects between
cell proliferation and cell differentiation. RUNX2 and ONN were studied at more timepoints,
while OSX, OPN and OCN were also tested, but with fewer datapoints, due to sample

availability.

Previous studies on mechanical vs chemical stimulation on OS cells had shown that a 3-day
treatment with OGM or NK was insufficient to drive differentiation, as discussed in chapter
3. In this instance OGM, CS and FA initiated differentiation after 3 days (Figure 5.9 (i)),
with TAU displaying no increase in RUNX2. CS drove a gradual increase in RUNX2, with
a dip at 7 days of treatment, and a peak in protein expression after 28 days. This earlier
increase of RUNX2 after 3 days of treatment, followed by more limited upregulation after 7
days may explain previous observations of more limited protein increase after 7 days of CS
treatment. ONN expression was also increased in a time-dependent manner in the CS group,
with significant upregulation after 14 and 28 days. This was a strong indicator of maturation,
which was confirmed by the slight upregulation of OPN and OCN, despite a lack of
statistical significance. In the future it would be interesting to study protein expression of
OPN, and OCN over more timepoints. FA treatment induced a gradual increase in RUNX2
protein expression, in a time-dependent manner. RUNX2 expression peaked at 14 days, and
was then decreased after 28 days, albeit being higher than the control. Statistically significant
increases were observed across the different timepoints, which further confirm the RUNX2
initiated differentiation. While ONN expression was upregulated in the CS, and TAU and
OGM groups to a lesser degree, in a time dependent manner, ONN expression was
downregulated in the FA group. OPN levels were slightly elevated, while OCN levels were
downregulated after 28 days. Taurine was previously found to drive differentiation at a 10
MM concentration, after 7 days of treatment (Figure 5.3), but in this instance it was found
that differentiation initiated after 14 days of treatment (Figure 5.9). RUNX2 expression was
solely found to be upregulated at this later timepoint, while no increase in RUNX2 was
detected after 3, 7 or 28 days. A statistically insignificant upregulation of OPN and OCN
was observed after 28 days of stimulation, indicating that taurine drove cells to further
mature, but did not drive terminal differentiation in OS cells. It was interesting to observe
that while all treatments appear to drive differentiation, each condition displays its own

expression pattern over time.
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Figure 5.9: ICW protein expression: MG-63 cells were grown into a monolayer and treated with 10 uM CS,
FA or TAU over a month. Protein fold-expression assessed vs untreated MG-63 control of the respective
timepoint. (i) RUNX2 expression was assessed after 3,7, 14 and 28 days. (ii) ONN expression was assessed
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compare treatments’ protein fold-expression vs control=1 (blank=ns=p>0.05, *=p<0.05)
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5.4.4 Dose response experiment for SAOS-2

After observing that CS, FA and TAU induced osteogenic differentiation on MG-63 cells,
in a concentration, and time-dependent manner, the same assays were applied for SAOS-2
cells. First the small molecules were tested at 0.1, 1 and 10 uM on SAOS-2 cells, and
viability was assessed via the alamar blue assay, after 3 and 7 days. Cells were also
trypsinised, and counted, and imaged via immunofluorescence, for the highest tolerated
concentration, from the range that was tested. Small molecule treatment at the tested range
of concentrations did not induce cytotoxicity. For CS viability was comparable to the control,
after 3 days of treatment (Figure 5.10, (A)), and after 7 days there was a small decrease in
alamar reduction after 0.1 uM of CS treatment. For FA treatment there was an increase in
resazurin reduction, with increase in FA concentration, which may suggest increased
proliferation. TAU did not appear to significantly alter cell viability, with comparable alamar
reduction between the control and TAU observed after 3, and 7 days, except for
downregulation from 0.1 pM treatment, after 7 days. High cell numbers were present across
all the conditions, as evident by fluorescence staining, with confluence observed across all
conditions (C). It was interesting to observe that while treatment with osteogenic medium
drove extensive cell death in SAOS-2 cells, chemical stimulation using CS, FA or TAU did
not induce the same cytotoxicity. Further assays were carried out after 7 days of treatment
with 10 uM CS, FA and TAU, since cells tolerated small molecule induction. Cell counts
showed that more cells were collected for the different treatments vs the control (Figure 5.10
(B)), with the limitation of small number of replicates, and cell detachment. Fluorescent
imaging confirmed that high cell numbers were present across all groups, including the
control (Figure 5.10 (C)). Monolayers were formed after 7 days, so cell crowding was
observed for the different treatments. Overall, it was evident that the small molecules did
not induce cytotoxicity in SAOS-2 cells, which was also observed for the less mature MG-
63 cells.
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Figure 5.10: Concentration effect of CS, FA and TAU on SAOS-2 viability: A) %Alamar reduction of CS, FA
and TAU against untreated SAOS-2 control, of (i) D3 and (ii) D7 timepoints. N=2 experimental replicates,
N=2 analytical replicates, Welch’s adjusted t-test used to statistically compare treatments’ alamar reduction
vs control=100% (p>0.05=blank=ns, p<0.05=*, p<0.01=** p<0.001=***). (B) Cell numbers after
trypsinisation. Cells were treated for 7 days with 10 uM of CS, FA or TAU, trypsinised and counted., N=1
biological replicate, N=2 experimental replicates (C) Fluorescent images showing cell distribution during
differentiation. Cells were (i) untreated or treated with 10 uM of (ii) CS, (iii) FA or (iv) TAU for 7 days. DAPI
(blue) stained nuclei, and phalloidin (green) stained actin cytoskeleton. Scale bar= 150 um. N=1 biological
replicate, N=6 experimental replicates.
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After confirming cell viability at the tested range of concentrations, differentiation was
assessed by quantifying RUNX2 and OSX protein expression via ICW. CS treatment
appeared to drive differentiation in SAOS-2 cells (Figure 5.11). 0.1 uM treatment did not
adequately promote differentiation, as apart from a small increase in RUNX2, protein
expression was comparable between the control and the small molecule. At 1 uM there was
a statistically significant increase in RUNX2, and a small increase in OSX. At 10 uM a
statistically significant increase in both RUNX2, and OSX was observed, so the 10 uM
concentration was chosen for future experiments. Overall concentration dependent

osteogenesis was observed for CS treatment.
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Figure 5.11: ICW protein expression. Protein fold-expression of (A) RUNX2 and (B) OSX was normalised
against untreated SAOS-2 control treatment after 7 days. SAQOS-2 cells were treated with 0.1, 1 or 10 uM of
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replicates
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FA supplementation did not trigger upregulation of RUNX2 or OSX at 0.1 and 1 uM.
Therefore, these lower concentrations were ineffective in driving further maturation. At 10
UM a statistically significant increase in OSX was observed, therefore FA treatment was
shown to cause differentiation. High doses of glucocorticoids can have osteolytic effects,3?®
so a maximum concentration of 10 uM was tested for differentiation for cholesterol sulfate

and fludrocortisone acetate.

For TAU there was no increase of osteogenic markers at lower concentrations, but RUNX2
and OSX were significantly upregulated, at the highest concentration. Curiously while
differentiation was observed at the highest tested concentration, a small decrease in OSX
was observed in 0.1 uM treated SAOS-2 cells, which may indicate dedifferentiation. It was
therefore considered that the identified metabolites from the metabolomic screen, and related
structures, played an active role in osteogenesis of OS cells, in a concentration dependent
manner. Moreover, FA was also found to drive differentiation. These observations were in
line, with results on MG-63 cells, which also strongly indicated differentiation occurred in a

concentration dependent manner, with 10 uM being the optimal concentration evaluated.

Overall, a dose dependent increase in osteogenic markers was observed for the different
treatments, with a concentration of 10 uM showing the most statistically significant increase
of osteogenic proteins. CS appeared to show a larger increase in RUNX2 and OSX at the
highest concentration, compared to FA and Taurine. Moreover, OSX was increased for all 3
of the small molecules, at the highest concentration, which would indicate differentiation.
OSX is required to initiate differentiation in stem cells, so the activation of this osteogenesis
regulator was a good indicator of osteogenesis. RUNX2 is required, to activate OSX
expression during osteoblastogenesis,®?* so the smaller increase in RUNX2, compared to
OSX is understandable.

5.4.4 Effect of small molecule 10 uM treatment on SAOS-2 cells

Having decided that a 10 uM concentration was the most effective at driving differentiation,
further assays were then used to characterise cell response, to the small molecules.
Immunofluorescence was used to study protein expression, observe whether the marker was
abundantly expressed, and visualise localisation. While preliminary observations on relative
abundance, compared to the control were made, immunofluorescence was solely used

qualitatively. gPCR and ICW later quantified osteogenic genes and proteins respectively.
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As discussed in chapter 3, the osteogenesis regulator RUNX2 is highly expressed in SAOS-
2 cells and located in their nucleus. This nuclear localisation relates to SAOS-2’s more
mature phenotype, compared to MG-63 cells, where RUNX2 localisation was perinuclear or
cytoplasmic. Arrows were used to point areas of higher protein expression. The untreated
control highly expressed RUNX2, with some cells within the population showing
upregulation (Figure 5.12). Steroid treatment with CS and FA showed signs of increased
RUNX2 expression, which is an indicator of maturity. Taurine treatment also seemed to
drive differentiation in the cells, as evident by the qualitative observation of RUNX2
increase. Though no quantitative measurements were made, overall RUNX2 was found to
be abundant across all conditions, with some increase in RUNX2 observed, as previously
seen through ICW (Figure 5.11).
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Figure 5.12:Immunofluorescence staining: SAQS-2 cells were treated with 10 uM CS, FA or TAU for 7 days.
(n=2) Cells were stained with DAPI (blue), phalloidin (green), and RUNX2 (red), and imaged on EVOS at 20x
magpnification. imaged on EVOS microscope at 20x magnification. Images processed with Imaris Viewer. Scale
bars: 150 um. Yellow arrows point to areas of decreased RUNX2 expression, and pink arrows point to areas

of increased RUNX2 expression. N=1 biological replicate, N=2 experimental replicates.
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OSX was also found to be situated in the nucleus of SAOS-2 cells both in treated and
untreated groups (Figure 5.13), as previously discussed in chapter 3. The protein was
expressed abundantly, though general observations suggested that not all cells within the
population expressed OSX. Again, a visual observation of OSX upregulation from the
different treatments was made, but this would have to be corroborated by different

quantitative assays. It is however in line with preliminary observations from ICW.
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Figure 5.13: Immunofluorescence staining: SAOS-2 cells were treated with 10 uM CS, FA or TAU for 7 days.
Cells were stained with DAPI (blue), phalloidin (green), and RUNX2 (red), and imaged on EVOS at 20x
magnification. imaged on EVOS microscope at 20x magnification. Images processed with Imaris Viewer. Scale
bars: 150 um. Yellow arrows point to areas of decreased OSX expression, and pink arrows point to areas of

increased OSX expression. N=1 biological replicate, N=2 experimental replicates.
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OPN localisation was either perinuclear or cytoplasmic (Figure 5.14). Expression of this
mature marker, that is an indicator of mineralisation and maturation, appeared to be less
abundant than RUNX2 or OSX. CS treatment and FA treatment appeared to drive
upregulation of OPN compared to the control, with areas of cluster formation, also

displaying increased expression.
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Figure 5.14: Immunofluorescence staining: SAOS-2 cells were treated with 10 uM CS or FA for 7 days. Cells
were stained with DAPI (blue), phalloidin (green), and OPN (red), and imaged on EVOS at 20x magnification.
imaged on EVOS microscope at 20x magnification. Images processed with Imaris Viewer. Scale bars: 150 pm.
Yellow arrows point to areas of decreased OPN expression, and pink arrows point to areas of increased OPN

expression. N=1 biological replicate, N=2 experimental replicates.

Protein expression was variable within cell populations, which would indicate cells were
differentiated to varying degrees. RUNX2 and OSX were situated in the nucleus, which was
contrary to observations in MG-63 cells, which represent a more immature phenotype. OPN
and ONN localisation was perinuclear or diffuse cytoplasmic, and expression increased in
areas of cluster formation, potentially due to macromolecular interactions, and

mineralisation/matrix influence.?!3

After assessing protein localisation and abundance via immunofluorescence, ICW was
carried out, to quantify protein expression, and gPCR was carried out to quantify gene
expression. There was a greater focus on CS, and FA, due to particular interest in steroid
driven differentiation. 10 uM CS induced statistically significant upregulation of RUNX2,
while there was a trend towards increased OSX expression, which would confirm
differentiation. 10 uM FA showed the most statistically significant upregulation of RUNX2,
and statistically significant upregulation of OSX. TAU also drove a significant increase in
RUNX2, and even more statistically significant upregulation of OSX. These findings were

exciting, as they confirmed that SAOS-2 cells were maturing under those conditions and
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combined with MG-63 results confirmed that the identified metabolites, and FA were
bioactive and involved in differentiation. FA showed the most significant upregulation at
this timepoint, which corroborated were findings in MG-63 cells, and Hodgkinson’s finding
in MSCs. 4
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Figure 5.15: SAOS-2 cells were treated with 10 uM CS, 10 uM FA, 10 uM TAU or OGM for 7 days. (A) Protein
fold-expression vs untreated SAOS-2 D7 control was assessed via ICW analysis. (i) RUNX2 protein expression.
n=5 biological replicates, n=4 experimental replicates (ii) OSX protein expression. n=3 biological replicates,
n=4 experimental replicates (B) Gene expression was quantified via QPCR. N=3-4 experimental replicates, 2
analytical replicates. For ICW and gqPCR Statistical analysis: Mann Whitney u test used to statistically
compare treatments’ protein or gene fold-expression vs control=1 (p<0.05=%*, p<0.01=**, p<0.001=***,
p<0.0001=**** blank: p>00.5=ns)

Some upward trends in osteogenic genes were observed from gPCR analysis, indicating
differentiation, though results were not statistically significant, according to the Mann
Whitney test. An increase in alkaline phosphatase (ALP) fold-expression was observed for
cells treated with 10 pM FA, despite a lack of statistical significance (Figure 5.15 (B)). ALP
is highly expressed in SAOS-2 cells and is typically upregulated after 14 days of osteogenic
differentiation of MSCs, so ALP increase is an indicator of relatively later differentiation.
For CS, ALP levels remained unchanged. For RUNX2 it is interesting to note that significant
upregulation in protein expression was induced across all treatments, but gene levels
157



remained comparable to the control. This was also observed for CS, and FA in MG-63 cells.
The osteogenesis regulator OSX was upregulated in CS treated cells, which would suggest
differentiation. OSX was downregulated in FA treated cells. Both treatments had shown
trends of upregulation of OSX protein expression, but FA had shown most significant
upregulation, so it is possible that gene expression had occurred earlier. ONN expression
was similar for the control and the treatments. A more thorough investigation into a wider
panel of osteogenic genes could offer more information on the phenotype of the small
molecule treated cells, in the future. As previously discussed for MG-63 cells, discrepancy
between protein and gene data is common, with the more short-lived gene transcription
requiring the right timing, to observe the changes.®?! Overall, though changes in gene
expression were more subtle, small molecule treatment appears to drive osteogenic
differentiation in SAOS-2 cells, and MG-63 cells.

Upon observing that 7 days of 10 uM CS, FA and TAU treatment drove differentiation in
SAOS-2 cells, cell cycle distribution was then studied via propidium iodide (PI) based flow
cytometry. As seen in Figure 5.10 (B) cells were counted before cell cycle analysis.
Collected cell numbers for the small molecules were higher than the control, so cell numbers
were adjusted, to obtain comparable cell populations for flow cytometry. As observed for
MG-63 cells, the highest portion of SAOS-2 cells were in the GO/G1 phase, illustrating the
differentiation state of the cancer cells (Figure 5.16). Modal analysis (i) revealed an overlap
between conditions, with limited shifting in the G1 phase, which was contrary to
observations from nanokicking SAOS-2, though subtle change in G2 distribution was
observed. Analysis based on number of cells (height of histogram) (ii) showed differences
in height for the different cell cycle phases, depending on the treatment. In the control group
63.3% of cells were in the GO/G1 phase, 8.19% of cells were in the S phase, and 24.05% of
cells were in the G2/M phase (iii). Small molecule treatment induced very subtle changes in
cell cycle distribution, with a small decrease of cells in the G2 phase for CS, a decrease of
cells in the G1 phase for FA, and a small increase of cells in the G1 phase and decrease of
cells in the G2 phase for TAU. Overall limited observations could be made for the different
treatments in terms of cell cycle distribution, but cells did appear to differentiate under those
conditions. As previously stated, cell cycle is dysregulated in OS cells, which may also be

linked to observed aberrant differentiation.
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Figure 5.16: PI cell cycle analysis via flow cytometry. Histograms (i) modal mode, (ii) height mode, of BL3-H
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Whitney stats.

5.4.5 Changes in osteogenic protein expression, after CS, FA or TAU treatment of

Cell cycle phase

SAQS-2 cells for 28 days

After deducing that differentiation occurred in a dose-dependent manner for different small
molecule treatments, and further studying cell response at a 10 uM concentration, the
temporal influence on differentiation was assessed. SAOS-2 cells were grown into

monolayers, to allow for more uniform differentiation, and treated with 10 uM CS, FA or
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TAU for 3, 7, 14 or 28 days. Protein response was assessed for different osteogenic markers,

via the ICW assay.

Overall, differentiation appeared to occur in a time-dependent manner, though upregulation
of osteogenic proteins was not as consistent in SAOS-2 cells, as it was in MG-63 cells. In
agreement with previous observations on NK and OGM treated cells, 3 days appeared to be
insufficient to drive osteogenic differentiation in SAOS-2 cells. CS treatment drove a small
increase in RUNX2 after 7 days, which indicates differentiation, while protein expression
was comparable to the control for the other timepoints (Figure 5.17). CS treatment also
triggered statistically significant OSX upregulation after 14 days of treatment, which is a
strong indicator of differentiation. No increase in downstream protein expression was
observed, with unchanged levels of ONN, OPN and OCN, which may indicate a lack of
terminal differentiation. 10 uM FA treatment of SAOS-2 cells had shown to effectively drive
differentiation in the SAOS-2 cell line, and in this instance a gradual increase in RUNX2,
with a peak after 28 days was observed (Figure 5.17). FA treatment caused the largest fold-
increase of RUNX2, though this didn’t appear to trigger an increase in expression of
downstream proteins, including OSX, ONN, OCN and OPN. TAU triggered statistically
significant upregulation from day 7 onwards, but fold-increase was not as large as for FA.
A small increase in OSX was also observed after 14 days. Previous findings have
corroborated that CS, FA and TAU can drive osteogenesis in SAOS-2, as evident by
upregulation of RUNX2, and OSX so this response was more limited than previous
observations. Changes in osteogenic proteins were also more limited than what was seen for
MG-63 cells, where more significant increases in RUNX2 and ONN were observed, but it

was still apparent that protein expression changed over time for SAOS-2.
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Figure 5.17: SAOS-2 cells were grown into a monolayer and treated with 10 uM CS, FA or TAU. Osteogenic
markers were analysed over 28 days via ICW analysis. Protein expression was normalised against CellTag,
and the fold-expression is reported against untreated SAOS-2 control, for the respective protein and timepoint.
(i) RUNX2 expression was assessed after 3,7, 14 and 28 days. (ii) OSX expression was assessed after 14 and
28 days. (iii) ONN expression was assessed after 14, and 28 days. (iv) OCN expression was assessed after 28
days. (v) OPN expression was assessed after 28 days. N=1 biological replicate, N=4 experimental replicates.
Mann Whitney u test used to statistically compare treatments’ protein fold-expression vs control=1
(blank=ns=p>0.05, *=p<0.05).

Overall CS, FA and TAU appeared to promote a more osteoblastic phenotype in faster-
proliferating MG-63 cells, and the more mature SAOS-2 cells, in a concentration and
temporal dependent manner. The small molecules did not appear to induce cytotoxicity in
the OS cells, at the tested concentrations, while both cell lines had typically reached

161



confluence, within 7 days. At the day 7 timepoint there was an upward trend in RUNX2
protein expression, for CS treated MG-63 cells. A timepoint study revealed that CS caused
most significant differentiation, between the different treatments, with initial upregulation at
day 3, adip at day 7, and increased RUNX2, at day 14, and 28. SAOS-2 cells present a more
mature phenotype that MG-63 cells, and thus innately express osteogenic markers more
abundantly, which may explain the limited observations in later osteogenic markers. This
timepoint experiment was carried out once, both for MG-63 and SAOS-2 cells, so repeating
this experiment, and including more osteogenic proteins, across all timepoints would be

worth investigating in the future.

5.5 General discussion

The aim of this chapter was to assess whether the identified small molecules from the
metabolomic screen, including metabolites, and related compounds, presented bioactivity,
and to study the cell behaviour under treatment. The fact that metabolomics indicated TAU
and CS may be involved in mechanically induced osteogenic differentiation, and drove an
increase in osteogenic proteins, indicates that they are bioactive metabolites, with a role in
differentiation. Moreover, seeing that conditions that have been proven to drive
differentiation of MSCs, including CS, and FA drove differentiation on OS cells, further
proved the original aim of the thesis. Though increased differentiation has been observed, it
must be noted that the effect is not as potent, as it has been described in MSCs, with fold-
increase in osteogenic genes and proteins not being as large as is reported in literature for
MSCs. 4

Differentiation was observed for small molecule treatments in a dose and time dependent
manner, for SAOS-2 and MG-63 cells. Earlier differentiation marker RUNX2 was most
consistently upregulated across cell lines and conditions. Treatment with NK or OGM was
seen to drive upregulation of ONN and OPN, depending on the cell line (chapter 3), but
small molecule treatment did not appear to drive as significant an increase in mineralisation

markers.

An increase in RUNX2 protein was observed across different condition for both OS cell

lines, but changes in osteogenic genes were more limited than previously observed for NK

and OGM treated cells in chapter 3. FA treated MG-63 cells and CS treated SAOS-2 cells

showed an upregulation in OSX gene levels, while FA treated SAOS-2 cells showed an

upregulation of ALP. The observation of protein and gene expression not directly correlating

is plausible, as correlation between protein and gene expression is low in mammals.®?® In
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fact, Schwanhdusser et al. characterised 1000s of proteins, and discovered that there is
limited correspondence between protein and mRNA expression.®?! Protein expression was
found to be more stable, lasting a few days typically, while mMRNA expression typically
lasted a few hours, and was more unstable. Protein levels were found to be 2,800 times more
abundant, than mRNA copies. Potentially including more timepoints and expanding the
panel of genes in the future may aid in obtaining further information. Moreover, osteogenic
differentiation has been reported to be regulated via post-translational modifications,
including MAPK initiated RUNX2 phosphorylation, and BMP2 induced Histone
acetyltransferase (HAT) acetylation of RUNX2.3% Therefore potentially assessing how
protein expression may be modulated by post-translational modifications in OS, would be
of particular interest in the future. Some data exists on nuclear receptor agonists inducing
osteogenic through PPAR-y,'2 so it would be interesting to see if differentiation is
modulated through alternative pathways for CS, FA and TAU.

Taurine (TAU) has previously been reported to drive apoptosis in different cancer cells.
Zhang et al. reported pro-apoptic effects on colon cancer, by upregulating PUMA, Bax and
caspases. Cells were treated with 40-160 mM TAU,%?” compared to 10 uM testing, described
in this chapter, which may partially explain the lack of apoptosis. Okano et al. also reported
apoptotic effects of 36 mM TAU on nasopharyngeal cancer cells, through upregulation of
p53,%%” which was also a significantly higher than the tested concentrations. Potentially
testing the effect of increased concentration of taurine on OS cells may be of interest in the
future, though this high concentration may be an indicator of a lack of potency. Taurine was
found to promote differentiation both in SAOS-2 and MG-63 cells in a dose and time
dependent manner, without a significant effect on viability. No previous information on the
effect of taurine on OS cells was uncovered but has previously been reported to drive
osteogenic differentiation through ERK signalling.3?®

Glucocorticoid receptor (GR) is clearly involved in osteogenesis, but there are differing
opinions, and contrasting research as to its role. More research exists on the effect of
synthetic glucocorticoid dexamethasone (DEX) on osteogenesis of MSCs, compared to
studies on the effect of endogenous metabolite CS.1** Glucocorticoids have historically
played a major role in osteogenesis, with differentiation protocols for MSCs often including
dexamethasone, to initiate maturation.t’®'’” Rauch et al. reported that knockdown of the
glucocorticoid receptor in mice, led to inhibition of osteogenesis, with statistically
significant downregulation of RUNX2 and OCN, as well as decreased mineralisation.3?°
They found that the glucocorticoid receptor plays a complex role in osteogenesis, with
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absence of GR dimerization leading to inhibition of osteoblastogenesis, while loss of bone
mass was also reported, in higher doses of dexamethasone. The role of glucocorticoids
however is complicated, with higher doses of dexamethasone leading to osteoporosis.>*
Ciao et al. also reported osteoporosis and glucocorticoid induced senescence at high doses
of dexamethasone.®3! Treatment with 50 pM of dexamethasone was found to downregulate
osteogenic genes, compared to the control group. Glucocorticoids have been reported to
suppress osteoblast differentiation, by decreasing Sema3A expression via the PIK3/Akt
pathway, with semaphorins rescuing loss of differentiation.®*? While the glucocorticoid
receptor is essential for differentiation,®* a more targeted approach, which would lead to

selective delivery, and lower doses being administered, would be beneficial.

Cholesterol can undergo biotransformation in the presence of sulfotransferases and a sulfate
donor, to produce cholesterol sulfate (CS). Sulfated steroids have traditionally been
considered inactive reservoirs of their parent compound,* and while CS does contribute to
the generation of cholesterol, through desulfation, it has its own biological function too.
Jimenez-Perez et al. reported that by inactivating steroid sulfatase in mice, ageing could be
reversed, in the context of Alzheimer’s disease.®*® They hypothesised that since in the
absence of steroid sulfatase, sulfated derivatives of steroids were more abundant, and more
active, they must possess a more active biological role, than previously thought of. They also
observed that steroid sulfatase inhibitor STX64 was almost as effective at inactivating STS,
as knockdown of the receptor in mice. CS has also been found to be involved in signal
transduction, lipid metabolism, glucose regulation and gluconeogenesis,®® and
differentiation of keratinocytes.3*® Overall it appears that while sulfated steroids do else act
as reservoirs for their desulfated precursors, CS possesses its own biological activity. To
confirm the effect of CS on OS cells in the future, and pathways involved in differentiation,
it may be of interest to assess the effect of CS in the presence of a steroid sulfatase inhibitor,
such as STX64.

Previous research in the group had documented the effect of the glucocorticoid vs
mineralocorticoid receptor on osteogenic differentiation of MSCs.*! Inhibitor studies had
shown that fludrocortisone acetate induced osteogenic differentiation through the
mineralocorticoid pathway. When MR antagonist, canrenone was administered to the cells
alongside fludrocortisone acetate, differentiation was found to be inhibited. For cholesterol
sulfate, inhibition of the glucocorticoid receptor, using mifepristone was reported to also
inhibit differentiation, which would indicate differentiation occurred more through the
glucocorticoid receptor (GR). Zhou et al. reported that treatment of OS cells with
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glucocorticoids can slow proliferation, and trigger apoptosis,®*’ however this was not
something that was observed when treating cells OS with CS. Gross et al. reported that OS
cells that stably express the a-isoform of GR, evaded apoptosis induced by
glucocorticoids.®*® Gundisch et al. reported that treatment of tumour cells with
glucocorticoids such as dexamethasone can induce proliferation, via Akt, and p38 MAPK
activation.®*° They therefore suggested limited use of glucocorticoids in cancer patients,
while also highlighting that glucocorticoids do not typically trigger apoptosis in cancer cells.
On the other hand, while some steroid receptors are cancer promoters, including estrogen
receptor for breast cancer, and androgen receptor for prostate cancer, glucocorticoids are not
considered oncogenes.®* Clearly further research needs to be carried out on glucocorticoids
and their effect on differentiation, proliferation, and invasion in cancer cells. Given the
pleiotropic effect of the glucocorticoid receptor, chapter 6 explored the conjugation of
dexamethasone to a cancer targeting group, to promote enhanced dexamethasone in cancer

cells.
5.6 Conclusions

SAOS-2 and MG-63 cells were treated with previously identified metabolites taurine (TAU)
and cholesterol sulfate (CS), as well as corticosteroid fludrocortisone acetate (FA) for 7 days.
CS, FA and TAU were found to drive differentiation in a dose dependent manner, as evident
by the gradual upregulation of RUNX2 and/or OSX, in MG-63 and SAOS-2 cells. A 10 uM
concentration was found to drive most consistent differentiation for the small molecules, so
further assays were carried out at this concentration. Immunofluorescent microscopy was
used to qualitatively study protein localisation and abundance, with some initial indications
of osteogenic marker upregulation for different treatments, across both cell lines. For MG-
63 cells gPCR analysis showed an upregulation of OSX for FA and OGM treatment, but
changes in gene expression were not observed for CS stimulated cells. On the other hand,
for SAOS-2 CS treatment drove an upregulation of OSX, and FA drove an upregulation of
ALP gene expression, indicating maturity. The gene expression data did not directly
correlate to protein expression data, which is a commonly described cell behaviour, as
previously discussed.>?! More extensive studies of the effect of small molecules on RUNX2
and OSX protein expression was carried out via ICW, and trends in increased protein
expression were evident for the different small molecules. Protein expression was then
studied over a period of 28 days, and small molecules were found to drive osteogenesis in a

time-dependent manner, both in SAOS-2 and MG-63. CS treatment showed more significant
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stimulation of osteogenic genes over time in MG-63 cells, while FA treatment showed the
most significant upregulation of RUNX2 over the span of 28 days in SAOS-2 cells. The
tested steroids showed osteogenic response in OS, however GR is known to be involved in
multiple signalling pathways. Conjugating a glucocorticoid to a cancer targeting group was
considered a promising approach to promote selective administration of the differentiation

agent to the cancer cells. This strategy will be explored in chapter 6.
5.7 Future work

Studying the effect of signalling pathway inhibition, on OS differentiation may help further
understand the mode of action of the small molecules, as well as elucidate the biochemistry
of osteogenesis in OS. As Jnk, ERK1/2 and the Akt signalling pathways were predicted to
play a role in differentiation, through metabolomics, studying their role in differentiation of
OS cells would be of special interest. Studying the effect of the glucocorticoid vs
mineralocorticoid receptor on OS cells could help elucidate the mode of action of CS and
FA. The balance between proliferation, and differentiation is fine, so obtaining further
information on signalling pathways, differentiation and cancer progression could lead to a
deeper understanding of OS. Omics studies of the treated cells would be particularly
interesting, in understanding the effect of glucocorticoids and mineralocorticoids on OS
cells. Moreover, comparing omics data for the steroid treatments to the previously described
nanokicked and osteogenic medium treated cells could offer broader understanding.
Coupling metabolomics data with RNA-sequencing data or transcriptomics can provide

interesting information, on how changes in gene expression can alter changes in metabolism.

As previously mentioned, taurine plays an important role in lipid metabolism and liver
detoxification, by forming bile acid-taurine conjugates. Bile acids are end-products of
cholesterol metabolism,®* so there is a link between tested conditions in chapters 3 and 5. It
was found that taurine, and cholesterol sulfate both drove osteogenic differentiation in OS
cells. Given both molecules’ role in osteogenesis it would be interesting to synthesise and
test the effect of steroid-taurine conjugates, on the osteogenesis of MSCs and OS cells. Given
taurine’s role in bioconjugation with bile acids, which are cholesterol derivatives, it would
be of interest to carry out further metabolic studies in the future, on the link between
cholesterol and taurine metabolism in OS.
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Chapter 6: targeted delivery of

dexamethasone to osteosarcoma cells

6.1 Introduction

Dexamethasone (Figure 6.1) is a synthetic glucocorticoid used to treat chronic eczema, auto-
immune diseases, such as lupus and rheumatoid arthritis,?*? as well as COVID-19.3%3
Dexamethasone is also commonly administered alongside chemotherapy regimens, to
manage inflammation and nausea.** As previously discussed, dexamethasone is a common
osteogenic differentiation supplement,}’®1’” which is of special interest for this project.
While glucocorticoids are some of the most potent anti-inflammatory drugs, they are also
known for their pleiotropic effect, thus altering multiple signalling pathways.3*® This
pleiotropic effect leads to glucocorticoids presenting broad activity, thus treating multiple
ailments, but also inducing side-effects in patients.’*® Conjugating existing therapeutic
agents to cancer targeting groups can reduce side-effects and improve selectivity and
pharmacological properties of drugs, by increasing therapeutic payload at the cancer site and

decreasing drug distribution at other sites.3

Dexamethasone: 6.1

Figure 6.1: Structure of dexamethasone (6.1)

As discussed in chapter 1, commonly employed targeting strategies in OS have included the
use of antibody-drug conjugates, nanomedicine, and macromolecules,> with more limited
research on small molecule-drug conjugates. Improved pharmacological and toxicological
properties of a drug can be attained by forming prodrug derivatives of cancer drugs.Err
Bookmark not defined. A therapeutic payload can be attached to a cancer targeting group, through
a cleavable linker designed to release the active drug at the site of interest, in response to
stimuli from the tumour microenvironment, or exogenous stimuli.®4’ This strategy typically

involves forming a bond that is stable in blood plasma, but undergoes cleavage at the site of
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interest due to a shift in the environment,®*® such as changes in pH, temperature, oxygen, or
due to enzymatic activity. Examples of such cleavable linkages include esters, which are
typically cleaved at the delivery site by esterases, and disulfide linkers, which are cleaved
by glutathione.3*® Oximes and hydrazones are examples of cleavable linkers, that are
considered stable at physiological pH, but undergo hydrolysis at an acidic environment, to
release the drug.®*® Multiple drugs have been conjugated to various targeting groups,
including micelles, glucose, and polymers, using oxime-based cleavable linkers, which have

demonstrated a more controlled release of the therapeutic agent at the site of interest.3%!

Hydrazone derivatives of drugs have proven effective in minimising off-target effects and
modulating controlled release of the drug in cancer cells.*®? An example of anti-cancer,
hydrazone-based drug derivatives is zorubicin (Figure 6.2), which is a benzoyl hydrazone
derivative of the DNA intercalating drug doxorubicin.®*® Zorubicin may be administered to
patients who present resistance to anthracyclines.®** Different cancer targeting groups have
been used for targeted release of doxorubicin to cancer cells, via cleavable hydrazone linkers.
This includes the use of a doxorubicin-micelle conjugate in liver cancer cells,**® different 2-
hydroxypropyl methacrylate (HPMA) based targeted delivery platforms,®%37 and
nanoconjugates.®® In most cases, doxorubicin was not released at physiological pH, as it
was still conjugated to the targeting group via the hydrazone bond. At around pH 5, the
hydrazone bond was hydrolysed within lysosomes®® and in some cases within

endosomes,®” which led to controlled release of the chemotherapeutic agent.

OH OH
o o o OH
H H H
OH O NH, OH O NH OH O

S

Doxorubicin Doxorubicin-conjugates Zorubicin

I|nker/

R=micell macromolecules, small molecules

Figure 6.2: Targeted delivery of doxorubicin to cancer cells can be achieved via the conjugation of doxorubicin

to micelles,*® macromolecules,®® or small molecules,®*via hydrazone based cleavable linkers.

Hydrazone condensation can be carried out for dexamethasone at carbonyls C3 and C20
(Figure 6.3).%%° C20 functionalisation was previously reported in dexamethasone hydrazone
conjugates to peptide nanofibers,%° nanobodies,*®* while C20 hydrazone formation was also
reported for a prednisolone polypseudorotaxane.®®® Linkage of dexamethasone to
micelles,*® sialic acid,*** HPMA3® and ANANAS®® was also previously reported to be

carried out at the C3 position via a hydrazone cleavable linker. From the literature, similar
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conditions have been reported to lead to functionalisation C3 and C20 hydrazones, leading

to conflicting findings.

C3-Hydrazone C20-Hydrazone

Figure 6.3: Functionalisation can occur in C3 or C20 of dexamethasone, to afford a hydrazone.

A variety of cancer targeting groups have been investigated, to achieve increased therapeutic
concentration in cancer cells, compared to healthy cells.*®” Folate is commonly targeted in
cancer. Folate receptor was found to be overexpressed in OS, according to a study that
analysed 100 OS patient samples.%® Folate receptor targeting strategies have widely been

explored in the context of cancer and have shown some promising results.36°

Altered cancer metabolism sustains cancer’s uncontrolled proliferation,® but also offers a
promising therapeutic avenue, with the cancer cells’ increased glucose uptake. Glucose
transporter-1 (GLUTL1) is a membrane protein, that facilitates glucose transport into the
cytoplasm through diffusion.3’® GLUT1 is an abundant glucose transporter in human tissues,
with cancer cells typically showing increased ®F-fluorodeoxyglucose uptake, and
overexpression of GLUT1.3* Most pertinently GLUT1 was previously reported to be
overexpressed in 75% of tested OS patient samples, with higher GLUT1 expression
connected to worse outcomes typically.3’> Multiple studies have exploited cancer cells’
increased glucose uptake, by conjugating drugs to glucose, to achieve increased drug
delivery to the cancer cells.3"3374375 An example of this strategy is glufosfamide, which is a
glucose based derivative of alkylating agent ifosfamide, found to circumvent side-effects of
this highly cytotoxic drug, by targeting delivery to cancer cells.®”® Glufosfamide was found
to display comparable anti-tumour effects to ifosfamide, in a GLUT1 dependent manner, as
no bioactivity was present, in the presence of a GLUT1 inhibitor phloretin. Calvaresi et al.
have carried out an excellent review of glucose conjugation strategies for cancer, that was
consulted during experimental design.®”* Liu et al. theorised that modifying glucose in the
anomeric C1 or modifying C2 is less likely to interfere, with recognition of glucose in
GLUT]1, thus facilitating small molecule transport into cells®’’
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Figure 6.4: GLUTL is overexpressed in cancer, leading to cancer growth. GLUT1 facilitates glucose transfer.

(created with biorender.com)

6.2 Aim

The aim for this chapter was to exploit GLUT1 overexpression in OS, by conjugating
dexamethasone to glucose, via a cleavable linker. The objectives were to design a synthetic
route for the molecule of interest, synthesise it, purify it, and verify its complex structure. A
further aim was to investigate the activity of the molecule, by comparing the effect of
dexamethasone, and the hydrazone derivative on poorly differentiated MG-63 OS cells, and
more mature SAOS-2 OS cells. An essential aspect of this research was to assess the
differentiation potential of the synthesised small molecule compared to dexamethasone, as
well as the GLUT1 expression. The aim was to achieve targeted delivery to the cancer cells,

and controlled release at the tumour microenvironment.

6.3 Materials and methods

6.3.1 Chemistry

General methods

Reagents were purchased from commercial suppliers, unless otherwise stated. For conditions
using dry solvents, flasks were dried in a 150 °C oven overnight and kept under N2. Dry
DCM was dispensed through a dry solvent purification system, and dry DMF was obtained
commercially. Reactions were monitored by thin-layer chromatography (TLC), liquid
chromatography-mass spectrometry (LC-MS) and/or nuclear magnetic resonance (NMR)
spectroscopy. TLC analysis was conducted on Merck silica gel 60 coated alumina plates.
TLC plates were visualised using an acidic ethanolic anisaldehyde stain, and subsequent
heating.
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NMR spectra were recorded on a Bruker DPX-400 spectrometer (1H NMR at 400 MHz,
13C NMR at 101 MHz), for most samples. NMR spectra for compound 6.12 were collected
on a 600 MHz Bruker Ascend Aeon 2 channel HD spectrometer, with a 5 mm CPDCH
CryoProbe,™ courtesy of James Mclver, and Prof Lee Cronin. 1D gradient NOE
experiments, using method described by Huy et al,3"® were carried out with the help of Alec
Mungall. NMR spectra were recorded in CD3OD or CDCls. Chemical shift values are
reported in ppm, relative to residual chloroform (§=7.26) or methanol (6=3.31), for *H NMR,
and relative to the central resonance of CDCl3 (§=77.2) or CD30D (8=49.0), for *C NMR.
Signals are reported as singlet (s), doublet (d), doublet of doublets (dd), triplet (t), quartet
(9), or multiplet (m), for the multiplicity. Splitting constants are reported in Hertz (Hz). Two-
dimensional NMR spectroscopy (COSY, HSQC, HMBC, NOESY) was employed to assign

spectra. Spectra were analysed using MestreNova software.

HPLC grade solvents were used for LC-MS analysis, and HPLC purification, which included
H>O and CH3CN, with 0.1% optima formic acid. LC-MS analysis was carried out on a
nominal mass Agilent 6125B Single Quad LC-MS mass spectrometer, coupled with an
Agilent 1290 Infinity UHPLC chromatography system, and an electrospray (ESI) source,
and a diode array detector measuring wavelengths from 190 to 640 nm. A Dr Maisch GmbH
Reprosil Gold 120 C18 (3 um 150x4 mm) column was used. LC-MS analysis was carried
out using gradients ranging from 10-95% to 40-95% CH3CN in H2O depending on the
sample, over 15 minutes Accurate mass measurements for samples were obtained on the
Agilent 6546 Q-TOF-MS High Resolution Accurate Mass Spectrometer, by Dr Giovanni

Enrico Rossi, using sample appropriate analytical methods.

Semi-preparative HPLC purification was carried out on a Gilson HPLC instrument,
equipped with Gilson 306 pumps, a Phenomenex Synergi C18 (80 A, 10 um, 250x21.2 mm)
column at a flow rate of 10 mL/min, with a Gilson 155 UV/VIS detector. UV traces were
detected at 214 and 254 nm. Gradient optimisation was carried out for different samples,
based on solubility, purity and peak resolution. Samples were dissolved in appropriate
solvent, sonicated, centrifuged at 10,000 rpm, and filtered, before injecting 1 mL of sample
into the instrument. HPLC grade solvents were used for HPLC purification, which included
H20 and CH3CN, supplemented with 0.1% optima formic acid. Collected fractions were

analysed via LC-MS and lyophilised using a Christ Alpha 2-4 LDplus lyophiliser.
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Bromination of glucose pentaacetate3’®

Aco—_ (62

AcO o 33%HBr/CH;COOH, AcO—_ (6:3)
AcO OAc »ACO o
AcO
OAc DCM,0°Ctort, 2.5 h
OAc

Br

HBr (33% in CH3COOH, 15 mL) was added dropwise to a solution of S-D-glucose
pentaacetate 6.2 (3.00 g, 7.6 mmol) in anhydrous DCM (30 mL) at 0 °C under N.. The
reaction was allowed to reach room temperature, and stirred for 2.5 h. The reaction mixture
was poured onto ice-water and the aqueous layer was extracted 3 times with DCM. The
combined organic layers were washed with saturated aqueous sodium bicarbonate, until the
acid was neutralised. The organic layer was then washed with brine, dried with anhydrous
MgSOs, filtered, and concentrated in vacuo. The crude product 6.3 was obtained as an oil

(2.60 g) and used in the next step without further purification.

Glucose linker bromide substitution389

AcO (6.3) (6.4)

AcO AcO
AcO 9 1,3-propanediol, Ag,CO;, CaSO, AcO o
A 1 » AcO 4 O\/\/OH

CH3CN, rt overnight OAc

The bromide derivative 6.3 (1.00 g, 2.6 mmol), 1,3 propane-diol (0.95 g, 12.5 mmol),
Ag>COs3 (0.41 g, 1.5 mmol), CaSO4 (0.13 g, 0.95 mmol), and CH3CN (1.25 mL) were stirred
at rt, under N2 overnight. The crude mixture was filtered through celite, and the celite pad
was washed with EtOAc, followed by addition of water to filtrate. The supernatant was
collected, and the aqueous layer was extracted 3 times with EtOAc. The combined organic
layers were dried over anhydrous MgSOa, and solvent was removed in vacuo. The product
was purified via column chromatography, with a 50-85% gradient of EtOAc in petroleum

ether. Compound 6.4 was isolated as an off-white solid, 452.8 mg, 45.2% vyield.

IH NMR (400 MHz, CDCls) & 5.21 (t, J = 9.5 Hz, 1H), 5.08 (t, J = 9.7 Hz, 1H), 4.99 (dd, J
= 0.6, 8.0 Hz, 1H), 4.53 (d, J = 7.9 Hz, 1H), 4.32 — 4.12 (m, 2H), 4.01 (ddd, J = 9.7, 6.7, 5.2
Hz, 1H), 3.80 — 3.61 (m, 4H), 2.15 — 1.96 (m, 12H), 1.82 (m, 2H).

13C NMR (101 MHz, CDCls) § 170.9 (q C, OAc), 170.4 (g C, OAc), 169.6 (g C, OAC),
169.6 (q C, OAC), 100.9 (CH, C1), 72.9 (CH), 72.0 (CH), 71.4 (CH), 68.6 (CH), 67.9, 62.1
(CH2), 60.3, 32.2, 20.9 (CHs), 20.8 (CHs), 20.8 (CHs), 20.8 (CH)
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Acid linker TEMPO BAIB oxidation

AcO (6.4)
AcO TEMPO, BAIB AcO (65)
o AcO
AcO 2O _~_-OH > pcO 01 o ,_OH
OAc : DCM, H,0 \/\n/
3h,rt OAc o)

Glucose derivative 6.4 (500 mg, 1.2 mmol) was dissolved in DCM (6.15 mL, 0.2 M) and
water (3 mL, 0.4 M). TEMPO (39 mg, 0.25 mmol) and Bis-acetoxy-iodobenzene (BAIB)
(1.18 g, 3.65 mmol) were then added to the reaction mixture, and the reaction was stirred for
3 hours at room temperature. The reaction was quenched with saturated aqueous NaHSO3
and extracted with DCM 3 times. The combined organic layers were washed with brine,
dried over anhydrous MgSQg, and solvent was removed in vacuo. Purification: by silica gel
column chromatography (Petroleum ether/Ethyl acetate = %). This gave product 6.5 as a
white solid, in 61% yield.

IH NMR (400 MHz, CDCl3) & 5.20 (t, J = 9.5 Hz, 1H), 5.08 (t, J = 9.7 Hz, 1H), 4.97 (dd, J
= 9.6, 8.0 Hz, 1H), 4.56 (d, J = 8.0 Hz, 1H, C1), 4.27 (dd, J = 12.3, 4.6 Hz, 1H), 4.18 — 4.05
(m, 2H), 3.86 (ddd, J = 10.2, 7.6, 5.6 Hz, 1H), 3.70 (ddd, J = 9.9, 4.6, 2.5 Hz, 1H), 2.75 —
2.54 (M, 2H, C8), 2.14 — 1.98 (m, 12H).

13C NMR (101 MHz, CDCls) & 174.6 (q C, C9), 170.9 (q C, OAC), 170.4 (q C, OAC), 169.6
(q C, OAC), 101.2 (CH, C1), 72.8 (CH), 72.0 (CH), 71.2 (CH), 68.5 (CH), 65.4 (CH>), 62.1
(CHz), 34.5 (CH,), 20.9 (CHs), 20.8 (CHs), 20.8 (CH3), 20.7 (CHa).

Synthesis of Hydrazone derivative of dexamethasone

NH2NH,(aq)
EtOH

40° C for 4h, to overnightatrt  2HN_

55% aqueous hydrazine hydrate (0.11 mL, 1.5 mmol) was dissolved in EtOH (1.8 mL), under
N2, in a round bottomed flask. Dexamethasone 6.1 (450 mg, 1.2 mmol) was dissolved in
EtOH (7.8 mL) and added dropwise to the hydrazine mixture. The reaction was stirred at 40
°C for 4 h, and then was left to stir overnight at room temperature. The crude mixture was
then poured into a mixture of ice and water (40 mL). The aqueous layer was extracted 3
times with ethyl acetate. Anhydrous MgSO4 was added to the combined organic layers,
filtered off, and solvent was removed in vacuo, yielding a yellow crystalline solid. The solid
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was purified in 18 injections, via semi preparative RP-HPLC, using a 10-95% CH3CN in
H->O gradient, with the product eluting at a retention time of 25.63-28.76 minutes, and 62%
CH3CN. Solvent was removed in the lyophiliser, to afford product 6.7, as a mixture of 6,7A,
and peak B (98 mg, 0.24 mmol, 21% yield), as a white fluffy powder, in high purity
according to LC-MS. Product was collected as a cis-trans mixture, with 6.7.A referring to

the 1% isomer eluted via HPLC, and 6.7.B referring to the second isomer eluted via HPLC.

Isolation of pure peak A was not achieved, and a mixture of the 2 isomers was collected and
used in the following step, as a 7:3 mixture of 6.7A:6.7B, according to *H NMR. Two peaks
of the same mass according to LCMS, of high purity, with changes around the A ring,
confirmed cis-trans isomers around the hydrazone bond. NMR. NMR data is reported for

one isomer, but *H NMR spectrum of the mixture has been attached on the appendix.
Peak B (6.7.B) characterisation data:

LC-MS retention time: 4.04 (20-95% CH3CN in H20 gradient gradient)

LC-MS (ESI+): calculated M+H=407.2, Measured M+H=407.2

Molecular formula: C22H31FN204

Calculated (M+CI): 441.1966, Measured (M+Cl)": 441.1962

'H NMR: (400 MHz, CDCls) § 6.35 (s, 0.9 H, C4), 6.28 (dd, J= 10.1, 1.6 Hz, 0.9 H, C2),
6.15 (d, J= 10.1 Hz, 0.9 H, C1), 4.60 (d, J = 20.0 Hz, 1H, C21), 4.42-4.34 (m, 1H, C11),
4.27 (d, J = 20.0 Hz, 1H, C21), 3.13-3.02 (m, 1H, C16), 2.69 — 2.57 (m, 1H), 2.43 — 2.13
(m, 4H), 1.82 — 1.70 (m, 2H), 1.59 — 1.44 (m, 4H), 1.35 (d, J = 14.2, 1H), 1.30-1.20 (d, 1H),
1.03 (s, 3H, C18), 0.92 (d, J = 7.3 Hz, 3H, C22).

13C NMR: (101 MHz, CDCls) 5 212.3 (q C, C20), 154.4 (q C, C5), 144.7 (q C, C3), 134.5
(CH, C1), 127.5 (CH, C2), 109.8 (CH, C4), 99.8 (d, Wcr=174 Hz, C-F, C9), 90.3 (CH), 71.2
(d, 2JcF=38.9 Hz, CH, C11), 68.0 (CH2, C21), 48.9 (q C), 46.7 (d, 2Jcr=22.8 Hz, q C, C10),
44.4 (CH), 37.0 (CHy), 36.3 (CH), 34.4 (d, 2Jcr=19.7 Hz, CF-CH, C9), 32.5 (CH>), 31.6
(CH2), 27.7 (CH2), 24.7 (d, %Jcr=5.1 Hz, CF-CH3), 17.4 (CH3), 14.9 (CHs).
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Acyl hydrazone formation

AcO (o]

AcO /\)I\
Ac&/o on (1ea) o
OAc (6.5)
AcO
EDCI, OxymaPure AcO

DMF, DIPEA, RT

Carboxylic acid 6.5 (91 mg, 0.21 mmol), EDC.CI (48.3 mg, 0.25 mmol), OxymaPure (35.8
mg, 0.25 mmol) were premixed in DMF (0.4 mL) for 10 mins, to preactivate the acid.
Hydrazone 6.7 (98 mg, 0.21 mmol) was premixed in DIPEA (0.11 mL, 0.63 mmol), and
DMF (0.6 mL). Premixed acid was added to hydrazone dropwise. Reaction was monitored
via LC-MS and left to stir overnight at room temperature. EtOAc was added to the reaction
mixture, and the organic layer was washed 2 times with 5% LiCIl. Anhydrous MgSO4 was
added to the organic layer, filtered off, and solvent was removed in vacuo, to afford a yellow
solid. The product was purified via RP-HPLC, using a 30-95% CH3zCN in H.O gradient,
over 60 minutes. Solvent was removed on the lyophiliser. The cis and trans isomers were

isolated, and each isolated isomer had rotamers.

Compound 6.9.A: first eluted isomer peak from HPLC

white solid, 31.8 mg. 18.7% vyield

LC-MS retention time: 9.11 minutes (20-95% CH3CN to H,0), M+H=809.3
Molecular formula: CsgHs3FN201s

Calculated M+H=809.3503, measured M+H=809.3517 via high resolution mass spec

IH NMR (400 MHz, CDsOD) § 6.62 (s, 1H, C4), 6.58 (d, J= 10.2 Hz, 1H, C1), 6.38 (dd, J
= 10.2, 2.0 Hz, 1H, C2), 5.23 (t, J = 9.5 Hz, 1H, C3), 5.00 (t, J= 9.7 Hz, 1 H, C4°), 4.90-
4.80 (m, 1H, C2°), 4.68 (d, J =8.0 Hz, 1H, C1°), 4.59 (d, J = 19.1 Hz, 1H, C21), 4.32 — 4.19
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(m, 3H, C21, C6°, C11), 4.18 — 4.07 (m, 2H), 3.93 (dd, J= 9.5, 4.1 Hz, 1H), 3.90 — 3.83 (m,
1H), 3.08 (ddd, J= 11.2, 7.3, 4.1 Hz, 1H), 2.78 — 2.62 (m, 2H), 2.58-2.49 (m, 1H), 2.49 —
2.30 (M, 2H), 2.32-2.18 (m, 2H), 2.08 — 1.89 (m, 12H, acetates), 1.90 — 1.79 (m, 1H), 1.79
— 1.66 (m, 1H), 1.61-1.54 (m, 1H), 1.52 (s, 3H), 1.44 (d, J = 13.8 Hz, 1H), 1.25 — 1.13 (m,
1H), 0.99 (s, 3H), 0.86 (d, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDsOD) 212.7 (g C, C20), (172.3, 171.6, 171.3, 171.3 (4x q C, acetyl
C)) 170.2 (g C, €9°), 161.3 (q C), 150.0 (q C, C3), 142.5 (CH, C1), 127.1 (CH, C2), 112.4
(CH, C4), 102.2 (CH, C1°), 101.9 (q C, d, Wcr=174.1 Hz, C9), 92.1 (CHy), 74.2 (CH, C3?),
72.8 (CH, C2"), 72.7 (CH, C5°), 72.1 (CH, d, 2Jcr=35.4 Hz, C11), 69.8 (CH, C4°), 68.1
(CH2), 67.4 (CH2, C7°), 63.0 (CHz, C6°), 49.9-48.2 (2x g C in CDsOD), 45.2 (CH), 37.5
(CHy), 37.0 (CH), 36.1 (CH>), 35.7 (CH, d, 2cr=19.6), 33.4 (CH2), 32.6 (CH,, C8°), 28.9
(CHa), 24.8 (CHs, d, 3Jcr=5.1), 20.6 (CHs), 20.6 (CHs), 20.6 (CHs), 20.5 (CHs), 17.5 (CHs),
15.4 (CH).

Acetate deprotection

KOH (12.62 mg, 0.23 mmol) was dissolved in CD3OD (0.75 mL, 0.02 M) and cooled to 0
°C. The solution was then added slowly to the glucose-dexamethasone conjugate 9.A. The
reaction mixture was allowed to reach room temperature and stirred for 6 hours. Resin IRA-
1203 was then added to the mixture until neutralisation. Resin was removed by filtration,
and the filtrate was washed with cold methanol. Solvent was removed in vacuo, to yield a
complex crude mixture, as a yellow oil. The compound was purified via RP- HPLC, using a
10-95 gradient, and the compound was eluted after 19.2 minutes. Solvent was removed on
the lyophiliser, to afford compound 6.12, as a white solid, in a 1.4 mg, 10% yield.
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LC-MS retention time: 3.99 minutes (gradient 30-95% CH3CN in H20)

Molecular formula: C3oH43FN2011

Calculated M =626.2835, measured M~ =626.2856 via high resolution mass spec

IH NMR (600 MHz, CD30OD) § 6.64 — 6.58 (m, 2H, C1, C4), 6.39 (dd, J = 10.2, 2.1 Hz, 1H,
C2), 4.90-4.80 (in HDO), 4.31 (d, J = 7.7 Hz, 1H, C1°), 4.24-4.18 (m, 1H) 4.16 — 4.11 (m,
1H), 3.98 — 3.93 (m, 1H), 3.89 — 3.83 (m, 1H), 3.65-3.60 (m, 1H), 3.37-3.33 (M, 1H), 3.26-
3.23 (m, 1H) 3.21 —3.15 (m, 1H), 3.00 (ddd, J = 11.3, 7.3, 4.2 Hz, 1H, C16), 2.76 — 2.69
(M, 1H), 2.68 — 2.61 (M, 1H), 2.45 — 2.29 (m, 2H), 2.15 — 2.06 (M, 2H), 1.88 — 1.80 (m, 1H),
1.68-1.76 (m, 1H), 1.51 — 1.47 (m, 5H), 1.20-1.16 (m, 1H), 1.16 (s, 3H), 0.90 (d, J = 7.2 Hz,
3H).

13C NMR (151 MHz, CDs0OD) § 170.7 (q C, €9°), 163.3 (q C, C20), 161.8 (q C), 150.6 (q
C, C3), 143.0 (CH, C1), 126.9 (CH), 112.3 (CH), 104.7 (CH, C1°), 102.1 (q C-F, d, Y =
174.5 Hz, C9), 88.5 (q C, C17), 78.1 (CH, C4°), 78.1 (CH, C3°), 75.1 (CH, C2°), 72.4 (CH,
d, 2Jcr = 37.6 Hz, C11), 71.7 (CH, C5°), 67.1 (CHa, C7°), 62.8 (CHz, C6°), 49.9-48.1, 44.9
(CHa, C15), 37.2 (CH C16), 37.2 (CH,) 35.9 (CH, d, 2Jcr = 19.7 Hz), 33.8, 32.8 (CH2), 29.0
(CH2), 24.8 (CHs, d, 3J cr= 5.2 Hz), 18.0 (CHz), 15.6 (CHs).

6.3.2 Biological testing
Cell culture

Cells were cultured in Dulbecco’s modified essential medium (DMEM) (Sigma)
supplemented with 5% Foetal Bovine Serum (FBS; Sigma), 1% (v/v) L-glutamine (200 mM,
Gibco) and 2% antibiotics (6.74 U/mL penicillin-streptomycin, 0.2 pg/mL fungizone)
(Sigma). 2,000 cells/cm? MG-63, and 4,000 cells/cm? SAOS-2 cells were seeded in 48 well
plates, in DMEM. Cells were left to attach overnight, and medium was switched the

following day to low glucose (1 g/L) DMEM, substituted with Glutamax, and 2% antibiotics
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(6.74 U/mL penicillin-streptomycin, 0.2 pg/mL fungizone) (Sigma), for the cells to
acclimatise to the low glucose conditions for 2 days. 10 mM DMSO stocks of
dexamethasone, and the final compound (6.12) were prepared. Cells were treated with 0.01,
0.1, 1, 10 or 20 uM of dexamethasone (6.1) or the final compound (6.12), in the low glucose
Glutamax medium. Cells were washed with PBS, and fixed after 7 days, with 4%
formaldehyde at 37 °C for 20 minutes and stored in PBS.

Alamar blue

Cell viability was assessed after 1,3 and 7 days (n=4 experimental replicates, n=3 analytical
replicates), by using the alamar blue assay, as was described in chapter 2. %Alamar reduction
was quantified against the untreated cell control for the individual cell line and timepoint,

using equation 3 from Bio-Rad.*°
In-cell Western staining (ICW)

ICW staining was carried out following the protocol described in chapter 2. In brief, cells
were treated with dexamethasone or the final compound, at a range of concentrations (n=4
experimental replicates) and fixed after 7 days. Monoclonal antibodies against the proteins
GLUTL1, ONN and RUNX2 were used. (1:200 dilution in 1% Milk in PBS). Samples were
imaged on the LICOR Odyssey SA, and protein expression was normalised to CellTag, and

the untreated control.
Immunofluorescence

Immunofluorescence staining and imaging was carried out following the general protocol
from chapter 2. In brief, cells were seeded, treated with 10 uM of dexamethasone or the
steroid-glucose conjugate 6.12 (n=2 experimental replicates), fixed and stained. Monoclonal
antibodies against the proteins GLUT1 and RUNX2 were used. Cells were imaged on EVOS

M7000 microscope, at a 20x magnification. Images were processed using ImarisViewer.
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6.4 Results and discussion

6.4.1 Small molecule synthesis

Experimental design

As previously discussed, cancer cells exhibit higher glucose uptake, to support their
increased energy demands.®® GLUT1, which is the most abundant glucose transporter, was
previously found to be overexpressed in OS,3"? making it an attractive target in cancer. To
exploit cancer’s affinity for glucose and drive targeted delivery to OS, dexamethasone (the
“therapeutic payload”), was tethered to glucose (the targeting group), via an acid-cleavable

acyl hydrazone linker.

| Glucose:targeting group

HO
OH

o 0. "OH

OH
O;

N/”"1Hydrazone: cleavable linker

| Dexamethasone: therapeutic payload |

Figure 6.5:Dexamethasone glucose conjugate (6.13) design

The first step was to prepare the glucose linker, by bromination of -D-glucose-pentaacetate
on the anomeric carbon, followed by substitution with 1,3-propane-diol, and subsequent
oxidation of the alcohol, to prepare carboxylic acid derivative 6.5 (Figure 6.6). This would
be followed by the synthesis of the C20 hydrazone derivative of dexamethasone 6.6, in the
presence of aqueous hydrazine, following literature precedent by Pishesha et al.*** The next
step was to carry out an amide coupling between the glucose linker carboxylic acid, with
dexamethasone’s hydrazone group, to afford an acyl hydrazone linkage. The final step of
this synthetic route was the deprotection of the glucose acetate groups to produce the

dexamethasone-conjugate 6.13.
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Figure 6.6:Synthetic plan for glucose-dexamethasone conjugate (6.13), via a hydrazone cleavable linker.

The glycoconjugate was designed to be recognised by GLUT1, and transported to the cancer
cells, where upon reaching the slightly more acidic tumour environment, the hydrazone
would be hydrolysed, to release dexamethasone (Figure 6.7). Increased uptake of the small
molecule conjugate would be expected in cancer cells, compared to healthy cells, due to the
glucose moiety. Biological testing would include assessing the effect of the small molecule
vs dexamethasone on OS cells, at a range of concentrations. Initial screening would involve

assessing viability, differentiation and GLUT1 expression after treatment.
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Figure 6.7: GLUT1 is overexpressed in cancer. The glucose moiety of the conjugate would be recognised by
GLUT1 and transported in the cancer cell through diffusion. This should be followed by hydrazone hydrolysis
in the cancer acidic environment, to release dexamethasone. Increased uptake would be expected in cancer

than healthy cells.

180



Synthesis of glucose-based linker

The glucose ether linker was prepared in 3 steps. First, bromination of B-glucose pentaacetate
6.2 was carried out on the anomeric carbon (Figure 6.8), which is widely reported to form
the a-glucose bromide 6.3.3”° This intermediate is reactive, so the bromide was not isolated
and characterised and was instead carried through to the next step. Substitution of the
bromide 6.3 with 1,3 propane-diol, in the presence of Ag.COs catalyst,3° afforded
compound 6.4. Radical chemistry was employed for the oxidation of the propanol group, to
obtain the carboxylic acid 6.5, viathe TEMPO BAIB oxidation. The radical reagent TEMPO
was used in catalytic amounts, while the BAIB reagent was used in excess, to regenerate the
catalyst. A yield of 60% was achieved, which was sufficient to produce an excess amount

than what was required for the glucose linker.

A (6.2) AcO—_ (6.3) AcO

cO

AcO AcO o (ii)1,3 diol, Ag,COy, CaS0, oo o

'AcO Q oac () 33%HBrICHyCOOH, AcO (ii)1,3-propanediol, Ag,COs, 3‘4 AcO O _~_-OH
OA

OAc Br CH;CN, rt overnight

DCM,0°Ctort,2.5 h 45% yield over 2 steps

AcO (6.5)
TEMPO BAIB e .
AcO_ _OAc AcO 0\/\']/0H ~_ (WTEMPO, BAIB
N OAc o DCM, H,0
& 60% yield 3h,rt

Figure 6.8: Synthesis of acid 6.5 (i) Bromination of glucose pentaacetate, (ii) Substitution of bromide, (iii)

Oxidation of alcohol.

Synthesis of dexamethasone hydrazone

Hydrazones can be synthesised via condensation of a ketone or aldehyde, with a hydrazine
derivative, in the presence of heat or a catalytic amount of acid.3¥? Dexamethasone (6.1) can
react with hydrazine, to afford a mono-substituted hydrazone at C20 position (6.6), at the C3
position (6.7) or to form a disubstituted species (6.8). Pishesha et al.’s protocol was adapted
first, due to the reported biological activity of the synthesised molecule, so it was initially
presumed that C20 functionalisation would occur.®®* As will be discussed later,
spectroscopic studies revealed that C3-functionalised 6.7, hydrazone was formed, instead of
the expected C20-functionalised 6.6. The reaction was first carried out by stirring overnight
at room temperature dexamethasone with 4 equivalents of aqueous hydrazine (Table 6.1,
entry 1), in the presence of catalytic trifluoroacetic acid (TFA). LC-MS indicated that
extensive di-substitution occurred. Milder conditions were employed, to limit di-substitution

(entry 2), by reducing hydrazine equivalents, and reaction times. While di-substitution
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appeared to be less substantial, the reaction appeared to plateau, and after 4h there was still
35% dexamethasone 6.1 present according to LC-MS. Normal phase chromatography
proved unsuccessful at separating the mono-substituted compound 6.7, from dexamethasone
6.5 and the di-substituted byproduct 6.8. Bilkova et al. reported the synthesis of a
prednisolone-hydrazone at the C20 position, but also reported purification issues via normal-
phase chromatography, and synthesis of cis, trans mixtures around the hydrazone bond.*¢2
These conditions were adapted (entry 3), but the reaction plateaued again. Coupling the
hydrazone to the glucose linker, without prior purification was attempted, but due to complex
mixtures, and low yields, it was considered essential to obtain the pure hydrazone.

OH
NH,NH,.H,0

Entry NH2NH: Solvent TFA | Temperature | Reaction LC-MS observations
equivalents time
1 4 MeOH cat RT 20 hours Extensive disubstitution
(6.8)
2 2 MeOH cat RT 6 hours ~40% (6.7), 12% (6.8),
35% (6.1)
3 1 EtOH - 40°Cto RT 24 hours ~43% (6.7), 24.2% (6.8),
28.5% (6.1)

Table 6.1: Figure shows that hydrazone condensation with dexamethasone (6.1), can form a mixture of C20-
mono-substitution (6.6), C3-mono-substitution (6.7) and di-substitution (6.8). Table shows reaction conditions

for hydrazone condensation of dexamethasone.

As seen in Figure 6.9, di-substituted species 6.8, and mono-substituted species 6.7 presented
close retention times, which introduced monitoring and separation challenges.
Dexamethasone 6.1 and mono-substituted species 6.7 presented close RFs on normal phase
chromatography but could easily be separated via reverse phase (RP) chromatography.
Moreover, a mixture of mono-substituted species was formed (Figure 6.9), which had close
retention times, and the same mass (peaks A,B), which were later confirmed as cis-trans
isomers of the hydrazone. The first eluting mono-substituted species will be referred to as
peak A, or compound 6.7.A, and the second eluting species peak B, or compound 6.7.B.
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Figure 6.9: Example of LC-MS chromatogram of crude hydrazone condensation mixtures. Di-substituted
hydrazone 6.8 eluted first. Mono-substituted hydrazone 6.7 appeared as 2 peaks on the chromatogram (A, B),

due to the presence of distinctive cis-trans isomers. Dexamethasone (6.1) eluted last.

Semi-preparative RP-HPLC was used to purify the compound. The mobile system gradient
is critical to successful separation, so optimisation was required. A 30-95% CH3CN in H2.0O
gradient was first employed (Figure 6. 10 (i)), and while the compound with the mass of
interest was isolated, in small quantities, the product co-eluted with the disubstituted species,
making separation sub-optimal. Subsequent chromatographic optimisation studies were
carried out to find optimal separation conditions. A 10-95% gradient (ii), with a slower
increase in CH3CN allowed for better separation from the di-substituted species. 6.7B was
successfully separated, isolated, and fully characterised. The purification was repeated
multiple times, with a final 98 mg of clean product being obtained from 450 mg of the crude
mixture. However, due to close retention times between mono and di substituted species,
impure crude mixture, and instrument limitations, 18 HPLC injections were required, to
isolate that amount. This is sub-optimal, and led to lengthy purification protocols, but the
product was isolated in good purity. Purity of the compound was confirmed via LC-MS, *H
NMR and *C NMR, while the accurate mass was confirmed via high resolution mass

spectroscopy.
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Figure 6. 10: RP-HPLC was employed to purify compound 6.7: (i) 30-95% CH3sCN gradient, (ii) 20-95% CHsCN gradient,
(i) 10-95% CHsCN gradient. (*) =6.8, (**)=6.7A, 6.7B, (***)=6.1.

A mixture of cis-trans isomers was present on the LC-MS, and isolated via HPLC, as
hydrazones can interconvert in situ. While the peak A isomer 6.7.A was not successfully
isolated on its own, the peak B isomer 6.7.B was isolated in a 9:1 ratio, in small amounts.
'H NMR data were collected both for the mixture (Figure S.7), and for the peak B (6.7.B)
isomer (Figure S.5), but full spectroscopic data has been reported solely for the peak B

isomer.
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'H NMR (ppm) Multiplicity | J(Hz) | C-type | *C NMR (ppm)
Ccl* 6.15 d 10.1 CH 134.5
c2* 6.28 d 10.1 CH 127.5
C3 - - - q 144.7
C4* 6.35 S 10.1 Hz CH 109.8
C5 - - - q 154.4
C6 2.13-2.43 ,2.57-2.69 m - CH2 31.5
C7 1.42-1.58, 1.70-1.82 m - CH2 27.7
C8 2.13-2.43 m - CH 34.4 (d, J=19.7)
C9 - - - q 99.8 (d, J=174.0)
C10 - - - q 46.7 (d, J=22.8)
Cl1 4.34-4.42 m - CH 71.2 (d, J=39.0)
C12 | 1.31-1.40, 2.13-2.40 m 14.2 CH2 37.0
C13 - : - q 48.9
Cl4 2.13-2.43 m - CH 44.4
C15 | 1.20-1.30, 1.70-1.82 m - CH2 32.5
C16 3.02-3.13 m CH 36.2
C17 - : - q 90.3
C18 1.03 S - CH3 22.7, (d, J=5.0 Hz)
C19 1.47 S - CH3 27.7
C20* - - - q 212.3
C21* 4.27,4.60 d 20.0 Hz CH2 68.0
C22 0.92 d 73Hz | CH3 14.9

Table 6.2: NMR spectral assignment of compound 6.7B. Condensation of dexamethasone with hydrazine led
to mono substitution at the C3 position, forming compound 6.7.B *Key resonances. **Assigned through
multiple 2D NMR techniques.

While originally expecting C20 functionalisation, as reported by protocols by Pishesha,®*
Webber,*®° and Bilkova,*¢? spectroscopic analysis revealed changes in the A ring instead.*3C
NMR confirmed that hydrazone formation occurred at C3, rather than C20 (Table 6.2), as
the quaternary (q) C corresponding to the C20 carbonyl was still at 212.3, while C3 signal
shifted to 147.7. Moreover, the 2 doublets corresponding to the diastereotopic protons of
C21 did not significantly shift, compared to dexamethasone, as may have been expected if a
C20 hydrazone was formed. Changes were observed in the A ring of dexamethasone with
new doublets observed for C1 and C2, and a new singlet observed for C4. A smaller set of
peaks was also observed via *H NMR in the A ring region, belonging to the peak A isomer,
as was confirmed by comparing the spectra of the mixture (Figure S7.), with peak B (Figure
S5). C-F carbons were also identified, with coupling constants reported. The doublet at 99.8,
corresponding to C9, displayed a coupling constant of 174.0 Hz, which was within the
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expected range of a carbon directly bonded to F. The presence of overlapping signals up-
field, due to the steroid scaffold made characterisation challenging, but by comparing the
spectrum to dexamethasone, and using HSQC, HMBC and COSY 2D NMR, to assign each

signal, full characterisation was achieved.

It was clear from the NMR data of the purified compounds that hydrazone formation had
occurred in the A ring of dexamethasone at the C3 position. Further investigation revealed
that some papers reporting C20 functionalisation, that had employed similar conditions, had
not purified the compound, and reported it as a mixture of dexamethasone, mono and di-
substituted species.®®? Others identified product formation via mass spectrometry,3606!
which would not confirm the position of functionalisation. The dexamethasone conjugates
had still presented biological activity since the linker was designed to be cleavable. Through
literature review it was revealed that C3-functionalisation was also reported,363:364.365.366
which would corroborate modification of the A ring. Full characterisation data has been
reported in literature for the TBS protected species of dexamethasone. No spectrum for the
unprotected species 6.7 was identified, which makes this the first characterisation of

compound 6.7.
Synthesis of acetate protected glucose-dexamethasone conjugate.

Having successfully synthesised and characterised compound 6.7, the next step was to
couple hydrazone 6.7 to the glucose linker 6.5. Carbodiimide coupling chemistry was
employed to form an amide bond between the acid of the glucose-based linker and the free
amine of the dexamethasone hydrazone derivative (Figure 6.11). OxymaPure or HOBT were

used as coupling additives, to avoid side reactions, and improve reaction efficiency.

AcO o

AcO /\)I\
Ac(&\/o on (1ea)
OAc (6.5)
EDCI (1.2 eq) AcO
OxymaPure or hOBT (1.2 eq) AcO

AcO

DCM or DMF (C) (0.2 M)
DIPEA (F)
rt

Figure 6.11: Amide coupling between compounds 4 and 7.
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Overall, the different reaction conditions, documented in Table 6.3, led to successful
conversion into compound 6.9, with consumption of both starting materials confirmed by
LC-MS. As was observed for the hydrazone precursor, a mixture of 2 isomers with the same
mass were present (Figure 6.12), which was expected, since a cis-trans mixture of compound
6.7 was used in the reaction. Overall, similar conversion occurred with the different reaction
conditions, according to the LC-MS chromatograms. The reaction was carried out in dry
DCM or DMF, and while conversion was similar under both solvents, fewer impurities were
present in DMF (iv), which may be attributed to the LiCl workup. From the tested conditions,
EDCI, OxymaPure and DIPEA, in DMF was considered superior.

Coupling agents Solvent and base | Observations from LC-MS
EDCI, HOBT DCM, DIPEA Figure 6.12 (i)
EDCI, OxymaPure DMF, no DIPEA Figure 6.12 (ii)
EDCI, OxymaPure DCM, DIPEA Figure 6.12 (iii)
EDCI, OxymaPure DMF, DIPEA Figure 6.12 (iv)

Table 6.3: Coupling conditions employed to afford acyl hydrazone 6.9
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Figure 6.12: LC-MS chromatograms for different coupling conditions between compounds 6.5 and 6.7.
* =compound 6.9, which appeared as 2 peaks on the chromatogram, due to the presence of distinctive cis-

trans isomers. Table 6.3 shows corresponding conditions for the different chromatograms.

Purification proved to be daunting, due to the formation of a complex mixture, and normal
phase silica chromatography proved ineffective at separating compound 6.9, as was seen for
compound 6.7. Hydrazones are sensitive compounds, that are easily hydrolysed at an acidic
pH.% Hence, RP-HPLC was employed to purify compound 6.9. The first eluted compound
6.9.A and the second eluted compound 6.9.B had very close retention times, so co-elution
along with further impurities, was observed at a 40-95% CH3CN gradient (Figure 6.13, (i)).
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The purification protocol was optimised with a slower gradual increase in CH3CN from 30-
95% (ii) led to successful isolation of compounds 6.9.A and 6.9.B. As was described for
compound 6.7, product was purified in multiple batches, to obtain enough product for
characterisation, and for further reactions. Both isolated compounds appeared clean via LC-
MS, while they had the same M+H (Figure 6.13 (iii), (iv)), further highlighting they were

isomers of each other.
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Figure 6.13: Tested HPLC conditions included a (i)40-95% CHsCN in H,O gradient, (ii)30-95% CHsCN in
H20 gradient. LC-MS traces of compound 6.9.A (iii) and compound 6.9.B (iv): 6.9A and 6.9B were isomers,
according to MS, as they had the same M+H=809.3.
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Structural elucidation using NMR proved challenging due to the presence of complex
mixtures. The presence of cis-trans isomers, as well as conformational isomers and rotamers
have been reported for acyl hydrazones.®¥ Despite close retention times, separation of cis
and trans isomers was achieved via HPLC, which was encouraging. This was confirmed by
the separation of compounds of the same mass, which showed their own distinct sets of
signals, when comparing their *H NMR spectra (Figure 6.14). Each compound had 2 sets of
peaks around the A ring, which did not overlap, suggesting complete separation of the 2
isomers. It was theorised that the smaller sets of peaks, within the 9.A and 9.B isomers,
belonged to rotational isomers around the O=C-N bond, so a 1D NOE experiment was

carried out.
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Figure 6.14: Overlapped 1H NMR spectra (in CDCls) of isomers of compounds 6.9.A and 6.9.B showed
distinctive sets of peaks around ring A of dexamethasone, confirming isolation of cis-trans isomers. Each

isomer had 2 sets of rotamers.

Hu, Ley et al. have previously described the use of a 1D gradient NOESY H NMR based
experiment, to assess the presence of rotamers, vs diastereomers.®”® For isomer B two
distinctive singlets, with different peak integrations were observed, so the peak at 5.97 was
irradiated, to study through space interactions. Both singlets at 5.97 and 6.17 were on the

same phase upon irradiation, which would indicate the presence of rotamers. No other
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interactions were observed. This absence of correlations also provided some further
information, as no interaction with the NH peak was present. While 2 easily separable
singlets were observed for H4, the same was not the case for H1 and H2, with a multiplet
containing those protons observed. This multiplet integrated as 2 protons compared to a
known peak with a singlet proton, which further proved the hypothesis. NOESY 2D NMR
showed an interaction between the NH and the multiplet, which includes the C2 peak. The
absence of a correlation between the H4 singlet and the NH from 1D NOE, and the
observation of interaction between the multiplet containing H2 and the NH, from 2D
NOESY, provided final confirmation of the 6.9.B structure.

(if)

nnnnn

(iii)

AcO:
AcO
ACMO

OAc

Compound 6.9.B

Figure 6.15: NMR spectroscopy data in CDCls, confirming the structure compound 6.9.B: (i) 1D NOE
experiment illustrating the 2 H4 singlets belong to rotamers. (ii) 2D NOESY experiment showed an interaction

between NH, and doublet belonging to H2. (iii) structure of isomer B

The 1D NOE experiment for compound for compound 6.9.A provided further information
on conformation, however there were overlapping signals within the multiplet at 6.30-6.50
ppm (Figure 6.14). The H4 singlet was irradiated for compound 6.9.A and showed an
interaction through space with the major NH peak, which was seen on in the inverse phase
of the spectrum. The presence of rotamers was presumed for 6.9.A, due to confirmed
rotamers for isomer 6.9.B. Initial trial of the acetate deprotection showed that the final
compound was poorly soluble in CDClIs, so full spectral assignment was carried out in
CD30D. Full structural elucidation of the acetate protected compound from peak A was
carried out in CD30D, to be able to directly compare spectral changes between the acetate
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protected, and the deprotected species. 2D NMR data was employed, to carry out the
assignment, including COSY, NOESY, HSQC and HMBC.

As previously described, 2 sets of peaks were present for H1, H2 and H4, which was
attributed to rotamers. A 1D NOE experiment had shown interaction between NH and the
singlet at C4, suggesting that the cis-isomer was isolated. The major isomer’s peaks were
reported in Table 6.4, but as can be seen in the *H NMR in the appendix, a mixture of
approximately 4:1 of rotational isomers was formed, with variation on the ratio observed in
different sample concentrations and solvents. The quaternary (q) carbon for C3, belonging
to the acyl hydrazone’s C=N bond, was identified at 150.0 ppm, through HMBC interaction
with H1, confirming the hydrazone bond was not cleaved. The H21 doublets (d) were
masked within a multiplet (m), with glucose, but were still present, as identified through
HSQC, and HMBC interaction with the C20 carbonyl. Multiplets, containing Hs from
multiple Cs were analysed via the use of HSQC, which helped show how many carbons
corresponded to each peak. All carbons in the molecule were assigned, apart from C10 and
C13, which were masked within the CD3OD peak, according to previous analyses in CDCls,
and 2D NMR. C-F carbons were also identified, with coupling constants reported. The
doublet at 108.8, corresponding to C9, displayed a coupling constant of 174.4 Hz, which
was within the expected range of an a-C- F. Moreover, C doublets (d) were identified for
C7, C8 and C11, with the expected coupling constants for °F coupling. Despite
characterisation challenges, the glucose-dexamethasone acetate protected linker was
synthesised, isolated, and fully characterised. This compound has not previously been

reported in literature, making it a novel compound.
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'H NMR shift (ppm) | Multiplicity J (Hz) C-type 13C NMR
C1* 6.58 d 10.17 CH 142.3
Cc2* 6.38 dd 10.2,2.0 CH 127.1
C3 - - - q 150.0
C4* 6.62 S - CH 112.4
C5 - - - q 161.3
C6 2.49-2.58, m - CH, 36.1
2.62-2.78?
Cc7 1.54-1.61,1.79-1.9 m CH, 28.9
C8 2.3-2.49 m - CH 35.7 (d, J=19.6)
C9 - - - qC-F 101.9 (d, J=174.1)
C10 - - - q In CD3OD**
Cl1 4,19-4.32 m - CH 72.1(d, J=35.4)
C12 1.44,2.18-2.32 m CH, 37.2
C13 - - - q In CD;0D
Ci14 2.18-2.32 m CH 43.7
Ci15 1.13-1.25, m - CH; 334
1.66-1.79
C16 3.0 m - CH 37.0
C17 - - - q 92.1
C18 152 s - CH; 24.8 (d, J=5.1)
C19 0.99 S - CH; 175
C20* - - - - 212.7
C21* 4.19-4.32,4.59 m CH: 68.1
C22 0.86 d 7.3 CHs 15.4
Ccr’ 4.68 d 8.0 CH 102.2
Cc2’ In HDO** CH 72.8
(4.80-4.90)
C3 5.23 t 9.5 CH 74.2
Cc4’ 5.00 t 9.7 CH 69.8
C5’ 3.83-3.9 m - CH 72.7
C6’ 4.08-4.16, 4.19-4.32 m - CH; 63.0
CcT 3.9-3.97, 4.08-4.16 m CH: 67.4
C8 2.3-2.49, 2.62-2.78 m - CH; 32.6
Cco* - q 170.2
Acetyl - - - q 171.3,171.3, 1716,
172.3
Acetyl 1.89-2.08 m - 4xCH3 20.5, 20.6,
methy| 20.6, 20.6

Table 6. 4: NMR assignment of compound 6.9.A in CD;0D: * Denotes key resonances. **According to 2D

NMR data.
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Acetate deprotection

Due to the acid sensitive nature of acyl hydrazones, base catalysed acetate deprotection was
carried out. A protocol by Guilherme, et al. was followed, that employed excess strong base
to promote full deprotection of the glucose acetates, without cleaving the hydrazone bond. 38!
The conditions were first trialled on the glucose linker (Figure 6.16), and loss of acetates
was confirmed by *H NMR, *C NMR, and mass spec. Moreover, a shift up-field was
observed for the glucose peaks on the 'H NMR. The conditions were then tested on
compound 6.9.A, with caution, due to sample availability.

A 2

AcO e E o OH

Aco\ﬂ—owo\/\/o“ — > Ho O~
OH

80.4%

Figure 6.16: Acetate deprotection of glucose linker 6.3.

The aim was to first test the deprotection conditions on compound 6.9.A, and upon
confirming bioactivity of the small molecule, to then obtain the deprotected derivative of
compound 6.9.B. The conditions shown on Figure 6.16 were used, and the reaction was
monitored via LC-MS and stopped after 6 hours. Acetates were removed upon workup on
the K ion exchange resin IR-120.%8 The resin was considered a favourable way to remove
excess KOH, without requiring an aqueous workup, which may have caused product loss,
due to the aqueous solubility of glucose. Loss of acetates was confirmed via *H NMR and
13C NMR. LC-MS showed several peaks of unknown mass, with the predominant peak

showing a mass of 627.4.
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“z‘;’<§:°wo
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Figure 6.17: Acetate deprotection of compound 6.9.A

RP-HPLC purification was carried out on this crude material, with some solubility issues
faced. Despite adapting the gradient to the LC-MS conditions, which had showed separation,
both the peak of interest, and the byproducts showed close retention times (Figure 6.18, (i)).

Nonetheless, the predominant peak was successfully isolated, in a relatively low recovery of
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1.4 mg. LC-MS analysis of the compound revealed high purity (ii), however the mass did

not correspond to the expected product.

App: Chara, Flun: 02132024-133613 @ 2/13/2024 1:36:15 PM, Method: deACETYLA
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Figure 6.18: Compound 6.12 was purified using a 10-95% CH3sCN in H,O gradient, via RP-HPLC. (i)HPLC
chromatogram, (ii) LC-MS chromatogram (gradient 30-95% CH3CN in H,0)

Structural elucidation was then carried out via previously mentioned 2D NMR techniques,
with challenges of overlapping peaks being faced again, as well as a need for special NMR
protocols, due to low sample availability. The loss of mass led to considering that
degradation had potentially occurred, under the strongly basic conditions, but it was not
immediately clear what had occurred. The mass loss was calculated to either correspond to

a loss of N, or CHa, which initially seemed unlikely.

Hydrazone hydrolysis had not occurred in the isolated compound, as the glucose linker was
still attached, and the doublet of doublets (dd) corresponding to C2, and multiplet containing
C1 and C4, that belong to the A ring, were still present (Table 6.5). Moreover, the C9’,
corresponding to the acyl-hydrazone, amide bond, was still present in the *C NMR, at 170.7
ppm. A set of smaller peaks were also observed on the *H NMR, but LC-MS showed that
the product was clean. More extensive analysis on the acetate protected conjugate 6.9 had
revealed the presence of rotamers, so it was considered that the same behaviour would also

be present in the final compound.
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H NMR (ppm) multiplicity | J(Hz) | C-type 13C NMR (ppm)
Cc1* 6.58-6.64 m - CH 143.0
c2* 6.39 dd 10.2,2.1 | CH 126.9
C3 - - - q 150.6
C4* 6.58-6.64 m - CH 112.3
C5 - - - q 161.8
C6 2.29-2.45, 2.69-2.76 m - CH; 32.8
Cc7 1.47-1.51,1.80-1.88 m - CH> 29.0
C8 2.29-2.45 m - CH 35.9 (d, J=19.7)
C9 - - - qC-F 102.1 (d, J=174.5 Hz)
C10 - - - - IN CD;0OD
Cil1 4.18-4.24 m CH 72.4 (d, J=3j7.6)
Ci12 1.47-1.51, 2.06-2.15 m - CH; 37.1
C13 - - - q IN CD;0OD
Ci4 2.06-2.15 m - CH 44.9
Ci15 1.16-1.20, 1.68-1.76 m - CH; 33.8
C16 3.00 ddd 11.3,7.3, | CH 37.2

4.2

C17 - - - q 88.5
C18 1.53 S - CH3 24.8 (d, J=5.2)
C19 1.16 S - CH3 18.0
C20* 163.33 moved from 212 - - q 163.3
c21* Lost - - - -
C22 0.90 d 7.22 CH3 15.6
Ccr 431 d CH 104.7
cY 3.17 t 9.17.6.52 | CH 75.1
Cc3® 3.33-3.37 m CH 78.1
c¥ In CD3;0D 78.1
Ccs 3.23-3.26 m CH 717
Co’ 3.60-3.65, 3.83.-3.89 m CH> 62.8
CcTr 3.93-3.98,4.11-4.16 m CH> 67.1
Cc® 2.60-2.68, m CH> 36.6
Cc9’* - - - q 170.7
Acetyls* | Lost Lost

Table 6.5: NMR assignment of deprotected steroid-glucose conjugate 6.12. *=key resonances

Despite C21 peaks previously being masked in a multiplet with glucose, they were positively

identified in the acetylated precursor compound 6.9.A. Both the Hs and the C were clearly

removed in the final compound, according to NMR. Moreover, a quaternary C, belonging to

the C20 ketone, previously located at 212.7 was no longer visible in the final compound.

This led to the hypothesis that degradation on the 20-keto-21-hydroxyl side chain of the D

ring occurred, due to excess KOH, leading to the formation of a reactive enolate. Li et al.

had reported that treatment of betamethasone, which is an isomer of dexamethasone, with

196




excess base could lead to extensive degradation on the C20 side-chain.®® One of the
compounds identified was carboxylic acid 6.12, whose mass would match the mass observed
by LC-MS and would also explain the apparent loss of a methylene unit. HMBC analysis
was not fully diagnostic, due to a weak signal, which led to difficulties assigning quaternary
Cs. However, having previously assigned the spectrum for the acetylated precursor, it was
possible to extrapolate the results. C3, C5 and C9’ were within the same region as previously
observed, while the quaternary Cs, belonging to the acetates were lost. C10 and C13 were
previously identified upfield, in the region of the CD3OD peak. Therefore, having fully
assigned the remainder of the peaks, it was concluded that while deprotection did occur,
degradation on the C20 side chain also occurred. Future work would include scaling up, to

obtain further characterisation data, as well as attempting different deprotection conditions.

As can be seen in Figure 6.19, in the presence of excess base deprotonation can occur at the
a-carbon of the C20 carbonyl, to generate a reactive enolate (I-1). This enolate can then react
to generate by-products (Figure 6.18). Given a carboxylic acid was successfully isolated, it
is important to identify the mechanism involved in the formation of conjugate 6.12.
According to Li et al. a Baeyer-Villiger-type oxidation occurred in the presence of air, which
generated a carboxylic acid derivative of betamethasone, akin to the degradation observed
for conjugate 6.12.38° A plausible mechanism involved enolate formation (I-1) in the
presence of excess base, which then reacted with atmospheric oxygen, to generate a peroxide
intermediate (1-2).3®° This was followed by a proton transfer and a Baeyer-Villiger type-
rearrangement, which generated a formic anhydride intermediate (I-3). This intermediate
was then hydrolysed in the presence of excess KOH, which led to formate loss, and afforded
the K salt of the final product (I-4). Protonation finally occurred with an ion-exchange resin,

which generated conjugate 6.12.
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(1): Enolate formation . @ (2) Peroxide formation o)

+ ., (3)Baeyer-Villiger type
-H rearrangement

Conjugate 6.12

Figure 6.19: Plausible reaction mechanism of degradation, and intermediates involved: (1) An enolate
intermediate (I-1) was generated in the presence of excess KOH. (2) This was followed by a peroxide formation
(1-2) in the presence of O,. (3) Baeyer-Villiger type rearrangement (I-3). (4) Hydrolysis (1-4). (5): Protonation
with an ion exchange led to the formation of conjugate 6.12. Adapted from betamethasone degradation

mechanism reported by Li et al.3®

6.4.2 Biological testing of steroid-glucose conjugate 6.12.

Although the planned target was not generated, evaluation of the biological properties of
compound 6.12 was undertaken. This small molecule still contains the GLUT1 targeting
group, hydrazone linker, and glucocorticoid scaffold. Poorly differentiated MG-63 cells, and
more mature SAOS-2 OS cells were treated with control medium, dexamethasone, or the
small molecule conjugate 6.12. In previous experiments a high glucose DMEM medium was
used, as a basal medium. However, since in this chapter the aim was to study the effect of
the steroid-glucose conjugate on GLUT1 expression, a low glucose Glutamax-supplemented
version of DMEM was used. Glucose starvation is often employed for GLUTL1 studies, in
order to study protein expression and localisation,®® but given the longer differentiation

experiments employed in OS studies, extensive starvation was deemed unsuitable.
Effect of steroid glucose conjugate 6.12 on MG-63 cells.

The first objective was to observe whether treatment with the conjugate would alter viability,
via the alamar blue assay. SAOS-2 and MG-63 cells were treated with a wider range of
concentrations of 0.01, 0.1, 1, 10 and 20 uM of dexamethasone or the conjugate 6.12.
Viability was studied over the course of a week, while cell growth was assessed at regular
intervals via microscopy. After 1 day of treatment viability was comparable between the
untreated control and the treatments (Figure 6.20). After 3 days of treatment, fewer
metabolically active cells were present in the conjugate treated group, though cells were still
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viable, while an increase was observed for MG-63. After 7 days of treatment comparable
cell numbers were observed between the control and the 2 treatments, having formed
confluent monolayers for all the conditions. It was exciting to observe that while the glucose-
steroid conjugate was not cytotoxic, it led to a small decrease in cell numbers, which may

potentially translate to a decrease in OS proliferation.
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Figure 6.20: Cell viability was assessed via the alamar blue assay: MG-63 cells were treated with 0.01, 0.1,
1, 10 or 20 uM of dexamethasone or conjugate 6.12. %Alamar reduction was measured against the untreated
control, after 1, 3 and 7 days of treatment. Mann Whitney test used for statistical comparison between
treatments and control=100% (blank=ns=p>0.05, *=p<0.05, **=p<0.01)

Having confirmed cell viability, the effect of small molecule treatment on differentiation
was studied via ICW analysis. Changes in protein expression were quantified across the
different concentrations. Having modified the structure of dexamethasone, the aim was to
observe whether the synthesised steroid-glucose conjugate could induce biological response
in the OS cells. The response of MG-63 cells to dexamethasone was more limited than
expected (Figure 6.21). A small, yet statistically significant increase in RUNX2 was
observed at the highest tested concentration, at 20 uM, while some insignificant upregulation
of ONN was observed at 0.01 and 0.1 pM. On the other hand, the synthesised small molecule
presented clear biological response and appeared to drive differentiation in MG-63 cells (Fig
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6.20 B). It was highly encouraging that RUNX2 was upregulated in a dose dependent
manner, as evident by the gradual increase in RUNX2 fold-expression, with the highest fold-
upregulation observed at a 20 uM concentration. Moreover, the conjugate 6.12 drove an
upregulation of ONN, with statistically significant increase in ONN expression at a 20 uM
concentration of conjugate 6.12, further corroborating findings of differentiation.
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Figure 6.21: Protein fold-expression measured by ICW: Differentiation was assessed in MG-63, after 7 days
of treatment with dexamethasone (green) or conjugate 6.12 (pink): (i) RUNX2, (ii) ONN protein fold-
expression was quantified against untreated MG-63 D7 control. The Mann Whitney u-test was used to
Statistically compare treatments’ protein fold-expression compared to control=1. (blank=ns=p=>0.05,
*=p<0.05, **=p<0.01)

Immunofluorescence staining was subsequently carried out, in order to further study
RUNX2 protein expression and localisation. As was previously seen in chapters 3 and 5
RUNX2 present perinuclear and cytoplasmic localisation in MG-63 cells (Figure 6.22).
Inhomogeneous protein expression was observed with arrows pointing to areas of increased
protein expression. Dexamethasone treated cells showed reduced protein expression
compared to the control group, with areas of high protein expression. Conjugate 6.12 on the
other hand showed increased protein expression compared to the control group, validating

ICW findings, and confirming differentiation being driven.
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Figure 6.22: RUNX2 expression assessed by immunofluorescence: MG-63 cells were treated with 10 uM of
dexamethasone (ii) and conjugate 6.12 (iii) for 7 days, while an untreated MG-63 D7 control (i) was also
included. Cells were stained with RUNX2 (red) and DAPI (blue) and imaged on EVOS microscope at 20x
magpnification. Images processed with Imaris Viewer. Scale bars: 150 um. Yellow arrows point to areas of
decreased RUNX2 expression, and pink arrows point to areas of increased RUNX2 expression. N=1 biological

replicate, N=2 experimental replicates.

Despite degradation on the C20 side chain, conjugate 6.12 was still able to drive
differentiation in MG-63 cells, and showed enhanced biological response, compared to
dexamethasone. It was theorised that conjugation of dexamethasone to glucose would drive
more selective differentiation in OS cells, via GLUT1. GLUT1 levels were also assessed via
ICW. Dexamethasone induced statistically significant downregulation of GLUTL1 in MG-63
cells at all tested concentrations, that ranged from 0.01-10 uM (Figure 6.23, (iv)). MG-63
treatment with 6.12 did not trigger increased GLUT1 expression at lower concentrations,
while at a 10 uM concentration, an insignificant upregulation was observed. However,
GLUT1 expression was higher than what was observed for dexamethasone, potentially

indicating a role of GLUTL1 in small molecule uptake in OS cells. Significant increase in
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GLUT1 was expected, so future work would include further testing, to identify pathways of
delivery and differentiation. Having previously observed most consistent differentiation
after 10 uM treatment with steroids cholesterol sulfate, and fludrocortisone acetate, some
preliminary immunofluorescence imaging was carried out for that concentration. GLUT1
was abundantly expressed in MG-63 cells, and presented mostly diffuse cytoplasmic
expression, though GLUTL is also localised on the cell membrane (i, ii, iii). As previously
seen for different markers GLUT1 was inhomogeneously expressed, with arrows pointing
to areas of higher protein expression. Dexamethasone treated cells presented lower protein
expression (ii), compared to the control (i), matching observations from ICW. On the other
hand, conjugate 6.12 treated cells abundantly expressed GLUTL1 (iii), with some areas

presenting higher protein expression than the control group.
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Figure 6.23: GLUT1 fold-expression was assessed via IF and ICW: MG-63 cells were treated with 10 uM of
dexamethasone (ii) and conjugate 6.12 (iii) for 7 days, while an untreated MG-63 D7 control (i) was also
included. Cells were stained with GLUT1 (red) and DAPI (blue) and imaged via immunofluorescence. N=1
biological replicate, N=2 experimental replicates. Images processed with Imaris Viewer. Scale bars: 150 pum.
Yellow arrows point to areas of decreased GLUT1 expression, and pink arrows point to areas of increased
GLUT1 expression. N=1 biological replicate, N=2 experimental replicates. (iv) GLUT1 fold-expression was
measured vs untreated MG-63 D7 control via ICW. Cells were treated with 0.01-10 uM of dexamethasone and
conjugate 6.12. Mann Whitney stats. (blank=ns=p>0.05, *=p<0.05, **=p<0.01). Statistical comparison of
treatments’ protein fold-expression against untreated MG-63 control=1. N=1 biological replicate, N=4

experimental replicates.

Effect of steroid glucose conjugate 6.12 on SAOS-2 cells

After 1 day of treatment dexamethasone presented a small increase in cell viability, while
conjugate 6.12 showed a small decrease in alamar reduction, suggesting fewer cell numbers
(Figure 6.24). After 3 days comparable viability was observed between dexamethasone and
the control, while significantly reduced cell numbers were observed for the conjugate. Cell

viability was further increased in MG-63 cells after 7 days of dexamethasone treatment,
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while viability was further decreased in the conjugate group. It was promising to see that
cells tolerated the synthesised small molecule at a range of concentrations but showed
decrease in proliferation. The same effect was observed in MG-63 cells but was more

pronounced for the more mature SAOS-2.
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Figure 6.24: Cell viability was assessed via the alamar blue assay: SAOS-2 cells were treated with 0.01-20
MM of dexamethasone or conjugate 6.12. %Alamar reduction was measured against the untreated SAOS-2
control, after 1, 3 and 7 days of treatment. (blank=ns=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001,
****=p<0.0001). Mann-Whitney statistical comparison between treatments’ alamar reduction and untreated

SAOS-2 control=100%. N=1 biological replicate, N=4 experimental replicates.

Insignificant increase in RUNX2 was observed for the conjugate with 20 uM treatment
showing the largest increase, which was similar to what was observed for dexamethasone
(Figure 6.25). Dose-dependent decrease in ONN expression was observed for
dexamethasone treated cells, while decreased levels were also observed for conjugate 6.12.
While significant dose-dependent differentiation was observed for MG-63 cells, when
treated with the conjugate, effects on differentiation were more limited in SAOS-2 cells.

204



*

Dexamethasone
Conjugate

—
N—r
N
o
.

(i)

=|10
110

T=

RUNX2 fold-expression
T
ONN fold-expression

0.0101 1 10 20 0.0101 1 10 20
Concentration (pM)

0.010.1 1 10 20 0.0101 1 10 20
Concentration (uM)

Figure 6.25: Protein fold-expression measured by ICW: Differentiation was assessed in SAOS-2, after 7 days
of 0.01-20 uM treatment with dexamethasone 6.1 or the synthesised conjugate 6.12: (i) RUNX2 and (ii) ONN
protein fold-expression was compared against untreated SAOS-2 D7 control. Mann Whitney stats
(blank=ns=p>0.05, *=p<0.05, **=p<0.01). Statistical comparison between treatments’ protein fold-

expression and untreated SAOS-2 D7 control=1. N=1 biological replicate, N=4 experimental replicates.

RUNX2 protein expression was further assessed via immunofluorescence, with nuclear,
abundant localisation being evident (Figure 6.26), as previously seen in chapters 3 and 5.
RUNX2 was highly expressed across the different conditions, with no dramatic changes
observed, as was noted from ICW staining. Overall, both dexamethasone and conjugate 6.12
had a limited effect in the differentiation of SAOS-2 cells, which was contrary to what was

previously observed in MG-63 cells.
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Figure 6.26: Immunofluorescence staining: SAOS-2 cells were treated with 10 uM of dexamethasone or
conjugate 6.12 for 7 days. Cells were stained with DAPI (blue), phalloidin (green), and RUNX2 (red), and
imaged on EVOS at 20x magnification. Images processed with Imaris Viewer. Scale bars: 150 um. Yellow
arrows point to areas of decreased RUNX2 expression, and pink arrows point to areas of increased RUNX2
expression. N=1 biological replicate, N=2 experimental replicates.

GLUT1 expression was assessed via ICW, by normalising protein expression in treated cells
relative to the control. GLUT1 expression was found to be decreased after both treatment
with dexamethasone and conjugate 6.12 (Figure 6.27, iv). A trend towards dose-dependent
decrease in GLUT1 was observed for the small molecule 6.12, which would need further
investigating in the future. Perinuclear granular localisation of GLUT1 was observed in
SAOS-2 cells (arrows), according to immunofluorescence imaging (i, ii, iii). Abundant
GLUT1 expression was observed for the control (i), while high protein expression was also

observed for dexamethasone (ii) and conjugate 6.12 (iii).
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Figure 6.27: GLUT1 fold-expression was assessed via IF and ICW: SAOS-2 cells were treated with 10 pM of
dexamethasone (ii) and conjugate 6.12 (iii) for 7 days, while an untreated SAOS-2 D7 control was also
included. Cells were stained with GLUT1 (red) and DAPI (blue) and imaged via immunofluorescence. Images
processed with Imaris Viewer. Scale bars: 150 um. Yellow arrows point to areas of decreased GLUT1
expression, and pink arrows point to areas of increased GLUT 1 expression. N=1 biological replicate, N=2
biological replicates. (iv) GLUT1 fold-expression was measured vs untreated SAOS-2 D7 control via ICW.
Cells were treated with 0.01-10 pM of dexamethasone and conjugate 6.12. Welch t-test was used to statistically

compare treatments’ protein fold-expression against control=1. (blank=ns=p>0.05, *=p<0.05, **=p<0.01)
6.5 General discussion

The role of hormone steroid receptors is complicated in cancer. Several receptors including
the estrogen receptor (ER), and the androgen receptor (AR) are overexpressed in cancers
including breast cancer,®®’ and prostate cancer®® respectively. On the other hand, the
glucocorticoid receptor (GR) is not an oncogene, and glucocorticoids are included in cancer
treatment, to help manage side effects.>*® glucocorticoids including dexamethasone and

prednisolone are used to treat various cancers including different types of lymphoma and
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leukaemia, with glucocorticoid induced apoptotic effects being observed in combination
with chemotherapy.® Achieving enhanced delivery of glucocorticoids to cancer cells is a

promising strategy for enhanced action and reduced side-effects of the drugs.

As previously mentioned, altered metabolism is a hallmark of cancer, as instead of
employing oxidative phosphorylation to produce ATP, cancer cells favour aerobic
glycolysis.%®® Glucose conjugation strategies seek to exploit the enhanced glucose
consumption in cancer cells, compared to healthy cells, as well as the overexpression of the
glucose transporter GLUT1, at the tumour site.** 5-fluorodeoxyglucose is employed as a
radiotracer for PET scans, leading to labelling of cancer cells, due to cancer cells’ increased
glucose uptake.®*® This selectivity has been exploited to circumvent toxicity issues of
chemotherapeutic agents, by using inactive prodrugs, that are metabolised to selectively
release the active drug at the cancer site, and present reduced side-effects in patients.®’® It
was considered that given the widespread use of dexamethasone in cancer treatment, as well
as its use as a differentiation supplement, it would be beneficial promote targeted delivery

in OS cells, by conjugating glucose to dexamethasone.

A synthetic route was devised for conjugation of glucose to dexamethasone via a hydrazone
linker. The glucose linker was prepared in sufficient yields and purity, via bromination of -
glucose pentaacetate, subsequent alkylation of the bromide, and TEMPO BAIB oxidation of
the alcohol. Hydrazone formation proved to be more challenging, with purification issues,
selectivity issues, overlapping signals, and formation of cis-trans isomers and rotamers for
the acyl-hydrazone. Condensation of hydrazine with dexamethasone afforded a mixture of
cis-trans hydrazone isomers at the C3 position, which conflicted with the findings in some
of the literature.®6:360362 RP_HPLC protocols were optimised, to allow separation from
dexamethasone, and the di-substituted species, and the C3 mono-substituted compound 6.7
was successfully isolated and characterised. The following step involved the coupling of the
glucose carboxylic acid linker, with compound 6.7, using EDCI and OxymaPure as coupling
agents. A complex mixture was formed, but 2 isomers of the same mass, which resulted from
cis-trans isomers around C=N-NH were successfully isolated. Presence of rotamers was
confirmed and the 2 peaks were assigned as individual cis and trans isomer. Compound
6.9A, resulting from peak A, was fully assigned in CD30OD, to compare to the final
compound. Deprotection of the glucose acetates under strongly basic conditions, led to
degradation of the C20 side chain, leading to a loss of CH>, and subsequent formation of an
acid. The final compound was deemed clean via LC-MS, though rotamers were still present.
Compound 6.12 was then tested on MG-63 and SAOS-2 OS cells, alongside dexamethasone,
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to assess whether the small molecule could drive differentiation, and whether increased
GLUT1 expression would be induced by 6.12.

Some preliminary biological testing was carried out, to observe whether the OS cells would
tolerate the synthesised conjugate 6.12. MG-63 cells and SAOS-2 cells showed decrease in
proliferation after treatment with small molecule 6.12, which was encouraging. Conjugate
6.12 promoted enhanced differentiation in MG-63 cells, while for limited differentiation was
observed for SAOS-2, highlighting the effect of cell phenotype on response to glucocorticoid
treatment. As was discussed in chapter 5, the role of dexamethasone in osteogenesis is
complicated. Some reports suggest that glucocorticoids may inhibit bone formation, while
dexamethasone is a common osteogenic differentiation supplement, and loss of bone mass
has been reported in GRaui mice.3? Furthermore, as was shown in chapter 3, a differentiation
medium containing water-soluble dexamethasone drove differentiation in MG-63 cells. The
same small molecule cocktail that drove cell death in SAOS-2 cells but was found to drive
differentiation in MG-63 cells. In chapter 5, cholesterol sulfate, which presents
glucocorticoid action, also drove differentiation in a dose dependent manner on MG-63 and
SAOS-2 cells. So, it would be interesting to assess differentiation using the synthesised small
molecule conjugate 6.12, and previously tested conditions including nanokicking, and

metabolites and related structures.

The original hypothesis was that conjugating glucose to dexamethasone, via a cleavable
linker would lead to increased uptake in cancer cells via the GLUTL1 transporter. Given the
experimental design and precedent of recognition of small molecule conjugates by GLUT1,
when functionalisation happened in the anomeric C1 of glucose,®™* it was thought that
forming a conjugate at that position would lead increase in GLUT1 expression in OS cells.
So, it was expected that with increased concentration of the conjugate an increase in glucose
uptake via the GLUT1 would be observed. Since RUNX2 has been reported to regulate
GLUT1 and glucose uptake during osteogenesis, it may have been assumed that
differentiation may trigger upregulation of GLUT1.3%! Future work may include °C
labelling the conjugate and tracing via targeted metabolomics. The environment in the tested
conditions was not fully representative of the tumour, which may explain why the hydrazone
bond may not have been cleaved. The rationale behind the use of a cleavable acyl-hydrazone
linker was that the bond is stable in plasma, but should be hydrolysed at the slightly more
acidic environment of the tumour. So more closely mimicking the tumour OS

microenvironment in future biological testing, may provide further insight into the
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mechanism of action of conjugate 6.12 on cancer cells, and clarify whether the steroid

scaffold would be released in the OS cells.

As described in chapter 4, increased glucose consumption was observed for MSCs and OS
cells (from metabolomics dataset), after 7 days of osteogenic differentiation, which
highlights the role of glucose in differentiation. Glucose is predominantly transported in the
cells, using the GLUT1 transporter, which is overexpressed in OS, but has also been
described to regulate RUNX2 function-3%! Since GLUT1 expression was not significantly
increased from treatment with steroid-glucose conjugate, future work may include assessing
whether the small molecule may be transported to cancer cells, using alternate glucose
carriers, including SLCAL and GLUT4. Moreover, testing conditions that more closely
mimic the tumour microenvironment and pH, may give further physiologically relevant
information, as to whether the hydrazone bond may be cleaved, upon reaching cancer cells.
Comparing the effect of conjugation on the A ring position vs the initially intended D ring

functionalisation would be interesting in the future.
6.6 Conclusions

A dexamethasone derivative was conjugated to glucose via a cleavable acyl hydrazone
linker, at the A ring’s C3 position. The initial experimental plan involved hydrazine
condensation with dexamethasone, at the C20 position. However, extensive purification
optimisation and structural elucidation revealed that hydrazone condensation preferably
occurs at the C3 position. A mixture of cis-trans isomers around the hydrazone bond were
generated. An acetate protected, glucose linker was prepared in 3 steps, and conjugated to
the hydrazone, using EDCI and OxymaPure, to form an acyl hydrazone. The cis and trans
isomers were successfully separated via RP-HPLC, and fully characterised. Analysis of the
spectra proved challenging, due to overlapping signals, and the presence of rotamers, but
structures were eventually assignment. Acetate deprotection was carried out under strongly
basic conditions, which led to degradation of the C20 side chain, but biological activity was
still assessed, as the molecule possessed the key functionality of the hydrazone, and the
glucose. The small molecule was tested and while cells were still metabolically active after
treatment, the conjugate also appeared to drive decrease in proliferation in MG-63 and
SAOS-2 cells. concentration dependent increase in RUNX2 was observed for MG-63, which

strongly suggested osteogenesis could be induced using compound 6.12.
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6.7 Future work

To limit degradation at the side chain of the D ring, it would be worth investigating different
hydrolysis conditions, as well as different protecting groups. It would be interesting to
synthesise hydrazone conjugates both for the C3 and the C20 position of dexamethasone and
see how this would affect reactivity. Overall, the design of the small molecule was based on
the principle of hydrazone being an acid cleavable group, that would release the active
dexamethasone into the cancer cells, after the small molecule reached the acidic environment
of the cancer cells. Carrying out optimisation, to limit degradation of the side-chain of the D
ring may be beneficial in the future, so that the originally planned dexamethasone conjugate,
could be compared to the “degraded” dexamethasone conjugate we obtained. Given the
glucose, and hydrazone bond was still intact, and connected to the steroid scaffold, the small
molecule was preliminarily tested. Limited sample availability was a constrictive factor, as
to the analyses that could be carried out. Further characterisation would involve measuring
solubility vs dexamethasone. Stability of 6.12 can be tested by carrying out a timepoint
HPLC study, in buffers of different ph. In vivo studies were not within the scope of this
project, but assessing delivery of the glucose conjugate, on the tumour, vs heatlhy tissue,
would provide better information on off-target effects. In the future carrying out more
extensive studies on glucose uptake, GLUT1 expression, and assessing hydrazone bond
hydrolysis in the cells, would provide further information as to compound 6.12’s mode of

action.
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Chapter 7: Discussion and conclusions

7.1 Scope of research

This thesis focused on identifying conditions that could promote differentiation in
osteosarcoma cells, with a special focus on small molecules. As discussed in chapter 1, OS
is a very rare, and aggressive bone cancer, which unfortunately largely affects children.®
Current chemotherapeutic treatments are particularly aggressive, causing severe adverse
effects, and affecting quality of life, while many patients also face resistance to
chemotherapy, recurrence of OS, and/or metastasis.!” Clinical trials on tyrosine kinase
therapies and immune system modulation, have been unsuccessful at identifying a widely
applicable treatment, that presents a curative effect in advanced 0S.*? Thus, it is imperative
to identify treatments that are applicable to different subsets of OS, present reduced side-

effects, and reduce chemoresistance in OS cells.

Lack of terminal differentiation is a hallmark of cancer (Figure 7.1), yielding immature, fast-
proliferating cancer cells, with cancer’s degree of differentiation largely dictating the degree
of malignancy.’* Differentiation therapy seeks to restore differentiation potential in cancer
cells, thus slowing their growth, and sensitising them to chemotherapy.®® Differentiation
therapy has found application in haematological cancers, where patients with APL, showed
improved prognosis, and reduced chemoresistance, when treated with differentiation
therapy, along chemotherapy.3%? Employing conditions that promote stem cell differentiation

in healthy cells, may restore differentiation potential in the cancer cells.

Healthy bone

Stem cell cells @

—

No differentiation
Healthy bone bone cancer
cells

=
TEO -

Mature cell

cancer cell @

Figure 7.1: Differentiation is interrupted in osteosarcoma. Differentiation therapy aims to restore

differentiation potential. (created with biorender.com)
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The effect of differentiation was studied on poorly differentiated, fast-proliferating MG-63
cells, and more osteoblastic, slower proliferating SAOS-2 cells. First, conditions that drive
osteogenesis in MSCs, were tested on OS cells, to observed how the different stimuli may
induce differentiation in the cancer cells, and whether they would be cytotoxic. The effect
osteogenic medium, containing, dexamethasone, ascorbic acid, and B-glycerophosphate, as
means of chemical stimulation, and nanokicking at 30 nm, 1000 Hz, as a means of
mechanical stimulation on OS cells (chapters 3,4). Altered cell metabolism is a hallmark of
cancer, so it was considered of interest to observe whether differentiation would induce
metabolic reprogramming in OS, and to identify metabolites involved in osteogenesis
(chapter 4). Metabolites, and related structures, which included cholesterol sulfate (CS),
fludrocortisone acetate (FA), and taurine (TAU) were then tested on the OS cells, to observe
whether they were active drivers of differentiation (chapter 5). Due to the wide use of
glucocorticoids, as differentiation supplements, and their wide activity on different cell
types, it was considered that tethering dexamethasone to glucose, would drive more selective

differentiation in OS cells (chapter 6).

7.2 Summary of thesis findings, and discussion.

7.2.1Mechanical stimulation vs chemical stimulation in OS (chapter 3)

As discussed in chapter 3, modulating the mechanical environment is an established method
for driving differentiation in MSCs.'® Different researchers have employed
nanotopographies,*® electrical stimulation, magnetic stimulation, gels, and mechanical
stimulation techniques, to induce an osteogenic phenotype in MSCs.!8 Studies on the
mechanical environment of OS cells has been more limited to observing mechanical
properties of the cancer cells, with fewer studies on directly stimulating the cells.?1%222
Nanokicking was applied to OS cells, which is a technique co-developed at the University
of Glasgow, which harnesses the reverse piezoelectric effect, to mechanically stimulate
MSCs, in order to drive osteogenesis,198:199-200

An osteogenic medium, containing, dexamethasone, ascorbic acid, and -glycerophosphate
was employed as means of chemical stimulation of OS cells. Nanokicking at 30 nm, 1000
Hz, was employed as means of mechanical stimulation on OS cells. Mechanical and
chemical stimulation appeared to drive osteogenic differentiation in OS cells, as evident by
the upregulation of osteogenic markers. Differentiation did not significantly decrease

proliferation in OS cells, apart from observed cell death in OGM-treated SAOS-2 cells.
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Literature has previously reported osteogenic medium containing ascorbic acid either
driving differentiation or apoptosis on SAOS-2 cells, in different instances.??® Both the
differentiation state of the cell line, and the treatment appeared to play a role on the rate of
osteogenesis. After observing that mechanical and chemical stimulation could drive
differentiation, metabolomics studies were carried out on the OS cell lines, and the MSCs,
to further understand cell behaviour, and identify small molecules that could drive

differentiation.
7.2.2 Effects of mechanical vs chemical stimulation on OS metabolism (chapter 4)

As discussed in chapter 4, altered cell metabolism is a hallmark of cancer.®® Research on OS
metabolome is limited, with a larger focus on identification of disease biomarkers, and
characterisation of disease progression.”® There is little information on the differentiation,
mechanotransduction and OS metabolome,?’? so it was considered valuable to obtain further
insights into bioenergetics of OS, and metabolic reprogramming during differentiation
(Figure 7.2). Moreover, little literature precedent on the links between mechanically induced
stimulation®?> and metabolism in OS was identified, though preliminary data on patient
tumours exist in the group (manuscript in preparation, Tsimbouri et al.). HILIC-MS was
employed to study changes in the metabolome of SAOS-2, MG-63 and MSC cells, during
mechanical and chemical stimulation. Lv et al. had previously suggested that lipid and
carbohydrate pathways were impaired in OS, while others have suggested impaired TCA
cycle.®> However, metabolomic analysis revealed significant changes in carbohydrate
metabolism, when OS cells were differentiated. TCA metabolites were significantly altered,
and increased citrate uptake was observed in OGM treated cells. Observations of increased
mineralisation markers in OGM treated cells for MG-63 was corroborated by metabolomics,
which revealed increased citrate uptake, which has previously been linked to increase in
mineralisation.?””  Overall, significant metabolic alterations were observed under
mechanical, and chemical stimulation, thus suggesting differentiation may induce metabolic
reprogramming in OS. Cholesterol sulfate (CS) and taurine (TAU) were identified to be
altered during differentiation of OS cells, and MSCs. CS was previously described to be
involved in osteogenic differentiation of MSCs, through a metabolomic screen, while the

structural relevant corticosteroid FA was reported to promote enhanced osteogenesis. 4!
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Figure 7.2: Metabolomics was employed to study the effects of NK and OGM on metabolism (created with

biorender.com)

7.2.3 Effects of metabolites, and related structures on OS cells. (chapter 5)

CS, FAand TAU (Figure 7.3) all drove dose-dependent increase in differentiation, as evident
by the increase in RUNX2, or OSX, with an increase in small molecule concentration, in
MG-63 and SAOS-2 cells. Limited observations were made on gene expression, with
osteogenic gene and protein data, showing poor correlation, which is a widely reported
effect.32! Future work would include repeating experiments, to further confirm findings. A
temporal protein expression experiment was carried out and it was observed that 10 uM CS
drove most significant differentiation in MG-63 over the course of a month. 10 uM treatment
of SAOS-2 cells with FA showing the most significant response. CS and FA both possess
the steroid scaffold but have been reported to present biological activity via different
pathways in MSCs.**! While CS is an endogenous metabolite, that has been reported to
activate glucocorticoid receptor, FA is a synthetic steroid that presents enhanced
mineralocorticoid activity.*! Both small molecules induced differentiation on OS cells and
may be of interest in the future to carry out glucocorticoid and mineralocorticoid receptor
studies, to observe how that may affect biological response in OS. Sulfated steroids have
traditionally been considered inactive reservoirs of the steroid hormones, but later research
has indicated they may present separate biological activity, to their desulfated precursor.®*
Treating OS cells with CS and inhibiting steroid sulfatase in the future would help gain better
understanding of the sulfated steroid’s bioactivity, compared to cholesterol. Given the
reported involvement of the glucocorticoid receptor on osteogenesis, and the wide activity
in multiple cell types, and pathways,* it was considered beneficial to investigate a targeted

delivery approach to OS cells.
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Figure 7.3: Small molecules studied in chapter 5 included cholesterol sulfate, fludrocortisone acetate and
taurine.

7.2.4 Targeted delivery in OS (chapter 6)

Increased glucose uptake is a hallmark of cancer, with GLUT1, which is the main glucose
transporter, being overexpressed in 0S.3"2 Glycoconjugates have been investigated as cancer
prodrugs, with the aim of exploiting cancer’s increased affinity to glucose, to drive increased
drug uptake in cancer, and minimising accumulation in healthy cells.>"* After extensive
optimisation of purification protocols, and structural elucidation, a steroid-glucose conjugate
was synthesised, which was linked via an acyl hydrazone based cleavable linker (Figure 7.4).
Despite degradation having occurred, in the final step of the synthesis, conjugate 6.12
presented biological activity in OS cells. Preliminary testing showed that the small molecule
was tolerated at different concentrations by the cells, though small increase in viability was
observed. For SAOS-2 cells more limited differentiation was observed, while more
promising results from MG-63 cells, displayed a dose-dependent increase in differentiation
from treatment with conjugate 6.12. It was originally postulated that GLUT1 mediated
transport would promote enhanced uptake in OS, but limited upregulation was observed.
Further information should be obtained in the future, on differentiation assays, uptake in

cancer vs healthy cells, as well as to the mechanism of action.

Dexamethasone (6.1)

Conjugate (6.12)
Glucose

Figure 7. 4: Conjugate 6.12 was synthesised via linkage of dexamethasone to glucose, via a hydrazone linker.
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7.2.5 Summary of effect of small molecules and nanokicking on OS cells

Immunofluorescence was employed to study cell morphology, confluence, and to
qualitatively study osteogenic protein expression, and localisation, as discussed in chapter
3, 5,and 6. In SAOS-2 cells RUNX2 was abundant, and localised in the nucleus, while for
MG-63 cells perinuclear, and cytoplasmic expression was observed, according to
immunofluorescence studies for the different conditions. RUNX2 is reported to translocate
during osteoblastic differentiation, via ERK signalling, during mechanical stimulation,
according to Li et al.3*® OSX was also found to be in the nucleus for SAOS-2, though not all
cells within the population appeared to be OSX positive, with MG-63 cells presenting low
expression of OSX, as has previously been described in the literature. ONN and OPN are
matricellular proteins that were also found to be cytoplasmically, and perinuclearly located,
in both cell lines, and were more abundant in areas of high confluence, potentially due to
macromolecular interactions.?*®> Immunofluorescence studies for different conditions
showed that CS, FA, TAU, NK, OGM, and compound 6.12, could drive upregulation of
osteogenic proteins in both cell lines. More limited observations being made on OGM treated
SAQOS-2, due to cell death. More consistent observations on RUNX2 upregulation were
made, while osteogenesis was not always uniform, as evident by inhomogeneous expression
of osteogenic markers. Protein expression was quantified for different treatments, using a
quantitative immunofluorescence technique called in-cell western (ICW). Earlier
differentiation marker RUNX2 was most consistently upregulated across cell lines and
conditions, while later mineralisation markers were more significantly upregulated from NK

than small molecule treatments.

Cells in early stages of osteogenesis are fast-proliferating, to promote cell growth, and
increase bone mass.”> Once cells start further differentiating, and committing to
osteoblastogenesis, and mineralisation, the cells shift from a more proliferative state
(phenotype) to a more mature, slower-proliferating state.”> Bearing more resemblance to
immature osteoprogenitors, MG-63 cells’ rapid growth hence reflects on their poorer degree
of differentiation. Different treatments, including NK, OGM, CS, FA, TAU and the
synthesised steroid-conjugate 6.12 were found to promote osteogenic differentiation in MG-
63 cells, to varying degrees. Treatments, including NK, OGM and compound 6.12, were
shown to drive differentiation, and induce a small decrease in metabolically active cells,
confluent monolayers were still formed within 7 days, for all tested treatments. On the other

hand, SAOS-2 cells present an example of OS cells with a more differentiated phenotype,
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which are more susceptible to decrease in cell numbers from treatment. This reflects on how

cells’ pre-existing phenotype significantly affects their response to differentiation agents.

As discussed in chapter 1, BMP2 and the TGF-p superfamily have been reported to play an
active role in driving osteogenesis in OS cells.!’ Future directions may include studying
whether identified conditions may drive osteogenesis through this pathway. Moreover, ERK,
and MAPK in general are known to play a role in osteogenesis?’® but have also been found
to be involved in osteosarcomagenesis,?’® so it would be worth investigating whether
mechanical and chemical stimulation drive differentiation in ERK-dependent manner. ERK
was also predicted to be involved in differentiation of MG-63 cells but was predicted to be
inhibited during differentiation of SAOS-2 cells, through the IPA algorithm. This would
further highlight how cell phenotype affects cell response in OS. Sciandra, Manara et al.
reported that CD99 was able to drive terminal differentiation on multiple OS cell lines via
the ERK1/2 pathway.'%

Cell cycle distribution was studied in MG-63 and SAOS-2 cells, after 7 days of
differentiation, with NK and OGM (chapter 3), as well as CS, FA, and TAU (chapter 5).
Both for MG-63 cells, and SAOS-2 cells, most cells were in the GO/G1 phase, and fewest of
the cells were in the S phase. An elongated GO/G1 phase has been linked to commitment of
stem cells to differentiation,®** which further highlights the partially differentiated
phenotype of OS cells. While a small increase of cells in the GO/G1 phase was observed for
some of the conditions, no statistically significant changes were induced during
differentiation, across the different cell lines and treatments. An exception was the
observation of SAQOS-2 cells treated with OGM residing in the sub-G1 phase, which
confirmed previous observations of cell death. Cell cycle dysregulation is widely
documented in OS, with mutations in checkpoint kinases and cyclin kinases aiding cells to

undergo uncontrolled proliferation.3?2

Conditions that could promote osteogenic differentiation in OS cells were identified, but
differentiation did not appear to significantly slow proliferation in these cells, which was
one of the original hypotheses. The more poorly differentiated, faster-proliferating MG-63
cell line had formed monolayers within a week, regardless of the treatment. It must be noted
that there was a statistically significant increase in osteogenic markers, but the fold-
expression increase is not as high, as is described in MSCs undergoing differentiation.4!
These cancer cells are known to already express proteins of interest, so the increase in

markers is not always dramatic, while there are also known abnormalities in osteogenic

219



genes, which lead to bone defects and OS initiation. While conditions did enhance
differentiation, they did not appear to induce terminal differentiation, which would mean
that cells would exit the proliferative phase, and produce high levels of mature markers,

more uniform mineralisation.

As stated in chapter 3, the role of RUNX2 is complicated in OS. RUNX2 is required for
terminal osteogenic differentiation, as there is ample evidence of inhibition of bone
formation when RUNX2 is inhibited, which inhibits downstream expression of osteogenic
markers.*® Given defects in differentiation for OS cells, osteogenic markers are expressed
in lower levels and can have abnormal function.® As lack of terminal differentiation is a
hallmark of cancer, some research is focused on either reprogramming cell behaviour, or
reactivating the faulty genes. Therapeutic effects were reported in mice by Green et al, where
RUNX2 was knocked down.3®® RUNX2 is a commonly employed marker for differentiation.
Gupta et al. theorised that dysregulation in RUNX2 could be a contributing factor to
abnormal differentiation and OS malignancy.®® While various conditions that may drive
further differentiation in OS have been reported, via the use of biomaterials, small molecules,
or biological factors, there is limited proof of terminal differentiation.>® Treatments may
induce a more osteogenic phenotype, but the tested conditions did not significantly alter the
proliferative capacity of OS cells. After identifying conditions that could promote

osteogenesis on OS cells
7.3 Conclusions

To conclude, conditions that promote osteogenic differentiation in OS cells were identified.
Treating OS cells with various differentiation conditions did not prove to be cytotoxic, in
general. Nanokicking proved to be particularly effective at promoting differentiation in OS
cells, as evident by mineralisation marker upregulation. RUNX2 was most consistently
upregulated for the different osteogenic conditions, though this did not always appear to
translate to downregulation of downstream proteins, which may be linked to abnormal
RUNX2 expression in OS. Metabolomics analysis revealed that differentiation under
mechanical and chemical stimulation induced metabolic reprogramming in OS cells. Small
molecules cholesterol sulfate, fludrocortisone acetate and taurine were identified from
metabolomic analysis, and previous research and tested on OS cells. The different small
molecules drove differentiation in a dose dependent manner. To achieve targeted delivery in
cancer cells, a steroid was conjugated to glucose, via a cleavable hydrazone linker. Despite
synthetic challenges, and degradation at the C20 side chain of dexamethasone, a small
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molecule 6.12 was successfully synthesised, characterised, and tested on OS cells. 6.12
appeared to promote differentiation in a concentration dependent manner in OS cells, which

was an encouraging finding.

7.4 Future directions

The study of nanokicking on OS cells was predominantly focused on the osteogenesis aspect
of the treatment, so future work would include characterisation the of mechanical properties.
This may include studying focal adhesions, mechanical signalling pathways, as well as
mechanosensitive ion channels. Coupling observations on the effect of mechanical vs
chemical stimulation on OS cells from the metabolomics analysis to proteomics or RNA-
sequencing may lead to valuable insights on cell behaviour and pathways in the future.
Studying pathways that have been reported to be involved in osteogenesis, and/or
carcinogenesis, include ERK, JNK, Akt, and TGF-p, so future work may include pathway
analyses for the different treatments. This would provide more information on how

individual treatments may promote differentiation via different means.

Potential alternative approaches to achieving enhanced differentiation may involve carrying
structural activity relation studies on the tested small molecules, and synthesising small
molecules with different functionalities, that may promote enhanced response. Moreover,
nanokicking showed enhanced osteogenic differentiation, so combining nanokicking, and

small molecule treatment may offer enhanced osteogenesis in the future.

Steroid-dexamethasone conjugate 6.12 presented some initial biological activity, so future
work would involve further characterisation of cell behaviour. Metabolic studies of the OS
cells treated with 6.12, may provide further information on small molecule uptake, and
explain whether hydrazone hydrolysis occurred in the cancer microenvironment. Moreover,
since the C3-functionalised hydrazone was synthesised, it would be of interest to synthesise

the C20-functionalised hydrazone and compare their biological response.
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Figure S. 11: 3C NMR of Compound 6.12 in CD;0D
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