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Abstract

Osteoporosis is a skeletal disease, characterised by reduced bone mass and altered
microarchitecture, with subsequent loss of strength, increased fragility and risk of fragility fractures.
Hip fractures alone cost the NHS £2 billion per year and have associated high morbidity and
mortality. The pathogenesis of falling bone mineral density, ultimately leading to a diagnosis of

osteoporosis is incompletely understood but the disease is currently thought to be multifactorial.

Humans are known to accumulate mitochondrial mutations with age and mounting evidence

suggests that this may be intrinsic to changes in phenotype with advancing age and pathogenesis of
age-related disease. Mitochondrial mutations have been shown to occur from the age of 30 years in
tissues such as colon, which interestingly correlates with commencement of decline in bone mineral

density.

This work has demonstrated the presence of mitochondrial DNA mutations in individual human stem
cells and respiratory chain deficiency in human osteoblasts for the first time using novel techniques

including single-cell PCR, flow cytometry and imaging mass cytometry.

Work with the Polg™¥™t mouse model which acquire mitochondrial mutations at an enhanced rate,
has demonstrated significantly higher levels of osteoblast respiratory chain deficiency compared to
age matched wild type controls. This was associated with significantly reduced osteoblast population

densities, reduced bone formation and increased osteoclast activity.

Through these novel techniques, this work has demonstrated that underlying mitochondrial
pathology directly affects mesenchymal stem cells and osteoblast potentially contributing to

osteoporosis which will lead the way for development of new treatment modalities.
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Chapter 1 - Introduction

1.1 Introduction

Osteoporosis is defined as a skeletal disease, which is characterised by reduced bone mass and
microarchitecture, with subsequent loss of strength that predisposes to fragility and risk of fractures
(1). The World Health Organisation defines osteoporosis as a bone mineral density (BMD) score of
less than -2.5 standard deviations from a young population of the same sex, osteopenia reduced
bone mass is defined as having a BMD score between -1 and -2.5 (2). Bone mass peaks in early
adulthood, followed by a slow decline with bone mineral density falling consistently as a feature of
advancing age (3). This deterioration in bone microarchitecture with increasing porosity and reduced
mineralisation levels affects men and women universally and leads to an inherent weakening of the

bone and increased risk of fracture with age (4, 5).

Osteoporosis is part of the ageing population paradigm and therefore is set to increase over the
coming years. Recently published data (2014) in developed industrialised countries has estimated
prevalence ranging from 9-38 % of women and 1-8 % of men. In these countries, osteoporosis affects
up to 49 million individuals (6). In the US alone it is estimated 16.8 million (54%) of post-menopausal

women are osteopenic and 9.4 million (30%) are osteoporotic (7).

Fragility fractures associated with osteoporosis cause significant morbidity, mortality and huge costs
to healthcare economies worldwide (8-10). The lifetime risk of hip fracture in the white American
population is 6% for males and 17.5% for females. The cumulative incidence rises to 17% for men and
33% of women by the age of 90 taking into account life expectancy (11). Hip fracture alone costs the
NHS £2 billion per year and is associated with a high 30-day and 1-year mortality. UK National Hip
Fracture database reports 7.1% at 30 days although this was previously 10.7% in 2007 (12).

The pathogenesis of falling bone mineral density, ultimately leading to a diagnosis of osteoporosis is
incompletely understood but the disease is currently thought to be multifactorial in nature (3, 13,
14). In general terms, however, age-related osteoporosis is thought to occur because the amount of
bone removed by the process of osteoclastic bone resorption is not matched by the amount of new

bone formed by osteoblasts (15-17).

The formation of new bone is highly energy dependent and the osteoblasts sole function for their
three-month lifespan is to produce bone (18). They require a sufficient amount of ATP to fuel this

process adequately. It has been shown in human colon that mitochondrial dysfunction and
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respiratory chain defects are evident in colonic crypts by the approximate age of 30 (19). This also
correlates with the approximate age that bone homeostasis begins to fail and bone mineral density

levels begin to decline in men and women (3).

Humans are known to accumulate mitochondrial mutations with age (20, 21) and mounting
evidence suggests that this may indeed be the overarching cause intrinsic to the changing phenotype
in advancing age and age-related diseases seen in various tissues (22-24). A direct link between
mitochondrial dysfunction and falling bone mineral density has never been established but

mitochondrial DNA mutations may play a role in the pathogenesis of osteoporosis.
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1.2 Bone
Bone can take a number of different shapes and forms and these are related to different sub-

structures. There is lamellar and mature bone and also cortical and cancellous. There is also another
form of bone related to pathology and trauma; woven bone which has a more random structure,

increased turnover and osteocytes numbers. It is inherently weaker than lamellar bone.

The cortical bone which makes up 80% of the skeleton, which in an adult consists of 206 bones
consisting of Haversian systems or organised osteons. These osteons are connected by Volkmann
canals which contain arterioles, venules, capillaries and nerves. Between each osteon is interstitial
lamellae or layers of mineralised matrix which have been laid down. These layers of bone are what
give cortical bone its strength when compared to cancellous or trabecular bone. Nutrition is supplied
via the Volkmann canals and capillaries (25). Bone serves a number of different functions (26):

e Mechanical support of soft tissues

e Levers for muscle action

e Protection of the central nervous system

e Storage and release of calcium and other ions

e Housing and support of haematopoiesis

1.2.1 Embryological development of bone
Bone is formed from the mesoderm germ layer except in the cranium where the neural crest also
contributes. The mesoderm layer is also responsible for other connective tissue development

including cartilage and skeletal muscle.

Bone is formed by either intramembranous ossification in the case of the clavicle, skull and facial
bones or in the case of the long bones’ endochondral ossification. Endochondral ossification occurs
where Prx1* progenitor mesoderm cells condense and proliferate to create a limb bud. The cells at
this primary ossification enter a chondrogenic differentiation pathway controlled by the expression
Sox9. Sox9 expression drives this differentiation of condensation of cells into chondrocytes and acts
at each stage of chondrocyte differentiation (27, 28). These differentiating cells express increased
levels of Col10al as the transcription factor Runx2 drives these chondrocytes to become
hypertrophic (28) forming a bone collar and vascularisation of the cartilage template takes place. This
neovascularisation is a result of vascular endothelial growth factor released by the hypertrophic

chondrocytes.
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With the creation of a blood supply come haemopoietic stem cells which give rise to osteoclasts.
These osteoclasts remove the cartilage template creating space for Osx1+ pre-osteoblasts to
populate and grow. (29). These Osx1* cells are stimulated by adjacent hypertrophic chondrocytes

causing perichondrocyte differentiation (28).

A longitudinal growth axis is created along with the two growth plates or physis which play a part in
bone growth until skeletal maturity. Periosteal growth occurs perpendicular to these growth plates
and the numbers of osteoblast and osteoclast cells expand to gradually replace the cartilage matrix
with bone matrix. Further secondary ossification centres occur near to the epiphysis of the long
bones. At the physis or growth plate, hypertrophic chondrocytes, proliferation of osteoblasts and
mineralisation lead to continuing growth until the end of puberty.

Proliferation Condensation Hypertrophy, bone collar Growth axis, formation of Maturation of ossification

formation and bone marrow
vascularisation compartment

®e® e ® )
gl | SSigae ©®0e

Periosteal

gouth  DDDDD

L@
® @
O Prx1* .Hypertrophic chondrocyte % Osteoclast Trabecular bone
O col2a1* @ Prehypertrophic chondrocyte @ Articular progenitor
% Invading Blood vessel @ Proliferative chondrocyte Articular cartilage
© Haematopoietic progenitor /™~ Blood vessel Bone marrow
> Osx1* osteoprogenitor & Osteoblast l Cortical bone

Figure 1 Endochondral ossification adapted from Salazar et al., (29).

Intramembranous ossification differs in the formation of bone, where the condensation of
mesenchymal stem cells occur, these cells differentiate directly into osteoblasts to form bone (28).
There are a number of signalling pathways associated with the control of bone development; Indian
hedgehog plays a role in chondrocyte proliferation, differentiation and osteoblasts differentiation. It
also interacts with parathyroid-related protein in a feedback loop to control chondrocyte

hypertrophy.
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Fibroblast growth factor signalling also has an effect upon proliferating chondrocytes rates and

differentiation as do the bone morphogenic protein family (28).

1.2.2 The structure of bone
The structure of bone varies dependent on its function including structural support, protection and
storage of cells and mineral ion homeostasis (30). Typically, it is composed of the mineralised bone
matrix which is laid down by osteoblasts. The structure of bone can be considered at varying levels
of scale and maturity. The mature lamellar bone structure can be considered on various levels of
scale (30). Immature woven bone, however, differs in both function and structural composition than
that of mature bone.

e Macroscopically mature bone can be divided in to cortical and cancellous and typically

consists of a cortical bone cylinder surrounding a porous cancellous interior.

e The microstructure of cortical bone from 10-500um is made up of the Haversian system,
osteons and single trabecular.

e Below 10 um are the lamellae

e The nanostructure of bone is made up of collagen fibres and hydroxyapatite crystals

Cancellous
I)nne

f r // ‘ Blood vessels and nerve Collagen Fibril Sollieén I“?Igmie
4 ' f [ ‘
, | | |
! , / ‘ |
X P l Concentric lamellae v
\ | Osteocyte
\ ) Cortical ’ Hvxlro:;yapaptite arystal
| bone P —— ;‘
‘ L 2 o &S >
| : l\':, - = >
| [ — | INEY
.- I | 910 2 )
=3 ¢ 57
| 10-500um Al | \
Lacuna ? l | b\
4 1
i A —
Central canal —— ) ’_ Osteon Collagen Fibre
6-14um Sam
Macrostructure Microstructure Sub-microstructure Nanostructure Sub-nanostructure

Figure 2 The structure and substructure of bone adapted from Rho et al., (30).

The fundamental building blocks of bone are the mineralised bone matrix which consists of
hydroxyapatite crystals (Ca5(P04,C03)3(0OH)), collagen fibres and non-collagenous proteins. The

hydroxyapatite crystals are plate-shaped and dispersed among the gaps between the collagen fibres
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(31). The average size of these plate-shaped crystals is 50x25nm and 2-3nm thick(32). The non-
collagenous proteins are made up of phosphoproteins such as osteopontin, sialoprotein, osteonectin
and Osteocalcin. These proteins may contribute to the regulation of crystal shape and deposition and
also may function as a mineral ion reservoir for storage of Calcium and phosphate (30).

The most abundant component of the matrix is the collagen fibres, these are typically type | although

there is type lll, IV and VI present. The collagen molecules are secreted by the osteoblasts and form a
triple helix made up of two al and one a2 polypeptide (33). The molecules are grouped together to

create a fibril. The fibrils are typically 300nm long and 1.23nm wide, when grouped together they
create a fibre, along with water and hydroxyapatite they make up the fundamental building blocks of

bone.

The collagen fibres are grouped together to create lamellae which are typically 3-7um thick (34). The
orientation of the collagen fibres within the lamellae can either be parallel to the axis of the bone or
perpendicular, this helicoidal structure was described by Giraud-Guille as a twisted plywood
arrangement (35). These lamellae concentrically wrap around a central canal to form an osteon or
Haversian system, this Haversian system is roughly 200-250um in diameter and lie parallel to the
long axis of the bone and make up the core component of bone microarchitecture. There are
interconnecting canals between osteons; Volkmann’s canals. Between the lamellar sheets are
osteocytes, differentiated from osteoblasts they are concerned with bone homeostasis. They reside
in lacuna which are connected and allows the relay of signalling molecules and nutrients via the
canaliculi (36). Normal non-pathological bone can be either mature and lamellar in microscopic
appearance or immature and woven. Lamellar bone makes up the core component of normal cortical

and trabecular bone.
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1.2.2.1 Woven bone

Woven bone on the other hand differs to that of lamellar bone in the arrangement of the mineralised
collagen fibres. The collagen fibres within the woven bone are varying lengths and disorganised in
their arrangement. This is in contrast to lamellar bone which is stress orientated. Osteocytes are also

different been more rounded than elongated and fusiform as in cortical bone (37).

Woven bone exists as part of fracture repair. It is rapidly formed by osteoblasts by a process of
endochondral ossification, remodelling then takes place and it is eventually replaced with lamellar
bone. It also occurs at the primary spongiosa at the metaphysis during bone growth prior to

remodelling (25, 38). It can also occur in relation to malignancy.

1.2.2.2 Lamellar Bone — Cortical and Cancellous bone
The organised microstructure and Haversian systems of lamellar bone give it strength and rigidity,

and this can be related to its function. Lamellar bone can be either cortical or can be cancellous.
Cortical bone and can be found in diaphyseal regions such as the femoral shaft and make the hard
outer casing surrounding a softer cancellous interior. It gives the majority of the strength and rigidity
to the skeleton. Cancellous, on the other hand, is found more in the metaphyseal regions and is more
elastic than cortical bone. It is made up of connected trabecular struts with porous holes between
which are filled with bone marrow. The trabecular struts are made up of flattened sheets of osteons
which make up a honeycomb arrangement with each trabecular aligned along the lines of stress.
Within the internals of the honeycomb is the bone marrow. The condition of this honeycomb
arrangement peaks in early adulthood along with bone mass. This is followed by a slow decline with
bone mineral density falling consistently as a feature of advancing age (3). This deterioration in bone
microarchitecture with increasing porosity and reduced mineralisation levels affects men and women
universally and leads to osteoporosis and an inherent weakening of the bone and increased risk of

fracture with age (4, 5).
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1.2.2.3 Bone Marrow
Bone marrow lies within cancellous bone and houses mesenchymal and haematopoietic stem cell

(HSCs) populations and their progeny as well as adipose cells and stromal cells. Haematopoietic stem
cells give rise to three core components (39):

e Myelopoietic cells
e Erythropoietic cells
e Thrombocytes (platelets)

These, in turn, differentiate into erythrocytes and the cells of the immune/lymphatic system among
others. Haematopoietic stem cells have the lifelong clonal capacity to generate all blood cell
lineages. They tend to be located along the endosteal lining of the bone or near to the endothelium
of the penetrating capillaries or sinusoids (40). The stromal cells contain mesenchymal stem cells
(MSCs) and their progeny, there are also connective tissue cells in the form of fibroblasts and
endothelial cells. Mesenchymal stem cells can differentiate into osteoblasts, chondrocytes,

adipocytes and myocyte cells.
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1.2.3 Cell lines related to bone

There are three main cells concerned with bone homeostasis:
e Osteoblasts — derived from MSCs
e Osteoclasts — derived from HSCs

e Osteocytes —terminally differentiated from osteoblasts

@ Haematopoietic stem cell
TN . Myeloid precursor
Mesenchymal stemcell (* @ )
\ st Preosteoclast

— ( @e® )

Preosteoblast 7

® . Osteoclasts
® Osteoblasts PN
o ® -
Osteocyte e

Bone

Figure 3 Differentiation of osteoblasts, osteoclast and their precursors.

1.2.3.1 Mesenchymal stem cells
Mesenchymal stem cells (MSCs) or marrow stromal cells as they are also known makeup 0.01% of

the bone marrow cell population (41). They provide support to haematopoiesis through
manipulation and control of the structural support and local microenvironment within the bone
marrow. This environment contains regulatory growth proteins and encourages cell-cell and cell
extra-cellular matrix interaction (42). They also have the ability to expand into a number of different
cell lineages including those related to bone, cartilage, tendons, skeletal and smooth muscle and
neural cells (43-46). The cytokine expression profile of MSCs is not identified in isolation but takes
aspects of the progeny cell lines. It is however negative for the haematopoietic stem cell markers
CD45, CD34 and CD14. There is also a strong expression of CD44 (47). Further identifying factors can
be seen in Table 1. They can be harvested from bone marrow aspirates and manipulated in vitro to
differentiate into a number of different cell lines including osteoblasts. The osteogenic differentiation
capacity, surface marker and expression profile of MSCs have also been shown to be the same in-vivo

and ex-vivo following expansion (48).
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Marker Type Designation

Specific Antigens SH2,SH3,SH4, STRO-1, a-smooth
muscle actin, MAB1740

Cytokines and growth factors Interleukins: 1a, 6,7, 8,11, 12, 14 and
15, LIF, SCF, Flt-3 ligand, GM-CSF, G-
CSF, M-CSF

Cytokine and growth factor IL-1R, IL-3R, IL-4R, IL-6R, IL-7R, LIFR,

receptors SCFR, G-CSFR, IFNyR, TNFIR, TNFIIR,
TGFBIR, TGFBIIR, BFGFR, PDGFR, EGFR

Adhesion molecules Integrins: avp3, avB5, Integrin chains:
al, a2, a3, a4, a5, av, B1, B3, B4,
ICAM-1, ICAM-2, VCAM-1, ALCAM-1,
LFA-3, L-selectin, endologin, CD44

Extracellular matrix Collagen type |, llI, IV, V, and VI,

Fibronectin, laminin, Hyaluronan,
proteoglycans

Table 1 Main Characteristics of mesenchymal stem cells: Expression of Specific Antigens, Cytokine Receptors, Adhesion
Molecules, and Production of Cytokines and Matrix Molecules (47).

1.2.3.2 Osteoblasts
As highlighted above osteoblasts are a derivative of MSCs. They are single nucleated cells and

columnar in appearance. Their primary function is the secretion of the mineralised bone matrix. They
secrete type | collagen along with the proteins osteocalcin and osteopontin. They also produce
hydroxyapatite which is incorporated into the collagen framework to produce the mineralised matrix
which gives bone its’ structure and function. Pre-osteoblast stromal cells also influence osteoclast
differentiation and osteoclastogenesis through the RANK receptor and RANK ligand (Receptor

Activator of Nuclear Factor kappa-B ligand) as well as M-CSF and OPG (Osteoprotegerin).

RANK-L is a member of the TNF superfamily and causes differentiation of osteoclast progenitors, its
action is blocked by OPG (49). The expression and release of RANK-L from osteoblasts and pre-
osteoblasts are inhibited by testosterone and oestrogen and as a result, inhibit osteoclastogenesis

and bone resorption (49).

OPG is a glycoprotein and also a member of the TNF superfamily. In mouse studies overexpression of
OPG leads to osteopetrosis and an increase in bone mineral density. The action of OPG is to
negatively regulate osteoclast maturation (50). It is expressed primarily by osteoblasts but also
epithelial cells including those of the gastrointestinal tract, lung, breast and skin (51, 52) as well
vascular endothelial cells, B-cells and dendritic cells (53). The expression of OPG is regulated through

the Wnt/B-catenin signalling pathway, vitamin D3 IL-1B, TNFa and oestrogens.
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1.2.3.2.1 Osteoblast differentiation

There have been a number of papers linking mitochondrial dysfunction and MSCs differentiation
anomalies. Kato et al., reviewed a patient with Leigh syndrome, a syndrome which is caused by

mitochondrial dysfunction related to mitochondrial mutations.

Samples taken from this patient were associated with reduced osteoblastic differentiation potential.
Mitochondria have an important role and function in the differentiation of MSCs and embryonic
stem cells (54). During MSC differentiation to osteoblasts, mitochondrial activity is increased with

concurrent increases in respiratory chain complex enzymes (55).

Differentiation of osteoblasts from MSCs is controlled by a number of protein signalling pathways.
Runx2 (runt-related transcription factor 2) is a transcription factor and regulator at the intersection
of many differentiation control pathways. It has been shown to bind to the Osteocalcin promoter and

be present in osteoblast progenitors as well at osteoblast differentiation (41).

Expression of Runx2 and other factors along with osteoblast differentiation are controlled by

multiple pathways including the Bone Morphogenic Protein (BMP), Wnt and Notch pathways:

BMP is a member of the transforming growth factor-g cytokine superfamily. There are two BMP
receptors (BMPR-I and Il). Once BMP binds these receptors this causes phosphorylation of Smad

proteins which in turn translocate to the nucleus as transcription factors including Runx2 (56).

The Wnt family of secreted glycolipoproteins are directly linked to cell proliferation, polarity and cell
fate at embryogenesis (57). The Wnt signalling pathway is important in the regulation of bone
remodelling, homeostasis, differentiation of osteoblasts and maintenance of bone mineral density.
The Wnt pathways can be classified as canonical signalling through B-catenin or non-canonical which
is not reliant on B-catenin. Wnt binds the transmembrane receptor — Frizzled in combination with the
Lipoprotein receptor related protein 5 (LRP5), this leads to B-catenin accumulating and this then
leads to transcription factor activation see Figure 5. The non-canonical pathway also acts via the
Frizzled receptor but requires other co-receptors. As highlighted in 1.3.1.3 mutations in LRP5 can
lead to high bone mineral density (BMD) (58, 59)as well as decreased BMD and osteoporosis (60).

Murine studies have also shown defects in B-catenin leads to osteoporosis (61).
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Whnt signalling role in osteoblastogenesis is conflicting Bennett et al., found canonical signalling via
Wnt 10b or GSK3 inhibition promotes osteoblastogenesis (62) However other studies have shown
that canonical Wnt signalling sustains MSCs in a proliferative and undifferentiated lifecycle compared

with the non-canonical which leads to osteoblastogenesis (63).

Intracellular calcium is reported to activate the Wnt/ B-catenin pathway and subsequent osteoblast
differentiation. Lower levels of intracellular calcium were found in samples with mitochondrial

disease these also had lower levels of osteoblasts than the control cohort (54).

Notch protein, a transmembrane receptor is also important in the differentiation pathway of MSCs to
osteoblasts. Notch protein interacts with the membrane bound ligands Delta or Jagged and this leads
to activation of transcription factors leading to improved osteoblastogenesis, however, notch may

not increase osteogenesis (41).

All three of the above pathways target Runx2 which lead to osteoblast differentiation genes been
activated, the hedgehog and fibroblast growth factor family proteins have also been implicated.
Again it has been suggested that the hedgehog proteins act through Runx2 to cause
osteoblastogenesis (64). Of the hedgehog proteins, the Indian hedgehog and Sonic hedgehog
proteins have been shown to have a role in osteoblastogenesis. They bind the surface receptor
Patched which then stops patched-mediated suppression of the transmembrane protein
Smoothened. This leads to activation of intracellular signalling and the stabilisation of the Gli2

transcription factor. Gli2 then leads to transcription of Glil and Hh genes (65).

Fibroblast growth factors (FGF) stimulate the differentiation of multiple cell lines including pre-
osteoblasts. FGF may modulate Runx2 and so have an impact upon osteoblastogenesis. FGF has been
shown to increase osteoblast generation in conjunction with BMP-2 in murine studies (66). However,

it has also been shown to antagonise Wnt-mediated osteogenesis (41).

Overall osteoblastogenesis is under a complex array of pathways which act centrally through the

Runx2 transcription factor.
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1.2.3.2.2 Osteoblast Markers
Osteoblasts are derived from MSCs and as a result share a pool of surface markers and genes (Table

1) with other cells of this lineage. However, there are 3 independent proteins activating Runx2 as
highlighted above which is a crucial component in a number of pathways leading to osteoblast

differentiation. Osterix and Osteocalcin are also unique factors related to osteoblasts.

Osterix or transcription factor Sp7 is expressed in pre-osteoblasts which express Runx2 and type |
collagen. It leads to the development of pre-osteoblasts into osteoblasts and subsequent bone
formation both by intramembranous and endochondral ossification with abnormalities in
mineralisation occurring in its absence. (67). Sp7 also inhibits chondrocyte differentiation (68) and

mutations have been associated with osteogenesis imperfecta and osteoporosis (69).

Osteocalcin is a non-collagenous protein secreted solely by osteoblasts and strongly expressed by
mature osteoblasts it accounts for 10-20% of the non-collagenous proteins within the bone (70). It is
a 49-amino-acid peptide that is secreted into the bone matrix and the blood as an uncarboxylated
form (71). As well as its primary role concerned with bone homeostasis it also has a hormonal role
acting on beta cells within the pancreas to release more insulin and adipose cells to release

adiponectin increasing insulin sensitivity (72).

Osteocalcin levels during bone development are low but increase with the onset of puberty and
increased mineralisation (73), levels can also be increased in relation to increased bone turnover and
conditions associated with this such as primary and secondary hyperparathyroidism,
hyperthyroidism, or acromegaly. Conditions where there is a decreased rate of bone formation such
as hypothyroidism, hypoparathyroidism, and glucocorticoid-treated patients, are associated with low

levels (74).

Osteocalcin undergoes post-translational modification where glutamic acid residues are carboxylated
to form y-carboxyglutamic acid residues. The glutamic acid residues are vitamin K dependent and
have a high affinity for calcium ions (75) although loss and gain experiments have not found any
purpose of the glutamic acid residues in osteoblast driven mineralisation of the extracellular protein

matrix (76, 77).

Ducy et al., also found that Osteocalcin knock out mice developed increased cortical and cancellous

bone with increased bone mineral density. However, mice also deficient in Osteocalcin were shown
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to have abnormal larger hydroxyapatite crystals and decreased levels of mineralisation (78). It is
suggested that Osteocalcin has a role in regulating bone mineralisation and maturation although the

exact role is not clear (73).

1.2.3.2.3 Osteoblast function and bone mineralisation
Osteoblasts, as highlighted above, are differentiated from MSCs prior to this terminal differentiation

they are pre-osteoblasts. Once terminally differentiated osteoblasts appear as cuboidal cells lying
along layers of immature osteoid. Integrins, connexins and cadherins tightly bind the osteoblasts to
one another and to the surface of the bone (79). During the proliferative phase, they also acquire
alkaline phosphatase activity, something pre osteoblasts do not possess. They also possess increased
endoplasmic reticulum, Golgi apparatus and mitochondria in comparison to other cells. This is to

account for their increased metabolic activity and syntheses and secretion of the matrix (25).

They take on two forms those which are more metabolically active lining the bone surfaces at the
endosteal and periosteal membranes and those less active which maintain ion balance and are

entrapped within the resting regions.

The two main functions of osteoblasts are to regulate osteoclast differentiation and activity as
highlighted above and to form bone. Osteoblasts secrete both collagen and non-collagenous proteins
as part of the mineralisation process. Type | collagen molecules are secreted becoming triple helixes
and then fibrils which make up fibres. The fibrils are impregnated with hydroxyapatite crystals. These
crystals are transported from the osteoblasts in alkaline phosphatase-rich vesicles (80). As the
crystals enlarge the vesicles rupture. The crystals become interspersed with the collagen fibrils and
continue to grow (81, 82). Mitochondrial calcium plays an important role in mineralisation and

supplies the calcium for the vesicles (80, 82).

1.2.3.2 Osteocytes
Some of the osteoblasts become trapped within the newly formed matrix which they deposit around

them, this triggers a terminal differentiation process and they become osteocytes (25).

Osteocytes have a role in bone maintenance. They have a high nuclear to cytoplasm ratio and project
cytoplasmic process along the canaliculi to create a network to communicate and allow the exchange
of molecules. They have a minimal role in mineralised matrix production but have a more significant

role in ion (calcium and phosphorous) homeostasis. Calcium storage is stimulated by calcitonin and
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inhibited by parathyroid hormone as part of the calcium maintenance. They also secrete sclerostin

which has a negative effect on osteoblast activity (25).

1.2.3.3 Osteoclasts
Osteoclasts are multinucleated cells from haematopoietic stem cell lineage. They are aggregations of

giant cells and their primary function is to resorb bone. This can be part of a pathological or normal
homeostatic process. The activation and process of osteoclastogenesis is covered in 1.2.3.2

Unlike the cuboidal osteoblast, the multinucleated osteoclasts possess a ruffled brush border with
the cell membrane infolding to increase the surface area for bone resorption. Integrin a3 and other
anchoring proteins bind to the bone surface sealing the space below the osteoclast (83). Hydrogen
ions produced via the activity of carbonic anhydrase cause the pH to reduce which increase the
solubility of the hydroxyapatite crystals (25). The organic matrix is removed through enzymatic
activity of cathepsin K and TRAP (tartrate-resistant acid phosphatase). Cathepsin K is a lysosomal
cysteine protease able to break down collagen. TRAP or tartrate-resistant acid phosphatase is a
synthesised glycosylate monomeric metalloproteinase released by osteoclasts. It causes
dephosphorylation of some the proteins of the mineralised matrix including osteopontin and bone
sialoprotein (84). These proteins bind osteoclasts and inhibit osteoclast activity when in
phosphorylated form. It is highly expressed in osteoclasts but not exclusive to osteoclasts and is

expressed by macrophages and other cells elsewhere in the body.

The resorption of bone is an energy-dependent process, ATP is needed for this process and in
particular to drive the proton pump for secretion of acid. Osteoclasts like osteoblasts have increased
mitochondrial mass and activity and this has been shown to increase from haematopoietic stem cells
lines through to pre-osteoclasts and final differentiation into osteoclasts (85, 86). The complex |
deficient mouse model used by Jin et al., (87) based upon an essential deletion of the Ndufs4 sub unit
led to a phenotype showing systemic inflammation and osteopetrosis. Normal mitochondrial
function supresses macrophage activation and inflammation and so promote osteoclast
differentiation leading to bone resorption. The complex | deficiency also saw a drive towards
glycolysis from, fatty acid oxidation. The creation of fatty and lactic acids as a consequence also
further decreases osteoclast differentiation with monocyte precursors shifting to a macrophage
lineage. RANK and FMS receptor expression within the bone marrow was also downgraded
compared with wild type mice. Fatty acid generation has also previously been shown to inhibit

osteoclastogenesis (88).
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Further links have been established with mitochondrial dysfunction and osteoclastogenesis.
Peroxisome proliferator—activated receptor-y coactivator 1B (PGC-1B) coded for by Ppargclb, has
been shown to have in-vitro and in-vivo murine effects. PGC-1B was induced during osteoclast
differentiation by cAMP response element binding protein as a result of reactive oxygen species.
Impairment of Ppargclb transcription led to inhibited in-vitro decreased osteoclast differentiation.
Ishii et al. also established that mitochondrial biogenesis orchestrated by PGC-1B, together with iron
uptake mediated through transferrin receptor 1 to supply mitochondrial respiratory proteins, as a

fundamental pathway linked to osteoclast activation and resultant reduced bone resorption (89).

ROS (reactive oxygen species), which are produced by mitochondria as a by-product of the electron
transport chain, during normal respiration as well as in times of oxidative stress. Generation of
mitochondrial ROS increases under hypoxic conditions, ischaemia and reperfusion injuries, chemical
stressing and drug treatment as well as other pathological conditions (90). These ROS have also been
shown to be a driving factor in osteoclastogenesis. Osteoclasts have been shown to produce ROS (91-
93) and also be activated by them (94, 95). Ha et al. showed that the addition of antioxidants to
culture caused reduced osteoclast formation by 30% in culture. Antioxidants were shown to affect
both RANKL and M-CSF activity and subsequent osteoclastogenesis and subsequent osteoclast
survival. ROS production induced by RANKL participate within the RANK signalling cascade (96). Again
Srinivasan et al., showed that inducing mitochondrial respiratory stress of macrophages led to
retrograde signalling and tartrate-resistant acid phosphatase cells. The introduction of antioxidants

again reduced the level of RANKL induced osteoclastogenesis (90).

The mitochondrial apoptotic pathway has also been shown to be active in osteoclasts. Following
removal of stromal cells there is an increase in hydrogen peroxide concentrations leading to hydroxyl
free radical generation and activation of cytochrome c, this leads to formation of apoptosome and
activation of caspse-3-like and caspase-9 (86). The Fas receptor and Fas ligand have also been
implicated in apoptosis in osteoclasts. Fas is up regulated during osteoclast differentiation and the
activation leads to mitochondrial release of cytochrome c. Mice with Fas defects were found to have
an increased number of osteoclasts leading to decreased bone mineral density, bone volume,

trabecular thickness (97).

Bisphosphonates which are used to treat osteoporosis cause osteoclast apoptosis, they have a high

affinity for mineralised tissue localising their effects to bone (98). They function by generating a toxic
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analogue of adenosine triphosphate which targets the mitochondria and induce apoptosis. Nitrogen
bisphosphonates work via a different mechanism; farnesyl diphosphate synthase in the cholesterol
biosynthetic pathway is inhibited suppressing geranylgeranylation which is a process required for
osteoclastic bone resorption (99). Geranylgeranylation is a post translational modification of proteins
where the addition of one or two lipophilic geranylgeranyl isoprene units are added. It is a form of

prenylation and thought to act as a membrane anchor for proteins (100).

Mitochondrial calcium storage is also implicated in normal osteoclast function. Experiments involving
rat femurs have shown increased calcium granulations within the mitochondria at the brushed
border of the osteoclast compared to those elsewhere in the cell (101). The resorbed calcium would
have the potential to lead to an intracellular concentrations increasing and triggering of apoptotic

pathways (102).
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1.2.4 Bone homeostasis

Bone is under a constant cycle of turnover mediated by osteoclastic resorption and new
mineralisation by osteoblasts. Although osteoclastic resorption is followed by osteoblast
mineralisation no clear evidence has linked the two processes, but current evidence suggests
multiple factors play a role. IGF and TGFB may be released in resorption stimulating osteoblast
activity. Equally, factors deposited by osteoclasts have been linked to osteoblast activity. Humoral
factors such as parathyroid hormone and prostaglandin E cause an increase in resorption and
mineralisation respectively. There is also the interaction between osteoblasts and osteoclastogenesis
as highlighted earlier. Mechanical factors also have a role in bone remodelling (26). There are many
influences on skeletal homeostasis as can be seen in Figure 4.

This constant cycle of bone turnover is at its peak during childhood which explains their ability to
remodel after fracture quicker than adults. There is a slow decline in formation compared to
resorption until the age of 30 following this point resorption takes precedent (3). The estimated bone

turnover for adults is 4% for cortical bone and 25% for trabecular bone per year (103).

]
1
— = b ' 5
ias 3 ] 2 g i
Positive | & a 5S |5 = 33
3 = gz |8 I8 23
=) 2 i 5
factors 5 g g 1 §
r H

c
h=} )
Negative & 2 g '
o] = @ \ y
factors = f‘é » \ \_ /
E j 3 —
- \| gl5 3 2 i,
B-adrenergic | | 2 ZF: g 3o Positive
Sk 2 e oy factors
) <> g' 5
Leptin
£ -
= o a .
S gl 3 g § ~ Negative
i g g S| 3 § factors
[s] E o 8 =
3

Figure 4 Skeletal homeostasis and bone mass. Negative factors on resorption and formation are shown in red whereas
positive factors are shown in green. Pharmacological factors are marked in italics. The relative impact, where known, is
represented by the thickness of the arrows. Solid lines are current therapies and dotted lines putative ones. Abbreviations:
BMP, bone morphogenetic protein(s); SOST, sclerostin; LRP5, low-density lipoprotein (LDL)-receptor-related protein 5; PTH,
parathyroid hormone; SERM, selective oestrogen-receptor modulator. Adapted from (104).

1.2.4.1 Parathyroid hormone and calcitonin
Parathyroid hormone is secreted by the chief cells of the parathyroid gland in response to low serum

calcium. Parathyroid hormone (PTH) acts upon the parathyroid hormone 1 receptors found in the
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kidneys and bone. It also acts on the parathyroid hormone 2 receptor, which is present in the central

nervous system, pancreas and testes.

In bone, the action of PTH is to increase bone resorption and indirectly osteoclast activity. Osteoclast
activity is increased by way of osteoclastogenesis. To do this PTH binds to osteoblasts increasing
expression of RANK-L and down-regulating the expression of OPG (see 1.2.3.2) this action increases
the pool of mature osteoclasts and subsequently leads to the breakdown of mineralised matrix
releasing calcium into the bloodstream (105). PTH also acts upon the kidneys leading to increased
calcium reabsorption. In the gastrointestinal tract, it leads to the activation of vitamin D (25-
hydroxycholecalciferol to 1,25-dihydroxycholecalciferol) which also increase calcium absorption in

the gastrointestinal tract gut (106).

Calcitonin is produced by the parafollicular cells of the thyroid and antagonises PTH by raising serum
calcium. Calcitonin is released in response to raised serum calcium and also gastrin and pentagastrin
(107). Calcitonin inhibits osteoclastic activity there is no evidence suggesting an effect upon
osteoblasts or bone formation. Osteoclasts have a large number of calcitonin receptors through
which calcitonin acts to inhibit osteoclast activity and reduce bone resorption and the release of
calcium into the serum (108). Calcitonin receptors can also be found on mononuclear osteoclast

precursors as well as in the kidney and brain.

A number of other factors related to bone homeostasis in terms of hormonal and metabolic

components are discussed in 1.3
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1.3 Current Theories in Osteoporosis pathology
Osteoporosis can be age-related referred to as primary osteoporosis or secondary related to other

medical conditions or side effects of pharmacological agents (Table 2). Osteoporosis is essentially a
result of the imbalance between osteoclastic resorption and osteoblast bone formation. Intrinsic
factors that determine the risk of osteoporosis and fractures include ageing in addition to genetic,

hormonal and metabolic factors (109).

Causes of Secondary Osteoporosis in Premenopausal Women

Pharmacologic or toxic treatment Malnutrition or malabsorption
Glucocorticoids Anorexia nervosa
Antiepileptic Medication Inflammatory intestinal disease
Aromatase inhibitors Coeliac disease
Heparin Intestinal resection
Alcohol Chronic inflammatory disease (rheumatoid arthritis,
SLE, etc.)
LHRH analogues Liver Disease
Endocrine Diseases Osteogenesis imperfecta
Hypogonadism Transplant patients (solid organs and bone marrow)
Hyperthyroidism HIV infection
Cushing's disease Haemochromatosis
Growth Hormone deficiency Idiopathic osteoporosis
Panhypopituitarism Osteoporosis associated with pregnancy
Hyperparathyroidism Systemic macrocytosis

Table 2: Causes of Secondary Osteoporosis in Premenopausal Women (110).

1.3.1 Genetic factors in Osteoporosis

Genetic factors in osteoporosis and reduced of bone mineral density in have been estimated to be
present in 50 to 85% of patients, whereas fracture heritability has ranged from 25 to 68% (111, 112).
Current evidence suggests that hereditary bone loss is under polygenic control. Although evidence
suggests only 4-5% of the genetic variation in BMD can be accounted for by alleles which are

associated with BMD (113).

1.3.1.1 Type 1 Collagen genetic defects:
Type 1 collagen makes up a major component of bone. The collagen fibrils act as a scaffold upon

which hydroxyapatite crystals are laid down upon. The mineralisation of the collagen fibrils, water
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content and their orientation relate to the strength of the bone. The proportions of collagen fibrils,

hydroxyapatite and water vary depending on location and type of bone (114).

Type 1 collagen is encoded by the COL1A1 and COL1A2 genes that code for the al and a2 protein
chains of type 1 collagen respectively. These genes have been extensively researched in relation to
osteoporotic fractures. Polymorphisms at the Sp1 binding site have been reported to be associated
with susceptibility to osteoporotic fractures. The polymorphism causes an imbalance in the al and
a2 protein chains with over transcription of the COL1A1 gene and abnormality in bone mineralisation
(115). Bone cores from G/T heterozygotes have significantly reduced bone strength ex-vivo than

those from G/G homozygotes and are less well mineralized (116, 117)

1.3.1.2 Oestrogen receptor 1
Oestrogen has a significant role in osteoporosis and there is a clear decline in bone mineral density

associated with the menopause. Oestrogen receptor 1 (ESR1) polymorphisms contribute to

osteoporosis and fragility fractures but the exact mechanism of their action is unclear (113).

1.3.1.3 Lipoprotein receptor related protein 5
Lipoprotein receptor related protein 5 (LRP5) was first discovered in association with the LRP5 loss of

function mutations in osteoporosis pseudoglioma syndrome a recessive disorder characterised by
low bone mass and abnormal eye vasculature (118). In contrast, patients with the autosomal
dominant high bone mass disease with an LRP5 missense gain of function mutation have high bone
mineral density. This mutation causes the LRP5 receptor to become resistant to binding by sclerostin.
Mutations in the SOST gene that encodes for sclerostin cause high bone mass disorders. From this, it
has been deduced that the LRP5 complex plays a role in bone mass regulation via osteoblast
proliferation whereas SOST which is expressed by osteocytes negatively regulate bone mass and

antagonise LRP5 (119).

The LRP5 protein is a binding site for the Wnt pathway. The Wnt family of secreted glycolipoproteins
are directly linked to cell proliferation, polarity and cell fate at embryogenesis (57). The Wnt
signalling pathway is important in the regulation of bone remodelling, homeostasis, differentiation of
osteoblasts and maintenance of bone mineral density. The Wnt protein signal functions by regulating
the amount of transcriptional co-activator B-catenin that controls key developmental gene
expression programs (119). The role of LRP5 and Wnt proteins in osteoporosis has meant that Wnt

antagonists have become targets for potential therapeutics in osteoporosis (120).
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Figure 5 The Wnt Pathway (57) The
frizzled/LRP5 complex is bound by the
Whnt protein. This induces a signal to

B-catenin

B-catenin intracellular proteins preventing the
breakdown of B8-catenin. An abundance
B-catenin B-catenin within the cell and nucleus

interacts with transcription factors and
the activation of certain genes targeted
by the Wnt signalling pathway.

B-catenin

1.3.1.4 Sclerostin
As highlighted, sclerostin is encoded by the SOST gene, is produced almost only by osteocytes, and

antagonise the Wnt proteins from binding. Inactivation of sclerostin by mutations prevent this
antagonistic effect and lead to high or increased BMD. This effect has been utilised as a treatment for

osteoporosis in the form of monoclonal anti-sclerostin antibodies (121).

1.3.1.5 Transforming growth factor f1
Transforming growth factor B1 (TGF- B1), is thought to act as a coupling factor between bone

formation and resorption. It is not thought to contribute significantly to the genetic regulation of
bone mineral density (113). However, a recent meta-analysis showed that polymorphisms (TGF-B1
T869C and TGF-B1 T29C) are correlated with postmenopausal osteoporosis (PMOP) risk. This risk was

associated with an Asian population rather than Caucasian population (122).
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1.3.2 Hormonal

1.3.2.1 Sex Hormones
Oestrogen and testosterone have established roles in bone homeostasis. Testosterone contributes to

longitudinal and positional bone growth whereas oestrogen is more important in the maintenance of

trabecular volume and bone strength (123). Something, which declines with osteoporosis.

Androgen and oestrogen receptors are expressed in osteoblast and osteocytes but also epiphyseal
chondrocytes and growth plate cartilage cells, (124). In vitro studies have shown that both
testosterone and oestrogen contribute to increase BMD by inhibiting osteoclast proliferation and
activity. This action is thought to be through the RANK ligand of osteoblasts and RANK receptor of
the osteoclasts. Sex hormones also appear to inhibit interleukin (IL)-1a, -6 and tumour necrosis

factor (TNF) —o. which may activate the RANK/RANKL receptor (125) see Figure 6.

Males have a higher bone mass than females but men with hypogonadism either primary or
secondary also have reduced bone mineral density (49). However, the androgen levels are better
preserved than oestrogen levels in females and this provides a relative maintained higher bone mass

than women.
Following the menopause and natural decline in androgens for males, there is increased osteoclastic

activity due to increasing RANKL expression in marrow cells (126). Consequently, osteoclastic activity

exceeds osteoblastic activity and there is a loss of bone mineral density.
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Figure 6: Osteoclast proliferation and differentiation are under the control of cytokines such as macrophage colony
stimulating factor (mCSF) binding to the Macrophage colony-stimulating factor 1 receptor (c-fms) and Receptor activator of
nuclear factor Kappa-B ligand (RANKL). The RANK receptor on osteoclasts is bound by RANKL secreted from osteoblasts or
bound to the osteoblast cell membrane. RANKL expression is inhibited by the sex hormones oestradiol and testosterone; in
contrast, parathyroid hormone (PTH) increases RANK expression. Interleukins 1 and 6 as well as tissue necrosis factor IL-1a,
IL-6 and TNFa also play a role in osteoclast differentiation (49).

1.3.2.2 Glucocorticoids
Glucocorticoids represent probably the most common cause of secondary osteoporosis (127).

Glucocorticoids cause decreased absorption of calcium from the gut and increased excretion from
the kidneys leading to increased levels of parathyroid hormone and osteoclastic action leading to
bone mineral density loss. Glucocorticoids also have a negative influence on osteoblast populations
and also result in reduced bone formation (127). Glucocorticoid levels are known to increase
naturally with age (128). These increasing levels of endogenous glucocorticoid contribute to the

pathogenesis of osteoporosis and age.

Glucocorticoids directly affect osteoblasts via the Wnt signalling pathway. Wnt signalling pathways
are regulated by secreted antagonists including dickkopf (Dkk) (129). Glucocorticoids enhance the
expression of dickkopf-1 (Dkk-1) in human osteoblasts (130). Glucocorticoids, therefore, suppress the

canonical Wnt signal and suppress the differentiation and development of osteoblasts (130).
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1.3.2.3 Insulin

Osteoporosis poses significant risks to patients with diabetes. Women with type 1 diabetes were 12
times more likely to report hip fractures whereas women with type 2 diabetes had a 1.7 times

increase compared to normal (131).

Type 1 diabetics (T1DM) have higher rates of bone resorption and turnover due to the effects of
secondary hypoparathyroidism, hypomagnesaemia and lower levels of circulating vitamin D. Small
vessel disease is as a complication of diabetes is also thought to contribute to the development of
osteoporosis (131). Obesity and Type 2 diabetes (T2DM) are closely related. In males excess adipose
tissue leads to increased aromatase activity and increased conversion of testosterone to oestradiol,

these raised oestradiol levels lead to relative protection from osteoporosis (132).

Impaired fracture healing has been observed clinically as well as in vitro cell culture studies in
patients with TIDM and T2DM. Such in vitro studies showed that raised circulating insulin levels lead
to increased urinary calcium excretion. Advanced glycation of end products may also contribute to

poor bone strength and fragility (133).

1.3.3 Metabolic

1.3.3.1 Vitamin D Deficiency

Vitamin D deficiency has been associated with osteoporosis it has also been utilised as a treatment
regime (134). Vitamin D is derived from two sources in humans; UV-B radiation from sunlight
exposure and dietary intake (135). Ergocalciferol or VitD2 is present in plant matter following the
irradiation of ergosterol (134). Cholecalciferol or VitD3 is created by irradiation of 7-
dehydrocholesterol in the human epidermis and also found in oily fish and supplements (135).
Vitamin D levels impact on bone homeostasis by way of deregulation of calcium homeostasis with
increased levels of parathyroid hormone. Its’ role along with parathyroid hormone is to essentially
increase calcium transport within the intestine, bone and kidneys. Raised calcium levels have
negative feedback on the parathyroid gland. Reduced parathyroid hormone leads to less bone
resorption by osteoclasts. Adequate supplies of vitamin D in the form of 1,25-(OH)2D aid in the

maintenance of adequate serum calcium without excessive bone resorption (134).

A review published by the European Society for Clinical and Economic Aspects of Osteoporosis and
Osteoarthritis demonstrated that patients with a serum 25-hydroxyvitamin D (25-(OH)D) levels <50

nmol/L have increased bone turnover, bone loss, and possibly mineralisation defects compared with
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patients with levels >50 nmol/L. These findings also correlated with an increased risk of fragility
fractures (136). They also suggest that patients with below 50 nmol/L should be given prophylactic

supplementation to reduce fracture risk.

1.3.3.2 Metabolic acidosis
In the normal subject, a balance exists between endogenous acid production and renal excretion. If

excretion capacity decreases or acid production increases there is an excess of acid leading to release
of alkali calcium salts in bone (137). It is suggested that calcium is either dissolved from bone mineral
directly or through the stimulation of cell-mediated bone resorption in response to metabolic
acidosis (138). This has been shown conclusively in a rat model. Rats exposed to metabolic acidosis
for two weeks had increased rates of bone resorption and decreased bone formation compared to

controls over the same period (138).

The ongoing release of alkali from bone leads to hypercalciuria and hypophosphataemia due to an
increase-filtered load and decreased renal reabsorption. This utilisation of alkali and loss of calcium
from the body leads to a loss of bone mineral density (139). This loss of bone mineral density leads to

the development of osteoporosis.
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1.4 Mitochondria

1.4.1 Mitochondrial Genetics

The most widely accepted hypothesis regarding mitochondrial origin is one of endosymbiosis and a
defining event in the evolution of eukaryotic cells (140). Mitochondrial DNA has been traced back to

members of the rickettsial subdivision of the a-Proteobacteria.

1.4.1.1 Mitochondrial Genome
Mitochondrial DNA has the same fundamental role in all eukaryotic cells. In humans, it is made up

16,569 base pairs and is composed of a double-stranded cytosine-rich light (L) and guanine-rich
heavy (H) strands in a circular configuration Figure 7 (21). Human mitochondrial DNA harbours 37
genes. These genes encode for 13 polypeptide complexes, which make up components of the
respiratory chain complexes. They also encode two ribosomal RNAs for mitochondrial transcription
and 22 transfer RNAs. All the other proteins required for mitochondrial function and the oxidative

phosphorylation pathway are encoded within nuclear DNA (141).

mrerrs L8P On

Figure 7 Schematic representation of the
human mtDNA genome, the genome
codes for 13 proteins, 22 tRNAs and 2
rRNAs are mapped. The two strands of the
mtDNA are designated heavy and light
(142).

Human mtDNA

16 569 bp

TiBS

37



Daniel Hipps
A5001238 Chapter 1 - Introduction

1.4.2 Mitochondrial Structure

Some of the first organelles viewed under electron microscopy were mitochondria. Sjostrand’s model
contained inner and outer membranes (143) whereas Palade’s model which depicts the double
membrane and internal folding or cristae mitochondriales which have become accepted today (144).
In Palade’s model, there are two internal compartments the intermembrane space and the matrix
within the internal membrane (145). Within the matrix, multiple copies of the mitochondrial DNA are
located (144). The outer membrane is composed of a phospholipid bilayer with many pores to allow
the exchange of the metabolic intermediates and nucleotides between the cytoplasm and
mitochondrial matrix (146). It allows passage of molecules up to 5,000 Daltons permeated by
voltage-dependent anion channels (VDAC) (147). The inner membrane is composed of approximately
70% protein and 30% lipids (148). The inner membrane houses the proteins of the oxidative
phosphorylation pathway responsible for the generation of energy for cellular function and

metabolism (149).

1.4.3 Mitochondrial Function

One of the mitochondria’s main function is to provide biological energy by oxidation of the products
of the Krebs cycle and fatty acid oxidation, this process is known as oxidative phosphorylation. Whilst
this is the mitochondria’s most important role, it also has a role in apoptosis, calcium homeostasis, a

role in hormone production and ammonia detoxification.

1.4.3.1 Oxidative Phosphorylation and Mitochondrial respiratory chain proteins
Five complexes make up the oxidative phosphorylation system they are located on the inner

membrane of the mitochondria:

e NADH: Ubiquinone Oxidoreductase (Complex I)

e Succinate: Ubiquinone Oxidoreductase (Complex Il)

e Ubiquinol: Cytochrome c Oxidoreductase (Complex lll)

e Ferrocytochrome c: Oxygen Oxidoreductase (Complex IV)
e ATP Synthase (Complex V)

Complexes I-1V, ubiquinone and cytochrome ¢ make up the respiratory chain (148) Figure 8. During
oxidative phosphorylation, there is a flow of electrons from electron donors to receiver molecules. As
these electrons are transferred, there is a release of energy and this energy is used to transport
protons across the inner mitochondrial membrane creating a potential pH and electrical gradient.

38



Daniel Hipps
A5001238 Chapter 1 - Introduction

The final stage of the electron transport chain is ATP synthase this enzyme generates ATP from ADP
in a phosphorylation reaction using the energy created by the proton flow, this process is known as
chemiosmosis. As a by-product reactive oxygen species are generated, the superoxide and peroxide
anions O, and 0,%". As highlighted earlier, mouse models with a superoxide dismutase deficiency

were shown to have premature osteoporosis compared to wild types.

Control of oxidative phosphorylation can be split into three domains (150):

e Availability of reducing components NADH and FADH.
e Availability of the components for ATP synthesis (ADP and Pi)

e Availability of oxygen to form water at the cytochrome c oxidase enzyme.

Mitochondrial Respiratory Chain Complexes 7
ADP +Pi £/

\
succinate

Matrix

Mitochondrial

.....
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Lumen
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Complex | — NADH dehydrogenase

H+ * Complex Il — Succinate dehydrogenase
Complex Il1 - Cytochrome C Reductase
Complex IV — Cytochrome C Oxidase
Complex V — ATP Synthase

uQ - Ubiquinol

H+ - Proton

Figure 8 the oxidative phosphorylation pathway of the Mitochondrial Respiratory Chain. NADH is utilised as a product of the
Krebs Cycle, serial redox reactions generate a proton gradient which can be used to convert ADP to ATP and biological
energy (151).

1.4.3.2 Complex I: NADH: Ubiquinone Oxidase
Complex | is the largest of the 5 complexes and is composed of 45 different subunits of which 7 are

coded for by mtDNA (152). It is an L shape structure which straddles the inner mitochondrial
membrane with the vertical limb extending out of the inner membrane. It is further classified into

three functional molecules consisting of the N, Q and P module (153).
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Functionally it acts as the entry point of the electron transport chain, facilitating the transfer of two
electrons between NADH and ubiquinone in lieu of the transfer of four protons across the membrane
(153). The electrons removed from NADH by the N module are transferred by Iron sulphur clusters
embedded within the Q module (154). Whereas the P module embedded within the membrane

functions as a proton pump to drive the movement of protons into the intermembrane space (155).

1.4.3.3 Complex II: Succinate: Ubiquinone Oxidoreductase Dehydrogenase
Complex Il is significantly smaller than complex | only 124kDa compared to Complex | which is in

excess of 1000kDa. It is constructed from just four nuclear encoded subunits, the A and B subunits lie
within the matrix of the mitochondria whereas C and D are embedded within the inner mitochondrial

membrane(149, 156).

It is the second entry point of electrons into the electron transport chain but plays no role in the
transport of protons across the inner mitochondrial membrane. Electron transport is facilitated by
the oxidation of succinate to fumarate forming FADH, which is the utilised within the TCA cycle (149).

The transfer of electrons B subunit again acting via iron sulphur clusters.

1.4.3.4 Complex lll: Ubiquinol cytochrome c oxidoreductase
Complex Ill consists of 11 subunits all of these units, except cytochrome b, are encoded by the

nuclear DNA. It is embedded within the inner mitochondrial membrane. Functionally it transfers
electrons from ubiquinol to cytochrome c allowing the release of two protons in to the inter

membrane space (157).

1.4.3.5 Complex IV: Cytochrome c Oxidase - COX
Complex IV is made up of 14 subunits of which 3 are encoded by mitochondrial DNA; MTCO1, MTCO2

and MTCO3 (158). It is the final complex of the electron transport chains where electrons are
removed from cytochrome c as it is oxidised and transferred to molecular oxygen which combines
with two protons and reduces to form water. Four protons are also transferred across the inner

mitochondrial membrane (159).

1.4.3.6 Complex V: ATP synthase
ATP synthase is the final step in generating ATP. It is made up of two distinct segments and 15

different subunits of which two are encoded by the mitochondrial genome. The FO segment lies

within the inner mitochondrial membrane whereas the F1 segment lies externally within the matrix
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space(155). Whilst the F1 segment is made up of three alternating a and B subunits with furthery, &
and € subunits. The FO segments consists of a c-ring comprising of the a, b, d, F6 subunits as well as

oligomycin sensitivity-conferring protein.

Functionally, Complex V causes the phosphorylation of ADP to ATP. This is caused by protons
being driven through the Fo segment by the electrochemical gradient. This movement of protons
causes a 360° rotation of the complex and it is this rotation which provides the energy to convert
ADP to ATP in the F1segment. Three ATP molecules are generated for the transfer of 8 protons
during the rotational movement. ATP synthases can reverse the process by hydrolysing ATP and

restoring mitochondrial membrane potential by the movement of protons (160).

ND1, ND2, ND3, ND4, Cytb COX1, COXII, COXHE, ATPase 6, ATPase 8
ND4L, NDS, ND& Sporadic myopathy, Sporadic anaemia, NARP
LHON and dystonia Ephalomyopathy, Sporadic myopathy, MILS
Sporadic myopathy Septo-optic dysplasia Ephalomyopathy, FBSN
Cardiomyopathy ALS-like syndrome
H+ H+ H+ H+
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NDUFS1, NDUFS2, SDHA, 5DHB, SDHC, BCS1L COX10, COX15, 5C01, 5CO2,
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UFS8, NDUFV1 Leigh's syndrome GRACLE syndrome Leigh’s syndrome
Leigh's syndrome Paraganglioma Hepatopathy
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Figure 9 Disorders associated with mutations in the proteins of the respiratory chain. (mitochondrial DNA encoded proteins
(vellow) Nuclear DNA encoded proteins (blue) (161).

1.4.3.7 Mitochondrial apoptosis
Programmed cell death or apoptosis is a mitochondrial controlled process in the mammalian cell

(147). The release of intramembranous proteins from the mitochondria into the cytosol of the cell
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occurs as a response to apoptotic stimuli. Apoptosis can occur in a caspase-dependent manner
through cytochrome c, the serine protease Omi/HtrA2 and Secondary Mitochondrial Activator of
Caspases (SMAC), or in a caspase-independent manner through apoptosis-inducing factor AIF and
endonuclease G. The Bcl-2 family of proteins regulates apoptosis, promoting and inhibiting the
permeabilisation of the mitochondrial membrane in response to apoptotic stimuli and as a

consequence programmed cell death (147).

1.4.3.8 Calcium homeostasis
Mitochondria play a role in the maintenance of calcium balance within the cell. They have the ability

to uptake, store and excrete Ca?* ions in response to changing Ca?* concentrations within the cell.
Normal balance is maintained by the endoplasmic reticulum however if this balance is disturbed
mitochondria are able to respond to maintain normal levels of Ca?*, the Ca?* uniporter within the
mitochondrial membrane is activated and drives calcium into the mitochondria (162, 163).

Under normal physiological conditions, calcium signalling leads to mitochondrial ATP production and
feedback on cytoplasmic signalling. In cases where there is an excess of calcium ions within the cell
cytoplasm the mitochondrial permeability transition pore opens leads to an influx of calcium. This
leads to mitochondrial inner membrane reorganisation, mitochondrial swelling and outer membrane
permeabilisation (162). Outer membrane disruption can lead to the release of apoptotic factors from

the intramembranous space and into the cytoplasm (164).

1.4.4 Mitochondrial replication

Transcription, translation and replication of mtDNA require nuclear-encoded enzymes and proteins
that need to be transported into the mitochondria. In order for transcription to take place in humans
mitochondrial DNA-directed RNA polymerase (POLRMT) and mitochondrial transcription factor A or
TFAM are required along with one of the mitochondrial transcription factor B variants TFB1M and

TFB2M (142).

1.4.4.1 Transcription
Initiation of transcription is not fully understood but is unable to take place without the presence of

TFAM. It is thought TFAM may alter mtDNA structure by binding to and unwinding promoter regions
facilitating transcription (165). The promoter regions of mitochondrial DNA are contained within the
D-loop. TFAM has a greater affinity for the light strand promoter and enhances L-strand transcription

to a greater extent than the heavy strand.
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There is one light strand promoter (LSP) and two heavy strand promoters (HSP) (Figure 7). Heavy
strand transcription starts at nucleotide position 561 within the HSP whereas light strand
transcription starts at position 407 of the LSP. These two transcription sites are functionally
independent of one another (166). A further second transcription initiation site for the heavy strand

is situated adjacent to the gene for the 12s rRNA at nucleotides position 638.

Once transcription is initiated at the LSP the L-strand can be transcribed as a single polycistronic RNA
precursor this is then processed to 1 mRNA and 8 of the tRNAs (167). The H-strand may be
transcribed as one single RNA but a more complex model was suggested by Attardi et al (168). In this
model, it is suggested that the H-strand transcription occurs at different rates at the two different
promoter sites. Transcription starting at the first promoter site is more frequent and finishes at the
16s rRNA gene and is responsible for the majority of the rRNA species whereas transcription from the
second promoter site occurs less frequently but represents almost the entire H-strand and all the
corresponding mRNAs and most of the tRNAs (166). The MTERF (mitochondrial transcription

termination factor) family of proteins regulate the termination of transcription.

1.4.4.2 Translation
Mitoribosomes are formed from the mitochondrial ribosomal RNAs (16s and 12s) with nuclear-

encoded ribosomal proteins. Mitochondrial tRNA species are much smaller than nuclear species and
are charged with the corresponding amino acids by the nuclear-encoded amino-acyl tRNA
synthetases (142). The mitochondrial ribosomes and amino-acyl tRNA complexes along with the
nuclear elongation (EFG1, EFG2, EFTs and EFTu) and initiation factors (IF2 and IF3) lead to the
synthesis of the 13 polypeptides of the OXPHOS system (169).

1.4.4.3 Replication
Mitochondrial replication and repair are reliant on mtDNA polymerase (Pol-y). Mt DNA Polymerase

has a proofreading activity in addition to its 5’3’ polymerase activity. Mt DNA polymerase has
intrinsic 3'->5' exonuclease activity, which is highly mispair-specific. This ensures accurate replication
of mtDNA (170). Initiation of replication is thought to be linked to mitochondrial transcription and
primers are located within the D-loop region of the mitochondrial genome (171). The origin of H-
strand replication is located downstream of the LSP in the D-loop region. Replication begins at this
point once replication passes the L-strand origin, which is 2/3 of the genome distance from the H-
strand site, and then the L-strand is replicated. The L-strand proceeds in the opposite direction to the

H-strand (166).
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Despite the proofreading action of mtDNA polymerase, the mitochondrial genome mutation rate is
much higher than the nuclear DNA, 10-17 times higher (21). This was previously attributed to the
proximity of mitochondrial DNA to the free oxygen species generated in the OXPHOS pathway as

highlighted earlier but now it appears unclear for this enhanced mutation rate.

1.4.4.4 Heteroplasmy and Clonal Expansion
Homoplasmy and heteroplasmy concerning mitochondria relate to the mtDNA genome and

mitochondria within each cell. In homoplasmy, all the mitochondrial genomes are identical within
the cell. During mitosis, the mitochondria within the cell are randomly separated and so any mutated
mtDNA copies are randomly separated. This creates a different mutation load within the daughter
cells. Leading to variable disease expression within a cell and a threshold effect at which the
mutation load leads to an altered phenotype. The majority of mitochondrial DNA mutations do not
affect all mitochondria within a cell and so are heteroplasmic (24). The threshold for heteroplasmic

mutations is in the range of 60-90% (21).

In post-mitotic tissue-preferential amplification of mtDNA mutations occur leading to high levels of
mutations (172). This preferential amplification is thought to be due a number theories such as
random genetic drift aided by relaxed replication of the mitochondrial genome (173). Alternatively
the proposal by De Grey et al., would suggest that mitochondria with poorer respiratory chain
function undergo less lysosomal degradation because there is less self-inflicted free radical damage
and so they accumulate with in the cell (174). A similar theory is also proposed by Yoneda et al.,

(175).

Kowald et al., suggest that a negative feedback loop is responsible between transcription and
replication in relation to a surplus of an intracellular product (176). There is also the perinuclear
niche theory proposed by Vincent et al., this would suggest that mtDNA deletions expand around the
nuclear region causing increased biogenesis and then progression of heteroplasmic change and to
exceed threshold levels (177). A review of the proposed theories by Lawless et al., does not clarify

which theory is indeed responsible and further work is still required (178).

1.4.6 Mitochondrial Ageing
Previously mitochondrial ageing was thought to be due to repetitive oxidative damage occurring due
to reactive oxygen species generated in the respiratory chain causing damage to macromolecules

especially mtDNA(179). This led to further respiratory chain protein dysfunction and further
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generation of oxidative species coupled with defective mitochondrial respiration and ultimately
determines an organism's lifespan by way of mitochondrial dysfunction (180). Point mutation and
deletions in mitochondrial DNA are known to accumulate in humans as well as other animals (181).
These mutations affect different tissues at different levels and are known to affect the brain (182),

skeletal muscle (183) and heart (184).

These mutations have been observed in mouse models, which represent an ageing phenotype. The
PolgA™"/PolgA™* mouse model was based on mutations within mtDNA polymerase gamma. mtDNA
polymerase (Pol-y) is the only polymerase which acts upon mitochondrial DNA, as a result, is only
found in the mitochondria (185). In the absence of any other DNA polymerases, it is known that Pol-

y is responsible for the replication and repair of mitochondrial DNA (186).

This model demonstrated the presence of mutant mitochondrial proteins within the respiratory
chain leading to defective oxygen and ATP metabolism although no increase in reactive oxygen
species (186). Along with the other mouse models discussed below this goes against the previous
theory of ageing proposed in 1955 by Denham Harman and the updated theory of Alexeyev et al.
which attributed repetitive oxidative damage to the longevity of an organism (179, 187).

Recent evidence suggests that although these point mutations occur with age they can also be
inherited at the time of fertilisation (188). The effect of these mutations is dependent on where they
occur and the level of heteroplasmy. The majority of point mtDNA mutations do not affect all
mitochondria within a cell and so are heteroplasmic (24). The threshold for heteroplasmic mutations
to cause phenotype effect is in the range of 60-90% (21). With clonal expansion and accumulation of
these mutations with age within cells, they contribute to the ageing phenotype and OXPHOS

dysfunction seen (173).

Reactive oxygen species are thought to play much less of a role in mitochondrial mutations and
ageing than previously thought. Mitochondrial transcription factor A or Tfam packages the DNA into
nucleoids which make them less prone to reactive oxygen species damage (189) and the levels of
reactive species are much lower than previously thought 0.1% compared with 1-2% (190). Along with
point mutations mtDNA is also prone to large-scale deletions and these are known to increase with
age (191). A mouse model has shown that the accumulation of these deletions leads to age-related

OXPHOS dysfunction in certain cell lines (192).
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Overall, mitochondrial deletions and point mutations accumulated with age lead to respiratory chain

dysfunction and reduced OXPHOS capacity contributing to an ageing phenotype.

1.4.7 Mitochondria and Osteoporosis.

Reduced bone mineral density has been associated with mitochondrial disease by association rather
than clear cause and effect. Gandhi et al., conducted a retrospective review of mitochondrial patients
and demonstrated a high number of risk factors related to poor bone health in mitochondrial
patients(193). These included diabetes, vitamin D deficiency, chronic diseases including hepatic,

renal, endocrine — hypogonadisms, adrenal and parathyroid dysfunction.

One fifth of the cohort had renal tubular acidosis and as highlighted in 1.3.3.2 metabolic acidosis is
an osteoporosis risk factor. Seventeen percent were vitamin deficient associated with
gastrointestinal issues or renal insufficiency. There was also the effect of polypharmacy including

glucocorticoids and anti-epileptics to be accounted for (193).

Whilst there is not a clear link between mitochondrial pathology and the cause of osteoporosis in
humans there have been various mitochondrial mutated mouse models, which have shown an
association and observational finding of mitochondrial dysfunction and (24, 181, 194-196). The study
by Guo et al., found significant associations of single nucleotide polymorphisms in NADH
dehydrogenase 2 and cytochrome b genes although the correlation and relation to osteoporosis are
unclear (197). One suggested link had been in relation to impaired respiratory chain function leading
to an increase in lactic acid production and stimulation of osteoclast activity and bone resorption

(195). As highlighted in 1.3.3.2 metabolic acidosis does contribute to osteoporosis.

Mitochondria are the main source of ATP and as a by-product ROS, these have been linked to
oxidative stress induced osteoblast damage and dysfunction (198, 199). High levels of hydrogen
peroxide within osteoblasts have been shown to trigger apoptosis of osteoblasts and inhibited
osteoblastogenesis (200) (128). Conversely, hydrogen peroxide build-up has a positive effect on
osteoclastogenesis and is required for osteoclast maturation. Excessive hydrogen peroxide
inactivates the forkhead box O transcription factors which along with oestrogen promote

osteoblastogenesis (201).

Oxidised cholesterol or oxysterols can also modulate bone formation and resorption. Oxysterols are

generated from the cholesterol by the p450 enzyme, which is located in the endoplasmic reticulum
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and mitochondria. oxysterol 20(S)-hydroxycholesterol, in combination with either the 22(S) or 22(R)
versions cause an increase of osteoblast and alkaline phosphatase activity as well as Osteocalcin gene
expression and mineralisation (202). In contrast, other oxysterols such as cholestan-3 B,5 a,6 B-triol

inhibit osteoblastogenesis (203).

1.4.7.1 The PolgA™/PolgA™" Mouse
The PolgA™"/PolgA™* mitochondrial mutator mouse possesses a defective version of mitochondrial

DNA polymerase and consequently accumulates mitochondrial DNA mutations at 3-5 times the rate
of wild-type mice. This leads to a premature ageing phenotype including cardiomyopathy, sarcopenia
and osteoporosis as well as a reduced lifespan of around 12 months (181). The PolgA™/PolgA™
mouse reflects the ageing phenotype seen in humans where mtDNA mutations accumulate with age

to high levels in certain tissues (204).

The PolgA™/PolgA™"* mouse model showed a clear reduction in whole-body bone mineral density at
40 weeks with marked kyphosis. Further analysis of dissected femurs showed a clear reduction in
bone mineral density at 40 weeks and x-ray densitometry revealed changes in body composition with

the development of osteoporosis (181).
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Figure 10 a) Bone mineral density and bone mineral content measured by X-ray densitometry of dissected femur from
PolgAmut/PolgAmut mice (red bars) and wild-type mice (blue bars) at 20 weeks and 40 weeks old. b) The Ageing-related
phenotype seen in PolgA™“t/PolgA™“t mice (181).
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The PolgA™*/PolgA™" mouse model has been used in Newcastle to demonstrate a clear link between

the pathogenesis of osteoporosis and mitochondrial DNA. The published main findings were (205,
206):
1.

Wild type mouse

Homozygous PoIgA"‘ mouse

Significant reductions were found in bone density by 7 months in female mice and by 11
months in male mice compared to age and sex-matched wild-type mice.

Reduced osteoblast populations in the PolgA™/PolgA™*with increases in osteoclast
numbers and bone resorbing activity.

PolgA™'t/PolgA™" mice exhibited a respiratory deficiency in terms of expression of complex |
and complex IV proteins in osteoblasts (205). See Figure 11.

Accumulated mtDNA mutations are associated with decreased oxidative phosphorylation,
with osteoblasts harvested from PolgA™"/PolgA™" mice showing significantly lower baseline
levels of oxygen consumption for ATP production and significantly reduced spare and
maximal respiratory capacities.

Using osteoblasts differentiated from mesenchymal stem cells harvested from bone marrow,
a strong correlation with mitochondrial respiratory chain dysfunction, impairment of
mineralised bone formation by osteoblasts in vitro and the accelerated development of
osteoporosis was seen. Falling levels of bone formation observed in PolgA™/PolgA™" cell
lines with advancing age were consistent with declining bone density levels observed on

micro-CT scan data.

Merged image Osteocalcin/546 Porin/405 COX-1/488 NDUFB8/647

Figure 11 Quadruple immunofluorescence assay of mouse femur, 90x magnification Osteoblasts targeted with an antibody
to Osteocalcin. PolgA™ut/PolgA™ut mouse in comparison with age-matched wild-type control mice top row, NDUFB8
(Complex 1) and COX-I (Complex IV) mitochondrial respiratory chain deficiencies are seen at 11 months in PolgA™vt/PolgAmut
(lower row) relative to mitochondrial mass (porin) (205).
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1.4.7.2 Sod2 — mitochondrial superoxide dismutase 2 mouse model.

Osteocytes are mature osteoblasts that become embedded in the secreted bone matrix. Osteocytes
represent around 95% of bone cells that are distributed throughout the bone matrix with a network
of lacunae and canaliculi. The dendritic processes within the canaliculi allow communication with
other cells (207). They have been shown to secrete soluble factors which have an influence on bone
and other tissues (207). Osteocytes also influence osteoblast and osteoclast activity and are crucial
for bone homeostasis. The number of viable osteocytes decreases with age from 88% at 10-29 years
of age to 58% at 70—-89 years of age (208, 209). Reactive oxygen species (ROS) have been linked with
causing oxidative damage and bone ageing in both humans and animals (210-213). The anion
superoxide (Oy-) is generated during mitochondrial respiration as part of the respiratory chain
pathway. Superoxide dismutase 2 is distributed throughout the mitochondria and metabolises O, to
H,0.. Sod2 deficiency has been reported to lead to oxidative damage to tissues. Kobayashi et al.
developed a mouse model to look at mitochondrial superoxide dismutase 2 deficiency in osteocytes

and the impact on age-related osteoporosis.

Similar to ageing bone a lack of Sod2 resulted in enhanced O; production. Analysis demonstrated
marked bone loss similar to age-dependent loss, disorganisation of the canalicular network and
decreased number of live osteocytes. Sod2 deficiency also suppressed bone formation by
upregulation of sclerostin and RANKL. This model demonstrated that mitochondrial superoxide
induced in osteocytes by Sod2 deficiency mirrored age-related bone loss and alter bone metabolism

via deregulation of RANKL and sclerostin expression (109).

1.4.7.3 Tfam Mouse Model
Mitochondrial transcription factor A or Tfam is a nuclear-encoded protein which binds upstream of

heavy and light chain promoters of mitochondrial DNA and promotes transcription of mitochondrial
DNA (214). Tfam plays a regulatory role in the maintenance and replication of mtDNA in mammals. It
is required for transcription and initiation of mtDNA promoters, dysfunction in protein transcription

leads to respiratory chain deficiency (215, 216).

Mice with a Tfam knockout have been created and used for analysis of mitochondrial pathology.
Tfam gene knockout heterozygous mice were found to have around 50% reduction in Tfam
transcripts and protein, with a 34% reduction in mtDNA copy number in tissues investigated (214).
Miyazaki et al. (217) investigated the effect of Tfam deficiency on osteoclast survival and bone

resorption. They found in Tfam knockout heterozygous mice that osteoclasts had increased bone
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resorbing activity, reduced intracellular ATP levels and an increased rate of apoptosis. They
concluded that ATP depletion leads to osteoclastic bone resorption. Mitochondrial dysfunction is
known to occur with age and ATP depletion may, therefore, play a role in the pathogenesis of

osteoporosis.

1.4.7.4 HTRA2/OMI mouse model
HTRA2/OMI is serine protease which functions independent of ATP. It is located on the

intermembrane space in the mitochondria the proposed function of this protease is one of protein
quality control. In the model mutant mitochondria appear to be relatively protected from mitophagy
Transgenic htra2™% mice were shown to have a premature ageing profile which included
osteoporosis among other pathologies. Significant increases in clonally expanded mtDNA deletions
were present. The exact cause and effect of HTRA2 deletions are speculated but believed to be
related to disassembly of the respiratory chain complexes with advancing age and the generation of
ROS. They speculate that the cardiac cells with mitochondrial deficiencies are unable to meet
metabolic demands leading to premature death (218). As highlighted earlier osteoblasts contain a
high level of mitochondria and bone formation is a metabolically demanding action. In the same way,
the cardiomyocytes are unable to function adequately the same may be true of the osteoblasts

compromising bone formation and leading to premature osteoporosis.
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1.5 Aims

In view of the relevance of the PolgA™/PolgA™" mouse model work undertaken at Newcastle

University into osteoporosis and mitochondrial mutations the aims of this research are:

1. To establish if mitochondrial DNA (mtDNA) mutations are present within human
mesenchymal stem cells and osteoblasts
2. Establish that if there are mtDNA mutations do they cause subsequent mitochondrial

respiratory chain deficiency and contribute to the pathogenesis of osteoporosis in humans.

1.5.1 Overview

| propose to advance this work with novel research into the effects of mitochondrial mutations and
consequent respiratory chain dysfunction on the function of human osteoblasts. The work by Dobson
et al., (205) would serve as a starting point using very similar techniques to those already employed

in the PolgA™"/PolgA™* mouse model.

The basis of this work would involve extracting bone marrow at the time of orthopaedic elective and
trauma surgery. The research will focus on two different patient cohorts aged <30 and >70 as patient
participation allows, these groups will provide samples in order to test the hypotheses by correlating

the results of the below techniques with age in the patient cohort.

1. Sequencing individual mesenchymal stem cells for evidence of mtDNA mutations and clonal
expansion.

2. Analysing individual mesenchymal stem cells for evidence of respiratory chain protein
deficiency.

3. Determining if osteoblasts with impaired expression of mitochondrial respiratory chain
proteins are detected in bone with human ageing and determine if this is due to clonally

expanded mtDNA mutations.
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Chapter 2 - Materials and Methods

2.1 Reagents, equipment, solutions and consumables:

2.1.1 Equipment

Microscopes
Nikon Instruments Al Confocal Laser Microscope

Nikon Instruments Eclipse Ti-E inverted Microscope
Olympus BX51 Microscope TF

Zeiss Axio-observer LSM800/SDI Microscope

Zeiss Celldiscoverer 7 Microscope

Flow cytometry
BD Accuri C6 flow cytometer

BD FACSAria lll Cell Sorter

BD FACSCanto Il Analyser

BD FACSymphony A5 Analyser and plate reader
Fluidigm Helios Mass Spectrometer

Fluidigm Hyperion Imaging System

Tissue culture and immunohistochemistry
Contained Air Solutions Tripass 2 — Class 2 Microbiological Safety Cabinet

Eppendorf Centrifuge 5418

Grant Sub Agua Pro water bath
Heraeus Megafuge 8 Centrifuge
Integra Vacusafe

Panasonic CO2 Incubator MCO-170AIC
Thermo Fisher Microm HM325

PCR
Aligent 2100 Bioanalyzer

Applied Biosystems Veriti 96 well thermal Cycler

Astec UV hood
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Cleaver Scientific MP- 250V electrophoresis power supply

Illumina MiSeq Sequencer

Invitrogen E-Gel™ iBase™ unit and E-Gel™ Safe Imager™ transilluminator combo kit

Invitrogen MagnaRack™ Magnetic Separation Rack
Qubit Fluorometer
Thermo Fisher lon Chef System Sequencer

Miscellaneous Laboratory equipment
Bio-Rad ChemiDoc MP Imaging System

Eppendorf ThermoMixer C

Freezing container, Nalgene® Mr Frosty
Genlab MINO/6 Oven

Grant Dry Block Thermostat

Jenway 3510 pH Meter

Ohaus Adventurer Precision Balance
Scientific Industries Vortex-Genie 2
Stuart Orbital Shaker SSL1

Stuart Roller Mixer SRT9

Stuart See-saw Rocker SSL4

Stuart SB Tube Rotator

2.1.2 Reagents

2.1.2.1 Cell Culture
Alpha Minimum Essential Media (22571-038)

Dulbecco’s Modified Eagle’s Medium (31885-049)

Iscove’s Modified Dulbecco’s Medium + GlutaMax—I (31980-022)
RPMI-1640 Medium, with sodium bicarbonate (R0883)
Antibiotic-antimycotic (15240062)

Gentamicin (50 mg/mL) (15750037)

Penicillin Streptomycin (15140-1480)
53

Gibco
Gibco
Gibco
Sigma Aldrich
Gibco
Gibco

Gibco



Daniel Hipps
A5001238 Chapter 2 — Materials and Methods

Trypan Blue solution (t8154)

TrypLE Express (1x) Stable Trypsin Replacement Enzyme (12605-010)

2-Phospho-L-ascorbic acid trisodium salt (49752-10g)
Beta- glycerophosphate disodium salt hydrate (G9422)
Dexamethasone powder 25mg (D4902-25MG)

Fetal bovine serum

L-Glutamine (25030-024)

Sigma Aldrich
Gibco
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Gibco

Gibco

Minimum Essential Medium Non-Essential Amino Acids (M7145-100ml) Sigma Aldrich

Sodium L-ascorbate (A4034)

Sodium Pyruvate (100mM) (11360-070)

2.1.2.2 Immunohistochemistry
Avidin/Biotin blocking kit (sp-2001)

DPX Mountant (06522)
Eosin

Ethanol

Haematoxylin

Histoclear

Hydrochloric Acid
Hydrophobic Pen (Z377821)
Methanol

Normal Goat Serum (NGS)

Prolong gold

2.1.2.2.1 Primary antibodies
Anti-cathepsin K IgG goat anti-rabbit (sc-30056)

Anti-MTCO1/Complex IV IgG2a goat anti-mouse (abl4705)

Anti-NDUFB8/Complex | IgGl goat anti-mouse (abll0242)
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Sigma Aldrich

Gibco

Vector

Sigma Aldrich

Cell Path

Merck

TCS Biosciences Ltd.
National Diagnostics
VWR

Sigma Aldrich
Merck

Sigma Aldrich

Life Technologies

Santa-Cruz
Abcam

Abcam
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Anti-Osteocalcin IgG goat anti-rabbit (sc-30045)

Anti-VDACI/porin IgG2b goat anti-mouse (abl4734)

2.1.2.2.2 Primary Conjugated antibodies
Anti-TOMM?20 Alexa Fluor 594 (ab210665)

Anti-MTCO2 Alexa Fluor 647 ab200525)

2.1.2.2.3 Secondary antibodies
Alexa 488 IgG2a goat anti-mouse

Alexa 546 IgG goat anti-rabbit

Alexa 647 streptavidin conjugated
Biotinylated goat anti-mouse IgGl
Dylight 405 1gG2b goat anti-mouse
Anti-rabbit Alexa Fluor 405nm
Anti-mouse IgG Alexa Fluor 488nm
Anti-mouse IgG2a Alexa Fluor 488nm
Anti-mouse IgG2b Alexa Fluor 546nm
Anti-mouse IgG1 Alexa Fluor 647nm
Streptavidin Alexa Fluor 647nm

Anti-mouse IgG1 biotin

2.1.2.2.4 CyToF antibody consumables
MAXPAR X8 antibody labelling kit

Intercalator

2.1.2.3 PCR
AMPure XP (A63881)

E-Gel™ SizeSelect™ 2% Agarose Gel
GoTaq Long PCR Master Mix (M4021)

lon Xpress™ Plus Fragment Library Kit (4471269)
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Santa-Cruz

Abcam

Abcam

Abcam

Life Technologies
Life Technologies
Life Technologies
Jackson/Stratech
Jackson/Stratech
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies

Life Technologies

Fluidigm

Fluidigm

Beckman Coulter
Invitrogen

Promega

Thermo Fisher Scientific
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lon Xpress™ Barcode Adapters 1-16 Kit (4471250)
Low TE buffer (602-1155-01)

Nuclease free water

Primers

Proteinase K Solution

Qubit dsDNA HS Assay Kit (Q32851)

2.1.2.4 Tissue Preparation
DNASE | 100 MG (11284932001)

Iso-pentane (158941)

Liquid nitrogen

Lymphoprep (07851)

MSC phenotyping kit (130-095-198)

2.1.3 Chemicals
16% Formaldehyde solution Methanol Free (F017/3)

Acetic acid

Alizarin red S (A5533)

Ammonium hydroxide (28% NH3)

Dimethyl sulfoxide (D4540)

Dulbecco’s Phosphate Buffered Saline (14190-144)
Dulbecco’s Phosphate Buffered Saline with ca and mg (D8662-1L)
Fast blue RR salt (FO500)

Formcial-2000 (1314)

Glycine (G7126)

N,N-Dimethylformamide (D4551)

Naphthol AS-MX phosphate disodium (N5000)
Paraformaldehyde solution 4% in PBS (5c281692)

RBC Lysis Buffer (00-4333-57)
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Thermo Fisher Scientific
Thermo Fisher Scientific
Ambion

Eurofinns

Fisher Scientific

Invitrogen

Sigma Aldrich

Merck

BOC

Stem Cell Technologies

Miltenyi Biotec

TAAB Laboratories
VWR

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Statlab

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Santa Cruz Biotechnology

Affymetrix EBioscience
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Sodium Chloride (§7653)

Sodium Azide (52002)

Tetra-ethylene diamine tetra-acetic acid, dehydrate (15700)
Triton X-100 (X100)

Trizma Base (T1503)

Tween20 (p1379-500ml)
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Sigma Aldrich
Sigma Aldrich
Affymetrix

Sigma Aldrich
Sigma Aldrich

Sigma Aldrich
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2.1.4 Solutions

5x Tris Buffered Saline +/- Tween
e 2IdH,0
e 121gTrizma Base
e 90g Sodium chloride
e Concentrated HCl
e +/-Tween20 5mls
Alizarin Red Stain 2% pH4.3
e 100mls dH,0
e 2g Alizarin red
Alkaline Phosphatase Stain
e 100mls TBS
e |0mg naphthol AS-MX phosphate disodium
o 0.2mls N,N- Dimethylformamide
e 60mg fast blue RR salt
Ammonia Solution 0.25M
e 4.8mls of NH;OH
e 500mls dH,0
DNA loading buffer
e 0.25% (w/v) Bromophenol blue
e 0.25% (w/v) Xylene Cyanol
e 30% (v/v) Glycerol
DNA electrophoresis gel buffer (1L)
e 100 ml 10x TAE (0.4 M Tris-acetate, 10 mM EDTA, pH 8.3)
e 900ml Nanopure water
e SYBR Safe DNA Gel Stain 4ul/100mls Thermo Fisher
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DNA electrophoresis gel running (1L)
e 100 ml 10x TAE (0.4 M Tris-acetate, 10 mM EDTA, pH 8.3)
e 900ml Nanopure water
Single cell lysis buffer (500ul)
e 250 ul 1% Tween 20
e 50 pul0.5M TrisHCI pH 8.5
e 195 uldH0

e 5l proteinase K

Phosphate Buffered Saline (BRO014G) Oxoid
e 1 tablet/100mls dH,0

2.1.4 Consumables

2.1.4.1 Equipment Consumables
0.2ml Thin-walled PCR tubes Starlab

0.5ml Thin-walled PCR tubes Starlab

3.0 ml Graduated Pasteur Pipette (Sterile), Ind. Wrapped (E1414-0311) Starlab

96 Well semi-skirted Plate, with raiser rim Starlab
Aerosol resistant pipette tips Starlab
Coverslips Starlab
Falcon Round-Bottom Tubes 5ml (352003) BD Bioscience
Eppendorf Lobind 1.5ml tubes Sigma Aldrich
Eppendorf tubes (0.6ml, 1.5ml, 2.0ml) Starlab
Falcon Tubes (15ml and 50ml) BD

Gilson pipette (P2, P10, P20, P100, P200, P1000) Anachem
Gloves Starlab

Qubit assay Tubes (q32856) Invitrogen
Weigh boats VWR
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X-tra clipped corner slides Leica

2.1.4.2 Tissue culture consumables

6 and 12 well plates Greiner Bio-One
Cellstar T25 flask Greiner Bio-One
Cellstar T75 flask Greiner Bio-One
Falcon Cell Strainer 70um Fisher Scientific
Stericup filter unit Merck Millipore
ViewPlate 96 well glass bottomed plate Perkins Elmer
Partec CellTrics 50um filter (04-004-2327) Wolflabs

2.2 Software
Bitplane - Imaris, v.8.4

Microsoft Office

Nikon - NIS-Elements

TIBCO - Spotfire and Columbus
Volocity

Zeiss - Zen system
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2.3 Ethics and Patient cohort
2.3.1 Ethics
Ethical approval for the collection of paediatric samples was via the Great North Biobank, application

number (GNB-012).

Ethical approval for use of adult human samples was gained as an adjunct to the Newcastle Bone and
Joint Biobank — (REC reference 14/NE/1212, IRAS project ID 166522). Newcastle University reference
8741/2016.

2.3.2 Control paediatric patients

2.3.3.1 Paediatric bone samples
Paediatric bone samples were taken from a variety of orthopaedic operations. In these operations

there was removal of bone which would have otherwise been discarded but instead was collected.
These included a range of osteotomies among other procedures. Bone marrow samples were also

taken when appropriate tissue was gained.

2.3.2.2 Paediatric cell line samples from anterior cruciate ligament surgery

Anterior cruciate ligament surgery involves access the bone marrow cavity and removing a core of
bone to allow passage of the ligament reconstruction, in these instances bone and marrow were also
collected. The quality of the marrow was disrupted by the irrigation fluid used during the procedure
however it was possible to culture cell lines from the samples gained to create young control cell
lines for use in comparison to adult samples.

2.3.2 Adult patient samples

Bone and bone marrow samples were taken at the time of routine arthroplasty procedures including
total hip and total knee replacements. Like in the case of the paediatric samples all tissue was surplus

to the operative requirements and was otherwise due to be discarded at the time of surgery.
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Sample

Hip 1
Hip 2

Hip 3

Hip 4
Hip 5
Hip 6
Hip 7

Hip 8

Hip 9

Hip 10
Hip 11
Hip 12
Hip 13
Hip 14

Femur 1
ACL1

ACL2
Paediatric 1

Paediatric 2

Daniel Hipps
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Age (years)

53
84

88

83
66

45
82

74

64

62
61
78
25
72

22
14
15
13
1.5

Sex

-

m< L2 L L
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Surgery

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement
Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement
Total hip replacement
Total hip replacement
Total hip replacement

Hemiarthroplasty of the hip

Intramedullary nail and bone graft
ACL reconstruction

ACL reconstruction

Excision of a bone bridge and fat graft

Open reduction and pelvic osteotomy

Date of Surgery

16/01/2019
12/03/2019

13/03/2019

01/04/2019
02/04/2019

02/04/2019
03/04/2019

11/04/2019

11/04/2019

02/05/2019
24/11/2017
24/11/2017
09/03/2017
20/11/2019

27/03/2019
11/08/2017
11/08/2017
29/11/2018
18/04/2019

Indication

Osteoarthritis

Osteoarthritis

Osteoarthritis

Failed Fixation

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis
Osteoarthritis

Osteoarthritis

Post traumatic acetabular fracture non-union

Trauma — fractured neck of femur

Leg length discrepancy after trauma
ACL deficiency

ACL deficiency

Physeal injury and growth arrest

Developmental dysplasia of the hip
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Co-morbidities

hypertension

ischaemic heart disease, type Il diabetes mellitus, asthma,
hypertension, peripheral neuropathy,
venothromboembolism, vitamin D deficiency, B12 and
folate deficiency

type Il diabetes mellitus, chronic kidney disease, atrial
fibrillation, diverticular disease, hypertension

hypothyroid, hypertension, osteoarthritis

hypothyroid, raised cholesterol, hypertension,

chronic obstructive pulmonary disease, gastro-oesophageal
reflux disease, iron-deficiency anaemia

atrial fibrillation, pulmonary hypertension, iron-deficiency
anaemia

chronic kidney disease, type Il diabetes mellitus

type Il diabetes mellitus, hypertension
hypertension

hypertension

chronic kidney disease, type Il diabetes mellitus,
hypertension, hypothyroidism, vitamin D deficiency

Osteoporotic preventive/causative
medication
Omeprazole/lisinopril

Atorvastatin, Metformin, Warfarin

Furosemide, Atorvastatin

Calcichew d3,cholecalciferoll,
furosemide, levothyroxine, risedronate
Lansoprazole, Levothyroxine, losartan,
simvastatin

Omeprazole, steroid inhalers -
tiotropium, fluticasone, Seretide

Omeprazole, Bisoprolol, Rivaroxaban

Dialysis, Atorvastatin, Diltiazem,
Furosemide,
Lisinopril, metformin atorvastatin, Adalat

Propranolol, Venlafaxine

Atorvastatin, propranolol, doxazosin,
thyroxine, risendronate, cholecalciferol.

Table 3: Patient demographics
and details from which samples
were used in this research.
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2.4 Sample preparation

2.4.1 Decalcification protocol

When fresh bone samples were taken, they were trimmed to create 2-5mm thick slices. They were
placed in tissue cassettes and fixed in 4% paraformaldehyde (PFA) solution for 72 hours. The volume

of PFA used was 20x the volume of the tissue.

Following PFA fixation samples were rinsed in dH,0 once. They were then placed in a solution of 14%
tetra-EDTA (Affymetrix) at 4°C on a rocker. The pH of the EDTA solution was adjusted to 7.4 using
glacial acetic acid. The decalcification solution was changed three times per week. Samples were left

in EDTA for 21 days

Formical-2000 was also used on occasions for rapid tissue preparation. Specimens were fixed and
prepared as above. Followed by a wash in dH,0 once. The cassettes were then placed in formical-
2000 solution. The volume of solution was twenty times that of the specimen. The specimen was left
on the rocker in the cold room for 48 hours before a wash in dH,0 wash.

Samples were then placed in PBS and were processed, embedded and cut on to X-tra clipped corner

slides ready for staining.

2.4.2 Bone Marrow preparation
Some of the bone marrow was put directly into culture. This was done by vortexing the sample of

bone marrow in tissue culture medium and then incubating as covered in the tissue culture methods.

2.4.2.1 Lymphoprep protocol
The majority of the bone marrow was processed using a density gradient to separate mononuclear

cells from red blood cells, plasma and other blood constituents. Bone marrow was first diluted with
tissue culture (sterile) PBS at a ratio of 1:4. The product was then passed through a 70um cell
strainer. 15ml of lymphoprep was then added to a falcon tube. 30mls of the filtered marrow PBS

mixture was added carefully on top taking care not to mix the two constituents.

The Falcon tube was then spun at 800G for 20 minutes with slow acceleration and deceleration
profiles selected on the centrifuge. From the centrifuged tube the mononuclear layer was removed
using a sterile Pasteur pipette. This layer was placed into a new 50ml falcon tube which was then
topped up with sterile PBS to wash the layer. This falcon tube was then spun again at 500g for 5

minutes.
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The cell pellet was then either resuspended in:

1. Freezing media — (10% Dimethyl sulfoxide and FBS) then frozen using a Mr Frosty freezing
container at -80°C before long term storage in liquid nitrogen.

2. For overnight storage, pellets were re-suspending in RPMI media overnight at 4°C in the
fridge.

3. For flow cytometry, if using the same day, the pellet was resuspended in Ca, Mg PBS. DNAse
was added in 10pl steps to break up any clumped cells. A maximum of 50ul was used per
7.5mls of PBS. This solution was filtered using a 50um celltrics filter into a FACS tube ready

for flow cytometry use.

2.4.2.2 Mesenchymal Stem Cell separation
In order to sort MSC cells from bone marrow for culture, the Miltenyi Biotec MSC phenotyping kit

was used. This kit is based upon sorting MSCs via positive cell markers for; CD73, CD90, and CD105
and the negative markers CD45, CD34, CD14 and CD20.
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Figure 12 Flow analysis of the CD105-PE positive cells, the CD90-FITC positive cells, CD73-APC positive cells and PerCP
positive cells (219).

The lympho-prepped cell suspension was stained as per the Miltenyi Biotec protocol (219), DNAse
was added to the cell suspension to reduce clumping of the cells. The suspension was then filtered
through a 50um filter as this yielded a better result than a 30um filter. Initially, cells were run
through the FACS Canto Ill analyser to clarify successful staining the results can be seen in Figure 13.

Once the protocol as above was determined they were run on the FACS Aria Il Cell Sorter. Cells were
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individually sorted into a 96 well PCR plate. Each well of this plate contained 15l of single cell lysis
buffer. Alternatively, the cells were sorted as a pool of cells into a 96 well flat-bottomed tissue

culture plate. Each well of this plate contained 100ul of a-MEM media.
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Figure 13 Flow Cytometry Sort of MISCs from fresh bone marrow. The MSC population is circled in red. The MSC population is
first defined the side scatter (SSC-A) representing granularity and forward scatter (FSA-A) representing size. Further
delineation is then made using positive expression of CD73, CD90, and CD105, and these cells must lack expression of CD34,
CD45, and CD14.
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2.5 Histochemistry

2.5.1 Haematoxylin and eosin

Cut sections of decalcified bone were then left to air dry on the slides for one week. Sections were
first heated to 60°C for 30 minutes followed by deparaffinisation using Histoclear for 5 minutes
followed by another 5 minutes in fresh Histoclear. Specimens were then rehydrated using graded
alcohol concentrations followed by a dH,0 wash (5 minutes for each stage). Slides were then stained
in Haematoxylin for 5 minutes followed by a wash in running tap water for 5 minutes. Slides were
then blued in Scott’s tap water for 1 minute followed by a 3-minute running tap water wash. Slides

were washed in 95% alcohol (10 dips) before counterstaining with eosin for 1 minute.

Slides were then dehydrated through an alcohol gradient followed by 2 clearing stages in histoclear.

Slides were then mounted with the appropriate size coverslip using DPX mounting medium.

2.5.2 3,3'-Diaminobenzidine (DAB) staining

Slides were prepared as in the H+E staining steps. Following rehydration endogenous horseradish
peroxidase activity was initially blocked using 3% hydrogen peroxide solution in PBS however this led
to the loss of sections from the slide and the blocking step was moved to follow primary antibody

incubation.

Antigen retrieval was performed by incubating sections in 1mM EDTA pH 8 80°C for 35 minutes
followed by a rinse in cold dH,0. Sections were then encircled using a PAP pen prior to blocking and
staining. Block was performed with a 10% NGS PBS solution for 1 hour. 200 pl per section was used.
Following block sections were rinsed in dH,0 before Avidin and Biotin block. Slides were first blocked
with avidin for 15 minutes followed by 2 PBS washes on the rocker for 5 minutes and then the biotin
block again followed by 2 PBS washes. Slides were then stained with the primary antibodies at 1:200

concentration in a humidified chamber at 4°C overnight.

Following incubation, slides were washed in PBS for 7 minutes on the shaker twice. An endogenous
peroxidase blocking step was then performed using 0.3% hydrogen peroxide PBS solution which was

applied to the slides for 10 minutes followed by 2 PBS washes for 7 minutes.

For mouse-based antibodies the slides were incubated with 1:200 of mouse biotin secondary for 1

hour at room temperature in the humidified chamber followed by 2 7-minute PBS washes before a
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secondary incubation with ABC buffer for 30 minutes. After these slides were rinsed three times with
PBS. DAB solution was then made up and applied to the slides which were developed for around 10

minutes. This time was variable, and completion was checked under the microscope.

For rabbit-based antibodies the Dako kit was used after the peroxidase blocking step for 30 minutes.
After these slides were rinsed three times with PBS. DAB solution was then made up and applied to
the slides which were developed for around 10 minutes. This time was variable, and completion was

checked under the microscope.

Both the mouse and rabbit antibody slides were then stained with haematoxylin as above before

been run through a dehydration gradient and mounted using DPX medium.
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2.6 Immunofluorescence

2.6.1 Quadruple immunofluorescence Assay

Previous work by Dobson et al. (205) showed for the first time a link with mitochondrial mutations
and OXPHOS dysfunction and osteoblast dysfunction leading to the development of premature
osteoporosis in the PolgA™!/PolgA™" mouse model. They demonstrated a respiratory deficiency in
terms of expression of complex | and complex IV in osteoblasts from these mice using quadruple

immunofluorescence assay.

This same assay was employed to identify mitochondrial complex | and complex IV deficiencies

within osteoblasts in human tissue.

Following decalcification and paraffin embedding as described above tissue was cut in 4-micron thick
sections and mounted on Leica X-tra clipped glass slides. These slides were then left to air dry for one

week.

Dewaxing was performed at 60°C for 30 minutes followed by deparaffinisation using histoclear for 5
minutes followed by another 5 minutes in fresh histoclear. Specimens were then rehydrated using
graded alcohol concentrations. The specimens were then immersed in 70% alcohol with 0.25%
ammonium chloride at room temperature for 1hr which reduced autofluorescence. Following this,

final rehydration in 50% alcohol for 10 minutes was performed.

Antigen retrieval was performed using 1mM tetra EDTA at pH 8.0 at 80°C for 35 minutes before a PBS
wash for 5 minutes with agitation. Sections were marked and encircled with a PAP pen then
incubated with 10% normal goat serum in PBS block in a humidified container at room temperature
for 1 hour. Following this, three PBS washes were performed as above. Avidin/Biotin blocker was
then used according to the manufacturer's instructions (Vector Laboratories). Following a final two
PBS washes the sections were incubated with the primary antibodies overnight in the dark at 4°C.
Monoclonal antibodies were used for respiratory chain complex identification, mitochondrial mass
and osteoblast markers. Osteoblast markers were used at a concentration of 1:50 whereas the other

antibodies were used at a 1:100 ratio in 10% NGS PBS solution.
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Primary antibodies:

e NDUFBS8 - NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8.
NDUFBS is an accessory unit of NADH dehydrogenase (ubiquinone), complex 1 of
the respiratory chain

e MTCO1 - Mitochondrial Encoded Cytochrome C Oxidase |, Cytochrome C Oxidase
| is the main subunit of complex IV of the respiratory chain

e VDAC - Voltage-dependent anion channels are a member of the porin channels
and found on the mitochondrial outer membrane. This antibody was used to
represent mitochondrial mass

e Osteocalcin —is secreted solely by osteoblasts and was used as a marker of

osteoblast cells

Following overnight incubation, cells were washed with PBS three times as previously described.
Secondary antibodies were then applied at a 1:200 concentration except to the VDAC secondary
which was applied a 1:100 again in a 10% NGS PBS solution.
Secondary antibodies:

e Alexa 488 1gG2A - MTCO1

e Alexa 568 IgG H+L — Osteocalcin

e Jackson Immune, Biotinylated anti—-lgG1 — NDUFB8

e Jackson immune, 405 Dylight — VDAC

Following a 2-hour incubation period, the sections were again washed as before with PBS three
times. They were then incubated with streptavidin-conjugated Alexa 647 at a concentration of 1:100
again incubated for 2 hours at 4°C in the dark. Finally, sections were mounted using Prolong Gold and
kept at -20°C until imaging. Concurrent no primary controls were created at the same time in a
similar fashion but only the Osteocalcin primary antibody was applied. Anti-Osteocalcin was replaced

with anti-Cathepsin K to identify osteoclasts.

This protocol formed the basis of immunofluorescent methods development and would be utilised

and adapted in chapters 4 and 5.
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2.6.2 High throughput immunofluorescent assay
This assay is developed in Chapter 4 on the development of the High throughput screening to identify
mitochondrial respiratory chain protein deficiencies. MSC cells were sorted on to a Senso 96 well
glass bottomed plate using the flow cytometry MSC separation assay. Or MSCs could be cultured
directly onto the plate. The media was removed, and the cells were washed once with sterile PBS.
They were then fixed with fresh 4% paraformaldehyde (TAAB) 2 minutes. This was followed by three
TBST washes. Cells were then permeabilised using a methanol gradient:

e 70% methanol for 5 minutes.

e 95% methanol for 5 minutes.

e 100% methanol for 10 minutes

e 95% methanol for 5 minutes

e 70% methanol for 5 minutes.

Three washes with TBST followed. The cells were then blocked with 10% NGS diluted in TBST with

0.3M glycine for 1 hour. Cells were then ready for primary antibody staining.

Primary antibodies were left to incubate overnight at 4°C on rocker at 30 rpm. Antibodies were

diluted in 10% NGS and TBST.

Antibody Ig Concentration
Anti-Rabbit NDUFB8 Rabbit H+L 1:100
Anti-Mouse VDAC1 lgG2b 1:100
Anti-Mouse MTCO1 IgG2a 1:100

Three washes in TBST followed primary staining after which a secondary antibody cocktail diluted in

10% NGS and TBST was used

Antibody Concentration
Anti-Rabbit Alexa 568 1:200
Anti-lgG2b Alexa 647  1:200
Anti-lgG2a Alexa 488  1:200

Dapi 1:1000
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Antibodies were incubated with the plate covered with foil (in the dark) for 2 hours at 4°C on rocker
at 30 rpm. Three TBST washes followed, and then sterile PBS added to wells. The cells were then

ready to be imaged using the Zeiss CD7 microscope at 20x zoom.

2.6.3 Imaris and Spotfire image analysis
Initially, images were taken using a Nikon Al confocal microscope at a 60x optical magnification with
a 1.55x digital magnification applied, using solid-state lasers to provide light at the following

wavelengths 405, 488, 568 and 647 nm.

Image analysis was performed on Imaris image analysis software (Bitplane, v.8.4). Using the 405nm
channel, the mitochondrial mass was identified in areas positive for the VDAC antibody in cells which

were positive for the Osteocalcin antibody (568nm).

The software was then used to measure the average intensity value of these positive areas in the
VDAC (405nm), COX-I/MTCO1 (488 nm) and Complex |/NDUFBS8 (647 nm) channels. No primary
controls were used to calculate background signal intensity for the 405, 488 and 647nm wavelengths

in Osteocalcin-positive cells to compare to the stained cells.

As part of methods development image acquisition using a Zeiss Axio-observer LSM800/SDI
microscope was favoured. Images taken on this microscope were at varying magnification depending
upon the application. This was still based upon using four solid-state lasers to provide light at the

following wavelengths 405, 488, 568 and 647 nm.

Images obtained from the Axio-observer were analysed using TIBCO software Columbus and Spotfire.
Using Columbus, a pipeline was built for automatic analysis. Cells were identified using a nuclear
stain followed cytoplasm identification and segmentation using TOM20 as a marker, this allowed
separation of individual cells. A mask was then created from the TOM20 staining and intensity values
for Complex | and Complex IV for each cell were gained. Analysis of this pipeline was performed in

Spotfire.
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2.7 DNA extraction and lysis
DNA was extracted from individual stem cells which had been sorted using flow cytometry as in

2.4.2.2 Mesenchymal Stem Cell separation. A lysis buffer (Tris-Tween-Proteinase K lysis buffer: 0.5 M
Tris-HCI, 0.5% Tween 20, 1% Proteinase K, pH 8.5) was made up in the UV hood. Cells were sorted
using flow cytometry into a 96 well plate containing 15ul of buffer per well. The plate was sealed on

completion of cell sorting.

Prior to lysis, cells were pulse spun and then incubated at 55°C for three hours, followed by 10

minutes at 95 °C.

The lysates were then placed into labelled individual 0.2ml PCR tubes and stored at -20°C for

amplification.

2.8 PCR and sequencing

2.8.1 Long-range PCR methods and optimisation

Long range PCR was utilised to sequence the mitochondrial genome within individual stem cells. The
aim was to identify clonally expanded mitochondrial DNA point mutations within individual cells by
comparison to a consensus sequence from the same patient. Primer pairs were chosen to amplify the

16kb mitochondrial genome with overlapping regions to ensure full coverage.

Originally 4 pairs of primers (4F-13R, 12F-21R, 20F-28R and 29F-5R) were utilised however results
were more consistently gained in terms of successful amplification using 5 pairs of primers. Primers

were chosen in reference to the Revised Cambridge Reference sequence as highlighted in Table 18.

Initially, TaKaRa LA Tag DNA Polymerase was trialled however successful amplification of the
mitochondrial genome was not achieved and there were no clear bands seen on electrophoresis gels.
The utilisation of Promega Go Taq Long PCR Master Mix as per the NHS diagnostic laboratory at the
Wellcome Trust Centre for Mitochondrial Research improved yields. PCR reactions were typically set
up to a total volume of 25ul, this required 1ul of sample DNA, 0.5ul of the upstream and downstream
primers (stock concentration 10uM), 11ul of nuclease-free water and 12.5ul of Go Taq. Master mixes
were created on these ratios per sample number with the addition of a control DNA sample and a

nuclease-free water sample to check for contamination.
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Primers were initially used at a 1:50 concentration from stock (10uM) before increasing to a 1:10
concentration. The final primers chosen for the amplification of the mitochondrial genome in
mesenchymal stem cells were as follows:

Primer location in the
mitochondrial genome*

Primer Pair Forward Primer Reverse primer Amplicon size (bp)
D4F:6R 323-343 3574 - 3556 3233-3251
6F:13R 3017 - 3036 6944 - 6924 3888-3927
13R:20R 6358 - 6377 10147 -10128  3751-3789
20F:28R 9607 - 9627 13859 - 13839  4212-4252
28F:D4R 13365 - 13383 771-752 3938-3975

Table 4: Numbering based on Anderson et al. Sequence and organization of the human mitochondrial genome (220). and
Andrews et al. Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA (221) These
primers are published in Tuppen et al Brain 2010, 133(10): 2952 (222).

The thermal cycler was initially set up as per the Go Taq protocol (223). This consisted of a 95°C initial
denaturation step for two minutes, followed by a denaturation step at 94°C for 30 seconds. Then an
annealing/extension step at 65°C for 6 and a half minutes before a final extension step at 72°C. A 2
step stage 2 and 3 step stage 2 were compared as were a range of temperatures (60,61,62,63,64 and
65°C) for the annealing steps. The 2-stage step 2 consisted of 94°C followed by 65°C for 6 and a half

minutes. The 3-stage step 2had an additional 2-minute step at 72°C for each cycle.

A 2-step stage 2 with an annealing/extension step of 60°C was selected with some alteration to the
times as below. Stage 2 was initially run 32 times before being increased to 40 with improvement in
yields.

e Stage 1-95°C 2 minutes
e Stage 2 —94°C 30 seconds, followed by 60°C for 5 minutes (40 cycles)

e Stage 3 —72 °C final extension 8 minutes followed by 4°C indefinite soak

For consensus samples, the same protocol was used, and the basis of the sample was taken from a

pellet of lympho-prepped cells prior to flow cytometry sorting.
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2.8.2 Agarose gel electrophoresis

A 1% agarose gel was made up by dissolving 1.5g of standard agarose in 150mls of 1x TAE buffer
using a microwave to heat the buffer. 6ul of Syber Safe (4ul/100mls) were added and the gel was
poured into a casting tray with an appropriate comb to meet the well requirement (usually 25 wells).
The gel was left to set before transfer to an electrophoresis tank filled with 1x TAE buffer.

1ul of loading dye was placed on parafilm and then mixed with 5ul PCR product. The combination
was then loaded on to the gel. 5ul of a 1kb DNA ladder (Promega) were also loaded for sizing of
products. The gel was electrophoresed at 120 volts for 45 minutes which allowed sufficient time for

the PCR products to separate. PCR products were visualised and imaged using the BioRad ChemiDoc.

2.8.3 DNA purification and quantification

2.8.3.1 Purification
PCR amplicons were purified based upon the protocol from lon Express Plus Fragment Library kit

(224). First of all, 30ul of Low TE buffer was added to each sample and the sample transferred to an
Eppendorf DNA lo-bind tube. Then 81l of AMPure XP Reagent beads were added. The 81l equates
to 1.8x the sample volume. In further purification steps, the volume of AMPure beads added would
vary to maintain this ratio. The suspension of amplicon and beads were mixed thoroughly before
pulse-spin and incubation at room temperature for 5 minutes. Aside. The tubes were then
transferred to a magnetic rack for 3 minutes. The supernatant was then carefully removed followed
by two freshly made up 70% ethanol 500ul washes taking care not to disturb the pellet. After each
addition of alcohol, the tubes were turned at least twice to allow movement of the beads within the
tube. After aspiration of the second wash the tubes were pulse spun and placed back in the magnetic
rack. Any residual ethanol was removed using a p20 pipette. The tubes were then left to air dry for 3
minutes. Following this the bead pellets were resuspended in 20l of Low TE buffer and then
vortexed for 10 seconds. They were then pulse spun again before been placed back in the magnetic
rack for at least a minute or until the solution cleared. The supernatant was then aspirated and

transferred to a new Eppendorf DNA lo-bind tube.

2.8.3.2 Quantification — lllumina MiSeq
In preparation for lllumina MiSeq sequencing, samples were first purified as in 2.8.3.1 Purification.

The Qubit dsDNA HS assay kit (Thermofisher) was used in conjunction with Qubit Fluorometer. This
was first calibrated using the 2 standards contained within the kit before 2ul of the cleaned up
sample was mixed with the 198l of the combined solution of Qubit dsDNA HS Reagent and dsDNA

HS buffer in a Qubit assay tubes as detailed in the Qubit protocol (225). The Qubit Fluorometer
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generated a concentration recorded in ng/pl. Once all of the amplicons from each sample were
quantified, they were pooled. 2ng of each amplicon was added to a 96 well plate to a total of 10ng
for the complete genome. This PCR plate was then sealed and frozen until preparation for

sequencing.

Preparation for sequencing for the MiSeq including clean up, barcoding and quantification took place

at the Institute of Genetic Medicine at Centre for Life.
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2.9 Flow cytometry

A flow cytometer is an instrument which allows the measurement of the physical parameters of
particles including cells as well as the constituent content and profiles using fluorescently labelled
antibodies (226). A stream of cells is passed into the cytometer and as each cell passes a laser or light
source it creates a set of readings that can be detected and converted into a digital signal. This laser
creates the readings of forward scatter which represents cell size and side scatter which represents

the granularity of the cells.
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Figure 14 Schematic representation of a flow cytometer, with the laser beam, the sheath stream containing the individual

cells, and the lenses for the collection of forward scatter and side scatter/fluorescence all at orthogonal angles to each
other. The obscuration bar ensures only light that has hit a particle and been refracted accounts for forward scatter (227).

The use of fluorescent antibodies allows further profiling. When labelled cells are hit with a certain
wavelength the fluorescent antibodies will then emit different wavelengths which can again be
detected and allow further profiling of the cells. To do this specific wavelength filters and mirrors are
required. The number of concurrent antibodies that can be detected is limited similarly to confocal

microscopy and is based upon the common lasers used as in Table 5.
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Laser Emission wavelengths (nm)
Argon ion Usually 488, 514, UV(351/363)

Red helium-neon (HeNe) 633

Green helium-neon (HeNe) 543

Krypton ion Usually 568, 647
Violet diode 408
Blue solid state 488

Table 5 Common lasers used in flow cytometry and their emission profiles (226)

The instrument was first invented in prototype form by Andrew Moldavan in 1934 (228) however it
would take many years before it was perfected into its modern-day counterpart (226). The
advantage of flow cytometry over conventional light microscopy techniques is the rapid rate of cell
analysis up to 5000 per second. However, it requires cells to be in suspension which can be both

advantageous and disadvantageous depending on the application.

The use of cytometry would allow a high throughput analysis to be performed without the issues
encountered using conventional light microscopy as covered in chapter 4. Flow cytometry was also
utilised to separate mesenchymal stem cells from fresh bone marrow using the Miltenyi MSC kit
(219). A trial experiment also showed it was able to detect osteocalcin-positive cells from fresh bone
marrow. This led to the question: Could flow cytometry be used to identify osteocalcin-positive cells
(osteoblasts) and their mitochondrial protein deficiencies in humans as an alternative to quadruple

immunofluorescence using confocal microscopy?

Flow cytometry has been used before in relation to mitochondrial study: investigating mitochondrial
function by the incorporation of rhodamine 123 in bovine spermatozoa, yeast and other cell lines
(229-231), or looking at reactive oxygen species generation and membrane potential (232-234).
There is no literature exploring the use of flow cytometry to quantify levels of mitochondrial
respiratory chain complex deficiencies as per the quadruple immunofluorescence assay developed by

Rocha et al., (235).

The basic protocol was based upon the protocol laid out by Filby et al. 2011 (236). This protocol was

optimised using k562 cell lines and fibroblasts. The protocol required these cells to be in suspension
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and fixed with a 4% formaldehyde and PBS solution the time for this was variable and is covered in
the high throughput results chapter. Fixation could be checked on a flow cytometer with the addition
of a detergent (0.1% Triton X-100) which would cause lysis of the cell if not fixed and a changed in

the forward scatter/side scatter profile as in Figure 15.
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Figure 15 Results of fixation and lysis buffer addition to k562 cells. The dead cells and debris are in the red circle, the unfixed
in the green circle and fixed in the blue circle. After the addition of a lysis buffer, there is little change in the blue circle
populations compared to the green population which disappears with concurrent change in the dead cell population (red).

Once fixed cells were counted using the BD Accuri C6 flow cytometer. This gave an accurate count of
cells per pl and also a visual check of the fixed profile allowing only fixed cells to be counted. Cells
were then spun down at 230G for 3 minutes before been re-suspended at 1 x 10’/ml. Either 5ml
round bottom falcon flow tubes were used or a 96 well suspension plate. Cells were stained in 100yl
of PBS with 2%FBS at the above density. After fixation cells were washed by spinning down at 230G
for 3 minutes, removing the supernatant then re-suspending in PBS with 2% FBS. 2 washes were

performed after fixation prior to lysis. To lyse the cells a permeabilisation buffer was added, this was
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made up of PBS + 2% FBS + 0.1% Triton X-100. 100ul of this was used to re-suspend the cell pellet
and incubated for 5 minutes at room temperature. 100l of PBS + 2% FBS was added to the cells to
end permeabilisation which were then spun down and washed as above. The cells were blocked
using a 10% NGS PBS solution for 1 hour at 22°C. The Eppendorf thermomixer was used for this
process at 450rpm to ensure the cells stayed in suspension. After this process cells were washed
again and then stained for 1-2hrs extending to overnight depending on the antibody, concentrations
were also titrated in a solution of PBS and 10% NGS. Following this, the cells were washed 3 times
before a secondary antibody was added again incubation period and concentration was titrated.
Following these cells were washed twice before analysis on either the BD FACSCanto Il Analyser or

BD FACSymphony A5 Analyser and plate reader.

2.9.1 Symphony A5 and FACSCanto Il systems

The BD Bioscience FACSympony A5 is a cell analyser with the ability to also read plates. It is able to
measure up to 50 different characteristics of cells and identify distinct phenotypes in heterogeneous
populations. The university machine is configured with 5 lasers 28 different fluorescent detectors.
The BD FACSCanto Il allows the detection of up to 10 parameters the University machine is set up

with 3 different lasers.

2.9.2 BD FACS Aria Il Cell Sorter

The BD FACS Aria lll Cell Sorter is a flow cytometer setup with the potential of up to six laser
wavelengths—633 nm, 561 nm, 488 nm, 445 nm, 405 nm, and 375 nm—and up to 20 detector
positions, to measure up to 18 colours simultaneously. This allows the identification of individual
cells based upon the phenotype and fluorescently conjugated antibody profile. The cells are then
deflected from their path depending on this profile using electrostatic charge. The FACS Aria Ill was
used in the separation of individual MSCs from bone marrow for PCR and high throughput analysis.
Cells were individually sorted into a 96 well PCR plate and also pooled into a 96 well flat bottom plate

or Ibidi 8 well chamber slide.
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2.10 Imaging Mass Cytometry

2.10.1 Hyperion and Helios Mass Cytometry systems

The Helios and Hyperion imaging module system from Fluidigm is the latest generation of CyToF
(cytometry by the time of flight) machine. It works on the principle of time of flight mass
spectrometry and inductively coupled plasma mass spectrometry (237, 238). Unlike fluorescence
microscopy, it is a method for measuring single cell properties much like flow cytometry but instead
of relying on the fluorescent spectrum it relies on measuring the time of flight determined by the
mass of the molecule/antibody coupled protein. Unlike flow cytometry, it is not bound by the
constraints of the fluorescent spectrum and so a great number many more parameters (up to 40) can
be measured without signal overlap (239). As it is reliant on mass, not fluorescence there is also no
issue with autofluorescence which has been an issue in both the quadruple immune fluorescent

assay and the use of flow cytometry.

Mass cytometry antibodies instead of been conjugated to fluorescent probes are attached to
isotopically pure heavy metals which then alters the time of flight of the protein and antibody. This
alteration can be detected and used to create data similar to that of flow cytometry or reconstructed

into an image if using the Hyperion module.

Cells can be treated in a similar fashion to flow cytometry in terms of fixation, permeabilisation and
blocking. They are then labelled with heavy metal conjugated antibodies. Once labelled they are
passed in a stream through an inductively coupled plasma torch, this vaporises the cells creating an
ion cloud which is then passed through a quadrupole. The purpose of this is to remove the low mass
ions. Following this, the time-of-flight chamber accelerates ions at a fixed potential with low mass
travelling further. The time of flight is measured allowing simultaneous measurement of multiple
parameters on cells. This data can be formatted to give a readout similar to that of flow cytometry. A
DNA stain is required to categorise cells as there is no other equivalent to forward scatter or side

scatter.
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Figure 16 Schematic representation of mass cytometry in suspension (Helios) and imaging modes (Hyperion) based upon Atkuri et al.,(239).

81

wn
=
w
O
0]
3
9,
=]
=3

sa|poque [e3aw pajesnfuod Yim pajjage] s13d




Daniel Hipps

A5001238

Chapter 2 — Materials and Methods

Whilst mass cytometry could be used as an analogue to flow cytometry and there are benefits and

drawbacks as highlighted in Table 6. One major benefit of mass cytometry is its” use in imaging

tissue. Here rather than analysing single cells in suspension a laser is used to ablate the tissue and

the ablated tissue enters the mass cytometer in a stream of argon gas as in Figure 16. From there on

the process is essentially similar but the X/Y coordinates of the laser are recorded, and the data can

be used to reconstruct an image. Again, this does not use fluorescence so no autofluorescence or

concerns of spectral overlap need to be addressed. The major drawback of this process is time taken

to image a section which is significantly slower than microscopy or analysis of cells within a

suspension as the laser scans at 1um at 100-200 Hz (240).

Feature

No. of biomeasures
that can be
multiplexed

Compensation

Status of cells

Cell sorting

The efficiency of
analysis of injected
samples

Speed of acquisition

High-throughput
compatible

Flow Cytometry

3-18 Parameters

Fluorescence
compensation
absolutely required

Both live and fixed cells
can be analysed

Yes (in sorters)

>95%

Up to 60,000 cells/s

Yes (with a 96-well
format)

Mass Cytometry

Up to 40 parameters (the instrument is
capable of multiplexing 100 biomeasures)

No fluorescence-style compensation
required. However, correction for isotopic
impurities in metal tags and oxides is needed

Cells are required to be fixed prior to analysis

No

30-40% of injected cells are analysed

Up to 1000 cells/s

Yes (with a 96-well format)

Table 6 Comparison of mass cytometry and flow cytometry (239).

Mass cytometry, therefore, offers a solution to imaging osteoblasts ex vivo and within bone sections
in a similar fashion to Dobson et al., (205) to quantify mitochondrial respiratory chain protein
deficiencies and their impact upon osteoblast function. It also would allow analysis of MSCs and any

osteoblasts extracted from bone marrow aspirates in suspension.
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2.10.2 Antibody conjugation

Whilst there are a number of pre-conjugated antibodies available suitable for mass cytometry the
majority of these are not suitable to mitochondrial and osteoblast research, as a result, the panel of
antibodies desired had to be conjugated. A conjugation kit is available from Fluidigm and protocol

available for the reaction (PRD002) (241). An overview of the process is represented in Figure 8.
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H I‘-J polymer with lanthanide (A) and partially reducing
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2.10.3 Conjugation testing and results

Conjugation testing can then take place using the Helios mass cytometer.

This was done with AbC™ Total Antibody Compensation Bead Kit from ThermoFisher (A10497). First,
1 drop of positive and negative beads are added to a FACS tube then 100ul of PBS and finally 1ul of
antibody. The solution is vortexed then incubated at room temperature for 30 minutes. The
incubation period is followed by 1 wash steps with the addition 2mls of PBS. The solution is then
spun down using a centrifuge at 1000G for 5 minutes. The supernatant is discarded taking care not to
disturb the pellet. The beads are then incubated with a positive marker such as cisplatin 2.5uM or
iridium 1:500 for 30 minutes at room temp. This is followed by three 2ml dH,0 washes with
centrifuge steps as above between. After the final wash step, the supernatant is again discarded, and

the beads re-suspended in 200ul of PBS.
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2.11 Cell Culture

2.11.1 MSC isolation

Samples of bone were obtained from patients undergoing hip and knee arthroplasty electively. Bone
marrow was taken from the femoral canal along with excess cuts of cortical and cancellous bone.
Initially, bone chips and marrow were both used as a source of cells for culture. The culture of

osteoblasts was based upon the previous mouse model (206).

It is possible to grow osteoblasts from bone chips and from MSC’s differentiated into osteoblasts by
an osteogenic media. Bone chips taken from the femoral neck provides an excellent source for
culture (242). However, this was not always available from the sample population and when used
was not as efficient as MSC differentiation. As a result, osteoblasts cultures were derived from

differentiated MSC cultures based upon marrow samples.

Marrow samples culture was based upon chapter 7 of Bone Research Protocols (242). For culture
aMEM media (Gibco), with 10% of total volume FBS, 0.1% of total volume gentamicin (50 mg/mL
concentration), 1% of total volume of Antibiotic-Antimycotic Solution (SIGMA) (10,000 units
penicillin, 10 mg streptomycin and 25ug Amphotericin B per mL) was used. Samples of marrow were

also taken at the time of anterior cruciate ligament surgery as well as hip and knee arthroplasty.

Marrow samples were transported from a donor at the time of removal to the tissue culture lab.
Marrow was then vortexed for 10 seconds with a 1:1 ratio of aMEM media. This was then allowed to

stand for 1 minute during which period the fat settled to the top. The fat was removed then the cell
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suspension aspirated and inserted into a T75 flask. Fat cell contamination has previously caused
issues in the growth of human osteoblasts (243). This process was repeated until a total 25mls of

media had been added to the flask.

T75 flasks were then incubated at 37°C. On day one post incubation, non-adherent cells were
removed by PBS wash and new media was added. Media was then changed twice weekly until cells
became 70-80% confluent. For hip marrow samples, this ranged from 3-14 days whereas knee

samples overall took much longer 14-49 days.

2.11.2 Differentiation

Once confluent, cells were passaged to 12 well plates at a density of 50,000 per well. In order to do
this, the media was first aspirated followed by a PBS wash. 2mls of the trypsin-EDTA solution was
added coating the entire bottom of the flask. The flask was then placed in the incubator at 37°C for
five minutes. Following this, the flask was agitated to ensure cells were no longer adherent. 5mls of
media were added and aspirated then placed in a 50ml falcon tube. The suspension was then
centrifuged at 300g for 5 minutes. The supernatant was discarded, and the cell pellet resuspended in
1ml of media prior to counting. Counting was performed by taking 10ul of re-suspended cell
suspension and 10ul of trypan blue. These were mixed and placed into a cellometer counting

chamber. A Nexcelom cellometer auto 1000 was used to count.

The cells were then distributed at 50,000/well of a 12 well plate with the remainder frozen. Freezing
took place in 1ml aliquots of freezing media. Freezing media consisted of 4.5mls of standard aMEM
with 0.5mls of dimethyl sulfoxide. Cells were placed in a “Mr Frosty” freezing container in -80°C

freezers before been placed into liquid nitrogen for long-term storage.

The cells that were placed in the 12 wells went into osteogenic media with media changes twice
weekly for 21 days. Cells distributed at this density have previously proved to go on to differentiate

into osteoblasts and create mineralised bone (113).

2.11.3 Osteogenic media
Osteogenic media is generally based upon DMEM or aMEM but requires supplementation for the
differentiation of osteoblasts and production of mineralised matrix. tMEM mimics the protein

composition of cells and contains higher concentrations of nucleotides and amino acids than other
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media (244). In a direct comparison between DMEM and aMEM, the growth of rat osteoblasts
cultures was 2-3 days shorter in aMEM than DMEM (243). DMEM has been found to stimulate more
extracellular mineralisation than aMEM but cells grown in aMEM had greater acid phosphatase
(Apase) activity (245). This mineralisation has been found to be non-specific mineralisation and other
studies suggest aMEM carries a favourable advantage for the growth of osteoblasts and cellular

activity (246).

Supplementation tends to be with B-glycerophosphate, Ascorbic acid and dexamethasone although
other supplements such as 3-isobutyl-1methylxanthine, HEPES and 1,25 dihydroxy vitamin D3 have
been used (243, 245-248). Media was also supplemented with 10% FBS, antibiotics and antifungals as

above.

B-glycerophosphate is a hydrolysed product of tissue-nonspecific alkaline phosphatase. In order for
bone mineralisation to take place, a source of orthophosphate is required and in-vitro f3-
glycerophosphate has been used at concentrations varying from 2-10mM. At higher concentrations 5
and 10mM, it was found to causes non-specific mineralisation and reduce cell viability (243, 246).

Consequently, a low concentration of 2mM was used in the osteogenic media.

Dexamethasone was first shown to promote osteoblast differentiation in the rat (249) and has been
successfully used in osteoblast cultures at varying concentrations (243, 245-248). 10nM was shown
to give maximum Apase activity but 100nM concentrations showed increased osteoblastic
morphology and mineral deposition (245). As a result, 100mM concentrations were used.
Dexamethasone was not used in the previous mouse model and has been shown to have a

detrimental effect on mouse osteoblast cultures (246, 250).

Ascorbic Acid is a cofactor for the hydroxylation of proline and lysine residues in collagen (251, 252).
It also increases non-collagenous bone matrix protein synthesis and is considered essential to
osteoblast culture (253). However ascorbic acid is unstable at 37°C and neutral pH requiring the
addition of ascorbic acid daily. An analogue of ascorbic acid L-Ascorbic acid 2 Phosphate (AsAP) has
been used in culture and is more stable not requiring daily media change (245). In order to replicate
0.25mM concentrations of ascorbic acid AsAP was tested in various conditions and found 0.05mM to
be equivalent, any higher concentration had a detrimental effect on cell growth and matrix
deposition (245). Its stability at 37°C and neutral pH also meant media could be changed less
frequently. A concentration of 0.05mM of AsAP was used and made fresh for each media change.
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Chapter 3 - Mitochondrial DNA mutations in mesenchymal stem cells
and clonal expansion.

3.1 Introduction:
With age human tissue has been shown to acquire mitochondrial DNA mutations which lead to

defective respiratory chain function (254). Although these mtDNA mutations may be low (<0.1%)
compared to total mtDNA, individual cells can contain high levels of individual mutations (255). Once
this level of heteroplasmy or mutated mitochondria exceeds the levels of wild type mitochondria, a
phenotypic threshold is reached and this leads to defective respiratory chain dysfunction leading to
effects upon cellular function (256). The threshold level of heteroplasmy to cause an effect is
between 50 and 60% in skeletal muscle (257), although this is dependent upon tissue type and can
be anywhere up to 95% dependent on the mutation and cell type or as low as 8% in the case of a
dominant mechanism of action disrupting respiratory chain function (258). Instances, where this
occurs, are part of the ageing cell profile, where mutations have clonally expanded. Although clonal
expansion plays a significant role, individual mutations may exist which in combination with other

mutations can also contribute to the pathogenicity.

Clonal expansion is the process to describe the accumulation of a single mutated species of
mitochondrial DNA to higher levels than the threshold to cause an effect upon cellular function such
as respiratory chain deficiency. Clonally expanded mutations exist in a single cell where the mutation
prevalence expands with replication. Mitochondrial mutations can affect the respiratory chain
proteins and if reach the phenotypic threshold leads to dysfunction. Mitochondrial mutations
affecting respiratory chain proteins in mice have been associated with premature onset osteoporosis

(109, 181).

3.1.1 Mitochondrial DNA mutation formation and clonal expansion

The mitochondrial genome is a double-stranded circular genome and codes for 13 of the
polypeptides which make up the respiratory chain as well as a further 2 ribosomal RNAs and 22
transfer RNAs. There is also a non-coding control region known as the displacement loop or D-loop.
Somatic mitochondrial DNA mutations have been shown to accumulate with age in various tissues

including colon, skeletal muscle, myocardium and brain (19, 259-261).

The theory of random genetic drift proposed by Elson et al., (254) was based upon the replication

dynamics proposed by Shadel et al. (262) and demonstrated that relaxed replication alone can lead
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to marked intracellular drift in post-mitotic tissue leading to a single mutated mitochondrial DNA
molecule reaching high levels within a cell due to clonal expansion. This is without offering any
selective advantage in terms of replication or phenotypical properties as previous theories such as
Wallace et al. had suggested (263). Wallace et al. also hypothesised that mtDNA’s proximity to free
radicals generated in oxidative phosphorylation was thought to be a causative factor in the
generation of mutations (264). Coller et al., (265), proposed a mechanism of random processes to
account for the increased incidence of homoplasmic mtDNA mutations found in human tumours.
They demonstrated this using a number of computer models and showed that a mtDNA mutation

requires around 70 generations to become homoplasmic.

The computer model used by Elson et al. demonstrated that the majority of the mtDNA mutations
were occurring before the age of 30, which is also the age at which bone mineral density begins to
decline (3). Mutations beyond this point would not have time to accumulate and cause an effect. This
is supported by the model by Coller et al., who modelling with an epithelial cell showed that random
mutation generation took on average only 70 generations to become homoplasmic and was
sufficient to explain the presence of homoplasmic mtDNA mutations found in human tumours (266).
Given the length of time for clonally expanded mutations to reach phenotypic threshold it has been
suggested that the origin of these mutations would need to take place in early development or even

in the maturing oocyte where rapid growth and division of the embryo are taking place (267).

Mitochondrial DNA replication is independent of nuclear replication and again differs as it also lacks
the repair mechanism and protective proteins such as histone compared to nuclear DNA (268).
Single-cell analysis on skin fibroblasts has shown point mutations to occur at high levels up to 50% in
patients over 65 years old (269). Work using colonic epithelium has shown that whilst some
mutations exist at embryogenesis and are inherited, there is the presence of pathogenic mutations
from early adulthood at low levels and also clonal expansions. These clonal expansions increase
dramatically with age and are a significant factor in tissue dysfunction (270). In the case of colonic
epithelium, Smith et al., showed age related mtDNA mutations and OXPHOS dysfunction cause
metabolic remodelling and in the cases of the PolgA™/PolgA™ ' mouse model show a positive
environment for the propagation of colonic adenoma and tumour. They also showed significant
increases in OXPHOS deficiency and mtDNA mutation load with age and present in normal

epithelium as well as with human adenoma or carcinoma within the colon (271).
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3.2 Aims of investigation
This investigation aims to identify evidence of mitochondrial DNA mutations in mesenchymal stem

cells taken from bone marrow in comparison to a consensus sequence of cells from the same bone
marrow sample. The purpose is to clarify whether pathogenic mtDNA mutations exist at high level
heteroplasmies. These identified mutations would then be compared to protein deficiencies explored
in the high throughput and CyToF chapters. The results of this investigation will be compared to

other tissues such as stem cells from the colon where similar experiments have taken place (19).

3.3 Methodology and Results

3.3.1 Patient Cohort

Bone marrow samples were collected at the time of routine orthopaedic surgery often total hip
replacement surgery. In the case of total hip surgery, the femoral neck is cut, and the bone marrow
was aspirated using a syringe or collected using a curette into a sterile universal container (20mls).
Ideally close to the 20mls of bone marrow was taken, although this varied from patient to patient
and the scenario in which the bone marrow was collected. For the sample “Femur 1” less bone
marrow was collected via syringe due to limited access to the intramedullary cavity, this sample was
taken during an intramedullary nailing procedure. The marrow samples were then taken to the
laboratory on ice to reduce cellular insult. In addition, bone samples were also collected at the time
of surgery from the same patients for use in the Mass Cytometry chapter. Patient demographics,
biometrics and information can be seen in Table 7. Ethical approval for the collection of paediatric
and adult samples was gained via the Great North Biobank, application number (GNB-012) and
Newcastle Bone and Joint Biobank — (REC reference 14/NE/1212, IRAS project ID 166522)

respectively.
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Table 7 Patients' whose samples were used in the mtDNA sequencing experiments.

Sample Age (years) Sex Surgery Date of Surgery  Indication Co-morbidities Osteoporotic preventive/causative medication
Hip 1 53 F Total hip replacement 16/01/2019  Osteoarthritis hypertension Omeprazole/lisinopril
Hip 2 84 F Total hip replacement 12/03/2019  Osteoarthritis ischaemic heart disease,  Atorvastatin, Metformin, Warfarin

type Il diabetes mellitus,
asthma, hypertension,
peripheral neuropathy,
venothromboembolism,
vitamin D deficiency,
B12 and folate
deficiency
Hip 3 88 F Total hip replacement 13/03/2019  Osteoarthritis type Il diabetes mellitus,  Furosemide, Atorvastatin
chronic kidney disease,
atrial fibrillation,
diverticular disease,
hypertension
Hip 4 83 F Total hip replacement 01/04/2019 Failed Fixation hypothyroid, Calcichew d3,cholecalciferoll, furosemide, levothyroxine, risedronate
hypertension,
osteoarthritis

Hip 6 45 F Total hip replacement 02/04/2019  Osteoarthritis

Hip 7 82 M Total hip replacement 03/04/2019  Osteoarthritis chronic obstructive Omeprazole, steroid inhalers - tiotropium, fluticasone, Seretide
pulmonary disease,
gastro-oesophageal
reflux disease, iron-
deficiency anaemia

Hip 8 74 F Total hip replacement 11/04/2019  Osteoarthritis atrial fibrillation, Omeprazole, Bisoprolol, Rivaroxaban
pulmonary
hypertension, iron-
deficiency anaemia

Hip 9 64 M Total hip replacement 11/04/2019  Osteoarthritis chronic kidney disease, Dialysis, Atorvastatin, Diltiazem, Furosemide,
type Il diabetes mellitus

Hip 10 62 M Total hip replacement 02/05/2019  Osteoarthritis type Il diabetes mellitus,  Lisinopril, metformin atorvastatin, Adalat
hypertension

Hip 11 61 F Total hip replacement 24/11/2017 Osteoarthritis hypertension Propranolol, Venlafaxine

Hip 12 78 F Total hip replacement 24/11/2017  Osteoarthritis hypertension

Hip 13 25 M Total hip replacement 09/03/2017  Post traumatic acetabular fracture non-union

Femur 1 22 M Intramedullary nail and bone graft 27/03/2019 Leg length discrepancy after trauma
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3.3.2 Methods Development

3.3.2.1 Mesenchymal stem cell separation.
Mesenchymal stem cells were first separated using the Miltenyi kit (219); this kit is based upon the

findings and criteria defined by Dominici et al., (272). Without using the Miltenyi kit or antibody
markers mesenchymal stem cells are classified on culture by their phenotype properties; plastic
adherence, spindle shapes, adipogenic, osteogenic, myogenic and chondrogenic potential. The
original intended use of the separation assay was for use in culture but as the work developed it was
realised that this could be used to isolate individual stem cells on which PCR and subsequent DNA

sequencing could be performed.

The issue when extracting MSCs from bone marrow is their frequency is extremely low at 1 per
34000 of the nucleated cell population (273). The use of animal models has also suggested that MSC
frequency also declines with age as well as their osteogenic potential. In human study, the decline is
not confirmed with varying opinions although these could be dependent on the volume and site of
bone marrow aspirates obtained (274). As well as low frequency, the other major issue in the
samples collected was the significant contamination of samples with other cell types in particular red

blood cells.

3.3.2.2 Red cell lysis buffer
To remove some of this contamination a red cell lysis buffer was used as a pre-emptive step after the

collection of samples. 1x RBC lysis buffer from Affymetrix (00-4333) was used as per the below

published protocol from Affymetrix.

This was done after the filtration of samples with a 100um cell strainer. 10mils of lysis buffer were
added to each 1ml of filtered bone marrow. This mixture was incubated for 10 minutes at room
temperature and then the reaction stopped by adding 30mls of PBS. The mixture was then spun at

300g for 5 minutes before fluorescent antibody staining for flow cytometry.

Whilst the Affymetrix assay improved yields in terms of positive cells sorted per number of cells
analysed/processed this still was not particularly efficient, with a large number of contaminating cell

types of no interest. Further use of the Affymetrix assay demonstrated that the efficacy dropped off.

As a result, 10x red cell buffer was made from scratch using: 80ml ddH,0, 8.99g NH4Cl, 40ul 0.5M
EDTA pH 8.0. pH was adjusted to 7.3 then the final concentration was made up to 100mls with
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ddH,0. This was then used for red cell lysis: 5mls of RBC buffer was added to a 50ml Falcon tube
followed by the bone marrow sample. This was topped up to 50mls total with ddH,0. The tube was
then inverted several times to mix and left at room temperature for 5 minutes. If the solution failed
to clear, a further incubation for 5 minutes was performed at 37°C. Following this, the Falcon tube
was centrifuged at 300g for 5 minutes and then the pellet was re-suspended in flow buffer for use.
Whilst the second more concentrated buffer improved flow analysis results, there remained a degree
of contamination with red cells and other cell lines not of interest which decreased the efficiency of

the cell sorting process and overall time to sort.

3.3.2.3 Lymphoprep bone marrow preparation
The bone marrow was processed using a density gradient (lymphoprep) to separate mononuclear

cells from red blood cells, plasma and other blood constituents. Bone marrow was first diluted with
tissue culture (sterile) PBS at a ratio of 1:4. The product was then passed through a 70um cell
strainer. 15ml of lymphoprep was then added to a falcon tube. 30mils of the filtered marrow PBS

mixture was added carefully on top taking care not to mix the two constituents.

The Falcon tube was then spun at 800g for 20 minutes with slow acceleration and deceleration
profiles selected on the centrifuge. From the centrifuged tube the mononuclear layer was removed
using a sterile Pasteur pipette. This layer was placed into a new 50ml falcon tube which was then
topped up with sterile PBS to wash the layer. This falcon tube was then spun again at 500g for 5

minutes the cell pellet was then resuspended for flow cytometry in Ca, Mg PBS.

By using the lymphoprep separation step this allowed the removal of a concentrated mononuclear
layer and as a result, there was a much higher proportion of MSCs within this layer compared to
using just a red cell lysis buffer. The lymphoprep step had two benefits, it removed the fat
contamination from the sample and also the red cell contamination. This improving the yield of MSCs

from sorting and as a consequence the efficiency of the sort.

3.3.2.4 Flow cytometry
The method for separating stem cells from bone marrow in preparation for PCR is detailed in 2.4.2.2

Mesenchymal Stem Cell separation. This method was adhered to except for a modification to the
antibody fluorophores. The lineage negative markers: CD14, CD20, CD34 and CD45 were conjugated
to the FITC fluorophore. The positive markers CD105, CD90 and CD73 were conjugated with PE, APC
and Brilliant Violent 421, respectively.
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The reason to change the fluorophores from those in the Miltenyi kit is that the above fluorophores
are optimally suited to the four-laser setup of the BD FACS Aria Il whereas the PerCP and Pe of the
original antibodies do share spectral crossover so do not represent the best spectral profile across
the four lasers for sorting and excluding cells. The BioLegend antibodies also posed a significant cost

reduction compared to the Miltenyi kit.

3.3.2.5 PCR protocol development
Unlike single mutations or PCR/sequencing read errors clonal expansion is easier to demonstrate by

virtue of the fact mutations are clonally expanded. When first developing the PCR analysis of stem
cells, bone marrow was taken from a 25-year-old (Hip 13), a 61-year-old (Hip 11), a 67-year-old and a
78-year-old (Hip 12). Single-cell sorting was done into a 96 well plate using flow cytometry and the

Miltenyi kit MSC sorting kit/assay, this was followed by a lysis step detailed below.

The lysis step consisted of using the 15ul of single-cell lysis buffer per well of a 96 well plate for each
sorted cell. The lysis buffer consisted of:

e 250 pl 1% Tween 20

e 50l 0.5M Tris-HCI pH 8.5

e 195uldH20

e 5l proteinase K

Once the cells were sorted into this buffer using the Aria Fusion cell sorter the plate was sealed and
centrifuged at 150g for 1 minute. The plate was then run in the thermo-cycler at 55°C for three

hours, followed by 10 minutes at 95 °C. Lysates were then frozen at -20°C.

First attempts to amplify the mitochondrial genome used 2 primer pairs 1F:19R and 19F:1R see Table
18 for primer details. This initial analysis was done using LA Tag DNA polymerase. This failed to
produce any PCR products; further attempts were also made using the primer pairings 5F:29R and
29F:5R before moving to a 3-primer pair setup reducing the amplicon size. The three primer pairs
consisted of 1F:13R, 13F:26R and 26F:1R. All these reactions were performed in a 25ul reaction
volume on a 3-temperature cycling protocol (Table 8). The denaturation/annealing/extension cycle
number was increased from 30 to 35 and the primer concentration increased from 2uM to 10uM as

part of the optimisation.
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Temperature Time Cycle Count
Initial denaturation 94°C 30 seconds 1
Denaturation 94°C 30 seconds 35
Annealing 58°C 30 seconds
Extension 68°C 10 Minutes
Final Extension 72°C 10 Minutes
Soak 4°C Indefinite 1

Table 8: Initial setup of the Thermocycler for long-range PCR.

Using three primer pairs rather than two decreased the amplicon size from =8000 base pairs (bp) to
=6000bp and did improve results. However, positive amplification of the mitochondrial genome on

electrophoresis gels was not consistent.

GoTaq long PCR master mix is currently used by the NHS Highly Specialised Service for Rare
Mitochondrial Disorders for long-range PCR. GoTaq long PCR master mix has been shown to
outperform other polymerases (TaKaRa LA Tag, New England Biolabs: LongAmp® Taq 2X Master Mix,
Life Technologies: GeneAmp® XL PCR Kit, Sigma: JumpStart™ AccuTaq™ LA DNA Polymerase Mix) for

amplification of a 17.5kb human B-globin target sequence although this is a Promega study (275).

Trial use of the GoTaq long PCR master mix did improve amplicon generation but this was not
universal across all of the samples and generation of amplicons representing the complete

mitochondrial genome were not possible only fragments.

As a result, the amplicon size was again reduced to around =4500bp by using four sets of overlapping
primers: 29F:5R, 4F:13R, 12F:21R and 20F:28R the details of which are in the table below and Figure

17 shows positive amplicon generation on an electrophoresis gel.

Forward Primer Location in Reverse Primer Location in Amplicon

Primer the mitochondrial Primer the mitochondrial size (bp)
genome genome

4F 2091-2111 13R 6944-6924 4854

12F 5855-5875 21R 10649-10629 4795

20F 9607-9627 28R 13859-13839 4253

29F 13790-13809 5R 3087-3068 5867

Table 9 Primer details for =4500bp amplicons.
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Figure 17 Electrophoresis gel showing positive amplicon
products utilising the primers 29F:5R, 4F:13R, 12F:21R and
20F:28R from a single MSC cell from the 25-year-old patient.

The thermal cycler was initially set up as per the Go Taq protocol (223). This consisted of a 95°C initial
denaturation step for two minutes, followed by a denaturation step at 94°C for 30 seconds. Then an

annealing/extension step at 65°C for 6 and a half minutes before a final extension step at 72°C as in

Table 10.
Temperature Time Cycle Count
Initial denaturation 95°C 2 minutes 1
Denaturation 94°C 30 seconds 35
Annealing/Extension 65°C 5 minutes
Final Extension 72°C 8 Minutes 1
Soak 4°C indefinite

Table 10: Initial thermocycler settings for GoTaq master mix.

A 2-step stage 2 and 3 step stage 2 were compared as were a range of temperatures (60-65°C) for
the annealing steps. The 2-stage step 2 consisted of 94°C followed by 65°C for 6 and a half minutes.

The 3-stage step 2 had an additional 2-minute step at 72°C for each cycle after the 65°C step.

Temperature Time Cycle Count
Stage 1 Initial denaturation 95°C 2 minutes 1
Stage 2 2steps Denaturation 94°C 30 seconds 35
Annealing/extension 60, 61, 62, 63, 64, 65°C 6.5 minutes
Stage 3 Final Extension 72°C 8 Minutes 1
Soak 4°C indefinite

Table 11: 2 stage step 2 setup of the thermocycler for use with GoTaq long PCR master mix.
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Temperature Time Cycle Count
Stage 1 Initial denaturation 95°C 2 minutes 1
Stage 2 3 Denaturation 94°C 30 seconds 35
steps  Annealing 60, 61, 62, 63, 64, 65°C 30 seconds
Extension 72°C 2 Minutes
Stage 3 Final Extension 72°C 10 Minutes 1
Soak 4°C indefinite

Table 12 3 stage step 2 setup of the thermocycler for use with GoTaq long PCR master mix.

A 2-step stage 2 with an annealing/extension step of 60°C was selected with some alteration to the

times as below. Stage 2 was initially run 35 cycles before being increased to 40 with improvement in

yields.
Temperature Time Cycle Count
Initial denaturation 95°C 2 minutes 1
Denaturation 94°C 30 seconds 40
Annealing/extension 60°C 5 minutes
Final Extension 72°C 10 Minutes 1
Soak 4°C indefinite

Table 13 Setup of the thermocycler as used for sample generation for sequencing.

For the majority of the samples, the thermocycler setup as in Table 13 was suitable. However, where
amplification of some products proved difficult a further alteration was made to the protocol and
setup. An additional extension step was added, so a three-step stage 2. The setup of the

thermocycler is displayed below in Table 14.

Temperature Time Cycle Count
Initial denaturation 95°C 2 minutes 1
Denaturation 94°C 30 seconds 40
Annealing 60°C 30seconds
Extension 65°C 5 minutes
Final Extension 72°C 10 Minutes 1
Soak 4°C indefinite

Table 14 Setup of the thermocycler with the additional annealing/extension step.

With the successful generation of amplicons to represent the mitochondrial genome further single
cells were amplified to look to generate a sufficient number to sequence and allow comparison

acCross an age range.

96



Daniel Hipps
A5001238 Chapter 3 - Mitochondrial DNA mutations in mesenchymal stem cells and clonal expansion.

During this process, further alterations to the protocol were made. For more reproducible amplicon
generation further reduction in amplicon size by using 5 primer pairs were employed as in

Table 15. Although these primer pairs were used for the majority of samples moving 1 primer pair up
or down the primer table (Table 18) was employed if amplification failed. Changing the primer
pairings by 1 position resulted in the generation of amplicons of a similar size with no loss of the
genome this effect can be demonstrated in Figure 18. New primer stocks were also made up if

amplicon generation was failing in the control DNA and across the sample DNA.

Forward Primer Locationin Reverse Primer Location in Amplicon
Primer the mitochondrial Primer the mitochondrial size (bp)
genome genome

DAF 323-343 6R 3574 - 3556 3252

6F 3017 - 3036 13R 6944 - 6924 3928

13F 6358 - 6377 20R 10147 - 10128 3790

20F 9607 - 9627 28R 13859 - 13839 4253

28F 13365 - 13383 D4R 771-752 3976

Table 15 Final primer pairings used for the amplification of the mitochondrial genome in single mesenchymal stem cells.
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Figure 18 Comparison of using the primers as in Table 7 compared to moving each primer pair by 1 primer set further along
the genome as on the reference Table 18. Using the same patients (4 and 5) DNA and cell samples (1-12). Primer pairing
changes 20F:28R to 21F:29R (top image) and 28F:D4R to 29F:1R (bottom image).
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On completion of the PCR, the products were imaged using the BioRad ChemiDoc in 1% agarose gels
using SYBR safe as detailed in 2.8.2 of the materials and methods chapter. In short, this consisted of
using 1% agarose in the electrophoresis gel buffer with SYBR safe DNA dye. These were poured into
moulds and then once set transferred to an electrophoresis tank with DNA electrophoresis gel
running buffer. 5ul of PCR product was mixed with 1l of DNA loading buffer, the product was then

loaded into each well of the gel and compared to a 1kb ladder.

Those amplicons which produced positive when imaged with the ChemiDoc were then cleaned up

using AMPure XP reagent beads. The Ampure beads protocol is listed below:

1. First 30ul of low TE buffer was added to the PCR product. Then products were then added to
Eppendorf DNA LoBind 1.5ml tubes.

2. The AMPure beads solution was then vortexed thoroughly before use to ensure beads were
suspended.

3. Then 81ul (1.8x product volume) of AMPure beads were added to each PCR product and
mixed with a pipette 5 or more times. The combined solution was then pulsed span and
incubated for 5 minutes.

4. The combined solution was then pulsed span again before transfer to a magnetic rack for at
least 3 minutes. Once the solution had cleared the supernatant was removed without
disturbing the magnetic bead pellet.

5. The pellet was then washed with 500ul of a freshly prepared 70% ethanol solution (made up
with nucleoside free water). After the addition of the alcohol, the LoBind tubes were rotated
twice over a 30 second period. The supernatant was then discarded

6. The alcohol washing step was then repeated.

7. Samples were now pulsed, spun and placed back into the magnetic rack. The residual ethanol
supernatant was removed with a p20 pipette and the tubes left to air dry for 3 minutes.

8. Following this, the tubes were removed from the rack and 20ul of low TE buffer were added
to each tube. Pulse spinning the tubes before mixing of the low TE buffer and beads aided
resuspension. This was performed by pipetting the solution and beads multiple times to
resuspend the beads fully before vortexing each mixed tube for 10 seconds.

9. The tubes were then pulsed, spun and placed in the magnetic rack for a minute or longer
until the solution cleared. This solution was then transferred to new Eppendorf DNA LoBind

tubes for quantifying.
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3.3.2.6 lon Torrent quantification and library prep

Once products were purified as detailed in Chapter 2.8.3, they were quantified. Initially, this was in
preparation for using the lon Torrent sequencer. Following the lon Express Plus fragment library kit
protocol the samples were quantified on an Agilent Bioanalyzer 2100.

The Agilent bioanalyzer sizes and analyses DNA fragments by using a set of micro interconnect
channels through which the amplicons are driven based upon size electrophoretically.

The protocol for the DNA 12000 kit was followed to quantify the amplicons of each sample (276). The
analyser outputs the size of the fragment, the concentration of the DNA in ng/ul and also the

molarity nmol/l. The output of the bioanalyzer can be visualised as below in Figure 19.
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Figure 19 Output from the bioanalyzer demonstrating DNA peak at around 4000bp with the two marker reference peaks at
either end of the output.
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[bp] [bp]
Ladder C G K 19 D H L P 56 4 16 26
10380 — — 10380
5000 — e — 5000
2000 — — 2000
1000 — — 1000
700 — — 700
300 — — 500
300 — — 300
50 — — 50
L 1 2 3 4 5 & 7 8 g 10 11 12

Figure 20 A virtual electrophoresis gel produced by the bioanalyzer. The marker DNA is represented by the purple and green
bars with the sample amplicons represented by the black/grey bars in lanes C, G, K,19, D, H, L, P, 56, 4, 16, 26. Again these
reside around the 4000bp mark.

Once each of the amplicons for a single MSC had been quantified they were combined into an
equimolar solution of 100ng. The pooled amplicons were then fragmented using the lon Shear Plus
kit. This was used as per the protocol in the library preparation protocols from Thermo Fisher
Scientific (224). After this, a further purification step using the AMPure XP reagent beads was

performed with the only change being that low TE buffer was not added at the start of the step.

After the purification step, the amplicons needed to be labelled with a barcode before sequencing.
The lon Xpress™ Barcode Adapters 1-16 Kit was used for this step and the protocol is again covered
in the library preparation protocol (224). A purification step follows the barcoding step. Followed by
a size-select step by running the unamplified DNA through a 2% agarose E-Gel and using the E-Gel

iBase from Invitrogen.

Once size selected the samples were amplified as per the Thermo Fisher protocol and purified. They
were then quantified using the Agilent High sensitivity chip on the Bioanalyzer. The high sensitivity
protocol was followed for this step (277). This produced similar graphs to the DNA 12000 kit and
again gave the same information in terms of concentration, size and molarity. The samples were then
ready to be pooled at the highest possible equimolar concentration in preparation for sequencing.

They were stored at -20°C in the intervening time.
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3.3.2.7 Sequencing Trial

From the initial protocol design and optimisation 7 samples consisting of the complete mitochondrial
genome were compiled ready for sequencing. This was done using the lon Torrent. This is a next-
generation sequencer based in the Wellcome Centre for Mitochondrial Research Newcastle UK. The
output of the sequencer was fastq files. These could be uploaded to mtDNA-server. The mtDNA-
server is a Hadoop-based server which allows mtDNA next-generation sequencing data processing
including sequence alignment, per-base alighment scoring (BAQ), heteroplasmy and contamination
detection (278). The mtDNA-server then creates an HTML report including boxplots for heteroplasmy
(Figure 21), bar plot for the frequency of heteroplasmy and the locus of heteroplasmic variants

(Figure 22).

Whilst the data from the mtDNA server output demonstrated the feasibility to sequence individual
MSCs. There was no comparison to consensus sequences to give levels of background mutations and
delineate haplogroup and other characteristics. The proposed patient number and samples per
patient would make use of the bio-analyser and ion torrent methods and protocol not suitable to the

larger scale of future experiments.

HET.LEVEL

" mw w

67 year 67 year 25 year 25 year 78 year 78 year 61 year
old old old old old old old

Figure 21 Output from mtDNA server: Heteroplasmy levels for each patient (2 cells per patient except the 61-year-old
patient) demonstrated through a boxplot.
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Figure 22 Heteroplasmy per Region across all Samples (Amount of heteroplasmic sites grouped according to their loci on the
mitochondrial genome).

3.3.2.8 Changing to the lllumina MiSeq sequencer from the lon Torrent sequencer
Initial sequencing runs were performed on the lon Torrent however beyond the preliminary

optimisation run the MiSeq was used for sequencing. Both the lllumina MiSeq and lon Torrent are
next-generation sequencers, the direct comparisons are listed in Table 16. In summary, the lllumina
MiSeq offers a greater depth of coverage across a greater number of samples per run. There is also a
decreased error rate in the MiSeq as it performs both forward and reverse paired-end reads of each
fragment as opposed to single-end reads of the lon torrent (279). Combined with the lower rate it is
also cheaper per chip used. The lon Torrent was used as proof of concept but for the numbers of
samples to be sequenced in the final experiment the MiSeq was the logical choice to use both in
terms of running the individual cells but also in the preparation steps required with quantification of
samples done using the Qubit rather than the Aligent Bio-analyser been a much simpler process.

Details of quantification using the qubit can be found in 2.6.3.2 Quantification — lllumina MiSeq.
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Platform
Instrument Cost*

Sequence yield per run

Sequencing cost per Gb*
Run Time

Reported Accuracy
Observed Raw Error Rate
Read length

Paired reads

Insert size

Typical DNA requirements

lllumina MiSeq
$128K

1.5-2Gb

$502

27 hours***
Mostly > Q30
0.80%

up to 150 bases
Yes

up to 700 bases

50-1000 ng

Chapter 3 - Mitochondrial DNA mutations in mesenchymal stem cells and clonal expansion.

lon Torrent PGM
S80 K**

20-50 Mb on 314 chip, 100-
200 Mb on 316 chip, 1Gb on 318
chip

$1000 (318 chip)
2 hours

Mostly Q20
1.71%

~200 bases

Yes

up to 250 bases

100-1000 ng

Table 16 Technical specifications of Next Generation Sequencing platforms utilised in Quail et al. 2012 (279)

3.3.3 Final Methods

The final methods are described in the materials and methods chapter. In short, they consisted of:

1. Bone marrow sample gained from patient usually during total hip replacement surgery. This

would then be prepared by filtering and then using lymphoprep to create a mononuclear rich

2. Flow cytometry single MSC cell separation using the BioLegend antibodies as an alteration

from the Miltenyi protocol but still utilising this protocol.

Cell lysis

N o v o ~ow

Purification using AMPure beads

Sequencing on the MiSeq

Quantification using the Qubit fluorometer

104

Amplification using the 5-primer pair reaction using a 2-stage cycle on the thermocycler.



Daniel Hipps

A5001238 Chapter 3 - Mitochondrial DNA mutations in mesenchymal stem cells and clonal expansion.

3.4 Results

3.4.1 MiSeq results of a 78-year-old patient — proof of concept and analysis pathway using
MiSeq and analysis pipeline.

Following the success of the lon Torrent sequencing analysis across a range of samples, a run was
prepared for the MiSeq sequencer. This was prepared as in the material and methods chapter and as

above.

A 78-year-old patient who had undergone a total hip replacement and donated a marrow sample
was selected from the available samples, work with colonic crypt stem cells showed increasing of the
prevalence of mtDNA mutations with age (19) and so the oldest patient was selected for the next
step of optimisation, this is Hip 12 in Table 7, 18 single MSCs were successfully amplified to produce
full copies of the mitochondrial genome and this, in turn, was compared to 3 consensus sequences

from the same patient.

The fastq files were then loaded into the analysis pipeline. This compared the sequencing data to the
Cambridge reference sequence, giving a BAM or binary alighnment score and also a base pair score

indicating the number of reads for each cell’s DNA.

From the output of the pipeline direct comparison between the consensus genome and single-cell
genomes were performed. Unique heteroplasmies less than 5% were removed along with common
ones and the NUMTs (nuclear mitochondrial DNA segments). The heteroplasmy base pair site and
mutations were then uploaded to Mitomap/Mitomaster (280) and Mitlmpact 2(281).

From this data heteroplasmies greater than 30% with non-synonymous changes or tRNA shifts were
entered into Mutpred, logging the change in the amino acid at the specific codon location. This was
done by comparing to the original paper by Anderson et al.,(155) and output from Mitomap and
Mitlmpact. Mutpred then predicted the likely outcome that this change would cause in terms of
pathogenicity. The summary of the results can be seen in Figure 23. The Mutpred output of the non-

synonymous and tRNA changes are presented in Table 17.
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18 idividual
MSCs vs
consensus

12 non
synonymous
156 or trna
mutations

mutations
>5% >30%
hetroplasmy

(10 MSCs)

Figure 23 Summary of MiSeq analysis process.
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Cell Mutation
Hip 12-3 m.5070A>G
Hip 12-4  m.10561T>C
Hip 12-4 m.5628T>C
Hip 12-5 m.10345T>C
Hip12-7 m.10161A>C
Hip 12-10 m.8873G>A
Hip 12-10 m.8873G>A
Hip 12-10 m.4428G>A
Hip 12-11 m.9205T>C
Hip 12-13 m.13676A>G
Hip 12-16 m.8828A>G
Hip 12-17 m.4893A>G
Hip 12-19 m.5367A>G

Heteroplasmy
Percentage
53.56%

42.76%

44.34%
49.04%

33.54%

31.23%

31.23%

30.61%
46.26%

89.84%

66.04%

34.97%

78.57%

Amino acid
change
Threonine >
Alanine

Leucine > Proline

tRNA

Isoleucine >
Threonine

Threonine >
Proline

Glycine > Aspartic
Acid

Glycine > Aspartic
Acid

tRNA
Terminalisation >

Glutamine
Asparagine>Serine

Asparagine >
Glycine

Methionine>Valine

Threonine >
Alanine

Locus

NADH
dehydrogenase
subunit 2

NADH
dehydrogenase
subunit 4L

tRNA Alanine
NADH

dehydrogenase
subunit 3

NADH
dehydrogenase
subunit 3

ATP synthase
FO subunit 6

ATP synthase
FO subunit 6

tRNA
Glutamine

ATP synthase
FO subunit 6
NADH
dehydrogenase
subunit 5

ATP synthase
FO subunit 6

NADH
dehydrogenase
subunit 2

NADH
dehydrogenase
subunit 2

U WNEOORWNRE

U WNREPUDMWNEPUDWNRERORWNEER

3.

4
5
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Mutpred prediction top 5 features

. Gain of loop (P = 0.0851)

. Loss of helix (P = 0.1706)

. Loss of glycosylation at T201 (P =0.1714)

. Loss of catalytic residue at T201 (P = 0.4033)
. Loss of stability (P = 0.5201)

. Loss of stability (P = 0.0204)

. Gain of catalytic residue at L31 (P = 0.0239)
. Gain of disorder (P = 0.0888)

. Gain of glycosylation at L31 (P = 0.569)

. Gain of phosphorylation at 529 (P = 0.608)

. Loss of stability (P = 0.0014)

. Gain of catalytic residue at 196 (P = 0.1463)

. Gain of glycosylation at S91 (P = 0.5825)

. Loss of phosphorylation at $101 (P = 0.717)

. Loss of MoRF binding (P = 0.7286)

. Gain of catalytic residue at T35 (P = 0.0068)

. Loss of phosphorylation at T35 (P =0.0161)

. Gain of disorder (P = 0.0471)

. Gain of glycosylation at T35 (P = 0.0486)

. Loss of ubiquitination at K33 (P = 0.1264)

. Loss of MoRF binding (P = 0.0542)

. Loss of methylation at R118 (P = 0.0561)

. Gain of relative solvent accessibility (P = 0.09)
. Gain of solvent accessibility (P = 0.1376)

. Loss of catalytic residue at M115 (P = 0.1441)
. Loss of MoRF binding (P = 0.0542)

. Loss of methylation at R118 (P = 0.0561)

. Gain of relative solvent accessibility (P = 0.09)
. Gain of solvent accessibility (P = 0.1376)

. Loss of catalytic residue at M115 (P = 0.1441)

. Gain of glycosylation at N447 (P = 0.0985)

. Loss of catalytic residue at N447 (P =0.1)

. Gain of helix (P = 0.132)

. Gain of disorder (P =0.1367)

. Loss of loop (P = 0.2897)

. Loss of stability (P = 0.0587)

. Loss of catalytic residue at N101 (P = 0.1411)
Gain of disorder (P =0.2075)

. Loss of glycosylation at T96 (P = 0.2608)

. Loss of helix (P = 0.3949)

. Loss of stability (P = 0.0709)

. Gain of helix (P = 0.2059)

. Gain of glycosylation at $140 (P = 0.2568)

. Loss of sheet (P =0.437)

. Loss of loop (P = 0.4786)

. Loss of sheet (P =0.0817)

. Gain of helix (P = 0.132)

Gain of methylation at R295 (P = 0.2551)

. Loss of stability (P = 0.2717)

. Loss of catalytic residue at T300 (P = 0.3716)

Table 17 Demonstrating the output from the mutpred scored for the 13 non-synonymous mutations seen in the MSC
population compared to the consensus sequence of Hip 12 on the initial MiSeq experiment.
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3.4.2 Comparison of mitochondrial DNA mutation load with increasing age: Final
MiSeq sequencing output.

3.4.2.1 Overall trends and combined results.

For the final experiment, 13 patients were examined. In total there were 139 cells sequenced and 13

consensus samples. This accounted for over 2.5 million base pairs. In addition, several samples were
re-sequenced due to sequence drop off. 2492 mutations were detected across the samples and
consensus sequences. Examination of single nucleotide polymorphisms (SNPs) in the cohort showed
that 31.94% of all mtDNA mutations were T>C, A>G represented 28.01%, C>T represented 18.62%
and G>A 13.88%. The remaining possible polymorphisms (A>C, A>T, C>A, C>G, G>T, G>C, T>A and
T>G) were all 2.25% and below.

In terms of quality control as highlighted in individual patients’ data sets which can be viewed in the
appendix (3.7 Appendix: Individual patient sample data set) a number of the individual cells had poor
coverage or sequence error. Typically, this was represented by a large number of sequential d-loop
mutations. These samples have been excluded from the further overall analysis. This would leave 121
individual cells and 13 consensus sequences. To account for this in subsequent analysis mutation

rates have been calculated per cells analysed.

Of these filtered results the majority of mutations fell below 25% heteroplasmy as can be seen in
Figure 24. 25% and under mutations accounted for 84.78% of all mutations, greater than 25% but
less than or equal to 50% heteroplasmy levels accounted for just 8.17%, greater than 50% and less
than or equal to 75% was 2.59% with the remainder greater than 75% making up the final 4.45% of

which most were homoplasmic variants.
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Total mutation distribution defined by heteroplasmy percentage and patient
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Figure 24 Total mitochondrial DNA mutations distribution by heteroplasmy percentage and patient.
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The majority of mutations were missense non-synonymous variants (42.58%), synonymous variants
made up 24.91% of the sample. rRNA changes accounted for 14.98%, non-coding SNPs 8.22% and
tRNA mutations 7.78%. The remaining 2% of the mutations were made up of stop codon loss/gain,
start gain and a stop codon retained. This is demonstrated below in

Figure 25.

Mutation type for the total cohort, all mutations and heteroplasmy levels included except for sequence errors

@ non-synonymous_variant
.non-coding

@ rRNA

. start codon lost

.stop codon gained

.stop codon lost

. stop codon retained variant
(@ synonymous variant

() tRNA

Figure 25 Pie chart demonstrating the mutation type encountered within the patient cohort.

In terms of mutations per gene across the whole patient cohort; tRNA mutations only accounted for
a small percentage (7.78%) of total mutations with no clear trend to one tRNA or another. The
highest percentage of all the mutations was in the MT-CO1 gene - 12.38%. Total complex IV
mutations accounted for 19.63% whereas total complex | mutations accounted for 37.69%. The
mitochondrial encoded proteins of the Foregion (MT-ATP6 and MT-ATP8) account for 4.06%.
Ribosomal mutations 12s and 16s were 14.98%. The rest of the mutations were in the non-coding D-

Loop region of the mitochondrial genome. This data can be reviewed in Figure 26.
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Distribution of all mutations per gene of the mitochondrial genome
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Figure 26 Mutation distribution across the mitochondrial genome for the whole sample group (sequence error cells removed), Further delineation of each gene by patient.
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Breaking down the number of average mutations per cell and comparing them to age would account
for the need to filter out sequence error cells which had high numbers of d-loop mutations among
the error reads and also for the patient “hip 12” from which the pilot data was gained but had 19

cells sequenced as opposed to the 10 cells of the other samples.

As in Figure 27 | showed the high-level heteroplasmy mutations (greater than 50%) had a relatively
constant rate across the age range of under 2 mutations per cell analysed. Mutations per cell with a
heteroplasmy of less than or equal to 25% showed a graduated increase with age as did total
mutations in synchronisation There were definitive peaks in several patients older than the 2

younger patients.
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Mitochondrial DNA mutations per cell compared to age across the patient cohort
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Figure 27 Average mitochondrial DNA mutations per patient per cell comparing age across the patient cohort to mutation rate. Sample split based upon heteroplasmy percentage of each mutation.
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The low-level mutation rate appeared to be independent and increase with age much more dramatically than high-level mutations. Certainly, comparing the
distribution of mutations per cell across the patients showed an increased and greater spread of distribution in older patients than the younger as in Figure 28.

Unfortunately, the integrity of this trend is limited by the data set size per patient in terms of the number of cells analysed and the total number of patients

analysed.

This is similar in terms of but also in contrast to the previous findings in colonic crypts by Greaves et al.,(282). This showed an increase in mitochondrial mutations

with age although the gradient of the trend was steeper and more exponential in nature as opposed to the gradual increase seen in this data set.

Mutations per individual cell per patient
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Reviewing the non-synonymous or missense mutations’ data in Figure 29 and Figure 30 graphically
demonstrates the SIFT scores recorded for each of the non-synonymous mutations. SIFT scores give a
prediction of the likely pathogenic profile of each mutation, predicting whether it will be tolerated or
have deleterious effects. (283). Each amino acid substitution is assigned a score of predicted
damaging effects, if the score is <0.05 this is deemed damaging or deleterious, and tolerated if the

score is > 0.05. Further delineation is given if there is “low confidence” within these predictions.

As in Figure 29 the rate of “tolerated” and “tolerated low confidence” mutations seem relatively
stable across the age range. In contrast, “deleterious” mutations show a gradual increase with age as
do “deleterious low confidence” which shows a more significant increase. Twenty of the
“deleterious” mutations had heteroplasmy levels greater than 25%, the rest were below 25%
heteroplasmy and likely occurred during adult life without the length of time required to reach
homoplasmic levels via clonal expansion (270). Although one of the mutations seen at 66.10%
heteroplasmy was seen in the 19-year-old control patient and presumably is a germline mutation

rather than an acquired mutation to reach such levels of heteroplasmy at an early age.

By splitting each patient into individual mutations in Figure 30 there are more SIFT scored
“deleterious low confidence” demonstrated at higher heteroplasmy levels than just the
“deleterious”. Again, there is some present in both the 25 and 19-year-old controls suggested that
these are most likely germline mutations rather than sporadic ones given the time frame to clonally

expand to such levels.
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Non-synonymous mutations per patient and comparison of SIFT score cutcomes
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Figure 29 Non-synonymous mutations arranged by SIFT outcome compared to age.
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3.5 Discussion:

The work by Dobson et al established the presence of mitochondrial deficiency in osteoblasts leading
to accelerated bone loss (206). The presence of mitochondrial respiratory chain protein deficiency
was seen in osteoblasts which are post-mitotic cells. Work by Taylor, et al (19) has shown the
accumulation of mtDNA mutations in colonocytes, also post-mitotic tissues and their subsequent
relation to mitochondrial pathology. The work by Greaves et al., (282) showed the presence of
mtDNA mutations and respiratory deficiency in colonic stem cells. There has not been any previous
work into the genetic nature of the acquired deficiency in osteoblasts and no previous established
work in the presence of the precursor cells to osteoblasts and other cell types the mesenchymal stem
cell. Establishing if mitochondrial DNA mutations affect MSCs in a similar way to the colonic stem

cells was the aim of this investigation.

The purpose of this work was to establish if mitochondrial mutations occur in MSCs and if so, is there

a relationship of age-related changes which can be seen in colonic epithelium.

The method developed here for the first-time analyses mesenchymal stem cells in isolation for
mitochondrial DNA mutations. It puts forward a pathway and experimental pipeline akin to using the
laser microdissection of the colonic epithelium to isolate individual cells and assess individual

mitochondrial mutation load.

The issues in extracting mesenchymal stem cells are reliant in gaining access to the bone marrow
cavity. Targeting routine orthopaedic surgery allows access to this cavity and subsequent MSC cells.
The issue has been that there are only few MSC cells represented in the marrow Mesenchymal stem
cells make up 0.01% of the bone marrow cell population (41). The samples can also be contaminated
with red blood cells, fat, and saline from the surgical procedure. This leaves the issues of extracting

the stem cells.

First, the stem cells must be isolated and concentrated. This becomes even more significant with age
as MSC numbers decline and fat contamination increases due to age-related changes in the bone
marrow. Simple red cell lysis is not effective enough in concentrating the MSCs, there are still
significant numbers of other cells left within the sample as well as fat molecules. Due to the issues
encountered in separated MSCs using red cell lysis, lymphoprep offered a much more efficient step.
It would concentrate the mononuclear cells, remove the red cells and remove the fat globules.

The mononuclear layer had a sufficient density of MSCs to then be separated by flow cytometry. The

use of flow cytometry to separate cells could be applied to any cells in solution. However, to make
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the sort the most efficient it can be there is a significant advantage to a concentration step as done
here. The only alteration of the miltenyi protocol was to optimise the fluorophores for use on the

cytometer at the university.

Mesenchymal stem cells were defined based upon the Miltenyi Biotect phenotyping kit markers
(219). The criteria that was used was based upon the criteria laid out by Dominici et al., (272). The
work by Dominici et al., summarised the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy proposed minimal criteria to define human MSC. This
included plastic adherence in standard culture conditions, positive expression of CD105, , CD73 and
CD90, with a lack of expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and HLA-DR
surface molecules. Whilst retaining the pluripotent differentiation potential with ability to

differentiate into osteoblasts, adipocytes and chondroblasts in vitro.

The process of harvesting the stem cells from patients undergoing surgery and subsequent sorting
using flow cytometry had significant effects upon cell viability and culturing cells from the sorted
population proved difficult and further confirmation of these cells as MSCs by way of differentiation

potential could not be demonstrated.

Recent work by Chan et al., (284) defines or multipotent human skeletal stem. There is a question
over the exact purity of MSCs, Chan et al., suggest that there are several stem cell groups within this
umbrella term. Bone marrow stromal cells or those with the potential to differentiate into
osteoblasts, chondroblasts or adipocytes were defined on surface markers. These like the Miltenyi
MSC phenotyping kit included; CD90, CD105, CD73 and CD44 (not part of the kit). It was also noted
that CD271 and CD146 were identified in cells with higher colony forming ability and multi

differentiation lineage.

Chan et al., defined a further subset of stem cells which were positive for CD73, CD164, CD146 and
PDPN. These cell were found to have the greatest differentiation potential for osteogenic and
chondrogenic lineage cells but no adipogenic potential. These stem cells then became stroma
progenitor cells giving rise to osteoprogenitors and chondroprogenitors cells in vitro. Although the
“MSC” defined by the CD markers here were accepted by Chan et al., as having osteogenic potential
further experiments may wish to pursue the subset of hSCCs with enhanced osteogenic potential as

defined by Chan et al.,
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One of the issues in analysing the mitochondrial genome of individual cells was the quality of mtDNA
extracted. Cells which had made it to through this process of extraction, lymphoprep, potential
freeze/thaw and then single-cell separation using flow cytometry were likely to incur damage even if
fixed. This led to difficulty in getting 10 cells complete genomes and further the calibre of the
amplicons varied significantly. This led both to sequence error, drop of coverage or requirement to

repeat analysis of cells or consensus sequences.

Whether taking samples directly without delay or freeze-thaw steps as in the case of the high
throughput assay chapter would have a positive impact upon the mtDNA generated by preserving

cellular integrity would still need to be assessed in future work.

What the data has shown is that homoplasmic and heteroplasmic mtDNA mutations do exist in
MSCs. This complements the findings of Park et al., who compared iPS-MSCs to dental tissue-derived
MSCs (285) and did identify some mutations in MSCs although the full mitochondrial genome was
not explored in detail. This is the first work to fully explore the mtDNA genome of MSCs. The levels of
high heteroplasmies are relatively constant throughout the cohort despite age but there is an
increase in the lower-level mutations. This would suggest that the high-level mutations are germline
mutations this is in contrast to Greaves et al., (270) who found a significant increase in the high level
mutations as opposed to the lower mutation increases seen here. The work by Greaves et al., was in
colonocytes which are much more metabolically active and at greater risk of mtDNA mutations from
ROS and enhanced turnover. MSCs in contrast only see upregulation of their mitochondria number
and respiratory chain proteins as part of the differentiation pathway becoming more metabolically
active once terminally differentiated. The lower rates of mutation <25% had a slow but gradual
increase across the limited sample with increases in age. Objectively the younger controls also had

lower levels of mutation and fewer deleterious mutations than the older samples.

Mutations, as a percentage were most often seen in complex | which is not surprising given that
complex, is the most complicated of the complexes in terms of its components and assembly. It is
coded for both by nuclear and mitochondrial DNA, consisting of 45 subunits of which 7 are encoded
by mtDNA (286). All 7 of these mtDNA coded proteins have reported pathological variants as do 21 of

the nuclear-encoded proteins and 10 of the assembly factors (287, 288).

Mitochondrial DNA is prone to mutations with age with de novo mutations arising at a rate up to 10x

greater than nucleic mutations (289). Mitochondrial DNA encodes for 7 proteins (ND1-6, ND4L) of
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complex |, compared to just 3 proteins of complex IV (COI-III). This accounts for 56% of the DNA
accounting for complex | compared to 27% of complex IV (290). Not only is there more mtDNA
accounting for complex | proteins but age-related mtDNA mutations frequently affect the area
between the heavy and light strand origins of replication (291). This frequently affects the ND3, ND4,
ND4L and ND5 proteins affecting complex |. Overall mutations affecting complex | are around twice
as likely to occur than those affecting complex IV (290). This is comparable to the data from the
mesenchymal stem cells as seen here; just 19.63% for complex IV whereas complex | mutations

accounted for 37.69%.

3.5.1 Limitations

Clearly, the size of the sample is a limiting factor; unfortunately, by nature of the demographics of
patients undergoing routine orthopaedic surgery the option to collect bone marrow from young
patients is limited and so the control sample is limited in size. Equally the feasibility to collect a larger
sample was limited due to time constraints. With increased sample size hopefully, the graduated
changes seen between young and old patients would be amplified. In addition, a larger sample size
would allow the stratification of the two populations better than the current population which has
some “young” under 25 years old and some “old samples” greater than 60 but then also several

samples in between.

One of the major issues, as alluded to and highlighted within individual data, is dropped coverage
and sequence error. This is typically caused by the poor integrity of amplicons and the fact individual
MSCs mitochondrial DNA is limited in quantity and perhaps quality after the long extraction process.
Sequence error was typically generated due to subsequent areas of low coverage and read depth
next to areas of high coverage or read depth. There were also areas of generalised low read depth

seen in several samples.

The issues in DNA quality may have some relation to frozen storage time. Also, cells were collected in
the chronological ordering of their naming except for hip 11,12,13. These samples were collected
around 12 months before the rest of the samples and do experience large areas of sequence drop off
and subsequently it is possible that the integrity of the cells degrades with time leading to poor
sequencing results. As seen in the high throughput chapter direct harvesting of stem cells from the
patient to experimental procedures lead to an improved result and it is possible to postulate that this

result may carry through to the DNA sequencing results.
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The issues in this approach would be at what point to store the samples before sequencing to allow a
full plate of samples to be sequenced for the optimal economy of the sequencer. This would need to

be examined in future work.

In hindsight although all PCR amplification steps were run with control nuclease free water to check
for contamination a further step to confirm the accuracy of the sequencing would have been to split
a sample once amplified and purified to see if the same results were gained on each run. This would
be a further check of accuracy in addition to reviewing the read depth of each base pair call.

Although the volume of DNA gained for sequencing was low further experiments should include this

step as a crucial check of sequencing accuracy.

3.5.2 Future work

The clear aim of future work would be to expand the sample size and further optimise DNA
extraction and the quality of amplicons produced. A larger sample would clarify the trends seen in
this small sample size, improved quality of amplicons would hopefully eliminate read error and also

improved read depth and allow mutations to be called at greater confidence.

The method outlined here could also be expanded to any cells that can be suspended in solution.
Whilst osteoblasts are lining the bone marrow cavity and preliminary work as part of the flow
cytometry assay showed the presence of Osteocalcin positive cells within marrow samples further
categorisation, identification and creation of a cytometry panel would need to be implemented and
validated to expand this assay to osteoblast mutations. Whilst the examination of daughter cells as
done in the cases of colonic crypts (270) would not be possible it would be an important experiment
to examine the mutation load seen in MSCs and subsequent progeny be that osteoblasts,

chondrocytes, myocytes or adipocytes.

3.6 Conclusion:
This chapter aimed to assess mitochondrial DNA mutation load and if there was a presence within

the genome of mesenchymal stem cells and if present, was the mutation rate related to age as with

other tissues.

The experiments detailed in this chapter have for the first time quantified the levels of mutation seen
in humans MSCs and compared age to the mutation rate. Whilst there are limitations mainly related

to sample size and read error due to poor DNA quality, it has shown that MSCs possess mtDNA
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mutations and there is an age-related component to increased frequency of mutations seen. This is
in keeping with the age-related mitochondrial respiratory chain deficiency model seen in other cells

and clarified in the other chapters of this work.

3.7 Appendix: Individual patient sample data set
3.7.1 Data for the patient “Hip 1”
Hip 1 samples were taken from a 53-year-old female patient undergoing a total hip replacement for

arthritis.

Coverage
Figure 31 shows the read depth of each base which varied from 0 and single figures to over 12000.

There were low values around the overlap of primer pair 1 and primer pair 5 around the 16500 — 700
bp. This was seen universally across the sample cells including the consensus sequence. There is also
a significant drop off of Hip 1-6 between 7400 and 10500 bp. Aside from sample 6 and using the read

depth cut off of 500 times all other cells mitochondrial genomes coverage was 93% and above.

Figure 31 Coverage graphs for Hip 1 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells were K2blala haplogroup. m.73A>G and m.146T>C were commonly missing across the cells
but were in the area of low coverage. Due to missing haplogroup markers, all cells were between

91.98% and 98.93% match to K2blala.

Polymorphic variant specific to the patient
Cells 5 and 10 have one SNP present m.146T>C (98.95% and 75.22% heteroplasmy respectively) this

lies within the non-coding portion of the mitochondrial genome D-Loop. The single nucleotide

polymorphism database (dbSNP (292)) reference for this mutation is rs370482130.

Individual SNPs greater than 50% heteroplasmy.
Mutations are presented in Figure 32.

Hip 1 heteroplasmic single nucleotide mutations greater than 50%
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e Cell 1 has one SNP present: m.9485C>T (69.39% heteroplasmy), causing a synonymous
change of the MT-CO3 gene altering the codon ttC/ttT. There is no dbSNP reference number.

Heteroplasmy Percentage

Mutation

Figure 32 Hip 1 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 2 has no SNPs greater than 50%.
e Cell 3 has no SNPs greater than 50%.

e Cell 4 has one SNP present: m.5706C>T (59.39% heteroplasmy) this codes for tRNA
asparagine gene with no documented pathological consequences.

e Cell 5 has no further SNPs greater than 50%.

e Cell 6 has a one SNP present: m.12936A>G (99.72%) causing a synonymous change of the
MT-ND5 gene altering the codon caA/caG. There is no dbSNP reference number.

e Cell 7 has no SNPs greater than 50%.
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e Cell 8 has one SNP present: m.12937T>G (99.63%) causing a non-synonymous change of the
MT-ND5 gene. With a change in amino acid from Methionine to Valine. The SIFT score is
(283) deleterious low confidence (0.05) effects, the Polyphen score (293) is benign (0.005)
(0). The dbSNP reference is rs201612920, and COSMIC (294) reference is COSV62294393.

e Cell 9 has 2 SNPs present: m.10144G>A (81.01%) and m.16266C>T (98.68%).

0 m.10144G>A causes a non-synonymous change of the MT-ND3 gene with a change
of the amino acid from Glycine to Aspartate. The SIFT score is “tolerated” (0.47) and
Polyphen score “benign” (0.056). There is no dbSNP reference number.

0 m.16266C>T is part of the non-coding D-Loop hypervariable region and has no
detrimental effects. The dbSNP reference is rs879098011.

e Cell 10 has no further SNPs greater than 50%.

Across the whole sample of MSCs cells, there were 54 non-synonymous mutations with SIFT or
Polyphen scores however the heteroplasmy percentage of these samples aside from the cells above

were 29.97% and below. In total there were 153 mutations present across the sample.
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3.7.2 Data for the patient “Hip 2”

Hip 2 samples were taken from an 84-year-old female undergoing a total hip replacement for

arthritis.

Coverage
As depicted in Figure 33 there were low values around the overlap of primer pair 1 and primer pair 5

around the 16500 — 700 bp. Hip 2-6 and Hip2-10 also experienced areas of dropped coverage around
1500-3500 bp and 14500-500 bp. Aside from these samples coverage of the mitochondrial genome
with a read depth of greater than 500 times was 93.84% and above. (Hip 2-6 — 82.95%, Hip 2-10
79.78%).
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Figure 33 Coverage graphs for Hip 2 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were J1blal haplogroup. Due to low coverage and missing
haplogroup markers cell 10 was called as J1bla only. m.73A>G and m.750A>G were commonly

missing across most of the cells.

Polymorphic variant specific to the patient
There were 2 polymorphic variants seen in 6 of the cells and the consensus sequence. The first

m.6723G>A on the MT-CO1 gene caused a non-synonymous mutation with a change from valine to
isoleucine. The SIFT score was tolerated low confidence (1) and Polyphen score was benign (0.127).
Heteroplasmy levels were 38.76% and below.

The second polymorphic variant was m.7110T>C on the MT-CO1 gene caused a non-synonymous
mutation with a change from tyrosine to histidine. The SIFT score was deleterious low confidence
(0.01) and Polyphen score was probably damaging (1). Heteroplasmy levels were 40.77% and

below.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 34.

Hip 2 heteroplasmic single nucleotide mutations greater than 50%

100.00 @ Hip 2
@Hipz
@ Hipz
95.00 ® Hip 24
@ Hip 27

bbb

90.00% @ Hip 29
@ Hip 210

85,00

80.00

75.00

Heteroplasmy Percentage

m.73A>G m.es4T>C m.750A=G m.6037G=A  m.7259C> n.B251G=A m.BL76T-C m.B616G> m.10846C>T m.I1023A>C m.12685T>C m.13369T>C m.13434A>G

Mutation
Figure 34 Hip 2 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has no SNPs greater than 50%.
e Cell 2 has three SNPs present: m.73A>G (99.17%), m.7259C>T (98.73%), m.8576T>C 61.52%).

0 m.73A>G this lies within the non-coding portion of the mitochondrial genome D-
Loop. The dbSNP reference for this mutation is rs869183622.

0 m.7259C>T causes a synonymous change within the MT-CO1 gene altering the codon
atC to atT. There is no dbSNP reference number.
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0 m.8576T>C causes a non-synonymous change of the MT-ATP6 gene with a change of
the amino acid from leucine to proline. The SIFT score is deleterious (0) and Polyphen
score is probably damaging (0.998). There is no dbSNP reference for this mutation.

e Cell 3 has four SNPs present: m.654T>C (54.73%), m.8251G>A (99.58%), m.8616G>T (99.82%)
and m.12685T>C (62.60%).

0 m.654T>C is within RNR1 mitochondrial 12s ribosome gene with no documented
deleterious effects.

0 m.8251C>A causes a synonymous change of the MT-CO2 gene altering the codon
geG/ggA the dbSNP reference is rs3021089.

0 m.8616A>T causes a non-synonymous change of the MT-ATP6 gene with a change of
the amino acid from leucine to phenylalanine. The SIFT score is tolerated (0.08)
whereas the Polyphen score is probably damaging (0.997). The dbSNP reference for
this mutation is rs41427749.

0 m.12685T>C T causes a non-synonymous change of the MT-ND5 gene with a change
of the amino acid from phenylalanine to leucine. The SIFT score is O - deleterious low
confidence and Polyphen score 0.995 probably damaging. There is no dbSNP
reference.

e Cell 4 has 1 SNP present: m.13434A>G (54.30%) causes a synonymous change of the MT-ND5
gene, altering the codon atA/atG. There is no dbSNP reference number.

e Cell 5 has no SNPs greater than 50%.
e Cell 6 has 2 SNPs: m.11023A>G (99.80%) and m.13369T>C (99.79%).

0 m.11023A>G causes a synonymous change within the MT-ND4 gene with a codon
change ccA/ccG. There is no dbSNP reference number.

0 m.13369T>C causes a hon-synonymous change within the MT-ND5 gene. This causes
an alteration of the amino acid from serine to proline. The SIFT score is O -
deleterious low confidence and Polyphen score 0.995 probably damaging. There is
no dbSNP reference.

e Cell 7 has one SNP: m.750A>G (99.94%) this affects RNR1 mitochondrial 12s ribosome gene
with no documented deleterious effects. The dbSNP reference is rs2853518.

e Cell 8 has one SNP: m.750A>G (99.82%) this affects RNR1 mitochondrial 12s ribosome gene
with no documented deleterious effects. The dbSNP reference is rs2853518.

e Cell 9 has one SNP: m.6037G>A (61.51%) this is a non-synonymous change affecting the MT-
CO1 gene causing an amino acid change of glycine to aspartate. The SIFT score is O -
deleterious low confidence and Polyphen score 1 probably damaging. There is no dbSNP
reference.
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e Cell 10 has 1 SNP, m.10846C>T (97.80%) causing a synonymous change within the MT-ND4
gene altering the codon acC/acT. There is no dbSNP reference.

Across the whole sample of MSCs cells, there were 104 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 48.94% to 1.31%. In total there were 212 mutations present across the sample.
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3.7.3 Data for the patient “Hip 3”

Hip 3 samples were taken from an 88-year-old female undergoing a total hip replacement for
arthritis.

Coverage

As depicted in Figure 35 there were low values around the overlap of primer pair 1 and primer pair 5
around the 1 — 700 bp. Hip 3-1, 5 and 9 also experienced areas of low coverage around 14500-500
bp. Hip 3-2 has an area of dropped coverage from around 1200-3700 bp. Aside from cell Hip 3-2 and
9, the mitochondrial genome coverage with a read depth of greater than 500 times was 91.57% and

above. (cell 2 —82.55%, cell 9 85.44%).
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Figure 35 Coverage graphs for Hip 3 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were HVOF haplogroup. Except for cell 2, the confidence of this

call was >0.8 (cell 2 0.73). Commonly missing haplogroup markers across the cells and consensus

were m.228G>A, m.14323T>A and m.15721T>C.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 3.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 36
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Figure 36 Hip 3 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has no SNPs greater than 50%.
e Cell 2 has no SNPs greater than 50%.
e Cell 3 has no SNPs greater than 50%.
e Cell 4 has 3 SNPs: m.704T>C (73.41%), m.13292T>C (90.29%) and m.16293A>G (78.20%).

0 m.704T>C this affects RNR1 mitochondrial 12s ribosome gene with no documented
deleterious effects. There is no dbSNP reference number.

0 m.13292T>C causes a hon-synonymous change of the MT-ND5 gene. This causes a
change of the amino acid from isoleucine to threonine. The SIFT score is O -
deleterious low confidence and Polyphen score 0.99 probably damaging. There is no
dbSNP reference number.

0 m.16293C>G is within the non-coding D-Loop hypervariable region and has no
detrimental effects. The dbSNP reference is rs878890610.
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e Cell 5 has 3 SNPs: m.4986A>C (89.51%), m.9992C>T (62.20%) and m.15937A>G (79.23%).

0 m.4986A>C causes a non-synonymous change of the MT-ND2 gene. This causes a
change of the amino acid from threonine to proline. The SIFT score is 0.01 -
deleterious and Polyphen score 1 probably damaging. There is no dbSNP reference
number.

0 m.9992C>T codes for tRNA glycine and has no detrimental effects documented or
dbSNP reference number.
m.15937A>G codes for tRNA threonine and has no detrimental effects documented
or dbSNP reference number.

e Cell 6 has 4 SNPs: m.1422G>A (99.92%) m.5791G>A (99.55%), m.9598T>C (99.86%) and
m.13676A>G (62.73%).

0 m.1422G>A this affects RNR1 mitochondrial 12s ribosome gene with no detrimental
effects documented or dbSNP reference number.

0 m.5791G>A codes for tRNA cysteine and no detrimental effects documented or
dbSNP reference number.

0 m.9598T>C causes a non-synonymous change of the MT-CO3 gene. This causes a
change of the amino acid from leucine to proline. The SIFT score is O - deleterious
low confidence and Polyphen score 0.996 probably damaging. There is no dbSNP
reference.

0 m.13676A>G causes a hon-synonymous change of the MT-ND5 gene. This causes a
change of the amino acid from asparagine to serine. The SIFT score is 0.04 -
deleterious low confidence and Polyphen score 0.265 benign. There is a COSMIC -
the Catalogue Of Somatic Mutations In Cancer reference (294): COSV62378489
associated with a renal clear cell carcinoma.

e Cell 7 has no SNPs greater than 50%.

e Cell 8 has one SNP: m.3653T>C (62.73%) which causes a non-synonymous change of the MT-
ND1 gene. This causes a change of the amino acid from isoleucine to threonine. The SIFT
score is 0.03 - deleterious low confidence and Polyphen score 0.54 benign. There is no
reference on COSMIC or dbSNP.

e Cell 9 has one SNP: m.15482T>C (58.95%) which causes a non-synonymous change of the
MT-CYB gene. This causes a change of the amino acid from isoleucine to threonine. The SIFT
score is 0.26 - tolerated low confidence and Polyphen score 0.003 benign. The dbSNP
reference is rs1556424592.

e Cell 10 has one SNP: m.13568T>C (99.90%) which causes a non-synonymous change of the
MT-ND5 gene. This causes a change of the amino acid from serine to proline. The SIFT score
is 0.04 - deleterious low confidence and Polyphen score 0.503 possibly damaging. The dbSNP
reference is rs1556424592.
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Across the whole sample of MSCs cells, there were 111 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 42.99% to 1.0%. In total there were 185 mutations present across the sample.
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3.7.4 Data for the patient “Hip 4”
Hip 4 samples were taken from an 83-year-old female undergoing a total hip replacement for the
failure of fixation following a fractured neck of femur.

Coverage
As depicted in Figure 37 there were low read depths across all of the samples except hip 4-

Consensus. Using a 500x read depth cut off coverage was as low as 39.32% in hip 4-7 to a maximum
of 79.12% in hip 4-5 and 99.38% in the consensus sample. If the threshold is reduced to >1 read
depth, then coverage is 95% and above for all cells but this would introduce noise and potential for

reading error.
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Figure 37 Coverage graphs for Hip 4 - read depth of each base and 500 read depth threshold demonstrated.
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All cells and the consensus sequence were T2 haplogroup. There was a further delineation of some

samples (Cells 1, 3, 6, 7, 8 and 10) to T2f3. Due to poor coverage, several haplogroups markers were

missing. Markers missing across all samples included m.73A>G and m.750A>G.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 4.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 38.
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Figure 38 Hip 4 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy. The top graph includes all cells,

the bottom graph has cell 3 removed as there was a concern of sequence error.

136



Daniel Hipps
A5001238 Chapter 3 — Mitochondrial DNA mutations in mesenchymal stem cells and clonal expansion.

e Cell 1 has one SNP: m.2874A>G (100%) within the mitochondrial 16s ribosome gene. There
are no detrimental effects documented or dbSNP reference number.

e Cell 2 has two SNPs: m.750A>G (100%) and m.10361T>C (51.60%)

0 m.750A>G this affects RNR1 mitochondrial 12s ribosome gene with no documented
deleterious effects. The dbSNP reference is rs2853518.

0 m.10361T>C causes a synonymous change of the MT-ND3 gene causing a change in
the codon of agT/agC. There is no dbSNP reference number.

e Cell 3 has 12 SNPs the majority of these were homoplasmic in clusters and were not seen
elsewhere within the consensus or other cells which brings into question the validity due to
low read depth of the data and potential contamination of this sample or sequencing error.

0 m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C and
m.16223C>T were all 100% and lying with the non-coding D-loop region. dbSNP
reference numbers were rs72619362, rs1556422396, rs3135032, rs1556422406
rs41534744, rs2853817 and rs2853513 respectively. The read depth was below the
threshold (500x) 119-272 for the mutations. The presence of the above mutations
calls into question the validity of the below mutations and the likelihood of sequence
error.

0 m.827A>G (100%) affects RNR1 mitochondrial 12s ribosome gene with no
documented deleterious effects. Read depth was 827. The dbSNP reference is
rs28358569

0 m.2623A>G (99.93%) affects rRNA for the mitochondrial 16s ribosome gene with no
documented deleterious effects. Read depth was 2623. There is no dbSNP reference
number.

0 m.13780A>G (83.38%) is a non-synonymous change affected the MT-ND5 gene. This
causes an amino acid change from isoleucine to valine. The SIFT score is O -
deleterious low confidence and Polyphen score 0.003 benign. The dbSNP reference is
rs41358152. Read depth was only 325 times.

0 m.15043G>A (99.64%) is a synonymous change affecting MT-CYB gene. It causes a
change in the codon of ggG/ggA. The dbSNP reference is rs193302985 with no
associated pathology. Read depth was 843.

0 m.15924A>G (100%) affects the tRNA threonine gene of the mtDNA. The dbSNP
reference is rs193303001. Read depth was 502 times.

e Cell 4 has 3 SNPs: m.1945A>G (99.82%), m.6822T>C (61.51%) and m.9840 T>C (59.84%)

0 m.1945A>G affecting the rRNA for the 16s mitochondrial ribosome. The dbSNP is
rs1556422585 and there are no documented pathological effects.
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m.6822T>C causes a non-synonymous change of the MT-CO1 gene. This causes a
change of the amino acid from serine to proline. The SIFT score is O - deleterious low
confidence and Polyphen score 0.988 probably damaging. There is no dbSNP
reference.

m.9840 T>C causes a hon-synonymous change of the MT-CO3 gene. This causes a
change of the amino acid from serine to proline. The SIFT score is O - deleterious low
confidence and Polyphen score 0.99 probably damaging. There is no dbSNP
reference.

e Cell 5 has one SNP: m.1506T>C (99.71%) affecting the rRNA for the 12s mitochondrial
ribosome. There is no dbSNP and there are no documented pathological effects.

e Cell 6 has no SNPs greater than 50%.

e Cell 7 has 2 SNPs: m.14178T>C (52.70%) and m.14231T>C (53.49%)

(0}

m.14178T>C causes a hon-synonymous change of the MT-ND6 gene. This causes a
change of the amino acid from isoleucine to valine. The SIFT score is 0.62 — tolerated
and Polyphen score 0.023 benign. The dbSNP reference is rs28357671.

m.14231T>C causes a hon-synonymous change of the MT-ND6 gene. This causes a
change of the amino acid from tyrosine to cysteine. The SIFT score is 0.37 — tolerated
whereas the Polyphen score 0.97 — probably damaging. There is no dbSNP reference.

e Cell 8 has 2 SNPs: m.7138T>C (59.90%) and m.7309T>C (68.95%).

(0}

m.7138T>C causes a non-synonymous change of the MT-CO1 gene. This causes a
change of the amino acid from isoleucine to threonine. The SIFT score is 0.12 —
tolerated low confidence and the Polyphen score 0.099 - benign. There is no dbSNP
reference.

m.7309T>C causes a hon-synonymous change of the MT-CO1 gene. This causes a
change of the amino acid from isoleucine to threonine. The SIFT score is 0.06 -
tolerated low confidence and the Polyphen score 0.031 - benign. The dbSNP
reference is rs1556423267.

e Cell 9 has 6 SNPs: m.4861T>C (62.23%), m.9477G>A (71.57%), m.9667A>G (73.81%),
m.11535A>G (78.36%), and m.11607A>G (80.13%).

(o}

m.4861T>C causes a non-synonymous change of the MT-ND2 gene. This causes a
change of the amino acid from leucine to proline. The SIFT score is O - deleterious
and the Polyphen score 1 — probably damaging. There is no dbSNP reference.

m.9477G>A causes a non-synonymous change of the MT-CO3 gene. This causes a
change of the amino acid from valine to isoleucine. The SIFT score is 0.12 — tolerated
low confidence and the Polyphen score 0 — probably benign. The dbSNP reference is
rs2853825.
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m.9667A>G causes a non-synonymous change of the MT-CO3 gene. This causes a
change of the amino acid from asparagine to serine. The SIFT score is 0.08 —
tolerated low confidence and the Polyphen score 0.127 — probably benign. The
dbSNP reference rs41482146.

m.11535A>G causes a non-synonymous change of the MT-ND4 gene. This causes a
change of the amino acid from tyrosine to cysteine. The SIFT score is 0 — deleterious
low confidence and the Polyphen score 0.998 - probably damaging. There is no
dbSNP reference.

m.11607A>G causes a stop gain in the MT-ND4 gene as a consequence there is no
SIFT or Polyphen score and no dbSNP reference.

e Cell 10 has 6 SNPs: m.10398A>G (99.70%), m.10915T>C (98.34%) m.11337A>G (99.90%),
m.12501G>A (99.72%), m.12705C>T (99.47%) and m.13404T>C (99.63%).

0 m.10398A>G causes a non-synonymous change of the MT-ND3 gene. This causes a

change of the amino acid from threonine to alanine. The SIFT score is 1 —tolerated
low confidence and the Polyphen score O - benign. The dbSNP reference is
rs2853826.

m.10915T>C causes a synonymous change within the MT-ND4 gene altering the
codon tgT/tgC. The dbSNP is rs2857285.

m.11337A>G causes a non-synonymous change of the MT-ND4 gene. This causes a
change of the amino acid from asparagine to serine. The SIFT score is 0.77 —
tolerated low confidence and the Polyphen score 0.017 - benign. There is no dbSNP
reference.

m.12501G>A, m.12705C>T and m.13404T>C are all synonymous variants of the MT-
ND5 gene. The dbSNP references are rs28397767, rs193302956, rs1556424275.
m.13404T>C also has a COSMIC reference COSV62293963 associated it with
endometrial carcinoma (294).

Across the whole sample of MSCs cells, there were 71 non-synonymous mutations with SIFT or

Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 31.46% to 1.33%. In total there were 181 mutations present across the sample which

reduced to 153 if cell 3 was removed.
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3.7.5 Data for the patient “Hip 6”

Hip 6 samples were taken from a 45-year-old female undergoing a total hip replacement

osteoarthritis.

Coverage
As depicted in Figure 39 there were low read depths across a number of the cells with only cells 1

and 3 exceeding 90% coverage at 500 times read depth. Cells 2 and 10 had a coverage of greater
than 80%, with the remaining cells sitting between 58-78%. At a read depth of 1 coverage was 97.7%
or above but at these low depths, there is a risk of noise and error. In the samples with low coverage,

there was no pattern matched to primer pairings but universally low data.
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Figure 39 Coverage graphs for Hip 6 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup

The majority of the cells and the consensus sequence were T2 haplogroup. There was a further
delineation of some samples (Cells 1, 4, 6, 7, 8 and the consensus) to T2b3. Due to poor coverage,
several haplogroups markers were missing across the samples this led to some cells been called as
H13al and H2a2 haplogroups (3,10 and then 2 respectively). The difference in these haplogroups has

been considered in further analysis.

Polymorphic variant specific to the patient
m.4745A>G a synonymous variant of MT-ND2 causing a codon change caA/caG was present in five of

the samples; cells 2,6,7,9 and 10 but was not present in the consensus. Several d-loop mutations

were present in multiple samples, but this was thought to be due to sequencing error.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 40.
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Hip & hetercplasmic single nucleotide mutations greater than 50%
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Figure 40 Hip 6 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy. The top graph includes all cells,
the bottom graph has cells 1,2,7,8,10 removed as there was a concern of sequence error.

e Cell 1 has 13 SNPs m.199T>C (100%), m.203G>A (99.88%), m.204T>C (100%), m.250T>C
(99.86%), m.13780A>G (89.58%), m.15043G>A (99.90%), m.15924A>G (99.92%),
m.16129G>A (99.96%), m.16172T>C(99.78%), m.16223C>T (99.60), m.16311T>C (99.85%),
m.16362T>C (99.81%), m.16391G>A (99.74%).

0 m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,
m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A are all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.
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m.13780A>G causes a non-synonymous change of the MT-ND5 gene. This causes a
change of the amino acid from isoleucine to valine. The SIFT score is 0 — deleterious
low confidence and the Polyphen score 0.003 - benign. The dbSNP reference is
rs41358152.

m.15043G>A causes a synonymous change and alteration of the codon ggG to ggA.
The dbSNP reference is rs193302985

m.15924A>G causes a tRNA tyrosine mutation. The dbSNP reference is rs193303001

Cell 2 has 15 SNPs m.199T>C (98.91%), m.203G>A (98.89%), m.204T>C (98.89%), m.250T>C
(99.32%), m.2259C>T (97.41%), m.4480T>C (99.73%), m.4745A>G (99.87%), m.7855C>A
(99.51%), m.15043G>A(98.63%), m.15924A>G (98.44%), m.16129G>A (98.47%), m.16172T>C
(99.19%), m.16223C>T (98.78%), m.16311T>C (98.84%), m.16362T>C (98.23%), m.16391G>A
(98.65%).

(0]

m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,
m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A are again all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.

m.2259C>T is within the mitochondrial 16s ribosome gene, the dbSNP reference is
rs201336470, there are no reported detrimental effects.

m.4480T>C causes a non-synonymous change of the MT-ND2 gene. This causes a
change of the amino acid from leucine to proline. The SIFT score is 0.1 — tolerated
and the Polyphen score 0.102 - benign. There is no dbSNP reference.

m.4745A>G, m.7855C>A and m.15043G>A are all synonymous changes affecting the
MT-ND2, MT-CO2, and MT-CYB genes respectively. m.4745A>G has a dbSNP
reference of rs1556422896. m.7855C>A has no dbSNP reference but m.15043G>A
reference number is rs193302985.

Cell 3 has 4 SNPs: m.2259C>T (99.87%), m.7855C>A (99.83%), m.14770C>T (99.66%) and
m.14872C>T (99.77%).

(o}

m.2259C>T is within the mitochondrial 16s ribosome gene, the dbSNP reference is
rs201336470, there are no reported detrimental effects.

m.7855C>A, m.14770C>T and m.14872C>T all cause synonymous changes to the MT-
C0O2, MT-CYB and MT-CYB genes respectively. The dbSNP reference for m.14770C>T
is rs1556424488. m.14872C>T has both a dbSNP reference rs878879194 and a
COSMIC reference, COSV62377781. There is no dbSNP reference for m.7855C>A.

Cell 4 has no SNPs greater than 50%.

Cell 5 has no SNPs greater than 50%.

143



Daniel Hipps
A5001238 Chapter 3 — Mitochondrial DNA mutations in mesenchymal stem cells and clonal expansion.

e Cell 6 has 3 SNPs: m.1203C>T (99.75%), m.1707C>T (100%) and m.4745A>G (99.86%)

0 m.1203C>T is within the mitochondrial 12s ribosome gene, there are no reported
detrimental effects. There is no dbSNP reference.

0 m.1707C>T is within the mitochondrial 16s ribosome gene, there are no reported
detrimental effects. There is no dbSNP reference.

0 m.4745A>G causes a synonymous change to the MT-ND2 gene, this alters the codon
caA/caG. The dbSNP reference is rs1556422896.

e Cell 7 has 9 SNPs: m.199T>C (63.07%), m.203G>A (62.80%), m.204T>C (64.99%), m.250T>C
(63.61%), m.4745A>G (100%), m.15043G>A (56.74%), m.15924A>G (54.31%), m.16362T>C,
(51.56%), m.16391G>A (51.51%).

0 m.199T7>C, m.203G>A, m.204T>C, m.250T>C, m.16362T>C and m.16391G>A are
again all non-coding mutations within the D-Loop. The clustering of these mutations
within close regions of the genome and read counts suggest error or contamination
of the sample.

0 m.4745A>G and m.15043G>A cause synonymous changes of the MT-ND2 and MT-
CYB gene respectively. The dbSNP references are rs1556422896 and rs193302985.

0 m.15924A>G this affects the tRNA threonine gene with no documented pathological
consequences.

e Cell 8 has 10 SNPs: m.199T>C (100%), m.203G>A (99.54%), m.204T>C (100%), m.250T>C
(100%), m.15043G>A (99.78%), m.15924A>G (99.89%), m.16129G>A(99.85%), m.16172T>C
(100%), m.16223C>T (99.43%) and m.16391G>A (100%).

0 m.199T7>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,
m.16223C>T and m.16391G>A are again all non-coding mutations within the D-Loop.
The clustering of these mutations within close regions of the genome and read
counts suggest error or contamination of the sample.

0 m.15043G>A causes synonymous changes in the MT-CYB gene. This causes an
alteration of the codon ggG/ggA. The dbSNP reference is rs193302985.

0 m.15924A>G this affects the tRNA threonine gene with no documented pathological
consequences. The dbSNP reference is rs193303001.

e Cell 9 has 3 SNPs: m.4745A>G (100%), m.14770C>T (99.83%) and m.14872C>T (99.85%).

0 m.4745A>G causes a synonymous change to the MT-ND2 gene. The dbSNP reference
is rs1556422896.

0 m.14770C>T and m.14872C>T causes synonymous changes of the MT-CYB gene. The
dbSNP reference for m.14770C>T is rs1556424488 and the dbSNP and COSMIC
reference for m.14872C>T are rs878879194 and COSV62377781.
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e Cell 10 has 5 SNPs: m.73A>G (54.95%), m.2259C>T (99.37%), m.4745A>G (99.24%),
m.7855C>A (99.86%) and m.13680C>T (57.98%).

0]

m.73A>G this lies within the non-coding portion of the mitochondrial genome D-
Loop. The dbSNP reference for this mutation is rs869183622.

m.2259C>T is within the mitochondrial 16s ribosome gene, there are no reported
detrimental effects the dbSNP reference is rs201336470.

m.4745A>G causes a synonymous change to the MT-ND2 gene. The dbSNP reference
is rs1556422896

m.7855C>A causes a synonymous change to the MT-CO2 gene, there are detrimental
effects documented or a dbSNP reference number.

m.13680C>T causes a synonymous change to the MT-ND5 gene. The dbSNP and
COSMIC references are rs1556424304, COSV62377776.

Across the whole sample of MSCs cells, there were 56 non-synonymous mutations with SIFT or

Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 34.95% to 1.08%. In total there were 196 mutations present across the sample. The low

counts and pattern of mutations observed in cells 1, 2, 7, 8 and 10 do call into question their validity

and potential for contamination and read error.
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3.7.6 Data for the patient “Hip 7”

Hip 7 samples were taken from an 82-year-old female undergoing a total hip replacement
osteoarthritis.

Coverage

As depicted in Figure 41 good coverage across the samples with read depths of greater than 500
times for 95% or above of each cell and the consensus data. The only exclusion to this were cells 5
and 6 who had 83% coverage at 500 times or more. Cell 5 had a drop in read depth around 3500-
6500 bp whereas cell 6 dropped read depth from around 10000-13500 bp. Lowering the read depth

to 250 and the coverage for cells 5 and 6 was 83% and 94% respectively.
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Figure 41 Coverage graphs for Hip 7 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup

All cells and the consensus sequence were Hla haplogroup. There was a further delineation of some
samples (Cells 2, 3, 6, 8 and consensus) to H1a6. Due to poor coverage, the haplogroup marker
m.73A>G was missing in almost all the samples. Cell 7 was H1bm haplogroup with a confidence of

0.71 but was missing 5 of the H1a6 haplomarkers.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 7.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 42
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Figure 42 Hip 7 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has 13 SNPs: m.199T>C (91.57%), m.203G>A (91.55%), m.204T>C (91.71%), m.250T>C
(91.62%), m.14766C>T (87.63%), m.15043G>A (89.87%), m.15924A>G (87.07%),
m.16129G>A (84.67%), m.16172T>C (86.36%), m.16223C>T (84.37%), m.16311T>C (87.19%),
m.16362T>C (88.19%), m.16391G>A (87.54%).

0 m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,
m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A are again all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.

0 m.14766C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from Threonine to Isoleucine. The associated SIFT score is deleterious

low confidence (0.04), the Polyphen score is benign (0.003). The dbSNP reference is
rs193302980.

0 m.15043G>A causes a synonymous change of the MT-CYB gene, altering the codon
ggG/ggA, the dbSNP reference is rs193302985.
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0 m.15924A>G codes for tRNA threonine gene with no documented pathological

consequences.

e Cell 2 has one SNP: m.2698G>A (76.02%) within the mitochondrial 16s ribosome gene. There
are no detrimental effects documented. Or dbSNP reference number.

e Cell 3 has one SNP: m.1213A>G (54.38%) within the mitochondrial 12s ribosome gene. There
are no detrimental effects documented. Or dbSNP reference number.

e Cell 4 has no SNPs greater than 50%.

e Cell 5 has 6 SNPs: m.204T>C (92.37%), m.10034T>C (63.74%), m.10238T>C (99.42%),
m.10398A>G (99.21%), m.11719G>A (99.57%), m.12501G>A (99.23%), m.12705C>T
(99.12%).

0 m.204T>Cis a non-coding mutation within the D-Loop, the dbSNP reference is

rs3135032.

m.10034T>C codes for tRNA glycine gene with no documented pathological
consequences. The dbSNP reference is rs41347846

m.10238T>C causes a synonymous change of the MT-ND3 gene altering the codon
geT/ggC the dbSNP reference is rs193302927.

m.10398A>G cause a non-synonymous change of the MT-ND3 gene. With a change
in amino acid from Threonine to Alanine. The associated SIFT score is tolerated low
confidence (1), the Polyphen score is benign (0). The dbSNP reference is rs2853826.

m.11719G>A causes a synonymous change of the MT-ND4 gene altering the codon
geG/ggA, the dbSNP reference is rs2853495.

m.12501G>A and m.12705C>T both cause a synonymous change of the MT-ND5
gene altering the codon atG/atA and atC/atT respectively. The dbSNP reference for
m.12501G>A is rs28397767, the dbSNP and COSMIC reference for m.12705C>T is
rs193302956 and COSV62293963.

e Cell 6 has no SNPs greater than 50%.

e Cell 7 has 17 SNPs: m.199T>C (99.84%), m.203G>A (99.84%), m.204T>C (99.84%), m.250T>C
(99.63%), m.4216T>C (99.50%), m.4917A>G (99.65%), m.5147G>A (99.18%), m.8776C>T
(74.08%), m.14766C>T (99.40%), m.15043G>A (99.03%), m.15924A>G (99.36%),
m.16129G>A (99.29%), m.16172T>C (99.58%), m.16223C>T (99.59%), m.16311T>C (99.98%),
m.16362T>C (99.30%), m.16391G>A (99.98%).

0 m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,

m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A are again all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.
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m.4216T>C cause a non-synonymous change of the MT-ND1 gene. With a change in
amino acid from Tyrosine to histidine. The associated SIFT score is tolerated low
confidence (1), the Polyphen score is benign (0.006). The dbSNP and COSMIC
references are rs1599988 and COSV62293824.

m.4917A>G causes a non-synonymous change of the MT-ND2 gene. With a change in
amino acid from asparagine to aspartic acid. The associated SIFT score is tolerated
(0.09), the Polyphen score is benign (0.06). The dbSNP reference rs28357980.

m.5147G>A causes a synonymous change of the MT-ND2 gene altering the codon
ggG/ggA, the dbSNP reference is rs2853495

m.8776C>T causes a non-synonymous change of the MT-ATP6 gene. With a change
in amino acid from leucine to phenylalanine. The associated SIFT score is deleterious
(0.01), the Polyphen score is probably damaging (0.997). There is no dbSNP
reference.

m.14766C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from leucine to phenylalanine. The associated SIFT score is deleterious
(0.01), the Polyphen score is probably benign (0.003). The dbSNP reference is
rs193302980.

m.15043G>A causes a synonymous change of the MT-CYB gene altering the codon
geG/ggA, the dbSNP reference is rs193302985.

m.15924A>G codes for tRNA threonine gene with no documented pathological
consequences. The dbSNP reference is rs193303001.

e Cell 8 has no SNPs greater than 50%.

e Cell 9 has no SNPs greater than 50%.

e Cell 10 has 15 SNPs: m.199T>C (99.76%), m.203G>A (99.64%), m.204T>C (99.76%),
m.246T>C (99.74%), m.250T>C (99.87%), m.1644G>A (99.34%), m.3036G>A (90.53%),
m.14766C>T (99.88%), m.15043G>A (99.93%), m.15924A>G (99.96%), m.16129G>A
(99.82%), m.16172T>C (99.65%),m.16223C>T (99.52%), m.16311T>C (99.88%), m.16362T>C
(99.79%) and m.16391G>A (99.32%).

0 m.199T7>C, m.203G>A, m.204T>C, m.246T>C, m.250T>C, m.16129G>A, m.16172T>C,

m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A are again all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.

m.1644G>A codes for tRNA valine gene with no documented pathological
consequences. There is no dbSNP reference.

m.3036G>A is within the mitochondrial 16s ribosome gene. There are no detrimental
effects documented or dbSNP reference.
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0 m.14766C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from leucine to phenylalanine. The associated SIFT score is deleterious
(0.01), the Polyphen score is probably benign (0.003). The dbSNP reference is
rs193302980.

0 m.15043G>A causes a synonymous change of the MT-CYB gene altering the codon
geG/ggA, the dbSNP reference is rs193302985.

0 m.15924A>G codes for tRNA threonine gene with no documented pathological
consequences. The dbSNP reference is rs193303001.

Across the whole sample of MSCs cells, there were 68 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations
varied from 41.27% to 4.09%. In total there were 206 mutations present across the sample. The low
counts and pattern of mutations observed in cells 1,5,7 and 10 do call into question their validity and

potential for contamination and read error.
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3.7.7 Data for the patient “Hip 8”

Hip 8 samples were taken from a 74-year-old female undergoing a total hip replacement

osteoarthritis.

Coverage

As depicted in Figure 43 there was low coverage across the samples except for cell 2, 4 and the
consensus sequence which all had >96% coverage at read depths of greater than 500 times. There
was poor read depth around the crossover of primer pairings 5and 1. Cells 1, 5, 6, 8, 9 and 10 had
large areas of low coverage between 3750 to around 10000 bp. Lowering the read depth threshold to
1 all samples except cell 7 (78.84%) were covered at >94%.

Figure 43 Coverage graphs for Hip 8 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup

All cells and the consensus sequence were “1” haplogroup except cell 8 and 9. There was a further
delineation of some samples (Cells 1, 2, 4, 5, 10 and consensus) to 13a. Due to poor coverage, the
haplogroup marker m.73A>G was missing in almost all the samples. Cells 8 and 9 were labelled as
N1lal, they were missing 22 of the 32 haplomarkers of 13a. This was due to poor coverage with no
reads of some base pairs or single figures for the majority of the other missing haplomarkers.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 8. Although there was a mutation of the 16s

ribosome gene - m.1719G>T which was seen at near homoplasmic levels in cells 1,2,3 and 4.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 40.
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Figure 44 Hip 8 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has 2 SNPs: m.1719G>T (99.74%), m.1887A>G (99.90%), both lie within the
mitochondrial 16s ribosome gene. There are no detrimental effects documented or dbSNP
reference numbers.

e Cell 2 has 2 SNPs: m.414T>G (60.86%) and m.1719G>T (99.73%).

0 m.414T>G is a non-coding mutation within the D-Loop. There is no dbSNP reference
number.

0 m.1719G>T lies within the mitochondrial 16s ribosome gene. There are no
detrimental effects documented and no dbSNP reference number.

e Cell 3 has 2 SNPs: m.1719G>T (99.75%) and m.7418C>T (74.59%).
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0 m.1719G>T lies within the mitochondrial 16s ribosome gene. There are no
detrimental effects documented. There is no dbSNP reference number.

O m.7418C>T causes a synonymous change of the MT-CO1 gene altering the codon
ttC/ttT, there is no dbSNP reference

e Cell 4 has 3 SNPs: m.1719G>T (99.79%), m.7600G>A (51.28%), m.15593T>C (52.79%).

0 m.1719G>T lies within the mitochondrial 16s ribosome gene. There are no
detrimental effects documented. There is no dbSNP reference number.

0 m.7600G>A causes a synonymous change of the MT-CO2 gene altering the codon
gcG/gcA, the dbSNP reference is rs386829010.

0 m.15593T>C causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from serine to proline. The associated SIFT score is deleterious low
confidence (0), the Polyphen score is probably damaging (0.996). There is no dbSNP
reference.

e Cell 5has 1 SNP: m.13177G>A (99.94%) this causes a non-synonymous change of the MT-
ND5 gene. With a change in amino acid from serine to proline. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is probably damaging (0.996). There is no
dbSNP reference.

e Cell 6 has no SNPs greater than 50%.

e Cell 7 has 1 SNP: m.9230T>C (69.84%) causes a synonymous change of the MT-CO3 gene
altering the codon taT/taC, the dbSNP reference is rs879058558.

e Cell 8 has no SNPs greater than 50%.

e Cell 9 has 1 SNP: m.9987T>G (54.87%) this causes a non-synonymous change of the MT-CO3
gene. With a change in amino acid from serine to alanine. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is possibly damaging (0.831). There is no
dbSNP reference.

e Cell 10 has no SNPs greater than 50%.

Across the whole sample of MSCs cells, there were 56 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 40.42% to 1.24%. In total there were 141 mutations present across the sample.
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3.7.8 Data for the patient “Hip 9”

Hip 9 samples were taken from a 64-year-old male undergoing a total hip replacement osteoarthritis.

Coverage

As depicted in Figure 45 coverage was good across the samples with >94% coverage at read depths
of greater than 500 times seen in all samples except cell 3 which was 88.06%. There were the usual

lower read depths around the crossover of primer pairs 1 and 5.
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Figure 45 Coverage graphs for Hip 9 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were U5albld haplogroup with a confidence of 0.86 or more.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 9. Although there was a mutation of the 12s

ribosome gene - m.750A>G which was seen at near homoplasmic levels in cells 3,4,5 and 6. It was not

seen in the consensus sequence. The dbSNP reference is rs2853518.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 46.
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Figure 46 Hip 9 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has no SNPs greater than 50%.
e Cell 2 has no SNPs greater than 50%.

e Cell 3 has 6 SNPs: m.750A>G (99.82%), m.3584A>G (73.66%), m.8344A>G (97.49%),
m.8473T>C (82.74%), m.13918T>C (52.45%), m.16327C>T (85.47%).

0 m.750A>G lies within the mitochondrial 12s ribosome gene. There are no
detrimental effects documented. The dbSNP reference is rs2853518.

0 m.3584A>G causes a non-synonymous change of the MT-ND1 gene. With a change in
amino acid from asparagine to serine. The associated SIFT score is tolerated low
confidence (0.12), the Polyphen score is benign (0.009). There is no dbSNP reference.

0 m.8344A>G) this affects the tRNA lysine with no documented pathological
consequences. The dbSNP reference is rs118192098.

0 m.8473T>C causes a synonymous change of the MT-ATP8 gene altering the codon

ccT/ccC, the dbSNP reference is rs386829037.
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0 m.13918T>C causes a non-synonymous change of the MT-ND5 gene. With a change
in amino acid from phenylalanine to leucine. The associated SIFT score is deleterious
low confidence (0), the Polyphen score is probably damaging (0.99). There is no
dbSNP reference.

0 m.16327C>T is a non-coding mutation within the D-Loop. The dbSNP reference is
rs41355449.

e Cell 4 has 1 SNP: m.750A>G (99.91%), this lies within the mitochondrial 12s ribosome gene.
There are no detrimental effects documented. The dbSNP reference is rs2853518.

e Cell 5has 1 SNP: m.750A>G (99.88%), this lies within the mitochondrial 12s ribosome gene.
There are no detrimental effects documented. The dbSNP reference is rs2853518.

e Cell 6 has 2 SNPs: m.750A>G (99.90%), m.2936T>C (99.89%).

0 m.750A>G (99.88%), this lies within the mitochondrial 12s ribosome gene. There are
no detrimental effects documented. The dbSNP reference is rs2853518.

0 m.2936T>C this lies within the mitochondrial 16s ribosome gene. There are no
detrimental effects documented. There is no dbSNP reference.

o Cell 7 has 1 SNP: m.15927G>A (89.54%) this affects the tRNA threonine with no documented
pathological consequences. The dbSNP reference is rs193303002.

e Cell 8 has 1 SNP: m.12451A>C (92.26%) this causes a non-synonymous change of the MT-ND5
gene. With a change in amino acid from isoleucine to leucine. The associated SIFT score is
tolerated low confidence (0.06), the Polyphen score is benign (0.022). There is no dbSNP
reference.

e Cell 9 has 2 SNPs: m.73A>G (99.71%), m.13208G>A (91.70%).

0 m.73A>G is a non-coding mutation within the D-Loop. The dbSNP reference is
rs869183622.

0 m.13208G>A this causes a non-synonymous change of the MT-ND5 gene. With a
change in amino acid from cysteine to tyrosine. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is probably damaging (0.998).
There is no dbSNP reference, but the COSMIC reference is COSV99053427.

e Cell 10 has no SNPs greater than 50%.

Across the whole sample of MSCs cells, there were 67 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 39.94% to 2.34%. In total there were 147 mutations present across the sample.
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3.7.9 Data for the patient “Hip 10”

Hip 10 samples were taken from a 62-year-old male undergoing a total hip replacement

osteoarthritis.

Coverage

As depicted in Figure 47 coverage was good across the samples with >95% coverage at read depths
of greater than 500 times seen in all samples except cell 1 (88.49%), cell 5 (88.68%), cell 6 (77.81%),
cell 9 (78.44%) and cell 10 (66.01%). Reducing read depth to 1, then coverage in all cells was >94% of
the mitochondrial genome. There were the usual lower read depths around the crossover of primer

pairs 1 and 5. Cell 16 had reduced coverage from around 10750 to 13000 bp, cell 10 had reduced
coverage from around 7500 to 10500 bp and 14000 to 750 bp.

Figure 47 Coverage graphs for Hip 10 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were HV haplogroup with a confidence of 0.69 or more. The

lowest confidence rank was seen in cell 10 due to low coverage. Only cell 7 was l1ale, this was
missing 2 of the 8 haplogroup markers. 750G was missing in all cells except cell 9 and the consensus.

263G was affected by low or no read depth in cells 5, 9 and 10.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 10. Although there was a mutation of the MT-ND6

gene - m.14360C>A which was seen at varying levels of heteroplasmy (1.66% - 8.15%) in cells 1,2,3,5
9 and 10. It was not seen in the consensus sequence. It was a non-synonymous change resulting in an

amino acid change from tryptophan to leucine There is no dbSNP reference.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 48.
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Figure 48 Hip 10 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

e Cell 1 has no SNPs greater than 50%.

o Cell 2 has 1 SNP: m.4223C>T (68.20%) this causes a non-synonymous change of the MT-ND1
gene. With a change in amino acid from serine to phenylalanine. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is probably damaging (0.842). The dbSNP
reference is rs9629043.

e Cell 3 has no SNPs greater than 50%.
o Cell 4 has 3 SNPs: m.72T>C (61.27%), m.9983A>G (69.40%) and m.15366A>G (63.18%).

0 m.72T>Cis part of the non-coding D-Loop hypervariable region and has no
detrimental effects. The dbSNP reference is rs879158303.
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m.9983A>G causes a synonymous change of the MT-CO3 gene altering the codon
tgA/tgG, there is no dbSNP reference.

m.15366A>G this causes a non-synonymous change of the MT-CYB gene. With a
change in amino acid from asparagine to serine. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is probably damaging (0.842).
There is no dbSNP reference.

Cell 5 has no SNPs greater than 50%.

Cell 6 has 2 SNPs: m.72T>C (99.91%) and m.8225A>G (70.36%).

(0]

m.72T>C is part of the non-coding D-Loop hypervariable region and has no
detrimental effects. The dbSNP reference is rs879158303.

m.8225A>G this causes a non-synonymous change of the MT-CO2 gene. With a
change in amino acid from isoleucine to valine. The associated SIFT score is tolerated
low confidence (1), the Polyphen score is probably damaging (0.943). There is no
dbSNP reference.

Cell 7 has 13 SNPs: m.73A>G (99.93%), m.199T>C (99.95%), m.203G>A (99.97%), m.204T>C
(99.97%), m.250T>C (100.00%), m.13404T>C (88.00%), m.13780A>G (99.91%),m.14766C>T
(99.50%), m.15043G>A (99.86%), m.15543C>T (54.02%), m.15924A>G (99.96%),
m.16129G>A (99.95%), m.16172T>C (99.97%), m.16223C>T (99.62%), m.16311T>C (99.93%),
m.16362T>C (99.85%) and m.16391G>A (99.85%).

o

m.73A>G, m.199T>C, m.203G>A, m.204T>C, m.250T>C, m.16129G>A, m.16172T>C,
m.16223C>T, m.16311T>C, m.16362T>C and m.16391G>A. are again all non-coding
mutations within the D-Loop. The clustering of these mutations within close regions
of the genome and read counts suggest error or contamination of the sample.

m.13404T>C causes a synonymous change of the MT-ND5 gene altering the codon
atT/atC, the dbSNP reference is rs1556424275.

m.13780A>G this causes a non-synonymous change of the MT-ND5 gene. With a
change in amino acid from isoleucine to valine. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is benign (0.003). The dbSNP
reference is rs41358152.

m.14766C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from threonine to isoleucine. The associated SIFT score is deleterious
low confidence (0.04), the Polyphen score is benign (0.003). The dbSNP reference is
rs193302980.

m.15043G>A causes a synonymous change of the MT-CYB gene altering the codon
geG/ggA, the dbSNP reference is rs193302985.

m.15543C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from proline to leucine. The associated SIFT score is deleterious low
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confidence (0.02), the Polyphen score is probably damaging (0.999). There is no
dbSNP reference.

0 m.15924A>G codes for tRNA threonine gene with no documented pathological
consequences. The dbSNP reference is rs193303001.

o Cell 8 has 1 SNP: m.72T>C (99.84%) this is part of the non-coding D-Loop hypervariable
region and has no detrimental effects. The dbSNP reference is rs879158303.

e Cell 9 has no SNPs greater than 50%.
e Cell 10 has 2 SNPs: m.5108T>C (99.94%) and m.5145A>G (63.55%)

0 m.5108T>C causes a synonymous change of the MT-ND2 gene altering the codon
acT/aaC, the dbSNP reference is rs386419948.

0 m.5145A>G causes a non-synonymous change of the MT-ND2 gene. With a change in
amino acid from threonine to alanine. The associated SIFT score is deleterious (0.03),
the Polyphen score is probably damaging (0.998). There is no dbSNP reference.
Across the whole sample of MSCs cells, there were 83 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 38.10%% to 1.66%. In total there were 193 mutations present across the sample.
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3.7.10 Data for the patient “Hip 11”

Hip 11 samples were taken from a 61-year-old female undergoing a total hip replacement

osteoarthritis.

Coverage

As depicted in Figure 49 coverage was generally lower across this sample set compared to others

using a threshold of 500 times read depth coverage varied from 54.52% across the 91.09% excluding

the consensus. Cells 6, 7 and 8 were lower than the others.
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Figure 49 Coverage graphs for Hip 11 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were Klad4ala2a haplogroup with a confidence of 0.89 or more

except for cell 7 which had low coverage and confidence of 0.79. The haplomarkers 750G and

16093C were missing across all cells and the consensus sequence.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 11.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 50.
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Figure 50 Hip 11 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

o Cell 1 has 1 SNP: m.15995G>A (79.74%) this codes for tRNA proline gene with no
documented pathological consequences or dbSNP reference.

e Cell 2 has 1 SNP: m.14828T>C (100%) this causes a non-synonymous change of the MT-CYB
gene. With a change in amino acid from serine to proline. The associated SIFT score is
deleterious low confidence (0), the Polyphen score is probably damaging (0.983). There is no
dbSNP reference.

o Cell 3 has 1SNP: m.11583T>C (52.79%) this cause a non-synonymous change of the MT-ND4
gene. With a change in amino acid from isoleucine to threonine. The associated SIFT score is
deleterious low confidence (0.04), the Polyphen score is probably damaging (0.98). There is
no dbSNP reference.

e Cell 4 has 1 SNP: m.4580G>A (57.02%) this causes a synonymous change of the MT-ND2 gene
altering the codon atG/atA, the dbSNP reference is rs28357975.

e Cell 5 has 3 SNPs: m.1861T>C (100%), m.7440T>C (70.60%) and m.9017T>C (75.19%).
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0 m.1861T>C is within the mitochondrial 16s ribosome gene, there is no dbSNP
reference, there are no reported detrimental effects.

0 m.7440T>C causes a non-synonymous change of the MT-CO1 gene. With a change in
amino acid from serine to proline. The associated SIFT score is tolerated low
confidence (0.05), the Polyphen score is benign (0.03). There is no dbSNP reference.

0 m.9017T>C causes a non-synonymous change of the MT-ATP6 gene. With a change
in amino acid from isoleucine to threonine. The associated SIFT score deleterious (0),
the Polyphen score is probably damaging (0.98). There is no dbSNP reference.

e Cell 6 has no SNPs greater than 50%.
e Cell 7 has no SNPs greater than 50%.

e Cell 8 has 1 SNP: m.11893A>G (100%) this causes a synonymous change of the MT-ND4 gene
altering the codon gaA/gaG, the dbSNP reference is rs878934321.

e Cell 9 has 2 SNPs: m.914A>G (58.33%) and m.16368T>C (100%).

0 m.914A>G is within the mitochondrial 12s ribosome gene, there is no dbSNP
reference, there are no reported detrimental effects.

0 m.16368T>C this lies within the non-coding portion of the mitochondrial genome D-
loop. The dbSNP reference for this mutation is rs1556424875.

e Cell 10 has 1 SNP: m.15062T>C (99.82%) this C causes a non-synonymous change of the MT-
CYB gene. With a change in amino acid from serine to proline. The associated SIFT score is

deleterious low confidence (0), the Polyphen score is probably damaging (0.998). There is no
dbSNP reference.

Across the whole sample of MSCs cells, there were 56 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations

varied from 41.25% to 1.06%. In total there were 133 mutations present across the sample.
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3.7.11 Data for the patient “Hip 12”

Hip 12 samples were taken from a 78-year-old female undergoing a total hip replacement
osteoarthritis. This was originally part of the pilot investigation and as a consequence more cells
were analysed (19 plus consensus).

Coverage

Coverage across the sample varied considerably using the 500 times read depth threshold cells 6, 8,
10, 11, 14, 15, 18 and 19 all had poor coverage below 65%, in particular, cells 8, 10 and 11 were
particularly poor. Areas of poor coverage were around 10000 to 13500 bp. Although some samples
just ran low read depth globally reducing the read depth threshold improved coverage significantly if

only a read depth of 1 was used the majority of samples were 92% coverage.
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Coverage and read depth of Hip 12
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Figure 51 Coverage graphs for Hip 12 - read depth of each base and 500 read depth threshold demonstrated.

Haplogroup

All cells were haplogroup H, all but cell 11 (H) and 19 (H2a2) were H1 and all but cell 6 were H1a3a.
Cell 6, 11 and 19 had low read depth and were missing the majority of haplomarkers, read depth of
the haplomarkers was in tens rather than hundreds or thousands. 73G was missing almost universally

but this was due to the process of duplicate eradication within the analysis pipeline.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 12. Although there was a mutation of the MT-ND2

gene - m.4769A>G which was seen at essentially homoplasmic levels (1.66% - 8.15%) 13 of the cells.
It was not seen in the consensus sequence. It was a synonymous change resulting in a codon change

of atA/atG. The dbSNP reference is rs3021086.
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Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 52
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Figure 52 Hip 12 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

o Cell 1 has 1 SNP: m.4769A>G (99.79%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

o Cell 2 has 1 SNP: m.4769A>G (99.91%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 3 has 4 SNPs: m.73A>G (99.82%), m.4580G>A (50.34%), m.4769A>G (99.95%) and
m.5070A>G (54.48%)

0 m.73A>G this lies within the non-coding portion of the mitochondrial genome D-
Loop. The dbSNP reference for this mutation is rs869183622.

0 m.4580G>A this causes a synonymous change of the MT-ND2 gene altering the
codon atG/atA, the dbSNP reference is rs28357975.

0 m.4769A>G this causes a synonymous change of the MT-ND2 gene altering the
codon atA/atG, the dbSNP reference is rs3021086.

0 m.5070A>G this causes a non-synonymous change of the MT-ND2 gene. With a
change in amino acid from threonine to alanine. The associated SIFT score is
tolerated (0.09), the Polyphen score is benign (0.094). There is no dbSNP reference.

e Cell 4 has 2 SNPs: m.368A>G (80.05%) and m.14441T>C (100%)

0 m.368A>G this lies within the non-coding portion of the mitochondrial genome D-
Loop. There is no dbSNP reference.

0 m.14441T>C this causes a non-synonymous change of the MT-ND6 gene. With a
change in amino acid from tyrosine to cysteine. The associated SIFT score is
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deleterious (0) the Polyphen score probably damaging (0.983) There is no dbSNP
reference.

e Cell 5 has 2 SNPs: m.4769A>G (100%) and m.10345T>C (52.00%)

0 m.4769A>G this causes a synonymous change of the MT-ND2 gene altering the
codon atA/atG, the dbSNP reference is rs3021086.

0 m.10345T>C this causes a non-synonymous change of the MT-ND3 gene. With a
change in amino acid from isoleucine to threonine. The associated SIFT score is
tolerated low confidence (0.09) the Polyphen score is benign (0.006). The dbSNP
reference is rs201397417.

e Cell 6 has no SNPs greater than 50%.

e Cell 7 has 1 SNP: m.4769A>G (99.88%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 8 has 1 SNP: m.4769A>G (100%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 9 has one SNP: m.4769A>G (100%) this causes a synonymous change of the MT-ND2
gene altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 10 has no SNPs greater than 50%.
e Cell 11 has 2 SNPs: m.14766C>T (59.31%) and m.15043G>A (58.87%).

0 m.14766C>T causes a non-synonymous change of the MT-CYB gene. With a change
in amino acid from threonine to isoleucine. The associated SIFT score is deleterious
low confidence (0.04) the Polyphen score is benign (0.003). The dbSNP reference is
rs193302980

0 m.15043G>A causes a synonymous change of the MT-CYB gene altering the codon
geG/ggA, the dbSNP reference is rs3021086.

e Cell 12 has 1 SNP: m.4769A>G (100%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 13 has 2 SNPs: m.2623A>G (76.43%) and m.4769A>G (99.70%).

0 m.2623A>G within the mitochondrial 16s ribosome gene. There are no detrimental
effects documented and no dbSNP reference number.

0 m.4769A>G this causes a synonymous change of the MT-ND2 gene altering the
codon atA/atG, the dbSNP reference is rs3021086.

e Cell 14 has 3 SNPs: m.2623A>G (72.76%), m.4769A>G (100%) and m.14441T>C (99.72%).
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0 m.2623A>G within the mitochondrial 16s ribosome gene. There are no detrimental
effects documented and no dbSNP reference number.

0 m.4769A>G this causes a synonymous change of the MT-ND2 gene altering the
codon atA/atG, the dbSNP reference is rs3021086.

0 m.14441T>C causes a non-synonymous change of the MT-ND6 gene. With a change
in amino acid from tyrosine to cysteine. The associated SIFT score is deleterious (0)
the Polyphen score probably damaging (0.983) There is no dbSNP reference.

Cell 15 has 1 SNP: m.4769A>G (100%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

Cell 16 has 2 SNPs: m.4769A>G (99.91%) and m.8828A>G (65.97%).

0 m.4769A>G this causes a synonymous change of the MT-ND2 gene altering the
codon atA/atG, the dbSNP reference is rs3021086.

0 m.8828A>G causes a hon-synonymous change of the MT-ATP6 gene. With a change
in amino acid from asparagine to serine. The associated SIFT score is deleterious
(0.01) the Polyphen score probably damaging (0.988) There is no dbSNP reference.

Cell 17 has 2 SNPs: m.73A>G (99.70%) and m.13208G>A (84.06%).

0 m.73A>G this lies within the non-coding portion of the mitochondrial genome D-
Loop. The dbSNP reference for this mutation is rs869183622.

0 m.13208G>A causes a non-synonymous change of the MT-NT5 gene. With a change
in amino acid from cysteine to tyrosine. The associated SIFT score is deleterious low
confidence (0) the Polyphen score probably damaging (0.998) There is no dbSNP
reference but there is a cosmic reference COSV99053427.

e Cell 18 has 1 SNP: m.4769A>G (100%) this causes a synonymous change of the MT-ND2 gene
altering the codon atA/atG, the dbSNP reference is rs3021086.

e Cell 19 has 1 SNP: m.5367A>G (79.17%) this causes a non-synonymous change of the MT-
ND2 gene. With a change in amino acid from threonine to alanine. The associated SIFT score
is deleterious (0.02) the Polyphen score possibly damaging (0.448) There is no dbSNP
reference.

Across the whole sample of MSCs cells, there were 132 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations
varied from 49.60% to 1.00%. In total there were 395 mutations present across the sample of 19 MSC
cells. m.4769A>G could be considered a polymorphic variant and was present in 13 of the 19 cells,

with poor coverage most likely to account for the absence in the remaining cells.
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3.7.12 Data for the patient “Hip 13”
Hip 13 samples were taken from a 25-year-old male who was undergoing a total hip replacement

premature osteoarthritis due to a significant acetabular fracture sustained previously.

Coverage

Using the 500 times read depth threshold coverage varied between 54.48% to 82.25% except for the

consensus sequence which had a read depth off 99.79%. Reducing the threshold to 250 times or 1-

time improved coverage except in samples 1, 2, and 11 which had areas of drop off in comparison to
the other cells. There were drops in read depth and coverage around the 10,000 to 16000 bp mark
and also at the cross over of primer pairings 1 and 5 around 16569 to 750. This can be demonstrated
in Figure 53.
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Figure 53 Coverage graphs for Hip 13 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup
All cells and the consensus sequence were H3glb with a confidence of 0.5811 (low coverage in cell

11) or above. The only exception to this is cell 9 which was H2a2 and was missing 9 of the 12

haplogroup markers for H3glb.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Hip 12.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 54.
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Figure 54 Hip 13 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

o Cell 1 had 1 SNP: m.1945A>G (68.14%) lying within the mitochondrial 16s ribosome gene.
There are no detrimental effects documented. The dbSNP reference is rs1556422585

e Cell 2 has no SNPs greater than 50%.

e Cell 3 has 1SNP: m.12994G>A (71.05%), this causes a non-synonymous change of the MT-
NT5 gene. With a change in amino acid from alanine to threonine. The associated SIFT score
is deleterious low confidence (0) the Polyphen score probably damaging (0.998) There is no
dbSNP reference.

e Cell 4 has no SNPs greater than 50%.

e Cell 5 has 5 SNPs: m.497C>T (57.47%), m.1189T>C (89.49%), m.1811A>G (90.90%),
m.2706A>G (88.84%) and m.3480A>G (66.47%).

0 m.497C>Tis part of the non-coding D-Loop hypervariable region and has no
detrimental effects. The dbSNP reference is rs28660704

0 m.1189T>C affects RNR1 mitochondrial 12s ribosome gene with no documented
deleterious effects. The dbSNP reference is rs28358571.
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m.1811A>G and m.2706A>G lie within the mitochondrial 16s ribosome gene there is
no pathological effects document. The dbSNP references are rs28358576 and
rs2854128 respectively.

m.3480A>G causes a synonymous change of the MT-ND1 gene altering the codon
aaA/aaG, the dbSNP reference rs28358584.

e Cell 6 has 2 SNPs: m.6259A>G (52.35%) and m.7544C>T (81.36%

0 m.6259A>G causes a non-synonymous change of the MT-CO1 gene. With a change in

amino acid from glutamic acid to glycine. The associated SIFT score is deleterious low
confidence (0.02) the Polyphen score probably damaging (0.996) There is no dbSNP
reference.

m.7544C>T codes for tRNA aspartic acid and has no detrimental effects documented.
There is no dbSNP reference.

e Cell 7 has no SNPs greater than 50%.

e Cell 8 has no SNPs greater than 50%.

e Cell 9 has 6 SNPs: m.6734G>A (90.03%), m.7028C>T (99.61%), m.8251G>A (99.50%),
m.8616G>T (99.89%), m.9947G>A (76.32%), and m.10034T>C (72.35%).

0 m.6734G>A and m.7028C>T cause a synonymous change of the MT-CO1 gene

altering the codons atG/aTA and ggC/gcT respectively. The dbSNP reference numbers
are rs41413745 and rs2015062.

m.8251G>A causes a synonymous change of the MT-CO2 gene altering the codon
geG/ggA, the dbSNP reference rs3021089.

m.8616G>T causes a non-synonymous change of the MT-ATP6 gene. With a change
in amino acid from leucine to phenylalanine. The associated SIFT score is tolerated
(0.08) the Polyphen score probably damaging (0.997) The dbSNP reference is
rs41427749.

m.9947G>A causes a synonymous change of the MT-CO3 gene altering the codon
gtG/gtA, the dbSNP reference rs370688668.

m.10034T>C codes for tRNA glycine and has no detrimental effects documented. The
dbSNP reference is rs41347846.

e Cell 10 has no SNPs greater than 50%.

e Cell 11 has 4 SNPs: m.3990C>T (98.03%), m.4529A>G (97.84%), m.6734G>A (55.08%) and
m.11018G>A (65.83%).

0 m.3990C>T causes a synonymous change of the MT-ND1 gene altering the codon

taC/taT, the dbSNP reference rs878853005.
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0 m.4529A>G causes a synonymous change of the MT-ND2 gene altering the codon
acA/acG, there is no dbSNP reference.

0 m.6734G>A causes a synonymous change of the MT-CO1 gene altering the codon
atG/atA, the dbSNP reference rs41413745.

0 m.11018G>A causes a non-synonymous change of the MT-ATP6 gene. With a change
in amino acid from glutamic acid to lysine. The associated SIFT score is deleterious
low confidence (0.01) the Polyphen score probably damaging (0.988) The is no
dbSNP reference.

Across the whole sample of MSCs cells, there were 71 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations
varied from 39.58% to 1.06%. In total there were 193 mutations present across the sample of 11 MSC

cells.
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3.7.13 Data for the patient “Femur 1”
Femur 1 samples were taken from a 22-year-old male having an intramedullary nailing procedure to
address a leg length discrepancy.

Coverage
Using the 500 times read depth threshold coverage varied between 51.58% to 83.49% except for the

consensus sequence which had a read depth off 99.84%. Reducing the threshold to 250 times
improved coverage. There were drops in read depth and coverage around the 3500 to 6500 and also
10,000 to 14000 bp mark and also at the cross over of primer pairings 1 and 5 around 16569 to 750.
Cell 4 and 10 also had dropped or low coverage around 7500 and 9500 bp. This is demonstrated in
Figure 55.

Figure 55 Coverage graphs for Femur 1 - read depth of each base and 500 read depth threshold demonstrated.
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Haplogroup

All cells and the consensus sequence were H2al with confidence of 0.7252 or greater. There was a
further delineation of all but cells 10 and 4 (low coverage) to the haplogroup H2alg the confidence
of this was 0.6865 in cell 2 to 1 in the consensus. 750G was missing in all but the consensus

sequence.

Polymorphic variant specific to the patient
There were no polymorphic variants seen in Femur 1.

Individual SNPs greater than 50% heteroplasmy
Mutations are presented in Figure 56.

Femur 1 heteroplasmic single nucleotide mutations greater than 50%
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Figure 56 Femur 1 heteroplasmic single nucleotide mutations greater than 50% heteroplasmy.

o Cell 1 had 1 SNP: m.8672T>C (66.10%) this causes a non-synonymous change of the MT-ATP6
gene. With a change in amino acid from leucine to proline. The associated SIFT score is
deleterious (0) the Polyphen score probably damaging (0.998) There is no dbSNP reference.

e Cell 2 has 1 SNP: m.15790C>T (76.11%) this causes a synonymous change of the MT-CYB
gene altering the codon aaC/aaT, the dbSNP reference rs879063269.

e Cell 3 has 1 SNP: m.10939C>T (51.08%) this causes a synonymous change of the MT-ND4
gene altering the codon ccC/ccT, there is no dbSNP reference.

e Cell 4 has no SNPs greater than 50%.
e Cell 5 has 3 SNPs: m.10566C>T (68.80%), m.10842C>T (72.12%) and m.10972A>C (66.20%).

0 m.10566C>T causes a synonymous change of the MT-NDAL gene altering the codon
Cta/Tta, there is no dbSNP reference.

0 m.10842C>T causes a hon-synonymous change of the MT-ND4 gene. With a change
in amino acid from threonine to isoleucine. The associated SIFT score is deleterious
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low confidence (0.02) the Polyphen score probably damaging (0.997) There is no
dbSNP reference.

0 m.10972A>C causes a non-synonymous change of the MT-ND4 gene. With a change
in amino acid from tryptophan to cysteine. The associated SIFT score is deleterious
low confidence (0) the Polyphen score probably damaging (0.997) There is no dbSNP
reference.

e Cell 6 has no SNPs greater than 50%.

e Cell 7 has 1 SNP: m.15724A>G (60.33%) this causes a synonymous change of the MT-CYB
gene altering the codon tgA/tgG, there is no dbSNP reference.

e Cell 8 has no SNPs greater than 50%.
e Cell 9 has no SNPs greater than 50%.

e Cell 10 has no SNPs greater than 50%.

Across the whole sample of MSCs cells, there were 57 non-synonymous mutations with SIFT or
Polyphen scores. The heteroplasmy percentage of these samples aside from the above mutations
varied from 47,34% to 1.26%. In total there were 144 mutations present across the sample of 10 MSC

cells.
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Table 18 Primers for PCR amplification of the mitochondrial genome. Numbering based on Anderson et al. Sequence and
organization of the human mitochondrial genome (220). and Andrews et al. Reanalysis and revision of the Cambridge
reference sequence for human mitochondrial DNA (221) These primers are published in Tuppen et al Brain 2010, 133(10):
2952 (222).

Primer pair Primer location in the mitochondrial genome Amplicon size (bp)

Forward primer

Reverse primer

1 721-740 1268 - 1248 548
2 1157 - 1177 1709 - 1689 553
3 1650 - 1671 2193 -2175 544
4 2091 -2111 2644 - 2625 536
5 2549 - 2569 3087 - 3068 539
6 3017 - 3036 3574 - 3556 558
7 3505 - 3524 4057 - 4037 553
8 3965 - 3984 4577 - 4556 613
9 4518 - 4537 5003 - 4983 486
10 4932 - 4952 5481 - 5462 550
11 5367 - 5386 5924 - 5906 558
12 5855 - 5875 6430 - 6410 576
13 6358 - 6377 6944 - 6924 587
14 6863 - 6882 7396 - 7376 534
15 7272 -7293 7791 -7773 520
16 7713 -7723 8301 - 8283 589
17 8196 - 8215 8740 -8720 545
18 8656 - 8676 9201 -9183 546
19 9127 - 9146 9661 - 9641 535
20 9607 - 9627 10147 - 10128 541
21 10085 - 10104 10649 - 10629 565
22 10534 - 10553 11109 - 11089 576
23 11010 -11030 11605 - 11586 596
24 11541 - 11561 12054 - 12034 514
25 11977 - 11997 12545 - 12527 569
26 12478 - 12498 13009 - 12991 532
27 12940 - 12959 13453 - 13435 514
28 13365 - 13383 13859 - 13839 495
29 13790 - 13809 14374 - 14356 585
30 14317 - 14341 14857 - 14838 540
31 14797 - 14815 15368 - 15349 572
32 15295 - 15315 15896 - 15877 602
D1 15758 - 15777 019-001 831
D2 16223 - 16244 129 -110 476
D3 16548 - 16569 389 -370 412
D4 323-343 771-752 449
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Chapter 4 - High throughput screening to identify mitochondrial
respiratory chain protein deficiencies.

4.1 Introduction
The development of high throughput and high content screen using flow cytometry to measure

protein deficiencies within the respiratory chain of mesenchymal stem cells” mitochondria has not

yet been reported in the literature.

The use of flow cytometry in high content screening allows a quantitative platform for the
measurement of fluorescence and as a consequence high content characterisation of drug
compound effects upon single cells. Gasparetto et al., first described high content flow cytometry in
2004 (295). Gasparetto et al., investigated the augmentation of anti-lymphoma activity of rituximab.
Flow cytometry use has perhaps been limited due to the difficult task in preparing patient samples
compared to cultured cell lines which can be grown on plates quickly and easily. The time efficiency
in comparison to conventional high content screens utilising flow cytometry has limited its use.
Typically it has been used more in small scale research (296). However, there have been recent
advances utilising flow cytometry with autosamplers and peristaltic pumps such as the Hypercyt
(297), Intellicyt and IQue Screener that allow high throughput screening using flow cytometry (298-
300). The BD Symphony system at the Flow Cytometry Facility, Newcastle University also allows such

screening to take place on a smaller scale and is equipped with a plate autosampler.

Flow cytometry had been utilised in the PCR chapters and also initially as a method of extracting MSC
cells for culture. This led to the question could flow cytometry be used as a method to provide rapid
instant analysis of mitochondrial protein deficiencies over a large number of cells.

There have been a number of previous methods utilised to detect mitochondrial protein deficiencies
in situ as opposed to homogenised tissue. Analysis of deficiency still remains difficult due to the
varying heteroplasmy levels seen within individual cells and across the tissue. Previous methods
include the use of COX — cytochrome c oxidase and SDH — succinate dehydrogenase histochemistry
which analysed complex Il and IV deficiencies. This was performed on human muscle fibres and this
proved a significant assay to demonstrate deficiency however only 100 fibres per patient were

analysed (301). Could flow cytometry provide a method to analyse cell numbers in the thousands?

More recently quadruple immunofluorescence has been used to look at protein deficiencies across

complex | and complex IV of the respiratory chain. Previously there was no validated histochemistry
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based assay to look at complex | deficiencies which are frequently involved in mitochondrial
pathology (235). The method devised by Rocha et al., utilised immunofluorescent labelled
antibodies to analyse mitochondrial protein deficiencies using confocal microscopy, again in this

study only 100 myofibers per patient (235), were analysed.

This assay has been further adapted by Dobson et al., (205). Here the PolgA™/PolgA™ " mouse model
mouse was used to investigate the role of mitochondrial mutations on osteoporosis this again relied
upon immunofluorescence and confocal microscopy and analysed 100 cells per sample.

Current analysis techniques within the Wellcome Centre for Mitochondrial Research for analysing
tissue in situ without disruption of the architecture are based largely on the COX/SDH assay and
quadruple immunofluorescent assay, they are time consuming in preparation and analysis. The use
of flow cytometry would combine the equivalent of the acquisition and measurement steps of these
assays in to one single streamlined process. It would also allow the analysis of single cells in

suspension as opposed to the above techniques which are tissue based.

High throughput screens are typically used by the pharmaceutical industry in drug discovery allowing
rapid analysis of cells and conducting multiple experiments and measurement parameters (302). The
results of experiments lead to rapid feedback and influence upon drug design and testing. Typically,

they take place on cells within plates. High throughput screens are often combined with high content

screening in the form of fluorescent microscopy or flow cytometry (303).

High content screening is defined as the automation of high-content cell biological investigation of
arrayed cells (304). It can take over multiple steps in an experiment including sample preparation,

image acquisition, archiving, processing and analysis.

The assays of Dobson and Rocha using confocal light microscopy techniques are restricted to small
scale studies in terms of cell numbers however these small-scale techniques play a crucial role in
planning a high content assay. Flow cytometry in contrast to these assays or a homogenised tissue
assay would allow the analysis of a high volume of single cells in a short amount of time. It would
give instant analysis by way of measuring the individual fluorescent profile of each cell similar to that
of using confocal microscopy in the quadruple immunofluorescence assays of Rocha and Dobson
(205, 235) but not confined by the same time restrictions or potential autofluorescence of

extracellular matrix and proteins.
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High throughput assays have been utilised previously on a number of occasions using a range of
techniques to look at mitochondrial characteristics before. Huang et al., (305) used a high throughput
assay based upon fluorescence to track mitochondrial membrane potential in the development of an

assay which could be used in drug screening.

Maitra et al., developed a high throughput sequencing microarray for mitochondrial mutation
detection using PCR and looking at detecting mitochondrial mutations in patients with pancreatic

and bladder cancer (306).

4.1.1 Accumulation of respiratory chain protein deficiencies

Human mitochondrial DNA has a mutation rate of 10-20 times that of the nuclear DNA most likely
due to failures of the proofreading mechanisms (307). The genome encodes two ribosomal RNAs, 22
transfer RNAs for protein synthesis, and the 13 polypeptides(155). Mutations can directly affect the
subunits of the respiratory chain proteins coded for by mtDNA or if the rRNA or tRNA acquire
mutations these can also have an effect. Subunits and proteins from the nuclear-encoded genome
can also generate mutations and collectively with the mtDNA mutations the disorders characterised
by these mutations are known as mitochondrial encephalomyopathies due to the common
involvement of the brain and skeletal muscle, the prevalence of these related disorders is around 10-

15 per 100,000. (161).

Direct mutations affecting the complex | and rarely complex Il proteins have been linked to a number
of disorders such as Leigh’s syndrome (308-310). Defects in complex Il and IV have been related to
mutations affecting ancillary proteins (311, 312). Complex lll mutations have been linked to poor
exercise tolerance and also effecting the activity of complex | in human studies (313, 314). Complex
IV mutations in the 3 genes encode by mtDNA (MTCO1, MTCO2, MTCO3) have been associated with
symptoms ranging from muscle cramps (315) to exercise intolerance, lactic acidosis, proximal
myopathy and encephalopathy (316). MtDNA mutations affecting complex IV have also been
associated with neurological effects including epilepsy, hearing loss, ataxia and mental retardation
(317, 318). Complex V has two mitochondrial encoded proteins; ATPase 6 and ATPase 8. Mutations
associated with the MTATP6 gene have been associated with neurological complications including
neuropathy, ataxia and retinitis pigmentosa, it can also cause Leigh syndrome and has a cardiac
phenotype . Mutations in the MTATPS, the gene for ATPase 8 have been linked to cardiac
hypertrophy and neurological sequalae (319).
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Deficiencies in the proteins of the electron transport chain have been demonstrated using a number
of techniques as discussed above and have been shown to be acquired with age due to clonal
expansion in colonic crypts by the approximate age of 30 (19, 320). As well as other tissue types
including cardiomyocytes (184), skeletal muscle(321) and various neuronal cell types (322, 323) and
the liver (324). Although so far accumulation of mutations and respiratory chain dysfunction in bone

has only been demonstrated in mouse models (205).

4.2 Aims of this investigation
This work aimed to assess levels of respiratory chain protein deficiency in particular that of complex |

and Complex IV in mesenchymal stem cells and cells of an osteoblast lineage using a high throughput

or high content screening method.
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4.3 Methods: Development of a high throughput assay for assessing mitochondrial
protein deficiencies.

4.3.1 Patient Cohort.

The majority of the patient cohort as in chapter 2 was used for the final experiment in some cases
there was not enough marrow for both sequencing and high throughput work. Immortalised
fibroblast (Wild-type and Complex | deficient) (325) and K562 cell lines (326) were also used along
with a paediatric control cell line derived from a patient undergoing anterior cruciate ligament

reconstruction (ACL 2) and from a 25-year-old patient (Hip 13). See Table 19 for individual patient

details.
Sample Age Sex Surgery Indication Co-morbidities
Hip 1 53 f Ul Osteoarthritis .
replacement hypertension
. Total hip i, ; ; ; ; ;
Hip 2 84 f Osteoarthritis ischaemic heart disease, type Il diabetes Mellitus, asthma,
replacement hypertension, peripheral neuropathy, venothromboembolism,
vitamin D deficiency, B12 and folate deficiency
. Total hip - . . L . .
Hip 3 88 f Osteoarthritis type Il diabetes mellitus, chronic kidney disease, atrial
replacement S L . .
fibrillation, diverticular disease, hypertension
. Total hip -
Hip 5 66 f replacement Osteoarthritis hypothyroid, raised cholesterol, hypertension,
. Total hip .
Hip 6 45 f replacement Osteoarthritis
Hip 7 32 m Total hip Osteoarthritis chronlclobstruc.twe pul_m.onary dlsee?se, gastro-oesophageal
replacement reflux disease, iron-deficient anaemia
Hip 8 74 f UEl? Osteoarthritis atrial fibrillation, pulmonary hypertension, iron-deficient
p replacement . P yhyp !
anaemia
. Total hip .
Hip 9 64 m replacement Osteoarthritis chronic kidney disease, type Il diabetes mellitus
. Total hip -
Hlp 10 2 m replacement Ol type Il diabetes mellitus, hypertension
. Total hip .
Hip 11 61 f replacement Osteoarthritis hypertension
Post-traumatic
q Total hi acetabular
Hip13 25 m P
replacement fracture non-
union
Hip Trauma ~ chronic kidney disease, type Il diabetes mellitus, hypertension,

Hip14 72 f

fractured neck

hemiarthroplasty of the fermnur

hypothyroidism, vitamin D deficiency

Intramedullary Leg length
Femur1l 22 m nail and bone discrepancy
graft after trauma
. . Anterior
Anterior cruciate cruciate
ACL 2 15 m ligament .
. ligament
reconstruction -
deficiency

Table 19 Demographics and details of patients' whose samples were used in the high throughput assay.
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4.3.2 Flow cytometry assay; preliminary methods development and results.
A flow cytometer allows the measurement of the physical parameters of cells in terms of size
measured by forward scatter and granularity measured by side scatter. It is also possible to measure
and detect the surface markers and constituent content of the cells using fluorescently labelled
antibodies (226). Furthermore, flow cytometry is the analysis of single cells in suspension. Analysing
the cellular component of bone marrow in suspension, in particular mesenchymal stem cells, would
potentially remove the issues encountered with auto-fluorescence when imaging osteoblasts in situ
further details of this can be found in Chapter 5.3.3. It would also allow a much larger number of cells
to be analysed. Mesenchymal stem cells are the precursor cells to pre osteoblast and subsequent
osteoblasts they are located within the bone marrow and are available to collect routinely from bone
marrow samples and aspirates. Any mitochondrial protein deficiencies seen in MSCs have the
potential to translate into osteoblasts and would be compared to the sequencing data of Chapter 4

and osteoblast protein deficiency data in Chapter 5 using cytometry by time of flight.

Initially, the permeabilisation and staining protocol developed by Filby et al., (236) was utilised.
Development of the protocol then followed, all steps were based upon this protocol until alteration

as detailed.

4.3.2.1 Antibody selection
The aim of this investigation was to replicate the results of Rocha et al., and Dobson et al., using

confocal microscopy. Regarding this as a starting point antibodies were selected to target
mitochondrial mass, complex | and complex IV measurement. TOM20 was initially used as an

alternative to VDAC.

TOM20 is a component of the TOM complex (translocases of the outer mitochondrial membrane) the
TOM complex works in synergy with the TIM complexes (translocases of the inner mitochondrial
membrane. The TOM complex has multiple functions including the recognition of mitochondrial
targeting signals and acceptance of mitochondrial proteins. The TOM complex allows the passage of
mitochondrial proteins across the hydrophobic outer mitochondrial membrane. TOM20, TOM37,
TOM?70, and TOM72 are redundant receptor proteins whereas TOM40 and TOM22 make up the
protein-conducting channel (327). Due to initial antibody pairings in terms of conjugations and

secondaries TOM20 was selected over VDAC.
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VDAC or the voltage-dependent anion channel controls the passage of adenine nucleotides, Ca** and
other metabolites in and out of the mitochondria. It is predominantly located on the outer
mitochondrial membrane (328). VDAC; is the most abundant protein on mitochondrial outer

membrane. There are also 2 other isoforms VDAC; and VDAGC; (329).

TFAM (mitochondrial transcription factor A) has a role in stabilising the mitochondrial DNA through
nucleoid formation and regulates the mitochondrial DNA copy number. Overexpression of TFAM
leads to increased levels of mitochondrial DNA(330). One thousand TFAM proteins are present for
each mtDNA molecule ad it has been associated and correlated with mtDNA copy number and

mitochondrial function (331).

NDUFB8 (NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8) is part of the 1 beta
subcomplex which makes up complex I. It has been used as an antibody target by Rocha et al.,(235).

It is located on the inner mitochondrial membrane and coded for by chromosome 10 (332).

MTCO1 or cytochrome c oxidase subunit 1 (COX 1) and MTCO2 or cytochrome c oxidase subunit 2
(COX I1) are a components of complex IV and are encoded by mitochondrial DNA (161).

They are located on the inner mitochondrial membrane and functions as part of complex IV
concerned with the transfer of electrons from cytochrome c to a dioxygen molecule converting this
molecule to water and leading to the transfer of a further four protons across the mitochondrial

membrane prior to the conversion of ADP to ATP and Complex V (159).
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4.3.2.1.2 Antibodies and antibody conjugation
As this assay was designed to replicate the equivalent of the quadruple immunofluorescent

microscopy the selection of antibodies is highlighted in 4.3.2.1 Antibody selection. To reduce the
time period of the protocol and ease of the protocol conjugated antibodies were used as in Table 20.
Although the quadruple immunofluorescent assay uses mouse monoclonal antibodies some of the

conjugated antibodies were rabbit monoclonals.

Antibody Code Conc-mg/ml Vol Fluorescent molecule  Species and type
NDUFB8 ab192878 0.292 100ul  Not available RabMab IgG
1SO Rabbit - IgG ab172730 1.646  200ug RabMab IgG

APC/Cy7 Conjugation Kit ab102859

TOM20 ab210665 0.5 100ul 594 RabMab IgG
MTCO2 ab200525 0.5 100ul 647 RabMab IgG
1SO Rabbit - IgG 647 ab199093 0.5 100ul 647 RabMab IgG
TFAM 1gG2b ab198308 0.5 100ul 488 MsMab IgG2b
Mouse IgG2b K Iso Control  53-4732-80 ebioscience 0.5 50 488 MsMab IgG2b

Table 20 Antibody summary table: RabMab — Rabbit monoclonal antibodies, MsMab — mouse monoclonal antibodies.

The NDUFBS8 antibody supplied by Abcam did not have a fluorescent molecule attached and
therefore had to be conjugated. A rabbit IgG was also used as an isotype control for the NDUFBS,
further isotype fluorescent antibodies were used for controls and measurement of background non-

specific binding.

The NDUFBS8 and rabbit isotype were conjugated using the APC/Cy7 conjugation kit from Abcam
(333). First, a modifier is added to the NDUFBS8 or isotype antibody (1l per 10ul). This mixture is
then used to resuspend the lyophilised fluorescent material and incubated for 30 minutes minimum
at room temperature in the dark. A quencher is then added after 3 hours again at a ratio of 1l per
10ul of antibody. The conjugated antibody can then be stored in the fridge. A graphical

representation of this is seen in Figure 57.
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Figure 57 Cartoon representation of the antibody conjugation process with a fluorescent label (yellow circle) (333).

4.3.2.2 Fixation trials
4.3.2.2.1 Fixative
First fixation methods were checked to determine which fixation agent and the time frame were best

to retain cell morphology. Different brands of paraformaldehyde were used; paraformaldehyde
solution 4% in PBS (ChemCruz sc-281692), 16% formaldehyde solution (Thermo 28908) and 16%
formaldehyde solution (TAAB laboratories F017/3). The 16% solutions were diluted to 4% with PBS.
Fixation was then checked on K562 cell lines in comparison to live cells using the BD Accuri™ C6 Plus
flow cytometer. Triton X-100 was added after fixation and fixation was checked again at 1 minute

and 5 minutes for any change in cell morphology.

4.3.2.2.2 Fixation Results
Fixation results are shown in Figure 58; in the live cells graph the forward scatter (FSC-A: a measure

of size) and the side scatter (SSC-A a measure of granularity) show a clear population circled within
the red dashed area. This population is maintained in the populations fixed using Thermo, ChemCruz
and TAAB PFA. It also is maintained after the addition of a detergent Triton X-100. This causes lysis of
the cell membrane and where the cells were not fixed as in the live cell graph. Cell apoptosis is seen
by the increased in small and granular components on the graph. In the fixed cells the populations
remain relatively stable with the comparable morphology in terms of forward and side scatter
profiles. Those cells fixed with TAAB PFA retained their profile to a greater degree than those fixed
with the Thermo and ChemCruz products. Diluted TAAB PFA in PBS was used at a concentration of

4% in the development of a protocol for mitochondrial protein staining and flow cytometry.
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fixation buffers using K562 cell line as a control population. K562 cell line shown from left to right in PBS, Thermo PFA 4%,
ChemCruz PFA 4% and TAAB PFA 4%. The TOP ROW compares FSC and SSC cellular profile before the addition of the
permeabilisation agent Triton X-100. The MIDDLE ROW shows the cellular profile after 1 minute of exposure to Triton X-100
and the BOTTOM ROW shows the profile after 5 minutes of Triton X-100 exposure.
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4.3.2.2.3 Fixation Time

Fixation time was also checked; 20 minutes, 40 minutes and 60 minutes fixation times were checked
using TAAB PFA solution. Fluorescent intensity was then measured using the MTCO2 antibody and
Isotype control conjugated to an Alexa 647 fluorophore from Abcam (ab200525). The results in
Table 21 show that increasing fixation time had a positive effect on improving the levels of true
antibody (MTCO2) binding and signal compared to the non-specific binding of the isotype. Moving
forward cells were fixed for 1 hour using TAAB 4% PFA solution on an agitating thermomixer to
ensure adequate mixing for 1 hour at room temperature. This correlates with a protocol optimised
by Filby et al., (236) which also used fixation times of one hour at room temperature. High levels of
non-specific binding were seen across the fixation trials however further development of the

protocol would aim to address this.

Antibody Concentration

1:50 1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400 Average
factor

difference
20-minute fixation = MTCO2 antibody 5213.00 3123.17 1714.88 1092.95 696.14 484.36 400.58 268.37
Isotype antibody 6301.00 3865.94 2109.12 1358.58 1558.67 464.18 673.06 362.75

Factor MTCO2 vs Isotype control 0.83 0.81 0.81 0.80 0.45 1.04 0.60 0.74 0.76
40-minute fixation MTCO2 antibody 4752.00 3634.48 2049.33 1369.56 818.01 570.95 569.31 277.60
Isotype antibody 6569.00 3950.03 1751.50 1286.81 890.03 665.79 517.15 343.25

Factor MTCO?2 vs Isotype control 0.72 0.92 1.17 1.06 0.92 0.86 1.10 0.81 0.95
60-minute fixation = MTCO2 antibody 5325.00 2140.08 1052.66 603.77 367.49 284.12 278.76 214.26
Isotype antibody 5480.00 1555.82  832.66 896.51 680.18 308.43 244.86 198.42

Factor MTCO2 vs Isotype control 0.97 1.38 1.26 0.67 0.54 0.92 1.14 1.08 1.00

Table 21 Results of varying fixation time using TAAB 4% PFA solution on the MTCO2 fluorescent intensity, although specific
binding was poor.

4.3.2.3 Permeabilisation buffer and process.
After the optimal conditions for fixation had been determined the permeabilisation step needed to

be optimised. The protocol by Filby et al., (236), suggested a 0.1% Triton X-100 with 2% FBS in a PBS
solution with an incubation period of 5 minutes. Conventionally the Mitochondrial Research Group
have used a 0.5% Tween 20 solution in PBS or TBS as a permeabilisation agent, leaving samples in
this permeabilisation agent for staining with antibodies compared to removing it as in the case of

Filby et al., (236).

| compared the use of these permeabilisation buffers and the effect suspending in the buffer had
upon the fluorescent profile of MTCO2 antibody from Abcam conjugated with an Alexa 647

fluorophore. All cells were treated the same and blocked for 1 hour using a 10% normal goat serum
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solution after permeabilisation. This was either in PBS or a permeabilising buffer dependent on the

sample.

ks

51

Cell Count

26

647 channel fluorescence signal intensity
PERMABILISATION AGENT

TRITON PERMEABILISATION: STAYED IN PBS SOLUTION 504.93
TRITON PERMEABILISATION: STAYED IN TRITON SOLUTION 2819.94
TWEEN 20 PERMEABILISATION: STAYED IN TWEEN 20 SOLUTION 20086.21

Figure 59 Flow cytometry output represented by fluorescent signal intensity profile of the K562 cells in different
permeabilisation buffers and stained with the MTCOZ2 antibody conjugated to Alexa 647.

In Figure 59 it can be seen that cells left within the permeabilisation buffers had the greatest
fluorescent signal intensity. 0.5% Tween 20 in TBS (Tris-buffered saline) (TBST) gave the best
fluorescent profile and values. Tween 20 TBS was then compared to Tween 20 PBS (phosphate
buffered saline) solution utilising the same antibodies, blocking/fixation/permeabilisation and
staining protocol. The results as below in

Table 22 show improved levels of differentiation between isotype controls and MTCO2 antibody
fluorescent intensities. Following these results, Tween 20 PBS (PBST) solutions were utilised moving
forward as a permeabilisation buffer, with the cells remaining within the 0.5% Tween 20 solution for

staining with antibodies and incubation.
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Antibody, concentration, permeabilisation and staining buffer Fluorescence Arithmetic Mean Fz-.ictor
difference

MTCO?2 antibody 1:50 concentration in PBST 24500.23 3.304
Isotype control antibody 1:50 concentration in PBST 7415.02

MTCO?2 antibody 1:50 concentration in TBST 32494.72 2.311
Isotype control antibody 1:50 concentration in TBST 14060.05

MTCO2 antibody 1:100 concentration in PBST 17041.2 2.771
Isotype control antibody 1:100 concentration in PBST 6150.29

MTCO2 antibody 1:100 concentration in TBST 21066.66 1.244
Isotype control antibody 1:100 concentration in TBST 16928.55

MTCO2 antibody 1:200 concentration in PBST 10734.55 2.457
Isotype control antibody 1:200 concentration in PBST 4369.32

MTCO2 antibody 1:200 concentration in TBST 17511.25 2.253
Isotype control antibody 1:200 concentration in TBST 7773.24

Table 22 Tween 20 PBS vs Tween 20 TBS as a permeabilisation and staining buffer demonstrating the difference in signal
intensity between the isotype control and MTCOZ2 antibody at different concentrations.

Permeambilisation
Fixation Tween 20 PBS -

4% TAAB PFA 1hr (staining buffer
also)

Figure 60 Protocol development summary.
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4.3.2.4 Blocking Agents and Washes
Initially, 10% normal goat serum (NGS) was used as a blocking agent as per the previous quadruple
immunofluorescent protocol. To improve differentiation between isotype controls and antibodies

different blocking regimes and times were trialled.

First, the length of time was trialled as in Table 23. A 10 % NGS block was used in PBST solution for 30
minutes, 60 and 90. Increasing the blocking time had a slight positive effect on differentiating the

non-specific signal from a background signal with 60-minute block times giving best results.

Antibody and blocking regime Fluorescence Arithmetic Mean  Factor Difference
MTCO2 antibody blocked for 30 minutes 13702.49
Isotype control antibody blocked for 30 minutes 10877.87 1.26
MTCO2 antibody blocked for 60 minutes 16356.39
Isotype control antibody blocked for 60 minutes 12668.24 1.29
MTCO2 antibody blocked for 90 minutes 15419.33
Isotype control antibody blocked for 90 minutes 12720.06 1.21

Table 23 Duration of blocking step using 10% NGS solution on non-specific binding MTCOZ2 vs Isotype control.

With non-specific binding still remaining high other agents were trialled. Human IgG (sigma 14506)
was trialled as this had been utilised in the flow cytometry facility before with limited incubation
times. Human IgG is the most abundant subtype of serum immunoglobulins and the non-specific
binding of IgG would be utilised to block the non-specific binding that was occurring with the isotype
control. This did show improvement particularly using it for short incubation periods as detailed in
Table 24. The recommended protocol which was used was 1 pg of block per 100000 cells for 15
minutes with no wash step between block and staining. Increasing length of block had a detrimental

affect upon specific binding of the MTCO2 antibody to the cells.

Antibody and blocking regime Fluorescence Arithmetic Mean  Factor Difference
MTCO2 antibody blocked for 15 minutes 22860.99 2.277
Isotype control antibody blocked for 15 minutes 10041.78
MTCO2 antibody blocked for 30 minutes 22583.69 1.706
Isotype control antibody blocked for 30 minutes 13236
MTCO2 antibody blocked for 60 minutes 20266.24 1.569
Isotype control antibody blocked for 60 minutes 12918.51

Table 24 Human IgG block duration using MTCO2 antibody and Isotype Control and the effect on non-specific binding.
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Human BD Fc Block was also trialled (BD Bioscience 564219) as per BD protocol. Fc receptors are part
of the immune system and can be the causes of nonspecific binding and false positive staining. Both

the IgG block and Fc block target the IgG receptors and reduce non-specific binding

Fluorescence Arithmetic Mean  Factor Difference
Human BD Fc Receptor Block MTCO2 antibody 14800.46 1.752
Human BD Fc Receptor Block Isotype control 8446.43

Table 25 Results of using BD Fc receptor block on signal intensity using the MTCOZ2 antibody and isotype control conjugated
to the Alexa Fluor 647 molecule.

Abcam also advocates the use of glycine as part of the blocking buffer. Glycine will bind free
aldehyde groups from fixation which would otherwise bind primary and secondary antibodies and be

a source of high background fluorescent signal (334).

As a result of positive intial tests using the Fc receptor block and Human IgG blocking agents, a direct
comparison of blocking regimes was undertaken with 10% NGS, 10% BSA (bovine serum albumin),
Human BD Fc block and human IgG all with the recommended 0.3M glycine as well as 0.3M glycine

alone as in Table 26 and Figure 61.

Block type Fluorescence Arithmetic Mean Factor
BD FC block MTCO2 antibody 13761.68  1.883995
BD FC block 647 isotype 7304.52
10% BSA MTCO2 antibody 14012.77 0.954366
10% BSA 647 isotype 14682.81
Human IgG block MTCO2 antibody 12963.62 2.321603
Human IgG block 647 isotype 5583.91
10% NGS antibody 6173.97 2.021575
10% NGS 647 isotype 3054.04
no block just 0.3M glycine MTCO2 antibody 17879.23  1.397566
no block just 0.3M glycine 647 isotype 12793.12

Table 26 Results of variable blocking agents on a non-specific binding fluorescent signal when using the MTCOZ2 antibody
and isotype control.
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Figure 61 blocking buffer optimisation using K562 cells and MTCO2 antibody and isotype control conjugated with the Alexa
647 fluorophore. Each line represents the signal intensity of the cells analysed using the BD symphony flow cytometer in
comparison to each blocking agent. The data is also shown in table 26.

From the results of this experiment, it is clear that BSA did not have any blocking effect and was
worse than just 0.3M glycine in PBST alone. The human IgG and 10% NGS with glycine gave the best
results and would be utilised moving forward. There was still significant signal from the isotype

antibody binding indicating non-specific binding levels were high.

4.3.2.4 Wash number and technique optimisation
Wash number was also increased in terms of duration (10 to 20 minutes), number (3 to 5) and

volume (100ul to 150 pl). Increasing washes to 20 minutes utilising the Eppendorf thermomixer at
room temperature and 500rpm, as well as the volume and a total number of washes, had a small
beneficial effect upon improving the non-specific binding signal. However, despite the use of the
Eppendorf thermomixer there was still clumping of cells when left for extended periods of time as in
the case of antibody incubation. Further mechanical aids to maintaining a suspension were trialled. A
Stuart Roller Mixer SRT9 was utilised but the volumes the cells were suspended in did not allow
adequate mixing and pelleting still occurred. Using a Stuart SB Tube Rotator improved results in

terms of cell pelleting as did changing from standard Eppendorf 1.5ml tubes to 1.5ml Eppendorf
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Lobind tubes which had been utilised in PCR amplicon preparation. Using these tubes and a rotator

prevented pelleting which should lead to improved staining and wash steps.

4.3.2.5 Antibody Titration
Antibody titration was undertaken across the range of antibodies by setting up serial dilution plates

each with 100,000 cells per well in 100l of the buffer. Antibodies were matched in terms of
concentration expressed in mg/ml so that this was consistent between each antibody and then serial
dilution was performed from a 1:50 concentration through to a 1:51200 as in Figure 62. 1:50

concentrations of NDUFB8 worked well as did utilising a 1:200 concentration of the other antibodies.
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4.3.3 Further Optimisation of the flow cytometry assay

The protocol at this point in development is summarised in Table 27 and Figure 63.

50mls of K562 cells removed and centrifuged at 300G for 5 minutes

wash x2 in PBS and centrifuged at 300G for 5 minutes

Fixation 4% TAAB PFA for 1 hour

wash x2 in PBS and centrifuged at 300G for 5 minutes

Block and permeabilisation using 10% NGS in 0.1% Tween 20 PBS with 0.3M glycine 1 hour

Overnight incubation with antibodies in 10% NGS in 0.1% Tween 20 PBS on rotator or rocker

if plates used

7 wash x5 for 20 minutes on a rotator (orbital shaker if plates) in PBS and centrifuged at 300G
for 5 minutes

8 Final suspension in PBS for flow cytometry utilising BD Symphony A5

O U W N

Table 27 Initial flow cytometry protocol for measuring mitochondrial respiratory chain protein deficiencies.

= Blocking combined ' Staini ¢
- Permeambilisation s taining o

Fixation S antibodies 1:200
Tween 20 PBS - permeabilisation except NDUFBS

4% TAAB PFA 1hr (staining buffer 10% NGS.wit.h 1:50in 10% NGS in
also) 0.3M glycine in

0.1% tween 20 PBS

0.1% tween 20 PBS
3 / 3

Figure 63 Updated protocol development summary.

One element that could account for this was different the F/P ratio between the MTCO2 and isotype
antibodies. The F/P ratio is the average apparent number of fluorochrome molecules conjugated per
primary antibody although this was excluded by information from the supplier - Abcam. The MTCO2
antibody had an F/P ratio of 4.2 vs the isotype which was 4. A further isotype (ab199093) for the
MTCO2 fluorophore (Alexa 647) was purchased but further testing revealed no significant difference
between batches and equally still poor differentiation between true binding and non-specific which

would not allow sensitive detection of deficiency as in Figure 64.
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Sample Arithmetic
Mean
fluorescent
75 signal intensity
Unstained Cells 672.93
Cell 647 Isotype 2510.54
Cau Control - Old
nt 97 Batch
647 Isotype 3733.76
Control - New
Batch
25 MTCO2 Antibody 8159.86
Alexa 647
Figure 64 the comparison of signal intensity
profiles of K562 cells passed through the BD
|~ :
0 I ———_ — B symphony flow cytometer. Isotype antibody

1ot 10° i0° 10 1o®  control batches and MTCO2 antibody

547 channel fluorescence signal intensity conjugated to Alexa 647.

4.3.3.1 Cell types
To assess antibody sensitivity in detecting deficiency a wild type fibroblast and complex 1 cell line

(222) were expanded in order to analyse deficiencies against a known control. As in

Figure 65 there was improved differentiation of the true and non-specific signals seen in both the
Tfam and NDUFBS8 antibody. There was also a decrease in the complex | signal seen in the deficient
cell line as expected. With Tfam values comparable suggest a similar levels of DNA copy number and

indication of mitochondrial function.
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Factor difference

sample Arithmetic difference between wildtype

Mean compared to and complex |
deficient cells

Complex | deficient fibroblast - 488 Tfam isotype control 7665.72

Complex | deficient fibroblast - Tfam antibody 21001.91 2.74

Wildtype fibroblast - 488 Tfam isotype control 4547 .37

Wildtype fibroblast - Tfam antibody 20189.70 4.44 0.96

Complex | deficient fibroblast -APC/Cy7 NDUFBS isotype control 2264.38

Complex I deficient fibroblast - NDUFB8 antibody 6380.17 2.82

Wildtype fibroblast - APC/Cy7 NDUFBS isotype control 1619.45

Wildtype fibroblast - NDUFBS8 antibody 10731.36 6.63 1.68

Figure 65 Mean signal intensity values for Tfam and NDUFB8 compared to isotype controls for the complex | deficient

fibroblasts and wild type non-complex | deficient fibroblasts.

Expanding these results to the full profile of antibodies created mixed results between experiments

with inconsistencies seen in the fluorescent profiles gained. MTCO2 antibody signal vs the non-

specific signal remained poor throughout. The highest factors of differentiation were seen in the

TOM20 antibody vs isotype but were not consistently repeatable.
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4.3.3.2 Further Antibody optimisation

Due to the inconsistencies in the staining of antibodies and fluorescent profiles given a primary
antibody and secondary antibody incubation step was to be used rather than the conjugated
antibodies as in the prior experiments, this also would hopefully improve the antibody fluorescent
signal over the non-specific background by use of a secondary antibody amplifying the signal
intensity levels of specific binding. This would directly mirror the basis of the assay, the quadruple

immunofluorescence protocol by Rocha et al., (235).

Primary antibodies were incubated overnight at 4°C in the dark within a solution of 10% NGS 0.1%
Tween 20 PBS with 0.3M glycine overnight as prior. This was followed by wash steps and then the
fluorescent secondary antibodies were stained the following day for 2hrs in the dark at 4°C before
multiple washes in preparation for flow cytometry. Fluorochromes were also moved to suit the laser
profile of the BD A5 symphony flow cytometer as well.

e Tfam was used in combination with a secondary Alexa 405 antibody

e TOM20 was used in combination with a secondary Alexa 488 antibody
e NDUFB8 was used in combination with a secondary Alexa 546 antibody
e MTCO2 was used in combination with a secondary Alexa 647 antibody

. Arithmetic Factor
Antibody Mean Difference
MTCO2 3215.6 3.98
MTCO2 iso 808.37
NDUFBS8 15203.74 1.51
NDUFBS8 iso 10067.51
Tfam 3283.39 5.16
Tfam iso 636.4
TOM20 12207.05 6.66
TOM20 iso 1834.24

Table 28 Mean signal intensity values of K562 cells using primary secondary antibody incubation steps on the BD symphony
flow cytometer.

The Tfam antibody performance in comparison to the previous conjugated antibody was not as good
so it was elected to continue to use the conjugated antibody. Results remained inconsistent in terms
of the antibody fluorescent profiles in comparison to isotypes with wide variability in the fluorescent
signal strength and factor differences between experiments. Further titrations of primary antibodies
were done, and the signal was found to be best for NDUFB8 at 1:50, MTCO2 1:200 and TOM20

1:1600. The blocking optimisation was again repeated, using the primary-secondary antibody
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combination blocking in 10% NGS TBST with 0.3M glycine was found to give the best results over the
use of Tween 20 and PBS or the addition/use of Fc receptor block or human IgG. The Tfam antibody
in comparison to the other antibodies was a monoclonal antibody so only had monovalent affinity
recognising only a single epitope of the antigen. The polyclonal antibodies recognise multiple
epitopes which increase the risk of cross-reactivity, there is also more batch-to-batch variability as
they are not produced from hybridoma clone cell lines. Given the performance of the Tfam antibody
been significantly better than the polyclonal NDUFB8, MTCO1 and TOM20 a move to monoclonal

variants of these antibodies was made.

4.3.3.3 Confocal microscopy and the development of the flow cytometry assay.
In the absence of antibody and results consistency it was clear the initial optimisation of the protocol

used by Filby et al., (236) was not suitable for the staining of mitochondrial antibody targets. The
most significant drawback of flow cytometry is that the cells are not imaged and as a consequence
detecting what is true specific staining and what is non-specific background is based upon the
fluorescent profiles of each antibody vs their isotype and the assumption that this staining is specific.
With wide variability seen despite the repetition of experiments, confocal microscopy was used to
investigate what exactly the antibodies were binding to. Initially, imaging was done using the Nikon
Instruments Al Confocal Laser Microscope. Below in Figure 66 shows the nonspecific nature of the
NDUFBS staining with the non-specific binding of the antibody within the cell and high background
fluorescence. In comparison to the TOM20 staining, there is clear punctate staining around the
nuclear region typical of mitochondrial staining, whereas the NDUFB8 and MTCO1 the staining is
non-specific and straddles the nuclear region. Increased laser power and gain were required to
demonstrate a signal which suggests an absence of specific binding and non-specific binding and

trapping of the Alexa Fluor secondary within the cell and particularly the nuclear region.
With the absence of specific staining within the mitochondria but mitochondrial mass staining

present further trials of permeabilisation agents were trialled to see if there was an issue

surrounding mitochondrial membrane permeabilisation.
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Dapi—Nuclear Stain TOM20—Mitochondrial Mass

Dapi—Nuclear Stain NDUFB8—Complex |

Dapi—Nuclear Stain

MTCO1 —Complex IV
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Figure 66 Non-specific staining of K562 cells comparing TOM20
specific mitochondrial punctate staining with NDUFB8 and MTCO1
non-specific staining within the nucleus and cell. All antibodies
bound with an Alexa Fluor 488 secondary antibody 60x zoom on

Nikon TIE confocal microscope.

4.3.3.4 Further Permeabilisation buffer optimisation

Perfingolysin is a permeabilization agent used in the Agilent Seahorse mitochondrial stress assay

where the mitochondrial membrane is permeabilised. This was utilised for 5 minutes at a 1:10,000

concentration. However, when the cells were tested on the BD symphony A5 cytometer it was clear

that the perfingo had caused lysis of the
cells despite fixation and the characteristic
cluster of events was seen near the origin of
the axis on both the side and forward
scatter as indicated within the red area on

Figure 67.

Figure 67 Flow cytometry result of using perfingo lysis
agent, the gated area in red demonstrates lysed cells
and cellular debris.
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Digitonin was trialled as a permeabilisation agent, this has been used in a number of studies
investigating mitochondrial function with good effect (335-337). An additional permeabilisation step
was added to incorporate the use of digitonin and a concentration of 0.01% in PBS for 2 minutes on
ice following the permeabilisation with Tween 20. Although there was some improved staining on
confocal microscopy it was not universal or reliable with areas of positive and absent staining in the

control line of cells.

Use of Tween 20 was not permeabilising the mitochondrial membrane reliably to allow the staining
of the respiratory chain whereas harsher buffers were causing lysis of the cell or loss of the TOM20
signal due to membrane damage. Digitonin did offer some improvement but this was not consistent
see Figure 68. Reducing the length of time of a 0.1% Triton X-100 solution did not improve results
with still poor factor differentiation and overlapping of spectral profiles of the antibody and isotype.

Further reviewing of the literature can be summarised in Table 29.

A review of different permeabilisation agents for minimising damage to cells for use in flow
cytometry also concluded that 0.2% Tween 20 for 30 minutes gave the best conditions although this
was in relation to the detection of intracellular RNA. However, it also recognises that no single

permeabilisation agent is optimal for all antigens or cells. (338).
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NDUFB8

NDUFBS Isotype

MTCO1 isotype

Figure 68 Immunofluorescent images using the Zeiss LMS8000 Airyscanner at 20x magnification demonstrating the variable
improvement when using a digitonin step to improve K562 permeabilisation and mitochondrial staining.
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Fixation agent

Fixation Time (minutes)
Fixation temperature (°C)
Permeabilisation Agent

Permeabilisation Time
Permeabilisation Temperature

Extra permeabilisation steps

Griinewald et Hanson et al., (340) Filby et al., (236)

60 (minimum)

1% Tween 20 0.1% Triton X-100 0.1% Triton X-100

Murphy et al., (341)

4%PFA

10

4

1% Tween 20 TBS

10
RT

Graduated methanol
gradient:
. 70% 10 minutes,
. 95% with 0.3%

H202 10 minutes,

. 100% 20
minutes,
followed by rehydration

Russell et al., (342)

4%PFA

30

Chilled

1% Tween 20 TBS

60
RT

Table 29 Summary table of permeabilisation and fixation methods for assessing mitochondria protein targets using immunohistochemistry.

Rocha et al., (235)

4% PFA

3

RT

Methanol gradient

RT

Graduated methanol gradient:

. 70% 10 minutes,

. 95% 10 minutes,

. 100% 20 minutes,

. rehydration 95%
methanol 10
minutes,

. 70% for 10 minutes.

Schmid et al.,
(343)
0.25% PFA

60
4

0.2% Tween 20
PBS
15

37

Review of immunocytochemical methods and protocols (344) favoured the use of non-ionic detergents such as Tween 20 and Triton X-100. It also advocated the

use of 0.1M glycine to bind any free aldehyde groups left from fixation. However, saponin permeabilisation was not effective on cholesterol poor membranes such

as the mitochondrial membrane and so was not considered for use.

Of note regarding fixation, it was suggested fixation has a role in false-negative results by crosslinking cellular elements to mask antigen-binding sites. It was also

noted that tight fixation made the interior of the nucleus and mitochondria inaccessible (344). Prolonged fixation could account for the limited success in reliably

staining the mitochondrial proteins — NDUFB8 and MTCO1 in the assay. The assays in Table 29 particularly concerned with mitochondrial staining used either a

Tween 20 and/or a methanol gradient for permeabilisation steps. This would be reviewed in the ongoing development of the assay.
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4.4 High throughput imaging on the CellDiscoverer7

This high throughput assay was designed to be used with samples of bone marrow. These samples
are finite in terms of one per patient with no chance for further samples to be gained. The issues

encountered using flow cytometry did not make it feasible to use for a high throughput screening
technique. Developing the assay had given unpredictable results with no clear pattern in terms of

distinguishing true staining and false-positive staining.

The CellDiscoverer 7 (CD7) microscope by Zeiss allows fast high quality automated imaging of cells
with in built automatic focus and calibration steps. It allows the rapid analysis of whole wells in
comparison to conventional laser confocal microscopes whilst still retaining adequate cell quality to

allow an analysis of mitochondrial protein deficiencies.

Use of the CD7 would allow rapid assessment of a large number of cells achieving the aims of this
assay in analysing a large number of MSCs from patients. The CD7 is paired with the Columbus
software package from Perkin EImer. The Columbus system allows the automated analysis and

storage of a high volume of images from high content screening instruments.

The availability of the CD7 paired with the Columbus software package meant that high content
imaging was now a feasible option to allow the rapid analysis of cells as with using flow cytometry
but with the benefit of images, allowing staining profiles to be checked, improved and an assay to be

developed.
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4.4.1 Fixation

Fixation had been in 4% PFA for 1 hour in the majority of experiments with varying results. In light of

the risk of tight fixation preventing access to the mitochondrial membrane, the fixation time was

reduced to 5 and 10 minutes and the concentration also reduced to 2%.

Other than this step the blocking and permeabilisation steps were carried out in 0.5% Tween 20 in
TBS with 10% NGS and 0.3M glycine. All staining was done in 0.5% Tween 20 in TBS with 10% NGS.
Washes between steps were done with 0.5% Tween 20 in TBS. Alteration of the fixation significantly
improved the staining of the mitochondrial proteins NDUFB8 and MTCO1 in the K562 cell line. There
is clear co-localisation with the mitochondrial mass marker TOM20 as can be seen in terms of the
images gained as in Figure 69 K562 cells stained with NDUFB8, MTCO1, TOM20 and DAPI following a
10 minute and 5-minute fixation step using the Zeiss Axio-observer LSM800/SDI Microscope at 63x

magnification.

A direct comparison was made between the TAAB PFA and Chemcruz PFA. This was done over 5,10
and 20 minutes and at a concentration of 2 and 4% using the control fibroblast line. The reduced
time of 5 minutes utilising the TAAB PFA at either 4% or 2% gave equally good comparable results in
terms of distinguishing mitochondrial mass. However, there was no staining or co-localisation of
MTCO1 or NDUFBS. Increasing the times of fixation and using the chemcruz PFA also led to an
increase in background autofluorescence and non-specific binding. A further trial of alternate
antibodies was tried: GRIM 19 (complex I) COX4 and MTCO2 antibodies were all used but also did not

co-localise to the TOM20 antibody.
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Figure 69 K562 cells stained with NDUFB8, MTCO1, TOMZ20 and DAPI following a 10 minute and 5-minute fixation step using
the Zeiss Axio-observer LSM800/SDI Microscope at 63x magnification

10 minute fixation

NDUFB8

5 minute fixation

NDUFBS8

NDUFBS isotype TOM20 isotype

10 minute fixation

5 minute fixation

MTCO1 isotype TOM?20 isotype
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4.4.2 Permeabilisation
Despite the assay working well utilising the Tween 20 permeabilisation in the K562 cell line, there

was little to no staining of the mitochondrial proteins of complex | and complex IV in the fibroblasts.

With limited success in using detergent/surfactant-based permeabilisation agents a methanol
gradient was used as in Rocha et al., (235). The times were reduced by half; following fixation in 2%
TAAB PFA for 5 minutes the cells were washed twice in PBS, 70% methanol was then added for 5
minutes followed by 95% for 5 minutes and finally 100% for 10 minutes. The process was then
reversed so 95% for 5 minutes followed by 70% for five minutes. The cells were then washed three
times with 0.5% Tween 20 TBS before blocking in a 10% NGS 0.3M glycine 0.5% tween 20 tbs

solution.

This method improved the visualisation of complex IV with clear co-localisation between TOM20 and
the MTCO1, a titration gradient was performed and screening of the NDUFB8, NDUFB4, GRIM19,
MTCO2 and COXIV antibody was done (1:100, 1:200, 1:400, 1;800, 1:1600). The co-localisation of

complex | was poor, and the background non-specific binding was high as in Figure 70.

NDUFBS

Figure 70 Permeabilisation of the wildtype control fibroblast cell line using a methanol gradient. Complex I, Complex IV and
mitochondrial mass visualised using confocal microscopy (Zeiss Axio-observer LSM800 20x lens).
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4.4.3 Antibody optimisation; biotin amplification and blockade.

One way to amplify the signal of the complex | antibodies would be to use a biotin secondary

followed by a streptavidin-conjugated fluorophore. Biotin is the water-soluble B7 vitamin and is

involved in a wide range of metabolic processes within the cell. It has a very strong affinity for avidin

and streptavidin which is produced by Streptomyces avidinii. Labelled streptavidin can be used to

amplify the signal of proteins expressed at low levels by allowing more fluorescent molecules to be

bound to the antigen by way of amplification as in Figure 71.

Using streptavidin over an avidin tertiary antibody has higher specificity as it lacks carbohydrate
moieties (the carbohydrate component of immunoglobulins). It also has higher tissue penetration as

it is a smaller complex. The staining process is also simpler (345).

Tissue Antigen

Figure 71 Schematic
. Primary Antibody 9

N == Y representation of the use of
o o L = 2 iotinyl ndar
| ,ﬂx\ % 2 biotinylated secondary

Biotinylated Secondary i
2N Antibody ‘ ‘

v Biotin

antibodies and streptavidin
signal amplification.

Strepavidin

&
l*\'l Fluorescent label bound to i ‘
AV streptavidin complex L i

When using biotinylated antibodies, it is important to block endogenous biotin which can be
responsible for high background signal and non-specific binding by the tertiary streptavidin complex.
Blocking of endogenous biotin was done with the Avidin/Biotin blocking kit from Vector. Following
the blocking step with 10%NGS 0.3M glycine in TBST, a wash took place using TBST. The avidin was
then applied for 15 minutes at room temperature followed by two TBST washes. The biotin was then
applied for 15 minutes followed by two TBST washes. The primary antibodies were then incubated in
10%NGS TBST at 4°C overnight on the rocker. Three TBST washes followed, then the secondary
antibodies including the biotinylated IgG1 were incubated for 2 hours at 4°C on the rocker. Three
further TBST washes followed before the final incubation with the streptavidin Alexa fluor 647
conjugate for 2 hours at 4°C on the rocker. Three final washes with TBST were done, the cells were

then ready for imaging.
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In Figure 72 the signal intensity is improved on the NDUFB8 antibody but there is still a high
background or noise to specific signal ratio. Differentiation of the specific signal to the background is
poor which would make detecting deficiency difficult. Increasing the length of time of the avidin and
biotin block to 30 minutes each did not improve the blocking effect. However, doubling the
avidin/biotin blocking steps showed significant improvement in the staining of the complex | with
NDUFB8 with clear co-localisation with the TOM20 antibody and no detrimental effect upon on the

MTCO1 complex IV staining.
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NDUFBS (biotin) DAPI TOM20 MTCO1 Merge

NDUFB8 DAPI TOM20 MTCO1 Merge

Figure 72 Quadruple immunofluorescence staining of TOM20, MTCO1, DAPI and NDUFBS8 using a biotinylated secondary and standard fluorescent secondary antibody. CD7 microscope at 20x
magnification.

Antibody titration was performed and 1:200 primary and secondary antibody concentrations for MTCO1 and NDUFB8 was found to be best, the TOM20 signal was

strong and as such a concentration of 1:800 of the primary provided sufficient signal for suitable staining Figure 73 shows the effect of double biotin blocking

steps on NDUFBS staining in fibroblasts.
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Double Biotin Block .
e o o Figure 73 Immunofluorescence images

y 5 ; s e 2 £ P IRl token using the Zeiss Axio-observer

! ' : v | LSMB800 confocal microscope to image
wild type fibroblasts after a single and
double biotin blocking regime CD7
microscope at 20x magnification.

[

NDUFB8

Single Biotin Block

NDUFB8
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4.4.4 Cell sorting and imaging

With the assay working well on culture cell lines it would need to be tested on MSCs from patients.

Sorting these cells allows assessment of MSCs ex-vivo and not affected by any aspect of culture. Cells

would be sorted using the same assay as detailed in the material and methods chapter. Initially, they

were sorted into Perkins EImer 96 well glass-bottomed plates and Greiner Bio-One 384 well glass-

bottomed plates. Cells were then left to bed down over 48hrs before imaging. As can be seen in

Figure 74 the 1000 cells sorted remained in the 96 well plates. Using a 96 well plate it is possible to

aspirate and performing the staining protocol by only touching the pipette at the edge of the well.

This is not possible in the 384 well and there is a risk of aspiration or dispersion of cells to the

periphery which doesn’t allow adequate numbers to be analysed.

DAPI nuclear staining 1000 cells 96 well plate DAPI nuclear staining 1000 cells 384well plate

Figure 74 Overview tiled images using the Zeiss CD7 microscope at 5x magnification showing 1000 cells (DAPI staining)
sorted into a 96 and 384 well plate.

211



Daniel Hipps
A5001238 Chapter 4 - High throughput screening to identify mitochondrial respiratory chain protein deficiencies

Initial optimisation sorts were done using the control fibroblast cell line. In the first instance, these cells were simply trypsinised washed and passed through the

Aria lll fusion flow cytometry sorter to see the impact on survival and staining. Whilst there were some cells which did not survive after sorting the majority did

and this allowed satisfactory staining using the above-optimised protocol.

Figure 75 Quadruple immunofluorescence assay of fibroblasts after cell sorting using the CD7 microscope at 20x magnification.

NDUFBS8

MTCO1 isotype |TOM20 isotype NDUFBS8 isotype |DAPI isotype

Following successful completion of this further cell sorting was done on a cultured MSC cell line derived from a patient. Here cells were sorted using the MSC
sorting protocol into wells and then stained as per the immunofluorescent protocol. The staining profile was the same as that of the previously optimised protocol.

There was no crossover from the background staining of the flow cytometry antibodies. However, the flow cytometry sorting antibodies did cause issues as

detailed below.
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The positive MSC flow cytometry sorting antibodies (CD105, CD90 and CD73) are all mouse IgG1.
When the immunofluorescence protocol was trialled on the sorted cells with the flow cytometry
antibodies bound to their membrane there was background signal affecting the TOM20 and NDUFB8
channels. This was due to the biotinylated secondary and tertiary antibodies used for the NDUFB8

antibody also IgG1 binding to the flow cytometry antibodies as in Figure 76.

Biotinylated
NDUFB8

Figure 76 Non-specific binding seen in the TOMZ20 and NDUFB8 channels caused by non-specific binding of secondary
antibodies to the flow cytometry sorting antibodies.

To combat this an IgG1 block was trialled after biotin block in the protocol. To do this an Alexa Fluor
750 anti-mouse IgG antibody was incubated for 2hrs at 4°C followed by 3 TBST washes. The blocking
capacity was then checked using a 488 IgG1 anti-mouse antibody. The 488 antibodies also disrupted
the 488-channel signal of the MTCO1 antibody.

There was still some residual background signal due to the binding of the flow sorting antibodies with
the immunofluorescent antibodies. An alternative panel of antibodies using NDUFBS8 rabbit
polyclonal antibody, VDAC1 mouse IgG2b was used in place of TOM20 as only an anti-rabbit I1gG or
anti-mouse IgG2a clone were available, and this would interfere with other antibody signals. The
MTCO1 mouse IgG2a primary antibodies were utilised as this was unaffected. A secondary panel of
biotinylated anti-rabbit IgG Alexa Fluor 647, anti-mouse Alexa Fluor 488 IgG2a and anti-mouse Alexa
Fluor 546 1gG2b was also used. With no 1gG1 the non-specific background from the flow cytometry

antibodies was not an issue as can be seen in Figure 77.
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Biotinylated
NDUFBS8

Antibodies: NDUFB8 Anti-Mouse -IgG1, TOM20 Anti-
Rabbit IgG H+L, MTCO1 Anti-Mouse:lgG2a

Biotinylated
NDUFB8

Antibodies: NDUFBS8 Anti-Rabbit IgG H+L, VDAC1 Anti-
Mouse IgG2b, MTCO1 Anti-Mouse IgG2a
Biotinylated
NDUFB8

Antibodies: NDUFB8 Anti-Rabbit IgG H+L, VDAC1 Anti-
Mouse IgG2b, MTCO1 Anti-Mouse|lgG2a

NPC: Biotinylated NPC: MTCO1
NDUFB8

Antibodies: No Primary Controls for NDUFB8 Anti-Rabbit ,
MTCO1 Anti-Mouse , VDAC1 Antibody Present

Figure 77 Comparison of antibody staining profile on flow cytometry sorted MSCs, Top row - original antibody panel with
extra Alexa Fluor 750 followed by Alexa Fluor 488, Second-row altered panel of antibodies with prior IgG1 488 antibody
block, the third-row alternative panel of antibodies without block, fourth row no primary controls for the alternative panel of
antibodies.
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The strength of the rabbit NDUFBS8 signal was found to be sufficient without the use of biotin
amplification. This amplification leads to more non-specific staining within the mitochondria and the
results were not as clear. The comparative staining with the biotinylated mouse antibody at the same
optical settings revealed poor staining and little signal in comparison to the anti-rabbit NDUFBS8 as in
Figure 78. Removing the requirement of biotin amplification and the biotin blocking steps improved

the time of the assay and levels of non-specific binding and signal.

Anti-Rabbit NDUFB8
biotinylated

Anti-Rabbit NDUFB8

Anti-Mouse NDUFB8
biotinylated

Figure 78 Immunofluorescent imaging at 20x magnification using the CD7 microscope on wildtype fibroblasts demonstrating
biotinylated rabbit and mouse NDUFBS8 signal vs rabbit NDUFBS8 signal.
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4.4.5 Further antibody optimisation and validation.

4.4.5.1 Human Muscle sections

Unlike the anti-mouse NDUFB8 antibody which has been validated in muscle and bone (205, 235) the
rabbit NDUFB8 has not been used in a quadruple immunofluorescent assay in this way and the only
published use has been for western blotting (346).

In order to validate the NDUFB8 antibody direct comparison was made using mouse muscle and
comparative staining of the same fibres on serial sections. In order to do this the assay by Rocha et
al., (235) was utilised. Both sections were stained with biotin followed by secondary antibodies and
compared to VDACL staining.

After staining the sections were imaged using the cd7 microscope. Using the Zen 2.5 lite software
each individual fibre was isolated and compared to the same fibre on the next serial section for
complex one deficiency and direct comparison between the anti-rabbit and anti-mouse NDUFBS8
antibodies.
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Anti-Mouse
NDUFB8

Anti-Rabbit
NDUFB8

Figure 79 Human muscle viewed at 20x magnification using the CD7 microscope. Serial sections comparing biotinylated anti-
mouse NDUFB8 and biotinylated anti-rabbit NDUFBS. Serial section areas marked by the green dashed line. Within this area,
each individual fibre was analysed.

Intensity measurements made from Zen lite software were then transferred into the TIBCO Spotfire
software. The results of these can be seen below in Figure 80. The biotinylated signal of the anti-
rabbit again was far more intense than the anti-mouse NDUFB8 and subjectively the images visually
demonstrated deficiency better than the use of anti-mouse. There was some correlation of those
deficient fibres on serial sections between the two antibodies however there was a large proportion
of fibres classed as deficient on their NDUFB8/VDAC ratio using the anti-mouse NDUFBS8 that were
not using the anti-rabbit NDUFBS. The signal from the biotinylated anti-rabbit NDUFB8 was too
bright and was masking these deficient fibres as had been found when using the biotinylated
NDUFBS8 on the wildtype fibroblasts.
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Figure 80 Demonstrating the ratio of NDUFB8 and VDAC signals for individual human muscle fibres. Comparison of Anti-
Rabbit NDUFB8 and Anti-Mouse NDUFBS.

4.4.5.2 Wildtype and Deficient cell lines — ND4 vs NDUFB8 antibodies
With the validation of the antibody using the human muscle sections inconclusive, further validation

was performed by using the ND4 and anti-rabbit NDUFBS8 antibodies on wildtype and complex |

deficient fibroblasts.

Complex | deficient and wildtype fibroblasts were grown up in T75s they were then seeded at a
density of 10,000 per well in a 96 well senso plate. After 24 hours the staining protocol was initiated;
the protocol used is outlined in 4.5 Final optimised assay for high throughput screening. The ND4
antibody is anti-mouse IgG2a antibody and as a result, this replaced the MTCO1 antibody for this
experiment. Both the anti-rabbit NDUFB8 and ND4 were bound with Alexa 488 and Alexa 647

respectively, VDAC was bound with the Alexa 546 antibody.
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NDUFBB8 vs ND4 Concentration gradient: wildtype vs deficient cell type
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Figure 81 Direct comparison of anti-rabbit NDUFB8 and ND4 antibodies on wild type and deficient fibroblasts.
Whilst the NDUFB8 demonstrated significant differences the ND4 antibody did not highlight

deficiency and very little difference from the background signal or non-specific binding as
demonstrated in Figure 82.

Anti-Rabbit NDUFB8

Figure 82 20x image of wildtype fibroblasts taken on CD7 microscope. The comparison of the clear punctate (typical)
mitochondrial staining can be seen in clear comparison to the high levels of background seen in the ND4 antibody.

Utilising the wildtype and deficient fibroblasts it was possible to demonstrate deficiency between the
two cell types using the NDUFBS8 anti-rabbit antibody.
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A comparison was also made between the NDUFBS biotinylated and unbiotinylated signals. As
demonstrated in Figure 83. The biotinylation step amplified the signal in both the deficient and
wildtype fibroblasts but the distribution remained the same. As a result, the extra steps to biotinylate
the antibodies and potential for more non-specific background it was elected to use unbiotinylated
antibodies.

Complex | vs VDAC: Biotinylated vs non biotinylated rabbit NDUFB8 anti-rabbit on wildtype and deficient fibroblasts

647 Complex | signal

oo

@ ©5 DEFICIENT MO BIOTIN

16000

10008

-1En ] I 000 2m 2am s o a0 L] 000 1008

S 546 VDAC signal

Figure 83 Comparison of biotinylated and unbiotinylated anti-rabbit NDUFB8 and VDAC signal using wildtype and deficient
cell lines.
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4.5 Final optimised assay for high throughput screening

4.5.1 Assay
1. Cells either sorted on to or cultured in 96 well Senso plate (glass bottom).
2. Media removed from cells and washes x1 with sterile PBS.
3. Fix with fresh 4% paraformaldehyde (TAAB) 2 minutes.
4. Washes x3 TBST.
5. Permeabilisation using methanol gradient:

10.

11.
12.

70% methanol for 5 minutes.
95% methanol for 5 minutes.
100% methanol for 10 minutes.
95% methanol for 5 minutes.
70% methanol for 5 minutes.
Washes x3 TBST.
Protein block 10% NGS diluted in TBST with 0.3M glycine 1 hour.

Stain with primary antibodies overnight at 4°C on rocker at 30 rpm. Antibodies diluted in 10%

NGS and TBST.
Antibody Ig Concentration
Anti-Rabbit NDUFB8 Rabbit H+L 1:100
Anti-Mouse VDAC1 IgG2b 1:100
Anti-Mouse MTCO1 IgG2a 1:100

Washes x3 TBST.

Secondary antibody cocktail diluted in 10% NGS and TBST.
Antibody Concentration
Anti-Rabbit Alexa 568 1:200
Anti-lgG2b Alexa 647 1:200
Anti-lgG2a Alexa 488  1:200
Dapi 1:1000
Antibodies incubated with plate covered with foil (in the dark) for 2 hours at 4°C on rocker at
30 rpm.
Washes x3 TBST.

Sterile PBS added to wells and wells then imaged using the CD7 microscope at 20x zoom.
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4.5.2 Testing the Assay

The assay as a complete process from sorting cells using flow cytometry through to the
immunofluorescent assay as laid out above was tested on cultured cells from the 25-year-old male
patient. These cells had been grown from marrow samples and were expanded in a t75. Once
confluent the cells were trypsinized, washed and stained with MSC markers for sorting via flow
cytometry.

Following sorting into a 96 well plate the cells were allowed to bed down on to the plate for 24 hours
before running the immunofluorescent assay. The images of this successful test can be seen below in
Figure 84.

25 year old male

patient

Anti-Rabbit NDUFB8

VDAC- No primary control MTCO1 - No primary control Anti-Rabbit NDUFB8 - No
primary control

Figure 84 Final test of combined flow cytometry sorting assay and immunofluorescence assay on cultured MSCs from 25-
year-old male patient.
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4.6 Results
4.6.1 Flow cytometry sorting of MSCs

Frozen lymphoprep samples from the patients detailed in Table 19 (Hip 1-14) were selected and

prepared:

1. Vials were thawed in a water bath at 37°C, then pipetted dropwise into a universal with 5mls
of warmed aMEM media.

2. Samples were then spun at 500g for 5 minutes, the supernatant was then aspirated, and the
cell pellet was resuspended in 5mls of warmed aMEM media and spun again before
suspension in Ca?*, Mg?*, PBS. DNAse was added at this step to aid suspension if cells were
clumped. An incubation period of 10-15 mins with DNAse was allowed. Usually, 10-15ul were
required added in 5ul increments.

3. Cells were then stained using the MSC sorting protocol 2.4.2.2 Mesenchymal Stem Cell

separation.

After this cells were sorted using the BD FACSAria Fusion flow cytometer on to 96 well senso plates
containing aMEM and allowed to bed down for 24hours. The defrosting and staining were done as a

staged process to limit times out of media and defrosting across the sample.

The results of the sorting can be seen in Figure 85. The initial aim of the sorting process was to get
1000 cells per well. However as in the PCR chapter the number of cells sorted, and time taken to sort
those cells varied from sample to sample. Objectively the older patients had a reduced density of

MSCs per sample sorted this would also correlate with findings in the literature (347).
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Figure 85 Schematic representation of the sorting process using the BD FACSAria fusion sorter: TOP LEFT cells are sorted on
the basis of side and forward scatter dead cells and debris are eliminated. These cells then pass to the TOP RIGHT where
cells are sorted using forward scatter height and area, cells joined together are excluded. The sorted single cells are then
analysed on the BOTTOM LEFT graph, cells are sorted based on antibodies conjugated with fluorophores: cells positive for
CD105 and negative for 14/20/34/45 selected and processed on the BOTTOM RIGHT graph which selects only those cells
positive for CD73 and CD90. The sorter then sorts single live cells which are positive for CD73/90/105 and negative for

CD14/20/34/45 on to the 96 well plates.

The initial sort resulted in relatively poor sorting results (see Table 30), this was likely due to the

thawing process, the incubation processes and the time taken to sort resulting in some samples

spending more time in PBS at 4°C awaiting sorter availability after going through the protocol. This

resulted in greater cell death and although “live cells” were sorted on to the plate apoptotic

pathways had most likely been initiated leading to cell death and upon staining and imaging, no

viable cells were present or available to analyse.
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Number of cells sorted
First sort  Second Sort

Femur 1 301
Hip 1 183
Hip 2 139
Hip 3 121
Hip 5 46 244
Hip 6 30
Hip 7 15
Hip 8 45 1300
Hip 9 33 668
Hip 10 105
Hip 11 317
Hip 13 434

Table 30 Results of MSC cell sorting on BD FACSAria Fusion.

Due to the poor results, the sorting step was repeated the following day as samples allowed. On this
occasion, only a small number of samples were processed rather than batch and then sorted
immediately after the staining protocol had finished. On this occasion the results were more
promising in terms of cell numbers, however, after allowing the cells to bed down for 24hrs and
completing the mitochondrial protein assay there were no viable cells to image or analyse when

viewed using the Zeiss Axio-observer LSM800/SDI Microscope or Zeiss Celldiscoverer 7 Microscope.

A further repeat run was performed, and, on this occasion, samples were all processed in an
individual manner, this limited the time of defrosting, processing and subsequent time to flow
cytometry sorting. The results of this sort can be seen in Table 31. Although this individual
preparation method improved the yields of cells, with improvement seen from the first sorting

results, the end results were the same and no cells survived to be imaged using the CD7 microscope.
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Cells sorted
Femur 1 168
Hip 1 575
Hip 2 198
Hip 8 167
Hip 9 1000
Hip 9 1000
Hip 13 437

Table 31 Further sorting results of MSCs using the BD FACSAria Fusion.

4.6.2 Impact of freeze-thaw cycles on cells.

The impact of freezing cells after the lymphoprep step and then subsequent thawing causes
significant injury to the cell lines and lead to apoptosis in many cases. The yields of cells from the
MSCs sorting step were subjectively reduced from when cells were sorted fresh and objectively when
cells were isolated from cultured MSCs, however, in this case, the density of MSCs is significantly
greater and not a straightforward comparison with the isolated mononuclear cells from the

lymphoprep step.

Work in human embryonic stem cells using conventional freezing methods with slow cooling
protocols and cryoprotectant (10% DMSO) as employed after the lymphoprep separation of cells
showed that on returning cells to 37 °C there was an increase in cell death compared with keeping
cells at 4°C (348). This would explain the results showing cells sorted as “viable” on flow cytometry
but dying when on the plate. Both the cytometer and plate were run at 37°C which was presumed

would enhance cell viability.

Specifically in relation to MSCs most collection processes and freezing protocols relate to the ex-vivo
expansion of cell cultures prior to freezing steps, here yields and the impact of the freeze-thaw
process was less of a significance (349). However, Chatzistamatiou et al., (350) compared various
methods of MSC collection and freezing of cells taken from Wharton’s Jelly. Cells, which were frozen
in the tissue, had very poor results in terms of frozen yields compared to cells taken from fresh

tissue.

Results were also extremely poor in those cells which were extracted using enzymatic digestion and
then were frozen. After 1 month of freezing no cells were viable. This was thought to be due to the

prolonged and successive stresses of enzymatic digestion and freezing. The conclusion of this paper
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found optimum MSC viability and collection was found to be by processing cells and expanding

populations prior to cryopreservation (350).

Unfortunately utilising this method was not possible as part of the protocol for analysing
mitochondrial defects. Varying division rates dependent on mitochondrial defects could not be

guaranteed between cells and could lead to dilution of cells with mitochondrial defects.

4.6.3 The effect of flow cytometry on cell viability.

Flow cytometry whilst an efficient method to identify and sort rare subpopulations does have some
drawbacks. Cells must, of course, be in suspension, they are then subject to pressure effects,
potentially passing through undersize nozzles creating stress which can lead to cell death (351). Cells
which are too large for the nozzle can affect the stream and lead to fanning; where the stream is
unstable and leads to a spray at a variety of angles and not necessarily into the collection vessel.
Utilising larger nozzles can also reduce the pressure at which cells run at which again can improve
viability as can running cells at a lower rate as this reduces the shear forces upon the cells (352).
Other factors which may affect viability relate to the sample storage pre-sort — viability can be
improved by sorting at an optimum temperature for the cells however when the cells are in
suspension and waiting to be sorted there is no incubation which may lead to a decrease in the

viability of the cells (353).

Once in the cytometer and stream, there is a risk to cells as they are exposed to radiation across the
visible light spectrum and ultraviolet spectrum which can cause damage and change (354). Flow
cytometry sorting has also been shown to have harmful effects upon certain cell lines and viability
was found to be compromised in a human monocytic cell line (355).

4.6.4 Utilising a fresh sample

The factors affecting cell viability in terms of flow cytometry sorting are potentially slightly modifiable
but inherently flow cytometry sorting remains a significant stressor to cell survival. An easier
modification of the protocol would be to use fresh samples. This would remove the freeze/thaw

cycles and damage to cells and compromising effect upon cell viability and survival.

Ideally, the patient selected would be a young patient as MSC density is higher in these samples (356,

357). However, due to timings and logistics, a 72-year-old female undergoing a hip hemiarthroplasty
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for a fractured neck of the femur with an abbreviated mental test score of 10 was deemed suitable

to consent and to take samples.

Samples were collected as per normal procedure at the time of femoral preparation. They were then
taken straight to the lab and mixed with sterile PBS as per the lymphoprep protocol 2.4.2.1. After this
step, the cell pellet was resuspended in PBS and stained for 1 hour with the MSC sorting antibodies.
This was followed by a wash step; the cells were then sorted into a 96 well plate containing media at
37°C. After sorting the cells were spun at 150g for 1 minute. They were then placed in the incubator

and allowed to bed down for 24 hours.

After this point, the cells were then stained using the optimised protocol. In addition to the patient
samples, a wildtype and deficient fibroblast line were used again as above as means of controls. In
total 1000 of the patient cells were sorted into one well and a further 50 as no primary controls were
also sorted. The images and results can be seen below. These were taken with the Zeiss CD7
Celldiscoverer microscope for analysis and also the Zeiss Axio-observer LSM800 microscope for
higher quality images see Figure 87 and Figure 88. In terms of locating the cells, the CD7 was used in
overview mode using the DAPI nuclear stain to identify cells see Figure 86. These positions once
identified as cells rather than debris were then imaged at 40x. The same settings were used to image

areas of the wildtype and deficient fibroblast cell lines in tile mode as in Figure 87.
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Figure 86 Overview
scan results showing
single sorted MSC cells
cells of interest as well as cellular
debris in a single well
of a 96 well plate -
taken with the Zeiss
CD7 Celldiscoverer
microscope at 2.5x.

Overview scan of well using the DAPI - nuclear channel to find
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Alexa 488 - MTCO1 Alexa 647 - VDAC DAPI - Nuclear stain Alexa 568 - NDUFBS8 Merge

Single sorted MSC cell displaying mitochondrial proteins

Single sorted MSC cell displaying mitochondrial proteins

Single sorted MSC cell displaying no primary control staining
(VDAC and DAPI used to demonétrate nuclear and mitochondrial
regions)

Figure 87 Images of single sorted MSCs taken at 40x using the Zeiss Axio-observer LSM800. Top two rows depict MSCs, and the bottom row show a no primary control cell stained with only VDAC and
DAPI primaries.
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DAPI - Nuclear stain Alexa 488 - MTCO1 Alexa 568 - NDUFB8 Alexa 647 - VDAC Merge

Wildtype fibroblast cell line displaying mitochondrial proteins

Complex | deficient fibroblast cell line displaying mitochondrial

Figure 88 Images of wildtype and complex | deficient fibroblasts used as controls at the same time as the MSC experiment as seen in figure 87.
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4.6.5 Fresh sample results.

By utilising a fresh sample, it was possible to analyse 88 cells for mitochondrial protein deficiencies

by measuring signal intensities of fluorescent secondary antibodies bound to VDAC, NDUFB8 and

MTCOL1. The results of this analysis are seen below. This can be compared to the values of the

wildtype and complex | deficient fibroblast cell lines.

Utilising the python programming language and R code linear regression was performed based upon
correction for mitochondrial mass. Cells which were not within the 95% predictive intervals are
highlighted in Figure 89 Linear regression model showing VDAC mean values compare to complex |
and complex IV mean values. MSCs which lie outside the 95% predictive intervals are highlighted.

. There is a collection of deficient cells which lie outside the confidence intervals of both complex |
and IV (MSCs 8, 20, 32), whereas the MSCs 11 and 39 are only deficient in complex | and IV

respectively.

Complex IV deficiency (cytochrome c oxidase) in colonic crypts for patients in the 70" decade varied
from 1.70% to 27.90% (19) this would correlate with the values seen here where a value of 4.55% of
mesenchymal stem cells had complex IV deficiency. In the paper by Taylor et al., 2003 they modelled
the data from the research demonstrating a mean percentage increase in cytochrome c oxidase
deficiency crypts with advancing age. Complex | deficiency has also been demonstrated in motor
neurones by Rygiel et al., (358). In the cohort of patients studied (70-99 years) complex | deficiency

was around 10%.

Whilst these increases and trends cannot be demonstrated on one patient alone, the values found in
the 72-year-old patient do correlate with the model by Taylor et al., and Rygiel et al. In an ideal
scenario, the experiment would have been performed upon all of the original patient cohort with
matched PCR and CyToF data. However, the effects of freeze/thawing the cells and storage at -80°C

impacted on viability and prevented this.
This experiment and assay does prove that it is possible to take individual stem cells from a patient

and demonstrate individual cell respiratory chain deficiency, but the assay has significant effects

upon cell viability.
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Figure 89 Linear regression model showing VDAC mean values compare to complex | and complex IV mean values. MSCs

Figure 90 Results of the complex 1 deficient fibroblasts clearly demonstrating a deficient population in red for complex 1
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4.7 Discussion
Accumulation of somatic mitochondrial DNA mutations occurs with increasing age (19) mitochondrial

DNA is also prone to large-scale deletions and these are also known to increase with age (191). A
mouse model has shown that the accumulation of these deletions leads to age-related OXPHOS
dysfunction in certain cell lines (192). There has been no documented evidence of mitochondrial
deficiency in MSCs only evidence of mitochondrial respiratory chain protein deficiencies in their
progeny cells - osteoblasts in mice (205). Attempts to repeat the work of Dobson et al., resulted in
high levels of autofluorescence and detection of osteoblasts proved difficult with only osteocytes
available for reliable identification due to location within the cortical bone and their shape. This led
to the development of an alternative assay and experiment. Autofluorescence in bone is a well-
documented issue (359-362). Bone mainly contains type 1 collagen fibres. Type 1 collagen fibres
were shown to emit luminescence between 400nm-700nm of the electromagnetic spectrum (361)
the most intense luminescence is seen when collagen is hit with ultraviolet wavelength light (362).
The secondary antibodies utilised in the assay by Dobson et al., were conjugated to Alexa Fluor 405,

488, 546 and 647nm these all correlate with the emission spectra of collagen 400-700nm.

Autofluorescence is also dependent on mineralisation levels (360), which decline with osteoporosis,
However newer osteons and younger bone which has rapid turnover have lower autofluorescence
than aged bone which tends to accumulate autofluorescence near the central canal (362).
Osteoblasts themselves also exhibit autofluorescence further compounding the problem (363).
These multiple factors meant that conventional fluorescence-based microscopy of tissue samples
was not appropriate. As a result, single MSCs were analysed independently to avoid the issues

around the mineralised matrix causing autofluorescence.

The development of this assay has gone through numerous phases which underlines the difficulty to
analyse MSCs from patients without the distortion of expanding their numbers through culture. As
highlighted previously MSCs are a rare cell type and one that declines with age (356, 357). The
isolation processes and preparation of cells for the staining and mitochondrial analysis protocol all

cause damage and or the loss of MSCs from the analysis pool.

The first steps taken were to use flow cytometry this would isolate the single MSCs and potentially
osteoblasts from the bone marrow and remove the auto fluorescent properties that are present in
bone sections. The difficulty in utilising flow cytometry was the variability in results and ultimately

flow cytometry gives no visual representation of staining. Autofluorescence and background staining
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most likely contributed to varying results despite altering the assay and taking steps to reduce this.
Without imaging, it was clear that the staining of cells could not be trusted or optimised, and a

technique first had to be developed based on imaging.

Use of the Zeiss Celldiscover 7 microscope would allow rapid acquisition of images and steps taken in
the optimisation of the flow cytometry assay could be employed here. Ultimately however the issues
encountered in the fibroblasts utilised and ultimately the MSCs would be of antibody choice. The
rabbit species NDUFBS8 has not been utilised in published work for immunofluorescence and is not
one used in the group, but this gave much-improved differentiation and imaging in comparison to

the mouse monoclonal antibody, which took a lot of optimisation and extra steps to improve results.

With an optimised assay for mitochondrial protein analysis, the end results relied on the survival of
cells. As alluded to the freezing and thawing of cells in combination with the flow cytometry sorting
assay had significant effects on cell viability with only 8.8% of sorted cells surviving and allowing

analysis.

However, despite the shortcomings of cells surviving the MSC isolation step the work in this chapter
confirms that it is possible to take single MSCs from patients and analyse these for mitochondrial
protein deficiencies. This experiment must be done under strict conditions to prevent loss of cells
and reduced cell viability with freeze/thaw and storage of cells ultimately resulting in lowered

viability and cell depth before completion of the experiment.

Unfortunately, the collection of samples over a period of months did not allow synchronous
experiments to take place so bone marrow samples were frozen and stored to be analysed at the
same time. This process caused damage to the cells which combined with the harsh effects of flow
cytometry and or the mitochondrial staining protocol led to the death of these cells, ultimately

preventing analysis of the cohort of patients used in the other chapter’s results.

Steps to tackle this for future experiments could rely on control cell lines as used in

the Mitochondrial Diagnostic laboratory service at Newcastle University. It is not feasible to process
or collect all samples at the same time and so benchmarking each individual test against a control is
the necessary step that would be required to demonstrate deficiency levels across an age varied
population and ultimately see if the results of mitochondrial respiratory chain deficiency correlate

with those changes found in other cell lines as well as mesenchymal stem cells.
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4.7.1 Conclusion

The completion of this experiment and body of work leading to the development of the assay has
demonstrated the ability to detect mitochondrial deficiency in MSCs as detailed above. It would be
plausible and possible to complete this assay across a range of patients and age groups to see if the
results corroborate the evidence found by Taylor et al., and Rygiel et al., supporting the

mitochondrial theory of age-related respiratory chain deficiencies occurring.

Importantly this assay has also demonstrated a detectable difference in the fibroblast control cell
lines using a rabbit monoclonal antibody. Previous work as highlighted in this chapter has found
distinguishing complex | deficiency between wildtype and deficient cells poor. This has been tried
across a number of primary antibodies, secondary antibodies and experimental conditions. The
control fibroblast cell lines are easy to expand in culture and readily available. They can be utilised in
conjunction with the staining protocol and antibodies developed in this chapter in drug and

treatment development.

4.7.2 Future work

Ultimately the question remains to be answered, do MSCs accumulate mitochondrial protein
deficiencies with age? Therefore, the logical step would be to repeat the now optimised assay across
an age range of patients against benchmark cells to ensure the reliability of the test. There is also
likely room to improve the assay further and optimise the yield of viable MSCs by altering the time
from in-vivo collection to sorting into culture medium and plate and the temperatures at which this

occurs.

Work in the other chapters will investigate the patient cohort for evidence of mitochondrial DNA

mutations in the MSC population as well as analysing osteoblasts ex-vivo using time of flight

cytometry to quantify mitochondrial respiratory chain protein deficiencies.
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Chapter 5 - Imaging Mass Cytometry

5.1 Introduction
Flow cytometry emerged in the 1960s and development occurred over the following decades to

expand the number of channels that could be measured to five or more simultaneously (364)
although the number of parameters that could be measured was limited. Mass cytometry or CyToF —
cytometry by time of flight, on the other hand, is a method for measuring single-cell properties much
like flow cytometry but instead of relying on the fluorescent spectrum, it relies on measuring the
time of flight determined by the mass of the molecule/antibody coupled protein. Unlike flow
cytometry, it is not bound by the constraints of the fluorescent spectrum and so a great number
many more parameters (up to 45) can be measured without signal overlap (239). Mass cytometry is
reliant on the use of stable non-radioactive isotopes of rare earth metals typically lanthanide metals
which are coupled to antibodies instead of fluorescent probes. These probes are detailed in 5.3.4.2
Antibody conjugation. It can measure up to 1000 individual cells per second and sample preparation

is similar to conventional flow cytometry (365).

Instead of passing a stream of cells across a laser and detector setup as in flow cytometry, mass
cytometry uses an inductively coupled plasma torch to vaporise the sample creating a cloud of
elemental ions these ions are passed through a quadrupole to filter out low molecular weight ions
and then the relative abundance of each ion is measured and quantified to correlate with the

antibody target (365).

Importantly as CyToF is reliant on mass, not fluorescence there is no issue with autofluorescence
(366), autofluorescence has been an issue in both the quadruple immunofluorescent assay and the
use of flow cytometry, it is important to note that it is still possible for signal spill over into adjacent
channels. It also doesn’t require compensation like flow cytometry. However, there are increased
costs and loss of cells during sample preparation, it is also relatively slower than flow cytometry in

terms of cell throughput (366).

Mass cytometry has been conventionally used in improving the understanding of the lymphoid
system and immunology to look at 25 parameters of cells which are in suspension (367). Experiments
such as this have increased the recognition of the diversity and complexity of cellular networks
allowing the categorisation of cell subpopulations, hierarchies, and developmental pathways (368).
Giesen et al., (369) combined mass cytometry with a high-resolution laser to ablate breast tissue in

place of the inductively coupled plasma torch. This ablated and vaporised tissue was then treated
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much the same as the vaporised cells used in suspension mass cytometry by passing into the
cytometer in a plume of inert gasses. The X and Y coordinates of each laser ablation spot were
recorded and then these parameters combined with the antibody measurement profiles to
reconstruct an image. These images have a resolution comparable to light microscopy but have the

high content of mass cytometry (370).

5.2 Aims of experiment
This investigation aimed to analyse osteoblast ex-vivo within samples of bone preserving the tissue

architecture. These results will then be compared to the mutation load identified on PCR
experiments, bone formation capability of differentiated osteoblasts, MSC complex | and IV mutation

load and patient demographics.

5.3 Methods Development

5.3.1 Immunofluorescence protocol for detecting mitochondrial deficiency in osteoblasts.
Initially, this investigation aimed to identify osteoblasts ex vivo in tissue sections in humans as done
in the assay by Dobson et al., (205). Samples were gained from hip and knee arthroplasty and then
decalcified as per 2.4.1 in chapter 2. Quadruple immunofluorescent staining was then carried out
upon these slides following the protocol by Dobson et al., this protocol had been optimised to take
into account the autofluorescence encountered when imaging bone with confocal microscopy.
Issues, however, were encountered in identifying osteoblasts and mitochondrial deficiency.

Some of these were related to sampling location and also the collection method of the samples.
Initial samples were taken from the template cuts off total knee replacement surgery. This was
abnormal diseased arthritic bone with subchondral sclerosis and limited marrow or osteoblast
activity. Other sections of bone were taken from the femoral neck at the time of total hip surgery. To
gain access to this area an oscillating saw is used to remove the femoral head. It is hypothesised that
thermal necrosis and damage associated with the saw was disrupting tissue architecture and making
imaging more challenging than the previous mouse work where whole femurs could be fixed,
decalcified and embedded on slides to be cut with the microtome. Thermal necrosis has been shown
to have a significant effect up to 0.74mm from the cutting surface but this was dependent on the
speed and force applied when using the saw. Necrosis was evident by disruption of architecture and
empty lacuna (371). When getting the femoral neck samples a preliminary cut to remove the femoral
head was made and then a definitive cut for the prosthesis. This leaves a wedge of bone around 5
millimetres or more in thickness. The sawn surfaces would be at risk of thermal and mechanical

damage but by using sections cut deeper and towards the middle of the tissue this was avoided. No
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primary controls staining only for Osteocalcin are demonstrated below in Figure 91. A section near

the surface shows disruption of architecture and empty lacuna in comparison to the deeper section

with clearly marker osteocytes.

Figure 91 Osteocytes imaged at 60x magnification on the Nikon TIE confocal microscope. Osteocalcin primary antibody used
with Alexa 546 secondary. On the left-hand image taken from deeper within the section osteocytes within lacuna are visible
as marked in the green oval. The trabecular lines are also clearer whereas on the right-hand image taken from the surface
of the tissue section there are empty lacuna (green oval) and disruption of the tissue architecture with discontinuity between
the trabecular lines.

5.3.2 Fixation and Decalcification protocol

Once samples were trimmed and placed in tissue cassettes, samples were fixed in 4% PFA for 72
hours followed by a dH,0 wash. Afterwards, decalcification took place; decalcification of bone can be
performed via immersion, sonication, microwave, ion-exchange or electrolysis. For this research, |
used an immersion technique. Several solutions can be used for immersion decal see Table 32. In this
research Formical 2000 and 14%, tetra EDTA buffered to pH 7.4 was used. The Formical 2000
protocol was based on the manufacturer's guidelines and the EDTA protocol was based on the
handout from the National Society for Histotechnology Annual Symposium 2011 on processing bone
(372). Optimisation of the decalcification process had taken place in the mouse model and is
detailed in the paper by Dobson et al., (205). The EDTA method was found to give the best results in

terms of auto-fluorescence and preservation of the structure.

Formical 2000 solutions were kept at room temperature for 24 hours, whereas EDTA solutions were
kept in the fridge at 4°C on a rocker and the solution was changed for fresh on Mondays,
Wednesdays and Fridays for 21 days. Following these samples were washed with distilled water and

taken for paraffin embedding. In the literature, EDTA was found to preserve the architecture of the
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bone best whilst giving the best immunohistochemistry results (373). Formical/formic acid
decalcification gives a quicker decalcification but causes increased autofluorescence(372). It was

used for the accelerated decalcification initially at the expense of increased autofluorescence.

Immersion Method
Type of decalcification solution Total number of days for
decalcification

Surgipath | (formic & Formaldehyde) 9
22% Formic acid/10% Sodium Citrate 13
Cal-Rite (formic & Formaldehyde) 9
4% Formic acid/4% Hydrochloric acid 13
50% Rapid Decalcifier (HCI) 4
25% Rapid Decalcifier (HCI) 2
Surgipath Il (HCI/EDTA) 4
Nitric Acid 7
EDTA pH 3.2 Did not decalcify after 40
days
EDTA pH 7.0 40
EDTA pH 10.3 16

Table 32 Comparison of different solutions for immersion-based decalcification(373).

5.3.3 Imaging and analysis
Images were taken using a Nikon Al confocal microscope at 60x optical magnification with a 1.55x
digital magnification applied, using solid-state lasers to provide light at the following wavelengths

405, 488, 546 and 647 nm.

Image analysis was performed on Imaris image analysis software (Bitplane, v.8.4). Using the 405nm
channel, the mitochondrial mass was identified in areas positive for the VDAC antibody in those cells

which were positive for osteocalcin (546nm).

The software was then used to measure the average intensity value of these positive areas in the
VDAC (405nm), Complex IV/MTCO1 (488 nm) and Complex I/NDUFB8 (647 nm) channels. No primary
controls were used to calculate background signal intensity for the 405, 488 and 647nm wavelengths

in osteocalcin-positive cells.

As expected, the samples that were decalcified in Formical showed increased levels of
autofluorescence when compared to those using the EDTA decalcification technique. Although the
EDTA decalcified specimens still showed significant levels of autofluorescence, it improved on the
previous mouse work. This meant distinguishing osteoblasts that should be located at the endosteal

and periosteal borders of cortical bone extremely difficult. Osteocytes which are mature osteoblasts
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which have become embed and isolated in the secreted matrix were obvious and were able to be
imaged but autofluorescence remained an issue. Cancellous bone taken from total knee
replacements and used initially for analysis did not reveal significant numbers of osteocytes or blasts
when viewed on the confocal microscope. As a result, and coinciding with the tissue culture results
attention was turned to proximal femur samples and cortical bone from the femoral neck. These

samples did show osteocytes but not definable osteoblasts.

Interestingly collaboration with an MRC fellow from the University of Nottingham looking at proximal
tibia bone marrow lesions in total knee patients demonstrated osteoblasts and osteoclasts around
these lesions and was more identifiable within surrounding cancellous bone see Figure 92. Non-cystic
bone marrow lesions are associated with osteoarthritis and are present in 75% or more of total knee
replacement patients. These lesions were identifiable on sections and so acted as targets to locate

osteoblasts and osteoclasts.

Using data acquired from confocal imaging and Imaris analysis of average intensity levels of
osteocytes from femoral neck samples and bone marrow lesion samples showed no clear trend as
would be expected reviewing the previous mouse model and published data by Dobson et al. Here a
clear relationship was seen between COX-1 and NDUFB8 deficiencies in the mutated mouse. As can
be seen in Figure 92 there is no clear relationship between mitochondrial mass (VDAC) and COX-l or
NDUFBS8. There is also no clear relationship between COX-I and NDUFBS, as mitochondrial DNA
mutations accumulate phenotypical protein expression of the respiratory chain would occur. it
would, therefore, be expected as complex | mutations accumulate so too should complex IV
mutations. In the samples as below, no such relationship was seen. Fundamentally, the issues are
twofold. There are no control samples from young patients who would not have accumulated
mitochondrial mutations as in the mouse model. The levels of autofluorescence seen in human bone
exceed those of the mouse and sample collection and processing differs making imaging more

difficult. As can be seenin
Figure 93 when the average background fluorescence from the no primary controls for each section

was subtracted (matched samples) from the stained sections some background fluorescent intensity

signals exceeded the specific signal resulting in negative results.

241



Daniel Hipps
A5001238 Chapter 5 - Imaging Mass Cytometry

Discussion with the authors of the paper on the mouse quadruple immunofluorescence assay
(Dobson et al.,) felt the assay was optimised and could provide no further alteration to reduce the

levels of autofluorescence.

Figure 92 Application of quadruple immunofluorescence assay to human bone 90x magnification: First-row Osteoblast
imaging in the hip. Second-row osteoblast imaging in bone marrow lesion of the proximal tibia. Third-row osteoclast
imaging in bone marrow lesion of the proximal tibia (Osteocalcin substituted for cathepsin K). Cells marked by the white
arrows. Auto fluorescent signal and background levels are high despite imaging configuration optimisation.
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Autofluorescence in bone is a well-documented issue (359-362). As documented before in the
discussion of chapter 4 there are a number of factors preventing adequate imaging on bone using
quadruple immunofluorescence. Such as the autofluorescence of collagen and varying

autofluorescent profile dependent on mineralisation and metabolic activity or bone remodelling.

Analysing whole organ tissue with more than five markers is extremely difficult in skeletal tissue as
most preparation methods lead to disruption of tissue architecture and cause autofluorescence
(359). There are also issues in the presentation of specimens for analysis. Thicker sections lead to
more light scatter and autofluorescence and uniformly cutting sections with the same thickness also

can prove more difficult than softer tissues (359).
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These unpredictable characteristics of human bone make meaningful analysis and detection of
osteoblasts and mitochondrial deficiency unreliable and difficult. After trialling several steps to
improve the background autofluorescence signal in the bone a more suitable technique was sought

out.

Imaging mass cytometry is a method for measuring protein abundance in single cells, much like
qguadruple immunofluorescence, but is based on mass cytometry instead of immunofluorescence and
so autofluorescence is avoided entirely. Imaging mass cytometry (IMC) is a recently developed
technique which uses laser ablation of cells on sections combined with Time-of-Flight Inductively
Coupled Plasma mass spectrometry (ICP-MS) technology to measure the ions from each cell. Mass
cytometry relies on the use of stable non-radioactive isotopes of rare-earth metals, typically
lanthanide metals which are coupled to antibodies instead of fluorescent probes. The other major
advantage of the mass cytometry technique is that it allows for the simultaneous measurement of a
greatly increased number of antibody targets in a single section compared to conventional

immunofluorescent techniques (374).

Proteomics is also a recently emerging field of bone investigation over the last 10 years.
Osteoproteomics techniques have initially focused on extracellular matrix proteins, MSC renewal and
the processes of osteoblastogenesis and osteoclastogenesis (375-377). More recently there has been
further research into intracellular signalling via microvesicles or exomes from osteoblasts again this
has been related to osteoblastogenesis signalling pathways (378). Proteomics has allowed the
discovery of new proteins relating to bone turnover, linking hormones and cytokines to the activity
and proliferation of osteoblasts and osteoclasts. More specifically work relating to mitochondria has
shown links to osteoblastogenesis and mineralisation but not directly to age-related respiratory chain
deficiency in osteoblasts. Michaletti et al. (379) related mitochondrial respiratory chain dysfunction
and osteoblast dysfunction due to microgravity. This work was performed concerning induced
osteoporosis experienced by astronauts due to a lack of physiological loading. Whereas Baroncelli et
al., (380) showed MSCs treated with osteogenic inducers depositing extracellular matrix related to
osteoblastogenesis were shown to have upregulated mitochondrial proteins, suggesting the process

of osteogenic differentiation is a high energy demanding process.

Whilst proteomics does allow multiple protein analysis, in comparison to IMC, there are drawbacks.
There is no spatial component to the output of the data, in IMC proteins are detected in relation to

their position within the tissue and intensity values enable post-analysis tissue differentiation. IMC,
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therefore, creates an unbiased proteomics technique by not requiring pre-orientation of the analysis
(381). Some proteomic techniques analysing bone have been based upon laser microdissection
analysing nanoscale 5um sections at a time (375), but are largely based upon homogenised tissue
limiting the structural analysis of the tissue. IMC as highlighted able to analyse tissue at Imm?2 per
hour from ablation of tissue. This allows single-cell analysis and the potential to quantify the
heterogeneity within a tissue, which for stochastic processes like ageing and mitochondrial disease

progression can be an informative component of the phenotype.

Imaging mass cytometry would prove to be the logical solution moving the research forward.
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5.3.4 Hyperion Imaging Mass Cytometry

Imaging mass cytometry using the Hyperion module in addition to the Helios mass cytometer allows
the analysis and imaging of bone without the issues of autofluorescence which has been such a
significant factor in imaging-based studies of bone in this research and prior immunofluorescence
investigation in the bone. DAB and other immunohistochemical stains not based upon fluorescence

only allow single antibody staining.

5.3.4.1 Hyperion Antibodies
Unlike the antibodies used in the quadruple immunofluorescence assay antibodies used in mass

cytometry were conjugated so there was no primary-secondary antibody step. Although there are
conjugated antibodies available the majority of these are targeted and immunology-based cells and
proteins. To target mitochondrial proteins and osteo-lineage cells antibodies therefore had to be

conjugated to the metal lanthanides.

Concurrently in the Wellcome Centre for mitochondrial research, Dr Charlotte Warren was preparing
samples of muscle to test the suitability of the Hyperion imaging mass cytometry system to assess
mitochondrial protein deficiencies. The antibodies conjugated for the study of osteo-lineage cells and

protocol optimisation are listed below:

Anti-cathepsin K IgG rabbit Santa-Cruz
Anti-Osteocalcin IgG rabbit Santa-Cruz
Anti-MT1-MMP mouse Merck

The antibodies conjugated by Dr Charlotte Warren were:

Anti-SDHA IgG1 mouse Abcam
Anti-TOM?20 IgG mouse Abcam
Anti-NDUFBS8 1gG1 mouse Abcam
Anti-OSCP IgG1 mouse Abcam
Anti-NDUFA13 IgG2b mouse Abcam
Anti-VDAC1 1gG2b mouse Abcam
Anti-COX4+4L2 Ig2a mouse Abcam
Anti-MTCO1 IgG2a goat anti-mouse Abcam
Anti-UQCRC2 IgG1 goat anti-mouse Abcam
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5.3.4.2 Antibody conjugation
The mitochondrial antibodies were conjugated by Dr Charlotte Warren and the osteo specific

antibodies were conjugated by myself. The process of conjugation was performed using the MAXPAR
X8 antibody labelling kit from Fluidigm this included the reagents: R-Buffer, C-Bugger, L-Buffer, W-
Buffer, MAXPAR® polymer, Lanthanide solution, BondBreaker™TCEP solution, antibody stabilizer.

5kDa filter, 50kDa filter tubes were also required as part of the conjugation protocol.

The Fluidigm protocol (241) was followed with some slight modification. Antibodies suitable for
conjugation had to be serum-free and only suspended in PBS although the addition of azide was not
an issue. Steps were taken before commencing the protocol were to check the antibody
concentration on the nanodrop. The MAXPAR polymer is moisture sensitive and so is kept a -20°C,
this had to be equilibrated room temperature to avoid moisture condensation when opening.

The polymer was first pulse spun to ensure the reagent was at the bottom of the tube before 95ul of
the L-buffer were added and mixed with a pipette. 5ul of the designated lanthanide metal was then
added giving a final concentration of 2.5mM in 100pl. This combined solution was incubated in a

heat block at 37°C for 40 minutes.

The antibody to be conjugated was then prepared and partially reduced. The concentration of the
antibody had to be at least 100ug for the conjugation to take place. 300ul of R-buffer was added to
the antibody stock in a 50kDa filter tube. This was then spun at 12000g for 10 minutes at room
temperature. Whilst the antibody was been centrifuged the 0.5M TCEP stock was diluted to 4mM by
adding 992pl of R-buffer to 8ul of the TCEP. After centrifugation, the supernatant flow through from
the filter tube was discarded and 100ul of the diluted TCEP/R-buffer solution added to the filter

column and mixed with a pipette. This then was incubated in a heat block for 30 minutes at 37°C.

Whilst the antibody was being reduced the combined lanthanide and polymer had to be purified.
This was done by adding 200ul of the L-buffer to a 5kDa filter tube. Then the lanthanide-polymer
mixture was added to the filter tube and the combined mixture was centrifuged at 12000g for 25
minutes at room temperature. A further was performed after discarding the flow-through by adding

400yl of L-buffer and centrifuging again at 12000g for 30 minutes at RT.

Once the antibody was removed from the heat block it also needed to be purified. 300ul of C-buffer

was added to the 50kDa filter tube as a wash step and the tube was centrifuged for 10 minutes at
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12000g at room temperature. The flow-through of the filter was discarded and a second wash was
performed by adding 400ul of C-buffer and repeating the centrifugation step. The antibody could
then be conjugated with the lanthanide polymer. To do this the polymer in the 5kDa filter column
was resuspended in 100l of C-buffer and this solution was transferred to the 50kDa filter column
containing the antibody the two were mixed with a pipette and the filter sides washed to resuspend
the antibody in the solution. This combined solution was then incubated for 1hr 30 minutes in the
heat block at 37°C. Following this the combined mixture was washed 3 times using first 300ul of the
W-buffer and centrifuging at 12000g for 10 minutes at room temperature, the flow-through was

discarded and followed by 2 further washes using 400ul of W-buffer each time.

Recovery of the lanthanide conjugated antibody to place by adding 50ul of the W-buffer to the
50kDa filter and using a pipette to rinse the filter sides thoroughly. The filter was then inverted in a
new tube and centrifuged at 1000g for 2 minutes. A further 50ul of W-buffer was then added to the

filter again rinsing the sides and the process repeated.

The process of testing the conjugation is covered in the Materials and Methods chapter 2.8.3. This
was done using ABC compensation beads and the Helios mass cytometer the results are

demonstrated in Figure 94.
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Figure 94 Binding of MT1-MMP antibody conjugated
with 153 Europium in comparison to 193 Iridium
binding on AbC compensation beads, both channels
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5.3.4.3 Antibody Panel Design
The mitochondrial antibody targets were conjugated by Dr Charlotte Warren, the design of this panel

had to take into consideration the abundance of the antigen and the “brightness or signal intensity of

the metal conjugate. The Helios/Hyperion mass cytometer can detect up to 90+ isotopes but the ion
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optics for detection of ions by mass are tuned between the 153-176 Daltons range. Therefore,

antibodies targets with low abundance were best suited to fall into the middle of this range.

Steps were taken by Dr Charlotte Warren in the design of the panel in conjunction with Dr Roberto
Spada (Fluidigm). Mitochondrial antibodies were all tested on muscle sections at a concentration of
1/100. They were then conjugated with an Alexa Fluor 488 secondary antibody. Images were then
taken at the same optical settings and the signal intensity was measured and quantified as in Figure
95. The basis of these results allowed the conjugation of the antibodies with the lowest abundance
to the metal lanthanides which gave the best signal. Care was taken to space the antibodies out to
limit spectral overlap due to impurities within the lanthanide conjugate, the reference for this cross

over can be seen in Table 37 in the appendix of this chapter.
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Figure 95 Expression level of each antibody in the IMC panel. Graph displaying expression of each protein by measurement
of the intensity of the 488 channel. Each antibody is displayed as a separate strip and each dot represents an individual fibre.
Red bars show the mean intensity for the given antibody. (a) non-metal bound antibodies and (b) metal-bound

antibodies. Figure courtesy of Dr Charlotte Warren.
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Mitochondrial Antibodies were conjugated to the following metals

Anti-SDHA IgG1 153Eu
Anti-TOM22 IgG 158Gd
Anti-NDUFBS8 IgG1 160Gd
Anti-OSCP IgG1 161Dy
Anti-GRIM19 IgG1 164Dy
Anti-VDAC1 IgG2b 166Er
Anti-COX4+4L2 Ig2a 168Er
Anti-MTCO1 IgG2a 172Yb
Anti-UQCRC2 IgG1 174Yb

Osteo-lineage markers were conjugated as below

Anti-cathepsin K IgG 170Er
Anti-Osteocalcin I1gG 176Yb
Anti-MT1 MMP 153Eu

(not used in conjunction with SDHA)

Intercalator-Ir (Fluidigm 201192A) is a cationic nucleic acid intercalator. It contains a natural
abundance of the iridium isotopes 191Ir and 193Ir and was used as a nucleus marker at a

concentration of 1:400 (0.3125uM).

Further testing and validation of the mitochondrial antibodies were performed by Dr Charlotte
Warren comparing signal intensities of the metal and non-metal conjugated antibodies with a
secondary Alexa Fluor 488 antibody. This revealed that the metal tagged antibodies had a lower

channel intensity and as a result using them at a concentration of 1:50 would be more appropriate.

5.3.4.4 3,3'-Diaminobenzidine (DAB) staining
Due to the issues of autofluorescence and difficulty in imaging bone as highlighted above it was not

possible to optimise the above antibodies using immunofluorescent imaging. As a result, DAB

staining was used.

Decalcified samples were first cut into 4um sections on to Leica X-tra, these were left to air dry for

one week and then dewaxed at 60°C for 30 minutes. Deparaffinisation was performed with two
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histoclear washes before rehydration in graded alcohol concentrations. Following this antigen
retrieval was performed by incubating sections in 1ImM EDTA pH 8 80°C for 35 minutes followed by a
rinse in cold 4H,0. Sections were then encircled using a PAP pen before blocking with 10% NGS PBS
solution for 1 hour and avidin/biotin blocking steps as per Vector protocol (15mins avidin followed by
2 x5 minute wash steps, then 15 minutes biotin followed by 2 x5 minute wash steps). Antibody
staining was performed at 1:50, 1:100, 1:200 concentrations initially but due to the fact of biotin
amplification, 1:200 was suitable to demonstrate antibody binding. Sections were left in a humidified

chamber at 4°C overnight.

After primary antibody incubation, 2 PBS washes were performed followed by endogenous
peroxidase blocking using a 0.3% hydrogen peroxide in PBS solution for 10 minutes followed by 2 PBS

washes.

For mouse-based antibodies, the slides were incubated with 1:200 of mouse biotin secondary for 1
hour at room temperature in the humidified chamber followed by 2X7 minute PBS washes before a
secondary incubation with ABC buffer for 30 minutes. After these slides were rinsed three times with
PBS. DAB solution was then made up and applied to the slides which were developed for around 10

minutes. This time was variable, and completion was checked under the microscope.

For rabbit-based antibodies the Dako kit was used after the peroxidase blocking step for 30 minutes.
After these slides were rinsed three times with PBS. DAB solution was then made up and applied to
the slides which were developed for around 10 minutes. This time was variable, and completion was

checked under the microscope.

Both the mouse and rabbit antibody slides were then stained with haematoxylin before been run

through a dehydration gradient and mounted using DPX medium.
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Figure 96 DAB staining of osteoblasts (circled in red) using Osteocalcin (1:200) at 20x magnification (A) compared with no
primary antibody control (B).

Figure 97 Further DAB images of mitochondrial antibodies 1:50 concentrations
and 50x magnification. 1:50 was found to give the best staining response on
DAB images.
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5.3.4.5 Mass cytometry protocol development.

Fluidgim has their own published protocol for formalin-fixed paraffin-embedded tissue (241), but
they also advocate the adaption of the normal IHC methods usually employed in the specific tissue
types, as not all tissues and antibodies can be tested. With this in mind, a combination of the

protocol by Dobson et al.,(205) and the Fluidigm protocol was developed.

After decalcified sections were cut onto Leica X-tra slides they were left to oven-dry for 48 hours and
then air dry for one week. They were then dewaxed for 30 minutes at 60°C. Residual paraffin was
then cleared with two five-minute clearing steps in Histoclear before graded rehydration through an
alcohol gradient. Antigen retrieval was performed in the same fashion to Dobson et al., using 1ImM
EDTA at pH 8.0 at 80°C for 35 minutes. Sections were then rinsed in cold ddH,0. A PAP pen was then
used to encircle the sections before blocking with a 10%NGS PBS solution for one hour at room

temperature. Sections were then once again rinsed in cold ddH,0 before staining with the antibodies.

Antibodies were made up at a 1:50 concentration cocktail in 10%NGS and PBS (based upon the work
by Dr Charlotte Warren) and placed upon the slides to incubate in a humidified chamber at 4°C
overnight. This was followed initially PBS with 0.1% Triton X100 washes x2 for 7 minutes on the
rocker as per the Fluidigm protocol. As in the previous optimisation of the immunohistochemistry
assays deviation from the use of Leica X-tra slides or use of detergents led to the loss of tissue from
the slide surface. As a result, this was replaced with PBS only washes for 7 minutes on the rocker at
room temperature. Iridium-intercalator was then used at a concentration of 0.3125uM in PBS for 30
minutes at room temperature to stain the nuclear regions. This was followed by a further wash step
in 4iH20 for 7 minutes. Slides were then air-dried at room temperature for 20 minutes before been

stored in a box ready for ablation.

5.3.4.6 Optimisation with Histocyte control sections and osteosarcoma mouse models.
When optimising the Hyperion imaging mass spectrometry running full sections or large sections is

simply not feasible in terms of time or economics. The Hyperion laser ablation module ablates tissue
at around the 0.75mm? per hour (240). So, to cover a full bone section would not be feasible;

instead, target areas need to be selected.

The first method used to create target lesions was employing Histocyte a spin-off company within
Newcastle University. They process cultured cells to create embedded sections which can be cut and
placed on slides for the purpose of on slide controls in histopathology. These small sections or dots

provided a small target area of ablation which would allow ablation in a feasible and timely manner.
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Control wild type fibroblasts (M456) and deficient fibroblast (M304) cell lines were grown up as well

as cells derived from a paediatric ACL reconstruction and elderly total hip replacement patient.

Existing blocks with sarcoma cell lines used at the Northern Institute for Cancer Research were also

used whilst the cells were cultured in preparation.
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Figure 98 Histocyte control sections created for MT1-MMP antibody showing incremental DAB staining: A)Breast Carcinoma
cell lines, B) Ewing's Sarcoma, C) High-grade osteosarcoma, D) High grade differentiated chondrosarcoma. On the left aspect

Histocyte example use.

Figure 99 Mass cytometry results showing A) DNA staining, B) Osteocalcin staining, C) MT1-MMP staining, D) Cell profiling
result, E) VDACI staining, F) Complex | am staining, G) Complex IV staining.
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Image reconstructions can be seen in Figure 99. The raw data from these images were then
processed using the Fluidigm MCD viewer. TIFF files were then exported and analysed using cell
profiler. Currently, only around 60% of the cells were selected based on nuclear staining (image A
and image D — cell profiling). The resolution of the Hyperion is not sufficient to allow cell profiler to

distinguish the artificially tightly packed cells of the control blocks.

Whilst the potential of the cultured cell line blocks represents good methods to check the efficacy of
histochemical staining the resolution of the Hyperion made the analysis of these blocks difficult in
terms of single-cell segregation. The Northern Institute for Cancer Research also uses a mouse
model based upon the work of Vormoor et al., for modelling osteosarcoma (382). Essentially human
sarcoma cell lines were transplanted by intrafemoral injection into severe combined
immunodeficient mice. This created malignant osteosarcoma tumour tissue within the mouse femur.
The advantage of this is it allows whole mouse leg sections to be analysed on one slide with the
implanted human osteosarcoma cell lines. These readily identifiable areas proved useful in trials of

the mass cytometry protocol and antibody optimisation.

Figure 100 shows the details of the best antibody staining across the panel although there is a fold in
the section which accounts for the abnormal staining across the muscle section of the images. Other
antibodies were also trialled, these included TOM20 (158Gd), NDUFB8 (160Gd) and UqCRC2 (174Yb).
The signal from these antibodies was poor and followed a non-specific pattern suggest that the
staining had failed. Dr Charlotte Warren had also encountered issues with muscle tissue when using
the TOM20 antibodies whilst TOM20 is poor the NDUFB8 and UqCRC2 work well in muscle tissue and

there is some tissue-specific variation.
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Figure 100 Immune-deficient Mouse leg with human osteosarcoma development following implantation. Imaging Mass
cytometry results — area ablated highlighted by the red circle and shown in pre ablation image. The green area as
highlighted on Osteocalcin is a fold in the section hence the abnormal staining profile seen within the muscle.
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5.3.4.7 Optimisation using human bone marrow lesions
The same bone marrow lesion sections used in the immunofluorescence experiments and

collaboration with an MRC fellow from the University of Nottingham were available for analysis and
to run the IMC protocol on and image. First H and E and DAB serial sections were stained and
scanned using the Aperio scanner unit. The aperio system is a digital pathology slide scanner capable
of doing whole slide z-stacking in RGB channels with the capability of up to 20x zoom. It is accessible
through a web-based server. This allowed direct comparison of DAB-stained sections with
Osteocalcin and location of these areas on the slides to compare with the panoramas taken of the
slides prepared for IMC. By taking this approach it enables the location of appropriately sized target
areas to be scanned in a timely and efficient manner. This is a similar technique employed as Chang
et al., although due to the nature of tissue they were using they were able to use immunofluorescent

images to help locate areas of interest and a template from which to choose ablation areas (370).

Targeting these areas of bone marrow lesions can be seen adjacent in an example lesion. There is a
clear number of cells marked in the Osteocalcin channel surrounded by the green dashed line. In
terms of mitochondrial markers, the VDAC1 performed better in terms of the image produced than
the TOM20 as with the mouse sections. The trend also was the same for COX4 vs MTCO1 and

GRIM19 vs NDUFBS8 for complex IV and complex | respectively.
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Nuclear marker Osteocalcin TOM20

NDUFB8 GRIM19 COX4 MTCO1

Figure 101 Imaging mass cytometry images of a bone marrow lesion from a proximal tibia showing osteoblasts and mitochondrial marker signal. Osteoblasts highlighted by the green dashed line.
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5.3.5 Final samples

Sections of bone were taken at the time of routine orthopaedic surgery where they were surplus to
requirements. The vast proportion of bone samples were femoral neck from older patients however
there were samples of the femur, iliac crest and distal tibia from young and paediatric control

patients also used. Demographics of the patients can be seen in Table 33.

At the time of routine orthopaedic surgery, samples were taken and if required they were cut to fit
into standard size tissue cassettes. Samples were then were fixed in 4% PFA (Santa Cruz) for 72 hours
followed by a dH,0 wash. A 14%, tetra EDTA buffered to pH 7.4 was used for decalcification of the
bone blocks to allow cutting with the microtome. This took place at 4°C on a rocker to ensure even
decalcification. The samples were then paraffin-embedded before 4-micron sections were cut using

the microtome and placed on to Leica X-tra clipped corner slide.

Serial sections of the samples were then used, from the first two sections H and E staining and DAB
staining for Osteocalcin were performed. The results of these slides were loaded into the Aperio

scanner and viewer software.

The IMC slides were loaded into the Hyperion imaging module of the Helios mass cytometer
(Fluidigm). A provisional image was taken and loaded into the software. From this image and with
comparisons to the DAB-stained image on Aperio, “panoramas” were created containing areas with
osteoblasts. These panoramas were then scanned with the Hyperion which allowed the creation of
regions of interest (ROI) or areas which would be ablated. The resolution of these scanned images is
lower than the Aperio scanned slides therefore the tissue architecture was used as a reference point
to identify the appropriate areas to ablate. The major drawback to imaging mass cytometry is the
time to ablate tissue, this is around 1mm? per hour. Due to the amount of time taken to image
sections target areas or ROIs were used rather than imaging the whole slide. In comparison to other
soft tissues, the solid-state laser settings needed to be at their maximum intensity to ensure

adequate ablation of the bone tissue.
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Sample
Hip 1

Hip 2

Hip 3

Hip 4

Hip 5

Hip 6

Hip 7

Hip 8

Hip 9
Hip 10

Femur 1

Paediatric 1

Paediatric 2

Chapter 5 - Imaging Mass Cytometry

Age (years)

53

84

88

83

66

45

82

74

64

62

22

13

1.5

Sex

f

Surgery
Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Total hip replacement

Intramedullary nail and bone graft

Excision of a bone bridge and fat graft

Open reduction and pelvic osteotomy

Date of Surgery
16/01/2019

12/03/2019

13/03/2019

01/04/2019

02/04/2019
02/04/2019

03/04/2019

11/04/2019

11/04/2019

02/05/2019

27/03/2019

29/11/2018

18/04/2019

Table 33 Adult and paediatric patient cohort of samples used in CyToF experiments.

Indication
Osteoarthritis

Osteoarthritis

Osteoarthritis

Failed Fixation

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis

Osteoarthritis

Leg length
discrepancy
after trauma
Physeal injury
and growth
arrest

Developmental

Co-morbidities
hypertension

ischaemic heart disease,
type Il diabetes mellitus,
asthma, hypertension,
peripheral neuropathy,
venothromboembolism,
vitamin D deficiency, B12
and folate deficiency

type Il diabetes mellitus,
chronic kidney disease,
atrial fibrillation,
diverticular disease,
hypertension

hypothyroid, hypertension,
osteoarthritis

hypothyroid, raised
cholesterol, hypertension,

chronic obstructive
pulmonary disease, gastro-
oesophageal reflux disease,
iron-deficiency anaemia

atrial fibrillation,
pulmonary hypertension,
iron-deficiency anaemia

chronic kidney disease,
type Il diabetes mellitus

type Il diabetes mellitus,
hypertension

dysplasia of the hip
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Osteoporotic preventive/causative medication
Omeprazole/lisinopril

Atorvastatin, Metformin, Warfarin

Furosemide, Atorvastatin

Calcichew d3,cholecalciferoll, furosemide, levothyroxine, risedronate

Lansoprazole, Levothyroxine, losartan, simvastatin

Omeprazole, steroid inhalers - tiotropium, fluticasone, Seretide

Omeprazole, Bisoprolol, Rivaroxaban

Dialysis, Atorvastatin, Diltiazem, Furosemide,

Lisinopril, metformin atorvastatin, Adalat
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NDUFB3 GRIM19

Cathepsin K

Osteocalcin

Figure 102: TOP LEFT - DAB staining of osteocalcin positive cells, TOP RIGHT - Pre ablation image of the slide as scanned by
the Hyperion, BOTTOM ROWS - various channels of the ablated image after processing with the Hyperion mass
cytometer.5.3.5 Analysis development.

5.3.5.1 MCD Viewer
MCD viewer is the coupled program to the Hyperion created by Fluidgim. It allows base visualisation

of the channels some alteration of thresholds and colours. It also shows the pre-ablation and post-

ablation images of each slide as well as information related to the panoramas and regions of interest
created in the Hyperion running software CyToF 6.7 system control. This software is utilised to create
the panoramas of the slide or area of the slide in question from which the smaller regions of interest

or ROI can then be selected.
The main function of the MCD viewer is for exporting the Hyperion data into TIFF image files. Two

options are present either 16 bit or 32 bit. Initial exports using 16 bit gave signal intensities that were

too low for visualisation and subsequent segmentation analysis steps. However, 32 bit was improved.
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5.3.5.2 Cell profiler

The Bodenmiller group who have pioneered early IMC work used cell profiler for image segmentation
which would provide data to the feed into histoCAT. HistoCAT is an open-source computational
histology topography cytometry analysis toolbox developed by the Bodenmiller group(383). With the
data acquired from the Hyperion, the aim was to load this into histocat, but first, a cell profile
pipeline would need to be built. This was based upon a Fluidigm cell profiler guide. However full
pipelines are now available to download from the Bodenmiller group

(https://github.com/BodenmillerGroup/ImcSegmentationPipeline).

To construct the pipeline for analysis, images were first loaded into cell profiler as single-channel
TIFFs (32 bit required at this point onwards). Within these images, different channels were then used
to identify cells. The iridium nuclear stain channel was used to recognise the nuclei of individual cells
for this step an ImageMath function was added to amplify the signal. The pipeline would then
proceed to identify the cells and finally the cytoplasm. This would allow object intensity
measurement of the mitochondria and direct comparison of the signal intensities of mitochondrial

mass VDAC1 with GRIM19 (complex 1) and COX4 (complex IV).

Unfortunately, the pipeline developed by Bodenmillar and publicised by Fluidigm was developed for
relatively homogenous tissue and not the extremely heterogeneous tissue of bone. Segmentation of
single osteoblast cells proved difficult. Adding a manual segmentation step did work but the image
generated by cell profiler was random and only represented a small section of each image and so not

suitable to manually segment.

Discussion with Fluidigm and the flow cytometry department were unable to advance on this issue

and a further method was required.

5.3.5.3 Fiji and QuPath analysis
The Fiji software is an open-source version of Imagel it allows the incorporation of different bundles,

java and plugins to suit the users need in a more convenient package than Imagel. It still retains the
core components of Imagel which is a java-based image processing program which reads multiple

formats files and also allows the modification of bundles by users to suit their needs.

QuPath is an open-source digital pathology analysis tool. It was originally developed by the Centre for
Cancer Research & Cell Biology at Queen’s University Belfast. It is also open source and allows users

to develop new algorithms and scripts to analyse complex tissue.
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Dr Ashwin Sachdeva had utilised both Fiji and QuPath in the analysis of tissue microarrays when
investigating the role mitochondria play in prostate cancer. In doing so he adapted and wrote a script
which would allow the combining of the TIFFs exported in MCD viewer into a multichannel TIFF
which could then be imported into QuPath. A further script was written to adapt QuPath to meet the

needs of IMC analysis.

Following export of the 32-bit TIFF IMC files from MCD viewer for each region of interest they were
combined into a multichannel image with Fiji and then imported into QuPath. In QuPath the second
script was run. The thresholds for each antibody were then adjusted before selecting areas or cells of
interest within the image. The cell detection tool within the analysis function of QuPath was then
used to first detect the nucleus then the cytoplasm. The signal intensities for each channel could then
be recorded for each antibody channel for only the Osteocalcin positive cells of interest. This data

could then be exported as CSV file for use in Excel, Spotfire or Prizm.

The issue with using Qupath is that the cell detection was based on nucleus detection then an
arbitrary grow out or expansion region determined by the software and user to define the cytoplasm.
When the results were analysed, the incorporation of pixels with zero values and no signal in any
channel within the arbitrary cell reduced all the signals intensities measured for the cell see Figure

105 for visual details.

Options to create a script and mask to the VDAC signal were explored but did not offer a feasible or
logical method to isolate the cells and measure the true mitochondrial signal masked to VDAC within

the cytoplasm without analysing dead pixels (zero values).

The use of Fiji and Qupath to generate data from the CyToF images was not an appropriate method
and could not be used moving forward. Across the five slides bone marrow lesion slides, there were
no clear identifiable trends and what was noise and meaningful results were not distinguishable from
the background signal. The signal intensities detected using Qupath were extremely low, and the
intensity of true signal and background were within close proximity the use of Qupath and Fiji in
terms of analysis is not suitable in analysing CyToF images in bone. This can be demonstrated in the
preliminary bone marrow lesion work in 5.3.5.4 Bone Marrow Lesion Results and the visual

representation of the process of cell segmentation can be seen in Figure 105.
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5.3.5.4 Bone Marrow Lesion Results

From the bone marrow lesion blocks, 5 were chosen for the analysis. These samples were chosen as
it was felt that the bone marrow lesions within these cells were the most pronounced of the sample
group and therefore easily identifiable. Following imaging and analysis, there were almost 5000 cells
available to analyse. This data was generated using the Qupath analysis step based on cell
identification by expansion step from nuclear detection to define the cell body rather than defining

cell body based upon Osteocalcin signal. The five slides’ demographics can be seen below in Table 34

Slide Sex Age (years)
1 Female 61
2 Female 65.5
3 Female 65
4 Male 63.3
5 Female 73

Table 34 Demographics of the bone marrow lesions samples selected for the trial CyToF run.

The data generated from the Qupath analysis can be seen in Figure 103. The values of the data points
from the cells were all extremely low and difficult to distinguish from what could be background

noise. There were no obvious clear correlations or patterns.

264



MT1

GRIM19

Osteocalcin

0.500

0.500

0.005 0.020

Daniel Hipps

A5001238

o

[Ty ]

q ] Ly

< 7%
—] bi

o

a _

o T T T T 1 T T
He-03 5e-02 5e-01 5e+00

VDAC1

g _ it

L= -
_I I [ T [
be-03 5e-02 5e-01 5e+00

VDAC1

g -

+

Lit]

¥} {‘;

5 -

[

]

o

7

&

o —

? |

3 T T T 1 T T T 1

5e-03 5e-02 5e-01 5e+00

VDAC1

TOM20

COX4

DNA.1

0.050 0.500 5.000 0.005 0.050  0.500 5.000

0.005

5e+00

5e-03 5e-02 S5e-M

Chapter 5 - Imaging Mass Cytometry

T T T T
5e-03 5e-02 5e-01 5Se+00
VDAC1

1 »

v 4

— “I‘
_I I [ [ T
5e-03 5e-02 5e-01 5e+00

WDAC1

: o

1 T 1 T 1 1
5e-03 5e-02 5e-01 Se+00

VDAC1

NDUFB8

MTCO1

DNA 2

0.020 0.050

5e-03 5e-02 5e-01 5e+00 0.005

e+00

5

1e-01

5e-03

T 1 1 T 1
5e-03 5e-02 5e-01

VDACH

1
5e+00

5e-03 5e-02 5e-01 Se+00
VDAC1
32
T T T T T T
5e-03 5e-02 5e-01 Se+00

VDAC1

Figure 103 Scatter plots of cell signals vs VDAC signals for slide one using a logarithmic scale. No clear pattern is seen, and
values are low across the plots. This pattern is repeated across the five slides. Below can be seen the corresponding images

generated from the CyToF data from which the analysis has been performed in Figure 104.
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Osteocalcin TOM?20

NDUFBS8 " GRIM19 COX4 " MTCO1

Figure 104 Images of a bone marrow lesion generated from MCD viewer TIFFs and viewed in QuPath to demonstrate the different channels.
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Figure 105 Using Qupath to segment and separate the osteoblasts from the selected region on nuclear markers and cell detection using expansion algorithm.

Osteoblasts as identified by location and shape on DAB staining segmented from other

cells.manually

o I
s : g ; Enlarged image of left showing a cell with good segmentation (left highlighted) where
Nucleus detection on DNA channel then automatic’cell separation and-segmentation using [l as the corresponding cell ( right highlighted) contains black or zero pixels which are not
Qupath algorithm part of the cell and distort the analysis of that cell
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5.3.5.4 Mitocyto
Mitocyto (384) was also trialled but this failed to detect all the cells of images as can be seen in

Figure 106. Mitocyto is a software developed for mitochondrial analysis both in fluorescent and
CyToF images. It creates a cell map based upon the dystrophin channel of muscle sections. Individual
fibres within each of these segmented areas can then be analysed. The heterogeneity of the sections
of bone prevented mitocyto been employed for the analysis of CyToF images. It was unable to

recognise the cells consistently and define them based upon the osteocalcin signal.

Figure 106 Cells of interest marked on
nuclear channel TIFF in red dashed
area. Cells identified and segmented
using mitocyto software highlighted in
colours - not corresponding to the red
dashed area.

5.3.5.5 Nikon Elements and Volocity.
Work was undertaken with the Bio-Imaging unit at Newcastle University to find a method of

analysing the images from an imaging perspective rather than a cytometry perspective.

First TIFFs were exported from MCD viewer in 16-bit format. Each channel of each ROl analysed is
exported as a separate TIFF file. The TIFFs were combined in Nikon Elements. This converted the
multiple channel TIFFs into a single ND2 Nikon Elements file. By combining these TIFFs into one single
ND2 file with multiple “wavelengths” or in the case of mass cytometry, channels, the files could be
imported into the Perkins Elmer software Volocity. Volocity is software produced by Perkins Elmer

which allows restoration, visualisation and quantification. It also can be used to perform batch
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analysis. The summary of the volocity pipeline created for analysis can be seen in Figure 107 and is

detailed below.

To quantify the now combined TIFF files exported from MCD viewer in Volocity; first images were
cropped to the areas of interest based upon the previously acquired DAB-stained osteocalcin Aperio
acquired images. The cells were then identified using the nuclear marker (channel 191), an exclusion
based on size and a split of touching objects was then applied. The cell cytoplasm was then identified
by using the Osteocalcin cell marker (channel 176). A mask was then created to highlight each cell by
combining the Osteocalcin signal associated with a nucleus identified from the first step. Within this
area, a further mask was created by identifying only the VDAC positive pixels indicated areas of
mitochondrial mass. Masks were then used to quantify protein expression in individual cells. A noise

reduction filter was also applied to limit background signal.

R based analysis was performed by Dr Conor Lawless. To estimate the proportion of cells deficient in
one or more proteins, the workflow of Rocha et al., 2015 (235) was adapted replacing their linear
regression model of the variation of e.g. NDUFB8 with mitochondrial mass (e.g. VDAC). Instead,
using a non-parametric 2D kernel estimate of the density of cells from healthy patients in NDUFB8-
VDAC space generated using the kde2d function from the MASS package in R (385, 386).
Specifically, this calculated the level from the KDE which contains 95% of the control cells. Then, for
each patient, any cell which lies outside that 95% contour was annotated as being “different” from
controls. The further label of cells lying “above” (e.g., with NDUFBS8 values vertically above the
contour) or “below” (e.g., with NDUFB8 values vertically below the contour). Code and data for

calculating proportions can be found here: (https://github.com/CnrlLwlss/Hipps 2020 ).

The volocity pipeline for analysis is summarised on the following page.
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Cells identified using DNA marker on 191 iridium channel. Size limited to pixels

Osteocalcin positive pixels identified on channel 176

Only osteocalcin positive pixels which are also touching nuclear pixels used to define cell body mask

VDAC positive pixels identified on channel 166

Pixels which are positive for VDAC within the osteocalcin cell body positive mask used to create a mitochondrial mass
mask for each cell

Analysis of mitochondrial proteins performed by measuring signal intensity values for each cell within the vdac positive
mask

Data exported to csv file and then processed using R programming based software.

Figure 107 Summary of volocity analysis pipeline.
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5.4 Results

5.4.1 Final experiment results and analysis using Volocity, and R based algorithms.
| have optimised the use of imaging mass cytometry to analyse and assess respiratory chain protein

levels within bone at the single-cell osteoblast level. Using metal labelled antibodies, | was able to
target multiple proteins beyond the limits (number of parameters) of a fluorescent-based assay and
without the issues of autofluorescence. Something which is a significant and limiting factor in the

analysis of bone-based parameters.

For this assay, | aimed to show a link with age and accumulated mitochondrial respiratory chain
protein deficiency in osteoblasts. The antibody targets chosen were those of the mitochondrial

oxidative phosphorylation subunits.

Samples of bone were obtained from 13 patients undergoing elective routine orthopaedic surgery
using the ethics as highlighted in Chapter 2. There was a spread in terms of ages from 1.5 years to 88
years of age with three paediatric/young control patients (1.5, 13 and 22 years of age). There was a
split of 8 to 5 in terms of female to male patients. The majority of the patients were undergoing
elective total hip replacement for arthritis. The paediatric/young patients were having surgery for a

variety of different reasons as detailed in Table 33 above.

For the final experiment embedded sections of all the patients as in Table 33 were used and stained
as per the protocol covered in the material and methods chapter. Following ablation on the Hyperion

and the data acquisition steps using Volocity, the data could be prepared for presentation.

First log plots of mean antibody signal intensity were created for each ROI of each patient. These log
plots allowed the identification of anomaly slides were there had been an error in readings with
values disproportionate to the corresponding slides an example of this can be seen in Figure 108. The
list of excluded clear outlying anomalies is listed in Table 35. From the raw images, it was not clear
why these ROIs were such outliers compared to other images. Whilst in early optimisation there had
been a noticeable drop off in signal due to laser power falling this wasn’t the case for the ROIs
identified in Table 35. The data contained over these ROIs were created in continuum with the rest of
the data between 8/7/19 and 22/7/19 with no observed drop off in signal within this time frame. The
signal profile of these images was not in keeping with the rest of the data and so they were removed

from the analysis stages.
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Figure 108 Log plots of mean IMC signal intensity for Hip 2, an 84-year-old female patient. Slide 2-2-2 was a clear outlier and
excluded.

Sample Slide ROI
Hip 2
Hip 3
Hip 3
Hip 3
Hip 3
Hip 3
Hip 3
Hip 3
Hip 3
Hip 3
Hip 5
Hip 6
Hip 6
Hip 7

Rl RPlRPWWwWwwwwwww|lN
RPN 0|00 0 N O LD WN R[N

Table 35 Regions of interest identified as anomalies and excluded from the analysis. With similar variance as seen in 2-2-2
compared to the rest of a samples data.
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5.4.1.1 Data for the patient “Hip 1”

Hip 1 samples were taken from a 53-year-old female patient undergoing a total hip replacement for
arthritis. In total 6 ROIs (regions of interest) on one slide or section was analysed and this totalled

4809 osteoblasts. There were no anomaly ROIs and signals were all within a comparable range to

each other.

As can be seen in Figure 109 the Contour lines represent the kernel density estimate levels
containing 95% and 50% of the control population for each pairwise comparison. The grey points are
from patient cells that lie within the 95% contour from controls. Red points are from patient cells
lying outside the 95% contour from controls. There is only a small proportion of cells deficient for
complex | (0.96% NDUFB8 and 0.69% GRIM19) lying outside the 0.95 contour mass and below the
vertical value of the 0.95 contour. SDHA or complex Il showed deficiency in 0.52% of cells outside
and below the 0.95 confidence interval. Complex IV has an even lower level of deficiency (0.27%
MTCO1 and 0.35% COX4). OSCP - oligomycin sensitivity conferral protein is part of the mitochondrial

ATPase or complex V were deficient in only 1% of osteoblasts.

6% different, 2.8% over & 0.96% under 7% different, 4.1% over & 0.69% under 10% different, 4.8% over & 0.52% under 9.2% different, 3.6% over & 0.35% under
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Figure 109 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Hip 1: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.2 Data for the patient “Hip 2”

Hip 2 samples were taken from an 84-year-old female undergoing a total hip replacement for
arthritis. In total 16 ROIs across 2 sections or slides were analysed, this totalled 18571 individual
osteoblasts. As highlighted in Figure 108 ROI 2 on slide/section 2 (2-2-2) had an unusually high signal
across all antibodies in comparison to the rest of the sections and as a result, this was excluded from

the analysis.

As can be seen in Figure 110 the proportion of cells deficient cells for complex I lying outside and
below the 0.95% contour is 1.9% NDUFB8 and 1.8% GRIM19. SDHA deficiency was evident in just in
0.95% of the cells analysed. For Complex IV the level of deficient cells is less pronounced 1.1%

MTCO1 and 0.69% COX4. OSCP values were also low at 1.6%.

4% different, 0.67% over & 1.9% under 4.2% different, 1.2% over & 1.8% under 3.9% different, 1% over & 0.94% under 5.2% different, 1.3% over & 0.69% under
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Figure 110 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Hip 2: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.3 Data for the patient “Hip 3”

Hip 3 samples were taken from an 88-year-old female undergoing a total hip replacement for
arthritis. In total 17 ROIs were analysed across 2 sections or slides (1 and 2). The ROIs on slide
number 3 — hip 3-3 had abnormally high signal across all data points in comparison with the other

slides from hip 3 for this reason it was excluded. In total 18749 osteoblasts were analysed.

As can be seen in Figure 111 the proportion of cells deficient cells for complex | is significant in
comparison to the other samples with 9.9% NDUFB8 and 5.1% for GRIM19 values lying outside and
below the 0.95% contour. SDHA deficiency was evident in just in 4.5% of the cells analysed. For
Complex IV the level of deficient cells is less pronounced 7.1% MTCO1 and 2.1% COX4. OSCP was
deficient in 5.1% of the cells.

16% different, 1% over & 9.9% under 10% different, 1.4% over & 6% under 9% different, 1.1% over & 4.5% under 7% different, 1.1% over & 2.1% under
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Figure 111 Estimating deficiency in Complex I, Complex Il, Complex IV and Complex V Data from Hip 3: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.4 Data for the patient “Hip 4”

Hip 4 samples were taken from an 83-year-old female undergoing a total hip replacement for the
failure of fixation following a fractured neck of femur. In total 6 ROIs from 1 section/slide were
analysed. This totalled 7867 osteoblasts. There were no abnormal ROIs in terms of signal profile to be

filtered out.

As can be seen in Figure 112 the proportion of deficient cells for complex | compared to the control
contours is 2.2% NDUFBS8 and 1.9% for GRIM19. SDHA protein deficiency was evident in just in 1% of
the cells analysed. For Complex IV the level of deficient cells is less pronounced 0.75% MTCO1 and

1.2% COX4. There were also low levels of deficiency in OSCP 1.9%.
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Figure 112 Estimating deficiency in Complex I, Complex I, Complex IV and Complex V Data from Hip 4: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.5 Data for the patient “Hip 5”

Hip 5 samples were taken from a 66-year-old female undergoing a total hip replacement for
osteoarthritis. 7 ROls were analysed from one section/slide. This totalled 3071 osteoblasts. One ROI
was removed due to abnormal signal in comparison to the other 7 ROIs (5-1-8).

As can be seen in Figure 113 there was a raised proportion of deficient cells for complex | compared
to the control contours is 6.6% NDUFB8 and 4.5% for GRIM19. SDHA protein deficiency was evident

in just in 1.3% of the cells analysed. For Complex IV the level of deficient cells is less pronounced

0.59% MTCO1 and 1.9% COX4. OSCP also showed a raised proportion of deficient cells of 4.5%.
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Figure 113 Estimating deficiency in Complex I, Complex Il, Complex IV and Complex V Data from Hip 5: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise
comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient

cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.6 Data for the patient “Hip 6”

Hip 6 samples were taken from a 45-year-old female undergoing a total hip replacement
osteoarthritis. 5 ROls were analysed from one section or slide. This totalled 2407 osteoblasts
analysed. ROIs 6-1-7 and 6-1-8 were removed from further analysis for abnormal signals across all

antibody targets when in comparison to the other ROls

As can be seen in Figure 114 the level of deficient cells seen was elevated compared to other
patients. Complex | deficiency was 6.4% for NDUFB8 and 1.2% for GRIM19. SDHA deficiency was also
lower than the complex | deficiency seen only 1.5%. Complex IV deficiency was less pronounced 2.7%

MTCO1 and 1.2% COX4. OSCP deficiency was only present in 2.4% of osteoblasts.
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Figure 114 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Hip 6: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.7 Data for the patient “Hip 7”
Hip 7 samples were taken from an 82-year-old female undergoing a total hip replacement
osteoarthritis. 4 ROls on one slide were analysed, this totalled 4743 osteoblasts. ROl 1 was excluded

due to abnormal signal.

As can be seen in Figure 115 the level of deficient cells seen was significantly elevated compared to
other patients. Complex | deficiency was 16% for NDUFB8 and 5.8% for GRIM19. SDHA Il deficiency
was also lower than the complex | deficiency seen only 3.7%. Complex IV deficiency was less

pronounced 4.1% MTCO1 and 1.9% COX4. OSCP deficiency was seen in 5.7% of osteoblasts.
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Figure 115 Estimating deficiency in Complex I, Complex Il, Complex IV and Complex V Data from Hip 7: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise
comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient

cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.8 Data for the patient “Hip 8”
Hip 8 samples were taken from a 74-year-old female undergoing a total hip replacement

osteoarthritis. 6 ROIs from 1 section were analysed, this totalled 4820 osteoblasts. No ROIs had to

be excluded for an abnormal signal.

As can be seen in Figure 116 complex | deficiency was seen in 9.5% of NDUFB8 measurements and
6.9% of GRIM19 data points. Complex Il deficiency was also raised in comparison to the rest of the
patient cohort at 5.7% for SDHA. Complex IV deficiency was less pronounced but still elevated in
comparison to the rest of the patient cohort: with MTCO1 showing 7.1% and COX4 2.1% deficiency.

OSCP deficiency was present in 6.7% of the osteoblasts.
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Figure 116 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Hip 8: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise
comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient

cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.9 Data for the patient “Hip 9”

Hip 9 samples were taken from a 64-year-old male undergoing a total hip replacement osteoarthritis.
10 ROIs were analysed across two different sections/slides. There was no anomaly signal ROls seen.

In total 15446 osteoblasts were analysed across the 10 ROls.

As can be seen in Figure 117 of the 15446 osteoblasts analysed 3.4% showed deficiency in NDUFB8
and 3.1% for GRIM19. Complex Il or SDHA levels showed a deficiency in 1.3% of the osteoblasts
analysed. With regards to complex IV deficiency, MTCO1 values were deficient in 1.5% of osteoblasts
with comparable figures of 1.4% seen in COX4. Complex V deficiency in terms of OSCP expression

was also not significantly reduced at 2.4% of osteoblasts showing deficiency.
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Figure 117 Estimating deficiency in Complex I, Complex Il, Complex IV and Complex V Data from Hip 9: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.10 Data for the patient “Hip 10”
Hip 10 samples were taken from a 62-year-old male undergoing a total hip replacement
osteoarthritis. 13 ROIs were analysed across 2 sections or slides. No ROIs needed to be excluded for

abnormal signal profiles. In total 7503 osteoblasts were analysed.

As can be seen in Figure 118 a relatively large proportion of deficiency is seen in the complex |
proteins of the osteoblasts analysed (13% for NDUFB8 and 12% for GRIM19). SDHA/complex Il levels
were deficient in 8.4% of the osteoblasts. Whereas complex IV levels of deficiency were less
pronounced (4.7% of MTCO1 and 3% deficiency is COX4). OSCP also was deficient in 8.3% of

osteoblasts.
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Figure 118 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Hip 10: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.

282



Daniel Hipps
A5001238 Chapter 5 - Imaging Mass Cytometry

5.4.1.11 Data for the patient “Femur 1”
Femur 1 is the first of the control patients. Femur 1 samples were taken from a 22-year-old male

having an intramedullary nailing procedure to address a leg length discrepancy. Samples were taken
from the osteotomy site before insertion of the nail to lengthen and stabilise the femur. 11 ROIs from
1 section/slide were analysed and this totalled to 5053 osteoblasts. No ROls needed to be removed

from analysis due to abnormal signal values.

As expected in the paediatric and younger patient controls the levels of deficiency were low for
complex |, Il and IV. Complex | deficiency was only seen in 1.8% of osteoblasts for NDUFB8 and 1.7%
of GRIM19. Complex Il deficiency was present in 1.4% of cells. Complex IV deficiency was seen in

2.4% of cells (MTCO1) and 0.99% of cells (COX4). Only 1.4% of osteoblasts were deficient for OSCP.
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Figure 119 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Femur 1: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.12 Data for the patient “Paediatric 1”

Paediatric 1 is a 13-year-old male who had suffered an ankle injury or triplanar injury. This had
caused a bony bridge to grow across the physis or growth plate causing deformity. This needed to be
excised to restore correct alignment and restore growth potential. 5 ROIs were analysed from 1

section/slide. In total this accounted for 3827 osteoblasts.

Again, as seen in “Femur 1” the levels of deficiency seen here are much less than in the rest of the
patient cohort. Complex | NDUFB8 expression only showed deficiency in 0.84% of osteoblasts
analysed. GRIM19 deficient cells accounted for just 0.73%. Complex Il deficiency was evident in just
0.68% of osteoblasts. Complex IV deficiency was seen in 0.68% and 0.29% of osteoblasts for MTCO1
and COX4 respectively. There were also limited levels of OSCP deficiency just 0.52% of osteoblasts.

3.1% different, 0.76% over & 0.84% under 3.6% different, 1.5% over & 0.73% under 4.3% different, 1.1% over & 0.68% under 3.9% different, 0.86% over & 0.29% under
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Figure 120 Estimating deficiency in Complex |, Complex Il, Complex IV and Complex V Data from Paediatric 1: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise
comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.13 Data for the patient “Paediatric 2”

Paediatric 2 is a sample taken from an 18-month-old female who was undergoing a pelvic osteotomy
for developmental dysplasia of the hip. This would re-orientate her acetabulum to restore normal
anatomy and future growth of the femoral head and acetabulum. 13 ROIs were analysed from 2
sections/slides. No ROIs needed to be removed due to abnormal signal. In total 7378 osteoblasts

were analysed.

As can be seen in Figure 121 again as with the other young control patients, femur 1 and paediatric 1
low levels of deficiency were seen in complex | (NDUFB8 deficiency in 0.92% of osteoblasts and
0.53% deficiency of GRIM19 in osteoblasts). Complex Il had a deficiency in just 0.52% of osteoblasts,
with complex IV also following a similar trend of just 0.38% and 0.39% for MTCO1 and COX4

respectively. OSCP also had relatively little deficiency present in the osteoblasts analysed just 0.70%.
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Figure 121 Estimating deficiency in Complex I, Complex I, Complex IV and Complex V Data from Paediatric 2: Contour lines
represent the kernel density estimate levels containing 95% and 50% of the control population for each pairwise

comparison. Grey points are from patient cells that lie within the 95% contour from controls. Red points are from patient
cells lying outside the 95% contour from controls. The proportion of cells different from, vertically above and vertically below
the 95% contour from controls written above each panel.
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5.4.1.14 Results Summary

The proportion of deficient cells observed was calculated in each patient and plotted against age as in Figure 122. This analysis demonstrates a clear increase in

NDUFBS8 deficiency with age, a less pronounced increase with age for an alternative Cl subunit GRIM19 and only minor changes in complex Il, Complex IV and

complex V. Complex Il and IV deficiency levels were generally around the 5% expected variation cut off. There is a very slight increase in the prevalence of OSCP

deficiency with age but this is much less
pronounced than that of complex I. Evidence of
complex | deficiency is in line with previous
research in other human tissues (19) and the

PolgA™/PolgA™* mouse model (205).

Figure 122 Variation in Complex |, Complex Il & CIV
deficiency with age. The proportion of cells lying vertically
below the 95% contour from controls in all patients
presented in Table 33. Blue points represent proportions
from male patients and red points from female patients.
The horizontal dashed line represents the proportion of
differences from control patients that we might expect to
see by chance i.e., 0.05.
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Male
Patient Age Sex Female stein deficiency on CyToF - cells below 0.95 contour Osteoblast protein upregulation on CyToF - cells above 0.95 contour
(years)
iRIM19 SDHA MTCO1 COX4 oscp NDUFB8 GRIM19 SDHA MTCO1 COX4 0oscp

Hip 1 53 Female 0.96% 0.69% 0.52% 0.27% 0.35% 1.00% 2.80% 4.10% 4.80% 2.50% 3.60% 4.30%
Hip 2 84 Female 1.90% 1.80% 0.95% 1.10% 0.69% 1.60% 0.67% 1.20% 1.00% 0.72% 0.68% 1.10%
Hip 3 88 Female 9.90% 5.10% 4.50% 7.10% 2.10% 5.10% 1.00% 1.40% 1.10% 0.70% 1.10% 1.20%
Hip 4 83 Female 2.20% 1.90% 1.00% 0.75% 1.20% 1.90% 0.88% 1.10% 1.30% 0.67% 0.78% 1.10%
Hip 5 66 Female 6.60% 4.50% 1.30% 0.59% 1.90% 4.50% 0.52% 1.20% 1.10% 0.68% 1.30% 1.10%
Hip 6 45 Female 6.40% 1.20% 1.50% 2.70% 1.20% 2.40% 0.46% 0.91% 1.80% 0.54% 2.90% 0.83%
Hip 7 82 Female 16.00% 5.80% 3.70% 4.10% 1.90% 5.70% 1.10% 0.97% 1.40% 0.32% 1.40% 1.80%
Hip 8 74 Female 9.50% 6.90% 5.70% 3.20% 2.70% 6.70% 2.20% 4.20% 2.20% 2.90% 2.70% 2.40%
Hip 9 64 Male 3.40% 3.10% 1.30% 1.50% 1.40% 2.40% 1.60% 1.40% 1.90% 0.46% 1.10% 1.90%
Hip 10 61 Male 13.00% 12.00% 8.40% 4.70% 3.00% 8.30% 0.47% 0.76% 0.55% 0.47% 0.84% 0.52%
Femur 1 19 Male 1.80% 1.70% 1.40% 2.40% 0.99% 1.40% 1.10% 1.20% 1.40% 0.67% 0.97% 1.20%
Paediatric 1 13 Male 0.84% 0.73% 0.68% 0.68% 0.29% 0.52% 0.76% 1.50% 1.10% 0.97% 0.86% 1.10%
Paediatric 2 1.5 Female 0.92% 0.53% 0.52% 0.38% 0.39% 0.70% 2.00% 3.30% 3.30% 2.20% 2.80% 1.90%

Table 36: A summary table showing the percentage of osteoblasts above and below the 0.95 contour for complex I, complex Il, complex IV and complex V across the patient cohort. Values greater than
5% (deemed level of background outliers) are highlighted in red.

Looking specifically hip 3, 7, 8 and 10 had more of a global mitochondrial deficiency seen in some cells with evidence of deficiency in complexes |, IV and V. All

patients that showed deficiency for MTCO1 had reciprocal high levels of complex 1 deficiency. Hip 8 and 10 also had a deficiency in SDHA which does not have any

mtDNA coded proteins and suggest a more global respiratory chain issue within those cells. There was no significant upregulation of any of the other complexes in

response to complex | deficiency with the levels of cells above the 0.95 contour remaining relatively constant throughout the cohort.
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5.5 Discussion
Complex | deficiency is the most frequently observed mitochondrial respiratory chain disorder and

this is in part due to its structure. It is the most complicated of the complexes in terms of its
components and assembly. It is coded for both by nuclear and mitochondrial DNA, consisting of 45
subunits of which 7 are encoded by mtDNA (286). All 7 of these mtDNA coded proteins have
reported pathological variants as do 21 of the nuclear-encoded proteins and 10 of the assembly

factors (287, 288).

Mitochondrial DNA is prone to mutations with age with de novo mutations arising at a rate up to 10x
greater than nucleic mutations (289). Mitochondrial DNA encodes for 7 proteins (ND1-6, ND4L) of
complex |, compared to just 3 proteins of complex IV (COI-IIl). This accounts for 56% of the DNA
accounting for complex | compared to 27% of complex IV (290). Not only is there more mtDNA
accounting for complex | proteins but age-related mtDNA mutations frequently affect the area
between the heavy and light strand origins of replication (291). This frequently affects the ND3, ND4,
ND4L and ND5 proteins affecting complex I. Overall mutations affecting complex | are around twice
as likely to occur than those affecting complex IV (290). There are no mtDNA encoded proteins in
complex Il instead it is made from 4 subunits which are nuclear-encoded (161). It is the rarest of the
complexes to show mitochondrial deficiency or defect (387). Documented mutations have been
associated with Leigh Syndrome and mutations in the flavoprotein and assembly proteins of complex
Il (388). These mutations are germline rather than acquired and tend to be associated with

consanguinity (389) and deficiency is inherited in autosomal recessive fashion (390).

Changes in complex IV in previous studies are not detectable below the age of 35 and only
detectable in one-third of colonocytes in patients over 70 (20). We did not detect significant levels of
complex IV deficiency in the osteoblasts of our aged patients. Complex IV tends to be less affected by
sporadic mtDNA mutations, possibly due to the lower number of CIV genes encoded by mtDNA. The
threshold for deficiency is also higher for complex IV than complex | (391) which may explain the
limited evidence of deficiency in this small sample population. The antibody targets for complex IV
were COX4 and MTCO1. Anti-COX4+4L2 targets the nuclear-encoded subunits COX4+COX4L2. Anti-
MTCO1 is primarily targeted at the mitochondrial encoded COX1 gene. Complex IV has 2 other
mitochondrial encoded genes COX2 and COX3. The rest of complex IV is encoded by 10 nuclear
proteins, these ten subunits are much smaller than the mtDNA encoded COX 1-3 (392), mutations
are more likely to be in the mtDNA encoded proteins which would explain the elevated deficiency

levels in MTCO1 when in comparison to the COX4 levels. Although there are syndromes and
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pathology associated with the nuclear encoded COX subunits there are relatively fewer recognised
DNA mutations in the nuclear-encoded subunits compared to the mtDNA encoded COX1-3 which is

in part due to their size and mtDNA’s predisposition for mutation (392).

Although the data shows significant differences in the complex | protein, NDUFB8 between young
and old patients, the effect is not so apparent with GRIM19 in the limited sample population.
GRIM19 or NDUFA13 is part of the P module of complex | and is among the first proteins assembled
as part of the Q/Pp-a intermediate and only contains 1 mtDNA encoded protein (ND1). NDUFBS is
part of the PD-b module which is made up of the mitochondrially encoded proteins ND2, ND3, ND4-L,
ND5 and ND6 (393). Thus, issues affecting the assembly and incorporation of NDUFB8 into complex |
have a greater chance of causing deficiency than those of GRIM19 due to the presence of more

mtDNA encoded proteins in each individual intermediate’s assembly.

The data also did not show any upregulation of complexes in response to deficiency of complex I.
Work by Warren et al., (394) has shown upregulation of complex II, lll, IV and V although this was in
patients with an established complex | deficiency rather than an age-related acquired deficiency as

seen here.
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5.6 Conclusion

Through this work, | have shown the potential of IMC to investigate protein expression levels in bone
in particular singular osteoblasts, where we were able to analyse over 130,000 cells across the 13
sample patients. Although after exclusion of some ROls/slides the final number of osteoblasts
analysed was 104,244, Six proteins and two DNA markers were detected in the antibody panel we
used but IMC has the scope for many more antibodies to be detected synchronously on the same
slide. This forgoes the need for further multiplexed staining methods requiring further slide
preparation or sequential staining steps which can affect the integrity of the tissue. Along with
antibody data, IMC also has the scope to provide spatial data for the selected antibodies with the x/y
coordinates of each signal recorded and reconstructed into an image. Analysis of fixed FFPE and
snap-frozen tissue allows flexibility and the retrospective analysis of archived samples (395, 396).
Whilst proteomics may compete or exceed the possible number of parameters to be measured it
does not give a spatial component and image reconstruction in the same way as imaging mass
cytometry. IMC would provide options to analyse population densities as Dobson et al., has in the
PolgA™/PolgA™"* model which showed reduced osteoblast population densities associated with

accelerated bone loss (206).

The staining protocol developed is relatively simple and based upon the established quadruple
immunofluorescent assay used by Dobson et al., (205). This translation from immunofluorescence to

imaging mass cytometry is relatively straightforward and could be replicated for further assays.

The method of analysis developed here is a clear pathway which can be used in heterogeneous tissue
with some degree of automation once the parameters to determine cell and protein detection are
appropriately defined. Most IMC data generated thus far has been on relatively homogenous cellular
soft tissue such as tumours and immune system tissues (396, 397). Here it has been utilised to
discover the link between cell and disease (395). The significant advantage of imaging mass
cytometry over conventional techniques and even mass cytometry is that it allows the analysis of
multiple parameters of multiple cells and interaction between cells, all within their

microenvironment without disruption of tissue architecture.

The protocol and image analysis pathway presented here paves a new era for discovery in bone.
With no autofluorescence the ability to analyse many more proteins and individual cells with
disturbing the structure of mineralised bone now possible. Along with the relationship of the

proteins and cells to one another within the tissue sample.
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Whilst IMC represents a potential new era of discovery there are limitations. To date, most
conjugated antibodies available are targeted towards cancer and immunology targets. For more
specific targets outside of these areas of investigation, antibodies must be conjugated. Conjugation
relies on the possibility to get the required antibody target in a protein-free solution, although this is
possible and purification kits or independent purification is an option. As alluded to by Warren et al.,
(394) there is a potential issue in conjugating antibodies in the fact batches may vary in terms of
concentration from experiment to experiment and would need validation from one batch to another
to quantify this (394). The results here were not affected as all sections were stained with the same

batch of antibodies.

The other limiting factor is the resolution this is around 1um?2. Whilst, on the whole, this does allow
subcellular imaging the resolution is poor in comparison to microscopy and visualising subcellular
detail such as mitochondrial shape and morphology is not possible, especially in smaller cells like
osteoblasts. This also introduces more issues in regard to errors on small cells as the signal is a digital
value per pixel or average for that pixel it is not continuous so borders of cells could on average be
lower values than expected due to overlap with the background in smaller cells, this is less of an issue

with larger cells, however.

Whilst autofluorescence is not an issue we did identify issues with the signal and there is a
background signal. Subjectively we found the laser intensities required for the ablation of bone to be
much higher than that of other soft tissue and in prior experiments, a gradual loss of power was
noted requiring laser replacement. In terms of specificity of the signal as in fluorescent-based
techniques, non-specific binding of antibodies can be an issue. For this reason, we based the protocol
upon validated and tested techniques employed in fluorescent-based analysis before conjugation
with heavy metals. Successful conjugation was also clarified using compensation beads and the

Helios mass cytometer.

In terms of background signal, this was addressed on two fronts. Noise reduction steps were carried
out as part of the Volocity pipeline analysis. Signal was also only recorded for areas identified by the
various masks created through volocity. Other authors have taken their own steps to address the
issues of background. A standardised method is currently not clear and is image tissue dependent.
Wang et al., utilised a 5 x 5 um? median filter to account for horizontal streaking. This means for each
pixel if the value exceeds the median filter area and lies in the top 2% of pixels it was removed (398).

Keren et al., use a “no primary antibody” type control step measuring the background signal of a
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channel not associated with antibody signal. The signal intensity was then used as a threshold to
remove background signal intensity. Keren et al. also noted areas of isolated low signal intensity
were associated with noise whereas true signal was clustered. They also filtered out the isolated

pixels (399).

Whilst there is not one clear method to address background with regards to variability in terms of
tissue type and architecture it should be acknowledged and accounted for in regard to the assembly

of an experimental and analysis protocol.

This work highlights the correlation between accumulating mitochondrial respiratory chain deficiency
and age in human osteoblasts. Previous work with the PolgA™/PolgA™ ' mouse model showed
evidence of premature osteoporosis with respiratory chain deficiency (181). Dobson et al. confirmed
that respiratory chain deficiency in osteoblasts was evident and related to osteoporosis in the
PolgA™/PolgA™"* mouse model. The in vitro assays demonstrated significant defects in bone
mineralisation by osteoblasts with increased resorption in osteoclasts related to an increase in

mtDNA mutation load and respiratory chain deficiency.

The new discovery in terms of quantifying the increasing presence of respiratory chain deficiency in
human osteoblasts offers an insight into the pathology and cause of age-related osteoporosis at a
protein-based and cellular level. This mirrors the findings of the PolgA™"/PolgA™* mouse model and
offers an insight into the pathogenesis of osteoporosis where increased bone resorption and
decreases bone formation occurs. This also relates age acquired osteoporosis pathology and the
implications of mitochondrial respiratory deficiency inline with the mitochondrial theory of ageing

which affects cells almost universally (289).

In conclusion, | have optimised and developed the first use of an IMC assay on human bone assessing
multiple proteins in osteoblasts. This work has demonstrated the suitability of IMC to analyse highly
heterogeneous tissue and bone across a range of ages, assessing respiratory chain deficiencies
present in human osteoblasts. This has further potential to build upon the work of Dobson et al., and
their work with the PolgA™*/PolgA™" mouse model linking mitochondrial respiratory chain

deficiency with the pathogenesis of osteoporosis (205).

Further development of the use of IMC in bone has the potential to unlock the combination of assays

which were previously limited to single antibody measurements or the constraints and issues of
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fluorescent-based analysis in bone. There is potential to analyse multiple pathways and cell

interactions within bone which influence osteoporosis and other bone pathology.
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5.7 Appendix

Table 37 Matrix displaying percentage crosstalk for metal tags. The signal overlap is indicated: blue boxes > 0.5%, clear
boxes < 0.5%. Mass Channels are in columns and Mass Tag probes are in rows. For Mass Tags: Colour indicates probes that
contribute > 0.5% crosstalk into no channels (green), one or two channels (yellow), or more than two channels (orange). For
Mass Channels: Colour indicates channels receiving > 0.5% crosstalk from no probes (green), one or two channels (yellow),
or more than two channels (orange). Images adapted from Fluidigm with extra information courtesy of FCCF Newcastle."
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Chapter 6 Final discussion and conclusion

6.1 Current understanding of osteoporosis
Levels of osteoporosis are on the increase globally, the age-related deterioration in bone

microarchitecture with increasing porosity and reduced mineralisation levels affects men and women
universally and has an increased risk of fracture with age (4, 5). Prevalence in Western countries

ranges from 9-38% for women and 1-8% of men (6).

Associated fragility fractures cause significant morbidity, mortality and huge costs to healthcare
economies worldwide (8-10). Hip fracture alone costs the NHS £2 billion per year and is associated

with a high 30-day (7.1%) and 1-year mortality (12).

The current overview of the literature regarding the pathogenesis of osteoporosis is multifactorial (3,
13, 14) with implications of diet and exercise (400, 401). There is also significant evidence suggesting
a hormonal pathology related to increased endogenous glucocorticoids (402, 403), insulin-like
growth factor (404) and of course the significant role of declining sex hormones in men as well as
women experiencing the menopause(405-408). However, this does not fully account for the decline
in bone mineral density from around the age of 30 onwards in both men and women (3). At this
point, the menopause, altered hormonal profiles and activity levels should not have a significant
impact as in later life. This point in life does however correlate with the age-related appearance of

mitochondrial mutations and respiratory chain deficiency (19).

The PolgA™"/PolgA™* mouse model first stated an observational finding of premature osteoporosis
in conjunction with increased mitochondrial DNA mutation load (181). Further work by Dobson et al.,
(205, 206) showed first the presence of respiratory chain deficiency in PolgA™*/PolgA™" osteoblasts
but also the osteoblasts of naturally aged mice. Additional work then demonstrated decreases in
osteoblasts populations’ density, reduced bone formation and increased osteoclast activity all
associated with increased respiratory chain deficiency. Ultimately the work by Dobson et al., was
able to demonstrate the role mitochondrial dysfunction plays in impaired osteogenesis and

accelerated bone loss with age.

The work by Dobson et al., in particular with regards to osteoporosis backed up by previous work on
the role of mitochondrial pathology and ageing leads to the question of are reciprocal changes seen
in human osteoblasts and stem cells with advancing age and ultimately contribute to osteoporosis

pathogenesis?
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6.2 Summary of results and further discussion

6.2.1 Results summary evidence of the role mitochondrial pathology plays in osteoporosis.

In the results chapters 3-5 this work has demonstrated 3 novel techniques and protocols to
demonstrate the presence of pathogenic single nucleotide polymorphisms with increasing age in
mesenchymal stem cells. The presence of mitochondrial respiratory chain deficiency within
mesenchymal stem cells and a protocol and framework to investigate this further. Finally, this work
has confirmed the presence of mitochondrial respiratory chain deficiency in osteoblasts and shown a

positive correlation with increasing age.

As in Table 38 the results from the PCR and CyToF chapters are summarised below. The non-
synonymous SNP mutation rate increased with age this was particularly pronounced for the low-level
mutations. There was also an increase of deleterious mutations with age. The Pearson correlation

coefficient for deleterious mutations and age was 0.45.

This work has also shown the presence of mitochondrial respiratory chain deficiency in osteoblasts,
there were positive correlations for age and deficiency for complex | (NDUFB8) and Complex IV
(MTCO1), for NDUFB8 deficiency the Pearson correlation coefficient was 0.52 and for MTCO1 it was
0.43 These positive correlations are scored on a low to moderate correlation but this may be due in
part to the limited sample size of the data as well as the multiple variables in human study compared

to a murine based study.

When analysing the results as a whole combining the PCR data and CyToF data it is unsurprising that
high levels of mutations in complex I, IV or V do not necessarily lead to a reciprocal deficiency in
CyToF analysis. Unlike the work by Fellous or Greaves (320, 324), there is no established relationship
between the mesenchymal stem cell and subsequent osteoblasts analysed. The data from each
merely acts as a sample and potentially limited overview of the prevalence of either MSC mutation
load or osteoblast respiratory chain deficiency. Equally had the high throughput experiment been
fully successful again this would only highlight an overview of deficiency within the sample
population and correlate this with the findings of the CyToF and PCR chapters. The method outlined
in the high throughout chapter did however show the presence of detectable respiratory chain

deficiency in MSCs without the potential impact of cell culture.
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6.2.2 The effect of mitochondria pathology on mesenchymal stem cell functions
With these new findings in terms of the presence of both respiratory chain deficiency and
mitochondrial DNA mutations further exploration of the current literature highlights several

interesting points.

In the case of progressive supranuclear palsy (part of atypical parkinsonism) it was shown that
mesenchymal stem cells with mitochondrial dysfunction and reduced mitochondrial mass had a
significant drop off in terms of ability to differentiate into adipocytes (409) whether the same is true
for osteoblasts and if differentiation would be affected is not clear but mitochondria play an

important role in the differentiation of MSCs.

Dobson et al., found reduced osteoblast populations within their data relating this to acquired
mitochondrial dysfunction in the PolgA™"/PolgA™" mouse model. In patients with ankylosing
spondylitis oxidative stress-mediated mitochondrial dysfunction leads to mesenchymal stem cell
senescence. Ye et al., also showed that MSCs cultured with ankylosing spondylitis serum had
decreased mitochondrial membrane potential, decreased ATP production and respiratory rate as
well as the increased levels of senescence (410). Subjectively in cell culture aspects of this research
elderly patients’ MSCs did not divide at the same rate and reached senescence at an earlier passage
than the paediatric controls. With increased levels of senescence due to mitochondrial dysfunction
would this explain the reduced osteoblast population densities seen in the PolgA™/PolgA™* mouse
model? Would the likelihood of reduced population densities in human bone also be present given
the proven mitochondrial DNA mutations and respiratory deficiency seen in the results chapters and

subsequently contribute to osteoporosis?

Further evidence of the important role mitochondrial dysfunction plays in osteogenesis can be
determined by the fact MSC populations are more reliant on glycolytic energy production than
OXPHOS mitochondrial-mediated energy production than their progeny cells (411, 412). At the time
of differentiation activation of the mitochondria and a switch, OXPHOS glycolysis becomes an
important factor although the mechanism is not understood (412). This switch in respiration is an
important factor in osteogenic differentiation (413). Further factors also affect osteogenic
differentiation relating to mitochondrial fusion proteins (414). At the time of osteogenic
differentiation, MSC mitochondria elongate and increased Mfn1 and Mfn2 (Mitofusin-1 and 2)
expression are correlated with osteogenesis. Direct knockdown of Mfn2 has shown to cause

defective differentiation and osteogenesis as a result (415).

297



Daniel Hipps
A5001238 Chapter 6 Final discussion and conclusion

In summary, the findings of the PCR and high throughput chapter directly demonstrated the
presence of mtDNA pathogenic mutations and the presence of detectable respiratory chain
deficiency in MSCs. Reviewing the evidence above there is a strong correlation with mitochondrial
dysfunction and osteogenesis. A reduced number of osteoblasts and an imbalance in the
osteoblast/osteoclast axis would lead to increased bone resorption and fundamentally lead to
osteoporosis (15-17). This is further evidence to support the findings of Dobson et al., and show the
same is likely to be true in human study with regards to the reduced levels of osteoblasts in the

PolgA™t/PolgA™ mouse model and subsequent premature onset of osteoporosis.

6.2.3 Mitochondrial respiratory chain deficiency in Osteoblasts.

Through this work, | have shown evidence of respiratory chain deficiency in osteoblasts and the
association of complex | and complex IV deficiency with age. To date, a vast sum of the literature
concerning mitochondrial pathology impact on the function of osteoblasts relates to apoptotic
pathways (416-418) or osteogenic differentiation of mesenchymal stem cells (245, 412, 414, 415,
419-421). Komarova et al., looked more specifically at the number and activity of mitochondria, they
showed an increasing number of mitochondria and metabolic activity coincide with differentiation
into mature osteoblasts in response to the metabolic demands of producing mineralised matrix
(420). Other studies consider the impact of long-term antibiotics in the case of septic arthritis

treatment and their effect upon osteoblast mitochondria (422).

There are of course the mouse models as listed in the introduction chapter, Miyazaki et al. (217)
investigated the effect of Tfam deficiency on osteoclast survival and bone resorption finding
increased bone-resorbing activity in knockout mice and concluding that ATP depletion leads to
osteoclastic bone resorption. There is also the Sod2 — mitochondrial superoxide dismutase 2 mouse
model (109, 419). Relating the importance of Sod2 to osteoblast differentiation by regulating
mitochondrial stress and Sod2 deficiency causing suppressed bone formation by upregulation of
sclerostin and RANKL. Equally the work by Zhou et al., found that impaired regulation of oxidative
stress in mitochondria by a knockout of Stat3 (Signal transducers and activators of transcription

3) also had the same corresponding effect on osteoblasts and osteocyte bone formation (423).

However, there are only two papers by Dobson et al., (205, 206) that consider the role mitochondrial
respiratory chain deficiency would play on osteoblast function. Fundamentally they showed that in

the PolgA™*/PolgA™" mouse model:

298



Daniel Hipps
A5001238 Chapter 6 Final discussion and conclusion

e Decreased cortical bone compared to wildtype mice

e Reduced bone formation rate and osteoblast populations with concurrent increases in
osteoclast populations and activity

e Decreased levels of mineralisation with mitochondrial dysfunction and age and in

comparison, to wild type young mice.

All of these changes were shown in conjunction with increased respiratory chain dysfunction and
deficiency both in the aged mice and at a premature rate in the PolgA™"!/PolgA™" mouse model.
It would be a logical conclusion to follow that the increasing respiratory chain deficiency and
mitochondrial dysfunction found through this work in osteoblasts with increasing age would
have significant effects upon the osteogenic potential of the osteoblasts. The production of bone
requires substantial amounts of energy (420) and any deficiency in the capability of osteoblasts
to produce and utilise the energy would likely lead to osteoporosis as it has done in the

PolgA™/PolgA™*mouse model.

6.2.4 Future Work

Ultimately the outcomes of this research are limited by the sample size and steps required to
develop three novel investigative experiments within the scope of the research period. The
conclusions are limited by population size and distribution. Physical restrictions in terms of accessing
young paediatric controls are more of an issue than aged patients. The frequency at which scheduled
elective surgery from where it would be possible to get both paediatric bone and marrow samples is

III

limited, this limits the capacity of the “young control” population. There is more scope to get a
greater spread and number of aged samples from elective total hip procedures to analyse in the

established experimental investigations within this research.

The timing of running experiments becomes the next significant issue. To transport cells from the
operating theatre to the lab and then perform the high throughput assay and mtDNA sequencing to a
lesser effect is time sensitive. The issue of freeze storage of MSCs was significant and prevented
analysis by high throughput unless done fresh and as soon as physically possible. Whilst cell culture
and then the analysis would be an option. Cultured MSCs could either be identified on physical
parameters or by the flow cytometry separation assay. However, what effect on mitochondrial
biology culture would have would introduce significant variables and potential for non-deficient cells

to proliferate at a greater level than those with deficiency.
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Whilst amplicons were generated for all the patients those samples which had been frozen longer
were more prone to sequence drop off and sequencing errors. The numbers of MSCs extracted and
efficiency of cell sorts were also affected by the length of time the cells were frozen and time from
collection as well as age. Freezing was found to have effects on both cellular function and viability of

MSCs harvested from umbilical cord Wharton’s jelly (350).

In another function of timing but less of an issue is the time taken to analyse cells via CyToF in terms
of ablation speed. This does however bypass the issues of autofluorescence which have been
discussed extensively in the prior chapters that prevent the use of simpler and quicker

immunofluorescent based assays.

With the issues in the timing of experiments, it would be important to use a control population for
instance in the high throughput assay as it is not feasible to run all the patients together.
Surrounding PCR this should be less of an issue as MSC separation could take place at the same time
as the high throughput separation with the preparation of the amplicons ready for sequencing done
at the time of marrow collection and then stored. Throughout this research the development of the
protocol meant some samples were stored for significant periods until all samples were available to
start sequencing. The CyToF experiment is unaffected by time to the experiment but merely is

constrained by the time taken to get results.

The other obvious limitation are the vast variables in human study compared to murine experiments
and the influence those many other variables can have upon osteoporosis such as diet, exercise,

comorbidities, genetics and medication.

6.3 Final conclusion
This work builds on the work of Dobson et al., by showing for the first time that mitochondrial

dysfunction is present in both human mesenchymal stem cells and osteoblasts with increasing
deficiency and mutation load with age. These findings would suggest that mitochondrial pathology

may have a major role in human osteoporosis based on the mouse model findings.

Reducing bone mineral density from the age of 30 as well as a concurrent increase in mitochondrial
DNA mutation load and deficiency in humans has been linked to several ageing diseases.
Osteoporosis remains poorly understood and deemed to be multifactorial. There is increasing

evidence that mitochondria have a role to play in relation to osteogenic differentiation as well as a
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functional role within osteoblasts to providing adequate energy levels for the excretion of the

mineralised bone matrix.

Significant milestones have been made in establishing three experiments and protocols for
investigating mitochondrial pathology in MSCs and osteoblasts. Further work would look to clarify
the results of these assays across a larger population and correlating them with functional osteoblast
assays and potential for bone mineral density investigation. The pursuit of samples from patients
with established osteoporosis or hip fractures which are defined as fragility fractures due to
osteoporosis could help to clarify this but the logistics, patient suitability and capacity to consent
combined with the unpredictability of trauma presentation and operating would mean that this

would require significant planning and experimental flexibility.
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Table 38 Summary of results from the PCR and CyToF chapters for each patient. When samples were not available or used in each experiment these are represented by blanks.

mtDNA sequencing results

Patient Age Sex
Hip 4 83 Female
Hip 5 66 Female
Hip 6 45 Female
Hip 7 82 Female
Hip 8 74 Female
Hip 9 64 Male
Hip 10 62 Male
Hip 11 61 Female
Hip 12 78 Female
Hip 13 25 Male
Femur 1 19 Male
Paediatric 1 13 Male
Paediatric 2 1.5 Female
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