
CHARACTERIZATION OF THE EFFECTS OF RACK1
EXPRESSION ON MITOCHONDRIAL PHYSIOLOGY

by

Michaela Kember

Submitted in partial fulfillment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia

July 2023

© Copyright by Michaela Kember, 2023



To my first two teachers, Guy and Sue Kember. Thank you, Mom and

Dad, for your continuous support and endless love. You are the

reason I have achieved goals I never thought possible throughout my

personal and academic career.

ii



Table of Contents

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Abbreviations and Symbols Used . . . . . . . . . . . . . . . . . . x

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 RACK1: a broad overview of structure and function . . . . . . . . . . 1
1.1.1 RACK1 history and structure . . . . . . . . . . . . . . . . . . 1
1.1.2 Characterization of RACK1 interactome and signaling roles . 2
1.1.3 RACK1 impact upon disease development and cellular dysfunc-

tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Mitochondria and RACK1 connections . . . . . . . . . . . . . . . . . 5
1.2.1 A snapshot of mitochondrial roles within the cell . . . . . . . 5
1.2.2 Mitochondrial role in disease . . . . . . . . . . . . . . . . . . . 9
1.2.3 Documented RACK1 interactions with mitochondria . . . . . 11

1.3 Rationale, hypothesis, and goals of this project . . . . . . . . . . . . . 14

Chapter 2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Mammalian Cell Line Maintenance and Transfection Conditions . . . 16
2.1.1 Cell lines and growth conditions . . . . . . . . . . . . . . . . . 16
2.1.2 siRNA transfection . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 SDS-PAGE and Western blotting . . . . . . . . . . . . . . . . . . . . 17
2.2.1 Preparation of whole-cell lysates . . . . . . . . . . . . . . . . . 17
2.2.2 Protein quantification and sample preparation . . . . . . . . . 18
2.2.3 SDS-PAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.4 Western blotting and relative protein expression quantification 19

2.3 Molecular biology techniques . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 RNA extraction . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Primer design and validation . . . . . . . . . . . . . . . . . . 20
2.3.3 Real-time quantitative PCR reactions and fold change analysis 21

2.4 Microscopy methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

iii



2.4.1 Transmission electron microscopy . . . . . . . . . . . . . . . . 21
2.4.2 Confocal detection of live mitochondrial networks . . . . . . . 23

2.5 Mitochondrial DNA analysis . . . . . . . . . . . . . . . . . . . . . . 25
2.5.1 Mitochondrial isolation . . . . . . . . . . . . . . . . . . . . . 25
2.5.2 DNA isolation . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5.3 Primers and synthetic oligonucleotides for mitochondrial gene

targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5.4 RT-qPCR and quantitation of mitochondrial DNA copy number 30

2.6 Measurement of mitochondrial bioenergetics . . . . . . . . . . . . . . 31
2.6.1 Seahorse Assay sample preparation . . . . . . . . . . . . . . . 31

2.7 Cellular evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7.1 Analysis of mitochondrial-associated gene expression in RACK1

KD HeLa cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.7.2 Colony formation assay . . . . . . . . . . . . . . . . . . . . . . 33
2.7.3 Quantification of intracellular ATP levels . . . . . . . . . . . . 33

2.8 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Chapter 3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 Characterization of RACK1 KD on HeLa cell physiology . . . . . . . 35
3.1.1 RACK1 KD is successful in both HG and LG conditions . . . 36
3.1.2 RACK1 KD causes the dysregulation of MAPs expression sup-

porting mitochondrial translation and respiration . . . . . . . 36
3.1.3 RACK1 knockdown alters HeLa cell growth parameters and

induces significant morphological changes in HeLa cells . . . . 37
3.1.4 RACK1 KD decreases cellular viability, suppresses cellular pro-

liferation, and decreases ATP production in RACK1 LG cells . 38

3.2 RACK1 KD alters mitochondrial structure and network dynamics in
HeLa cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.1 RACK1 KD cells exhibit higher incidence of defects in ultra-

structural mitochondrial appearance . . . . . . . . . . . . . . 39
3.2.2 RACK1 KD caused loss of connectivity and fragmentation of

mitochondrial networks . . . . . . . . . . . . . . . . . . . . . 40

3.3 Mitochondrial functionality assessment in RACK1 KD cells . . . . . . 42
3.3.1 RACK1 knockdown dysregulates nuclear expression of mito-

chondrial biogenesis and fusion/fission mediators . . . . . . . . 42
3.3.2 RACK1 knockdown impacts mt-DNA copy number differen-

tially depending on glucose conditions . . . . . . . . . . . . . 43
3.3.3 RACK1 knockdown decreased mitochondrial respiration in HeLa

cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

iv



Chapter 4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 RACK1 KD impacts HeLa cell morphology, viability, and energy pro-
duction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.1 RACK1 KD significantly altered mitochondrial ultrastructural

membranes in a manner exacerbated by decreased glucose in
HeLa cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1.2 Increased mitochondrial numbers, surface area, and volume cor-
responds with a twofold increase in expression of biogenesis me-
diators in RACK1 KD HG cells . . . . . . . . . . . . . . . . . 49

4.1.3 Mitochondrial networks became fragmented following RACK1
KD and glucose condition altered cellular expression of fusion/fission
mediators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.4 RACK1 knockdown impacts the expression of numerous nuclear
proteins that localize to the mitochondria to support mitochon-
dria structure and function . . . . . . . . . . . . . . . . . . . . 53

4.1.5 Oxygen consumption in RACK1 KD HG and LG cells is lowered
in spite of increased biogenesis demands . . . . . . . . . . . . 55

Chapter 5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1 Final thoughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.1.1 The RACK1-mitochondria axis . . . . . . . . . . . . . . . . . 56
5.1.2 Study limitations and future directions . . . . . . . . . . . . . 57

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

v



List of Tables

2.1 List of antibodies used for western blotting . . . . . . . . . . . 19

2.2 List of primers used for RT-qPCR . . . . . . . . . . . . . . . . 21

2.3 Primers and oligonucleotides used for mt-DNA measurement . 26

vi



List of Figures

5.1 RACK1 is a scaffolding protein capable of many interaction types. 59

5.2 Schematic representation of mitochondrial biogenesis. . . . . . 60

5.3 Schematic representation of fusion/fission dynamics in mito-
chondrial networks. . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 Schematic representation of mt-DNA form and encoded units. 62

5.5 RNA-seq analysis in RACK1 KD HG HeLa cells. . . . . . . . 63

5.6 Western blot confirmation of RACK1 KD in HeLa cells. . . . . 64

5.7 Effects of RACK1 knockdown on HeLa cell morphology in HG
media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.8 Effects of RACK1 KD on HeLa cell morphology in LG media . 66

5.9 RACK1 KD cells experience decreased viability, proliferation,
and energy production . . . . . . . . . . . . . . . . . . . . . . 67

5.10 TEM analysis of mitochondria reveal RACK1 KD cells have a
higher incidence of undesirable mitochondrial morphology . . . 68

5.11 Quantitation of deleterious morphology within RACK1 KD cell
mitochondria . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.12 RACK1 KD HG cells exhibit increased mitochondrial numbers. 70

5.13 RACK1 KD LG display a unique inclusion body phenotype . . 71

5.14 Live mitochondrial network dynamics in RACK1 KD HG cells. 72

5.15 Live mitochondrial network dynamics in RACK1 KD LG cells. 73

5.16 Mitochondrial network characterization of RACK1 KD cells and
controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.17 Mitochondrial network parameters between RACK1 KD and
control cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.18 Mitochondrial biogenesis upregulation in RACK1 KD cells . . 76

5.19 Expression of mitochondrial fusion and fission mediators in RACK1
KD cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.20 Expression of mt-DNA-encoded genes in RACK1 KD cells. . . 77

vii



5.21 Bioenergetic profiles of RACK1 KD cells. . . . . . . . . . . . . 78

5.22 A complete summary of cellular and mitochondrial responses
to RACK1 KD in high and low glucose medium. . . . . . . . . 79

viii



Abstract

Receptor of activated protein C kinase 1 (RACK1) is a 36-kDa multifunctional scaf-

folding protein that coordinates a variety of fundamental cellular processes in eukary-

otic cells, including signal transduction, protein synthesis, and cellular migration.

RACK1 has been implicated in the development of multiple pathological scenarios,

and loss of RACK1 homeostasis is implicated in cancers, heart disease, and neurode-

generative disorders. However, clear characterization on the role of RACK1 expres-

sion in eukaryotic cells has been complicated by its ubiquitous cellular presence and

massive number of binding partners. A poorly described region of RACK1 biology

is how RACK1 function interacts with mitochondrial physiology. Mitochondria are

semi-autonomous organelles critical for the management of cellular roles including

energy production, stress responses, and death. While RACK1 and mitochondria

have numerous overlapping roles in cell health and disease pathology, a broad charac-

terization of mitochondrial structure and function in the context of aberrant RACK1

signaling has yet to be completed. Therefore, the goal of this research project was to

characterize how a decrease in RACK1 expression impacts mitochondrial physiology

in HeLa cells. We chose three pillars of mitochondrial function to investigate in the

context of a decrease in RACK1 expression (RACK1 KD) in HeLa cells. This included

characterization of mitochondrial morphology (membrane integrity/network dynam-

ics); mitochondrial energy production (including oxygen consumption rates and ATP

production); and mitochondrial genomics (mt-DNA levels, biogenesis/fusion/fission

mediator expression). We discovered that RACK1 KD cells exhibited a loss of mito-

chondrial network connectivity, dysregulation of mediators required for mitochondrial

network dynamics/biogenesis, and decreases in mitochondrial respiration and energy

production. Low glucose conditions further increased this phenotype in RACK1 KD

cells. These results represent the first in-depth characterization focused solely upon

the connection between RACK1 expression and mitochondrial structure and function.
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Chapter 1

Introduction

1.1 RACK1: a broad overview of structure and function

1.1.1 RACK1 history and structure

Receptor of activated protein C kinase 1 (RACK1) is a 36-kDa multifunctional scaf-

folding protein that coordinates a variety of fundamental cellular processes in eu-

karyotic cells [162]. RACK1 was originally identified as a receptor for the active

conformation of protein kinase C (PKCBII), but it is now known that RACK1

facilitates many protein-protein interactions either directly or as part of a larger

complex [124],[123],[122],[143]. RACK1 is a member of the ancient and highly con-

served tryptophan-aspartate repeat (WD40) family of proteins [76],[141],[172],[100].

The WD40-repeat protein family is found in all eukaryotes, and its family mem-

bers have been identified as players in almost every eukaryotic signaling pathway

(reviewed in [76]). RACK1 adopts a seven-bladed β-propeller structure comprised of

40 tryptophan-aspartate repeats [94],[139]. WD40 proteins, including RACK1, are

unique from other β-propeller-forming proteins in that they lack direct catalytic en-

zymatic activity. Instead, they employ their broad structure as a scaffold which acts

as a central hub to organize cellular signaling events that become linear or branching

signaling networks [141],[172],[100],[106]. In addition, RACK1’s β-propeller structure

appears to permit varying post-translational modifications to its residues, including

O-GlcNAcylation [36] and phosphorylation/dephosphorylation, which alter its activ-

ity or cellular location accordingly [62]. The characteristics of RACK1’s β-propeller

structure allow it to modify its activity in response to its varying cellular location

and protein partnerships, making RACK1 a highly adaptable scaffold within the dy-

namic cellular environment [106]. RACK1 is highly conserved throughout eukaryotic

evolution, and is ubiquitous in mammalian cells, where it is highly expressed in most

tissues [31],[3]. While RACK1 has been suggested to be nonessential for cellular

1
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life in multiple eukaryotic organisms (including yeast and human immortalized cell

lines) [59], abberant RACK1 activity leads to significantly altered cellular signaling

[51],[102], shifts in translation [148],[42], and improperly regulated protein quality

control in the cell [60],[92],[138],[145]. Furthermore, global deletion of the RACK1

gene GNB2L1 (G-protein beta subunit-like 1), or decreases in its expression, has been

shown to devastate regular cellular function [31]. The RACK1 knockout mouse model

produced by Volta et al. (2013) [156] showed deletion of GNB2L1 is lethal during

gastrulation, suggesting that RACK1 expression is crucial for mammalian develop-

ment.

1.1.2 Characterization of RACK1 interactome and signaling roles

To date, RACK1 has been associated in previous literature reviews with over 80 con-

firmed binding partners [139],[1],[77]. These partners include receptor/non-receptor

kinases, phosphatases, phosphodiesterases, ion channels, membrane-associated in-

ositol 1,4,5-trisphosphate receptors (IP3R), G-proteins/ GPCRs, apoptosis media-

tors, integrins/adhesion molecules, and ribosomes (all reviewed by [1]) (Figure 5.1A).

During these interactions, RACK1 is not limited to operating as a standalone plat-

form within protein complexes but can form both homodimers with itself and het-

erodimers with other proteins [178],[26],[151],[34]. So far, the complete identification

of the RACK1 interactome is complicated by RACK1’s environmental adaptability.

RACK1’s interaction profile and cellular distribution is dependent upon external fac-

tors such as cell type and the differential expression of surrounding binding partners.

This allows RACK1 to play distinct roles in pathways depending on the cell type,

even when RACK1 expression is unchanging throughout different tissue types [1],[77].

The differential compartmentalization of RACK1 in the brain exemplifies how RACK1

binding partners vary by environmental influence: in hippocampal and dorsal striatal

neurons, RACK1 associates with both the glutamate receptor N-methyl D-aspartate

receptor (NMDAR) and the NMDAR activator Fyn kinase. Here, RACK1 actively

blocks Fyn and therefore NMDAR activity [176],[174]. In the cerebral cortex, RACK1

is bound to Fyn but not to NMDAR [174]; and in the ventral striatum, RACK1 is

not associated with either of these proteins despite their presence in this brain region

[175],[160]. Once bound, RACK1 can influence its partners in four major ways: i)
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translocation, where it shuttle its partners from one cellular site to another; ii) ac-

tivity modification, where it is able to promote or prevent the enzymatic activity of

its partners; iii) changing intermolecular interactions between various molecular play-

ers, by enhancing the association or dissociation of proteins in complexes of varying

sizes; and modulating the stability of its binding proteins to either protect against

or promote degradation (reviewed in [77]) (Figure 5.1B). These interactions may be

constitutively associated (for example, RACK1 binds the Src kinase to maintain its

inactive state until signaled to dissociate [151],[174],[175],[160],[89]) or association

may occur following a regulated signal (for example, where RACK1 shuttles PKCβII

which enables the kinase to phosphorylate its substrate at the appropriate site [121]).

The proteins that interact with RACK1 can be broadly divided into three major

categories: signaling proteins in cytoplasm and nucleus, the cytosolic domains of

membrane-spanning receptors, and finally, its organellar partners (reviewed in [77])

(Figure 5.1B). Notable examples of cytoplasmic or nucleic proteins known to interact

with RACK1 include members of the cyclic AMP and protein kinase A (cAMP/PKA)

pathway, the Src family of non-receptor protein tyrosine kinases, and PKC enzymes

[1]. RACK1’s role within the same signaling pathways shifts depending on whether

it is cytoplasmic and nucleic: for example, cytoplasmic RACK1 enables interaction

between the cAMP/PKA pathway and NMDAR, allowing NDMAR activation [151].

RACK1 additionally binds phosphodiesterase 4D5 (PDE4D5), a cAMP-degrading

enzyme that manages cAMP levels [177],[6], to tightly regulate activity of the focal

adhesion kinase (FAK), binding to PDE4D5, which modulates cell polarity [131],[132].

However, RACK1 in the nucleus activates the cAMP pathway to signal β-actin asso-

ciation with nucleic protein brain-derived neurotrophic factor (BDNF) neurotrophic

factor (BDNF), supporting cAMP-dependent regulation of BDNF transcription in

the nucleus [174],[99]. Examples of the latter category include ubiquitous receptor

groups such as the insulin-like growth factor receptor I (IGF-1R)[66],[183] β inte-

grin receptors [74],[80], type I interferon receptor [154], IP3R [109], and multiple

ion channels in the CNS and heart [28],[139]. More specialized receptor groups in-

clude the cardiac muscarinic acetylcholine receptors [119], the human common beta

(βc) receptor for immune system stimulants IL-5, IL-3 and GM-CSF [46], and the

adipose-specialized hormone receptor AdipoR1 [173]. RACK1 is additionally capable
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of scaffolding interactions between these different membrane receptor groups: for ex-

ample, RACK1 expression promotes fibroblast migration by bridging communication

between β1 integrin receptors and the extracellular matrix, which signal for membrane

receptor IGF-1R activation [67],[64],[65],[63]. The third and final group of organel-

lar partners includes ribosomal RACK1. RACK1 is a member of the ribosomal 40S

subunit complex [47], where it regulates translation initiation and creates a signaling

platform for translation [134],[103]. RACK1 stably binds to the 40S subunit close

to the mRNA exit channel [130]. When translation is required, RACK1-associated

PKCβII phosphorylates eIF6, which then induces 80S ribosome formation [22],[32].

In yeast, RACK1 homolog Asc1 has been implicated in “closed-loop-dependent ri-

bosome recruitment”, where it interacts with eIF4E, eIF4G, and Pab1 to transcribe

short mRNAs [149].

1.1.3 RACK1 impact upon disease development and cellular

dysfunction

RACK1 activity is heavily involved in cellular processes such as cytoskeletal reg-

ulation and cell migration, cell survival and death, proliferation, and is becoming

heavily implicated as a mediator of both canonical and non-canonical autophagy

[43],[184],[69]. It plays critical roles in organismal processes such as embryogene-

sis, neural network management, neuronal health and maintenance, and heart func-

tion [11],[68],[140],[180],[161],[78],[146],[112]. As this number of binding partners and

their associated cellular functions increases, so has its link with an array of disease

states. Aberrant RACK1 signaling has been associated with brain developmental dis-

orders and neurodegenerative diseases [165],[85],[95], heart failure and hypertension

[108],[181],[28], renal failure [105], impaired bone development and muscle atrophy

[12],[107],[20], and cancer [77]. While RACK1 expression imbalance is associated

with disease, in many cases it is difficult to clearly predict the role that it plays in the

development of these pathological states. For example, decreased RACK1 expression

is reported in post-mortem brains of Alzheimer’s disease patients and is implicated in

dementia development [4],[5],[83],[185]. However, no such changes were reported by

Shimohama et al. (2011) [83], which found no difference between the levels of RACK1
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in Alzheimer’s patients and age-matched controls [83]. One of the most pertinent ex-

amples of how unpredictable RACK1 signaling can present in disease is its association

with cancer. A review of RACK1 expression in cancer tissues found dysregulation

but no concrete association between cancer types and RACK1 expression [77]. For

example, in a study conducted in breast cancer, the clinical significance of RACK1

expression was evaluated using immunohistochemistry [17]. Higher RACK1 expres-

sion levels were correlated with shorter survival times, and revealed that RACK1

could promote breast carcinoma proliferation and invasion/metastasis in vitro and in

vivo, supporting the conclusion that elevated RACK1 expression could predict poor

clinical outcomes [18]. In contrast, when RACK1 expression in breast cancer tissues

was examined in a separate study using reverse transcriptase–PCR (RT-PCR), it was

found that RACK1 expression levels were decreased in cancer specimens compared to

normal breast tissues [2]. In a follow-up study performed a decade later, high levels

of RACK1 mRNA expression were associated with a good clinical outcome [2]. As

described in Section 1.2, the unique nature of RACK1’s adaptable approach to scaf-

folding is likely to blame for the inconsistent reports of RACK1 expression in disease

states, which further stresses the importance of achieving a better understanding of

how RACK1 functions in systems biology.

1.2 Mitochondria and RACK1 connections

1.2.1 A snapshot of mitochondrial roles within the cell

Mitochondria are multi-functional organelles that exist in a comprehensive network

responsible for a majority of the essential eukaryotic cellular functions reviewed in

[9],[104],[142],[37]. They are commonly termed the ‘powerhouses of the cell’ due to

their well-recognized energy production role, where they oxidize organic substrates un-

der aerobic conditions via respiration to produce energy for the cell [9],[104],[93],[142],[37].

Although energy production is the most well-recognized role, mitochondria are inte-

gral to normal cellular function in many other ways. This includes roles in cell

growth, redox status, synthesis of phospholipids and heme, ion balance, programmed

cell death mechanisms (including apoptosis, necroptosis, pyroptosis, ferroptosis, and

autophagy) and non-programmed (necrotic) cell death mechanisms [104]. The major
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areas of mitochondrial function that will be explored below include: mitochondrial

network dynamics, including biogenesis, fusion, and fission; energy production, in-

cluding cellular oxygen consumption and cellular ATP production; and mitochon-

drial integrity, including mitochondrial (mt)-DNA management and mitochondrial

ribosomal production.

Mitochondria history and structure

Mitochondrial are unique amongst other eukaryotic organelles in both structure and

origin [93],[21]. It is theorized that they have a bacterial evolutionary origin, where an

alphaproteobacterial endosymbiont entered a proto-eukaryotic host (reviewed in [21]).

The ability of this bacterium to efficiently produce energy is what likely resulted in

endosymbiosis between the two, transforming the mitochondria into a eukaryotic or-

ganelle [21],[90],[91],[49]. However, mitochondria still retain some of their ancient bac-

terial characteristics. They are the only organelle to have a unique double-membraned

structure that separates four distinct compartments: the outer membrane, intermem-

brane space, inner membrane, and the matrix [7]. In addition, they have their own

heteroplasmic circular genome and divide using binary fission, both of which occur

independently of the eukaryotic cell cycle [93].

Mitochondrial dynamics

A healthy cell depends upon the careful regulation of its mitochondrial mass to

meet the energy demands vital for cellular function. To achieve this goal, mito-

chondria continuously undergo a cycle of biogenesis, fission, fusion, and mitophagy

within the cell (reviewed in [167]). Mitochondrial biogenesis occurs when mitochon-

dria are produced via binary fission (Figure 5.2). Once independent, mitochondria

undergo morphological maintenance via the opposing processes of fusion and fis-

sion (Figure 5.3) [167],[157],[58]. Mitochondrial fusion ensures uniform mitochondrial

content (i.e. mt-DNA), buffers against calcium and reactive oxygen species (ROS)

overload, and maximizes the surface area required for energy production via respira-

tion ([58]). Mitochondrial fission is essential for cell growth and division, sustaining

cell polarity, and aiding in eliminating damaged mitochondria [157]. When dam-

aged mitochondria are removed via fission, this signals the process of mitophagy
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to begin, which removes damaged/defective mitochondria through autophagy [167].

The activation of the master regulator of mitochondrial biogenesis, the peroxisome

proliferator-activated receptor-γ coactivator (PGC1α) will begin mitochondrial bio-

genesis [153],[166],[128],[56]. PGC1α activity upregulates expression of mitochondrial

transcription factor A (TFAM) which drives mt-DNA transcription and replication,

resulting in a cascade of nuclear and mitochondrial activity that increases mitochon-

drial biogenesis (Figure 5.2) [14],[15],[170]. The new mitochondrion must now fuse

both membranes to other mitochondria. Outer membrane fusion is controlled by two

large membrane GTPase proteins, Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2),

whereas inner membrane fusion is controlled by Optic atrophy 1 (OPA1) (Figure

5.3). This creates a homogenous organelle population while simultaneously decreas-

ing cellular stress. When fission is required, the Dynamin related protein 1 (Drp1)

acts in concert with a small array of support proteins that drive separation of the

defective mitochondrion from the network. Fission is typically associated with the

process of mitophagy, where dysfunctional mitochondria are selectively eliminated by

autophagy. Mitophagy is a central mechanism of mitochondrial quality control, as

the timely elimination of damaged and aged mitochondria is essential for maintaining

mitochondrial network health [167],[157],[158]. During mitophagy, mitochondria are

sequestered within an autophagosome, which will fuse with a lysosome, where the

organelle is hydrolytically degraded. The balance of biogenesis, fission, fusion, and

mitophagy creates a steady state of mitochondrial morphology, mt-DNA mixing, and

bioenergetic functionality [167].

Mitochondrial bioenergetics

Mitochondrial dynamics support cellular function by shifting mitochondrial morphol-

ogy to meet energy requirements [142],[37]. Mitochondria form massive networks

that favor fusion to maximize the number of respiratory complexes that can produce

energy [158],[96]. Mitochondrial respiration then drives the synthesis of adenosine

triphosphate (ATP) in the cell. ATP is used in turn as the primary energy source

for most biochemical and physiological processes [144]. Mitochondria use a well-

recognized process to convert pyruvate to ATP (reviewed thoroughly in [144] and

[87]) and will only be briefly summarized here: first, sugars enter the mitochondria
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as pyruvate after undergoing glycolysis in the cytosol. In the citric acid cycle, a

series of eight regenerating enzymatic steps, pyruvate is converted to oxaloacetate,

with the electrons removed in the process passed to the electron-carrying cofactors.

Oxidative phosphorylation (OXPHOS) will then occur when the cofactors pass these

electrons to the ETC. The ETC consists of four multi-subunit protein complexes

(NADH: ubiquinone oxidoreductase (complex I), succinate dehydrogenase (complex

II), ubiquinol–cytochrome c oxidoreductase (complex III, or cytochrome bc1 com-

plex), and cytochrome c oxidase (complex IV) embedded in the inner mitochondrial

membrane. Here, the complexes use the electrons to power the pumping of protons

from the matrix to the intermembrane space, generating a potential difference across

the inner mitochondrial membrane. This potential difference is ultimately used to

power the synthesis of ATP through activity of final ETC member ATP synthase

(complex V), which couples electron passage across the membrane to the phosphory-

lation of adenosine diphosphate (ADP) [144],[87]. By understanding how the mito-

chondrial structure is utilized to produce energy, it becomes clear how mitochondrial

bioenergetics are strongly interdependent on mitochondrial morphology. Changes in

bioenergetic demand, such as increased energy demand, will often result in changes in

mitochondrial morphology as the network adapts to increase inner membrane capacity

for ETC components, corresponding with increased oxygen consumption [87].

Mitochondrial genomics

As noted earlier, mitochondria possess circular genomes resembling bacterial chro-

mosomes (Figure 5.4) [136]. The double-stranded, circular mt-DNA is around 16.5

kilobases in size and is maintained by mitochondrial enzymes that perform synthesis

and repair (Figure 5.4) [136],[97]. mt-DNA is required for production of key catalytic

sub-units of the mitochondrial respiratory chain complexes and therefore is essen-

tial for oxidative ATP production [155],[126]. The mitochondrial genome encodes 37

genes: 13 structural genes encoding subunits of oxidative phosphorylation complexes

in the mitochondrial respiratory chain (MT-ATP6, MT-ATP8, MT-CO1, MT-CO2,

MT-CO3, MT-CYB, MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5,

MT-ND6), 22 transport RNAs (tRNAs), and 2 ribosomal RNAs (rRNAs) (Figure
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5.4) [155],[126],[10],[13],[159],[16]. These genes are transcribed by mammalian mi-

tochondrial ribosomes, which are specialized ribosomes that are encoded by nuclear

genes, synthesized in the cytoplasm, and then transported to the mitochondria to be

assembled into mitochondrial ribosomes [55]. Like bacterial chromosomes, multiple

copies of mt-DNA exist in a single mitochondria. However, due to a combined lack

of protective histones, ROS generation in the inner membrane from ETC activity,

and its lack of genomic repair mechanisms, mt-DNA has an increased susceptibility

to damaging mutations [10],[13],[159],[16]. Mitochondria minimize the influence of

these mutations by blocking them from forming a new subset of mitochondria. This

is achieved by fusion, which supports mt-DNA “mixing” while lowers damaging ROS

concentrations that may have initially contributed to the mt-DNA mutations [16].

Additional to its role in encoding ETC components, mt-DNA also acts as a key sig-

naling component within the mitochondrial biogenesis cascade [56],[158],[16]. These

additional features illustrate the consistent theme of interconnectivity between the

players mediating mitochondrial form and function.

1.2.2 Mitochondrial role in disease

In a healthy cell, cellular and mitochondrial metabolisms are tightly coupled and a

loss of efficient interplay between these two systems can devastate cellular function

[127],[73]. Mitochondrial dysfunction has been found to influence the pathogenesis

and progression of numerous human diseases, including heritable mitochondrial dis-

ease [111], cancer [127],[73],[111], neurodegenerative, musculoskeletal, and cardiovas-

cular disorders [127],[73], metabolic disorders [126], and autoimmune diseases [127].

Mitochondrial dysfunction in literature is broadly described as resulting from either

the inability to provide necessary substrates to mitochondria, a dysfunction in res-

piration equipment, or inadequate mitochondrial mass for cellular needs [127]. This

dysfunction can be either the result of heritable mutations or increased environmental

stressors in cells over time [127]. For example, an expanding number of degenerative

disorders are associated with direct mutations in the nuclear genes encoding fusion

mediators or mt-DNA maintenance proteins: mutations in MFN2 and OPA1 are

linked to Charcot–Marie–Tooth disease type 2A and autosomal dominant optic atro-

phy [116],[25], and early onset Parkinson’s disease is linked to loss of ETC complex 1
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function due to PINK1 mutations [44]. In contrast, environmental stressors such as

pollution, infection, tissue injury, or aging may cause an increase in oxidative mito-

chondrial damage and unresponsive mt-DNA repair mechanisms which trigger mito-

chondrial fragmentation and reduce mt-DNA. This kind of stress initiates a vicious

cycle wherein oxidative stress will perpetually increase due to the inefficient synthesis

of proteins of the respiratory complexes from mt-DNA decrease [57], which produces

chronic inflammation that is linked to metabolic diseases such as diabetes, cancer

and cardiovascular disorders [57]. The shifts in mt-DNA homeostasis are gaining

increased interest as potential prognostic markers for cancer and metabolic diseases

including heart failure, diabetes, and autoimmune diseases such as lupus [110],[163].

For example, Guha et al. (2014) [51], demonstrated breast cancer stem cells carried

steeply reduced mt-DNA copy numbers. This was further echoed by a similar dysreg-

ulation of mt-DNA content reported in prostate, colorectal, lymphedema, and other

breast cancers, with both increases and decreases reported in comparison to a control

[61],[135]. However, these conflicting reports on whether levels shift up or down re-

main to be resolved before mt-DNA-based health predictions are standardized [163].

In spite of the promising clinical connections between mitochondrial and organismal

health, the causative agents of mitochondrial dysfunction remain poorly understood.

Historical interest in mitochondria as a therapeutic target for the treatment of a broad

spectrum of human diseases has previously resulted in numerous preclinical studies

that demonstrated beneficial effects of various pharmacological agents that supported

mitochondrial health. However, no single mitochondria-targeted compound has been

approved for clinical use because the precise mechanisms used by mitochondria to reg-

ulate basic physiological functions remain unknown [81]. To further complicate how

mitochondria signaling and disease intertwine, multiple defects in mitochondrial func-

tion are identified in disease states, making it difficult to ascertain which pathway to

target for therapeutic advancement [73],[81]. For example, both mitochondrial ETC

dysfunction and severe shifts in the pathways mediating mitochondrial morphology

are widely implicated in the cellular pathogenesis and progression of most common

neurodegenerative diseases including Alzheimer’s, Parkinson’s disease, Amyotrophic

lateral sclerosis, and neurodevelopmental regression syndromes such as Leigh syn-

drome [116]. In summary, progress on defining the mitochondrial impact on disease
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is hindered by a lack of in-depth knowledge of both the regulatory mechanisms of mi-

tochondrial physiology and the interplay between mitochondria and cellular pathways

that contribute to support of optimal cellular function.

1.2.3 Documented RACK1 interactions with mitochondria

RACK1 and the mitochondrion both represent multifunctional cellular entities with

numerous roles in maintenance of cellular health [162],[127]. Despite their overlapping

impacts on cellular maintenance and organismal disease, there has been little inves-

tigation in the RACK1 biology realm on how RACK1 expression impacts mitochon-

drial physiology. It is established that RACK1 can enter the mitochondrion: Lin et

al. (2015) [81], showed that RACK1 is able to enter the mitochondrion and associate

with mitochondrial proteins in chicken embryo fibroblasts. Beyond this observation,

RACK1 biology currently lacks a mitochondrial characterization in cells experiencing

alterations in RACK1 homeostasis. This is likely in part due to the incredible range

and diversity of supportive roles that both entities play in cellular homeostasis, which

has historically made complete identification of the influence of both RACK1 and mi-

tochondrial interactomes difficult. However, RACK1 has been found to indirectly

impact mitochondrial function in apoptosis and ribosome associated- studies, which

has provided some characterization of the RACK1 and mitochondrial-associated pro-

teins (MAPs) pathway interactions. These are summarized below.

RACK1 and apoptotic signaling

In general, our current understanding of how RACK1 expression impacts mitochon-

drial physiology is limited to how RACK1 interacts with closely associated mitochon-

drial molecular players. Most of the research that indirectly surveys how RACK1

signaling impacts mitochondria function has resulted from investigating RACK1’s

association with intrinsic pathway apoptosis mediators. RACK1 has been shown to

interact with several pro-apoptotic proteins and can mediate mitochondrial membrane

potential and apoptosis triggers through this path. Zhang et al. (2008) [182] demon-

strated that RACK1 formed a complex with pro-apoptotic protein Bcl-2 Interacting

Mediator of cell death (Bim) in the presence of apoptotic stimulants. Bim, a member

of the B-cell lymphoma-2 (Bcl-2) family, will translocate to the mitochondrial outer
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membrane where it can either block anti-apoptotic Bcl-2 proteins, including Bcl-2

or B-cell lymphoma-xL (Bcl-xL), or directly activate pro-apoptotic proteins, such as

Bcl-2 Associated X-protein (Bax). Hence RACK1 was found to help mediate the

degradation of Bim, protecting cancer cells from apoptosis [182]. This protective ef-

fect was also found in cells impacted by Gumboro disease, a viral infection impacting

poultry [81]. During infection, the viral protein VP5 induces apoptosis during infec-

tion by interacting with VDAC2, a mitochondrial channel capable of pore formation

in the mitochondrial outer membrane, resulting in release of cytochrome c, activa-

tion of caspases 9 and 3, apoptosis and virus release. Lin et al. (2015) [81] found

that RACK1 played an antiviral role where it formed a complex with both VDAC2

and VP5 that appeared to block apoptosis in host cells. Subsequent knockdown of

RACK1 induced apoptosis associated with activation of caspases 9 and 3, suggesting

that RACK1 plays a role in protecting the cell against apoptosis in viral infection [81].

Contrastingly, RACK1 has been additionally identified as a separate binding partner

of Bax [171], and Bcl-XL. Overexpression of RACK1 dissociated the Bax/Bcl-XL

complex and promoted Bax oligomerization, which promoted apoptosis [171]. This

was supported by the findings of [88], who demonstrated that RACK1 indirectly reg-

ulated expression of several Bcl-2 family members through suppression of the Akt

pathway via inhibition of Src. Src-inactivation induced the expression and subse-

quent translocation of pro-apoptotic Bax and Bim to the mitochondrial membrane,

resulting in mitochondrial-mediated apoptosis [88]. Further interactions of RACK1

with mitochondrial apoptotic pathways have shown that the pro-apoptotic tumor

suppressor molecule Modulator of apoptosis 1 (MOAP-1) is activated by RACK1,

through RACK1-supported ubiquitination that allows the formation of a complex

that includes a MOAP-1/Bax association [72]. This triggers a Bax conformational

change that results in its insertion into the mitochondrial membrane and several fur-

ther hallmark events that execute death receptor-dependent apoptosis [72]. The final

apoptosis-RACK1 interaction that involves MAPs has very recently been identified

in Parkinson’s disease [86]. Parkinson disease protein 7 (DJ-1) exerts neuroprotective

effects by inhibiting the expression of the enzyme Monoamine oxidase-B (MAO-B).

MAO-B is distributed at the mitochondrial outer membrane where it blocks neuro-

transmitter activity by converting them to highly reactive oxygen species. This can



13

contribute to ROS generation, mitochondrial dysfunction, and eventually apoptosis

in highly stressful environments [86]. It appears that a DJ-1-RACK1 complex forms

to protect neurons from mitochondrial oxidative stress-induced apoptosis. In a slight

twist on the usual RACK1 interaction style, DJ-1 appears to bind to RACK1 and

prevent it from activating the PKC-mediated cascade that is required for up-regulated

MAO-B activity, which protects against oxidative stress that would otherwise lead to

apoptosis [86]. This suggests that RACK1 may be involved in triggering mitochon-

drial oxidative stress-induced apoptosis.

One of the most intriguing connections between RACK1 function and mitochon-

drial function has been presented by [150] who found that cells with the loss of Asc1,

the RACK1 homologue in yeast, were unable to use alternative carbon sources that

required enhanced mitochondrial function. RNA-seq analysis revealed that cells with

decreased Asc1 experienced a concomitant decrease in the expression of mitochon-

drial ribosomal proteins (MRPs), resulting in a compromised translation of MRPs.

Thompson et al. (2016) [148] suggested Asc1’s role in the yeast ribosome may hin-

der translation of the mitochondrial proteins as their mRNAs may have translational

features that require Asc1 activity [150].

RACK1 and mitochondrial structure

There is some limited ultra- structural information available of mitochondria experi-

encing RACK1 dysfunction. In an investigation focused on RACK1 interaction with

autophagy, Zhao et al. (2015) [184] discovered that a hepatocyte-specific RACK1

deficiency led to smaller mitochondria in those cells. Fasting in these affected cells

resulted in mitochondrial swelling. While transmission electron microscopy (TEM)

images seen in this study taken somewhat reveal mitochondrial form, no direct inves-

tigation of the mitochondrial ultrastructure was undertaken in this study [150].
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1.3 Rationale, hypothesis, and goals of this project

Rationale: investigation of the RACK1-mitochondrial connection will

provide valuable context to the regulatory roles of cellular RACK1

Deciphering the RACK1 interaction network is crucial for understanding the cellu-

lar processes that are regulated by the scaffolding protein and will further facilitate

our understanding of RACK1 involvement in disease states. Unfortunately, minimal

characterization of mitochondria within cells experiencing aberrant RACK1 signal-

ing exists. While the studies above have suggested that RACK1 signaling influences

mitochondrial health, the current nomenclature lacks a more comprehensive review

of the mitochondrial structure and function in a RACK1-depleted cell. Therefore,

the goal of this project is to determine how a decrease in cellular RACK1 expres-

sion impacts mitochondrial physiology and function. This study builds upon the

observations made in earlier preliminary research completed in the Cheng lab investi-

gating the impact of RACK1 depletion on mitochondrial activity: RNA-seq analysis

of RACK1 knockdown (KD) cells revealed a significant decrease in the expression

of mitochondrial MRPL and MRPS (mitochondrial large sub-unit protein (MRPL),

mitochondrial small sub-unit protein (MRPS)) genes after knockdown. Despite the

down-regulation of MRPS, when mitochondria in RACK1 KD cells were subsequently

visualized using microscopy, RACK1 KD cells appeared to be filled with more mi-

tochondria compared to a control. These findings represent a dichotomy within the

cells that formed the basis for this investigation. To increase HeLa cell dependence

on mitochondrial function, we decided to perform RACK1 KD on HeLa cells in two

glucose conditions, (both ’high glucose’, or HG and ’low glucose’, or LG). By broaden-

ing our understanding of the interplay between RACK1 signaling and mitochondrial

function, this study will provide greater insight into how RACK1 signaling impacts

cellular pathology and influences the initiation and progression of disease.

Hypothesis

RACK1 knockdown causes dysregulation of mitochondrial form and function in the

cell.
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Aims of the project

This study consists of three major goals:

1. Assess the impact of RACK1 KD on HeLa cell morphology and growth param-

eters.

2. Characterize mitochondrial morphology and dynamics in RACK1 KD cells.

3. Characterize mitochondrial biogenesis and functionality in RACK1 KD cells.



Chapter 2

Methods

2.1 Mammalian Cell Line Maintenance and Transfection Conditions

2.1.1 Cell lines and growth conditions

HeLa cells (Human cervical carcinoma cell line) were obtained from the American

Type Culture Collection (ATCC®, Cat. No. CCL-2) and grown in monolayer cul-

tures were maintained in an incubator at 37 oC in 5% atmospheric CO2. Cells were

cultivated in Dulbecco’s Modified Eagle Medium (DMEM), high glucose (Wisent,

Cat. No. 319-005-CL) supplemented with 10% heat-inactivated fetal bovine serum

(FBS) (Wisent, Cat. No. 080450) and 1uM L-glutamine (Wisent, Cat. No. 609-

065-EL). Cells were sub-cultured by trypsinization at 37 oC and cell suspensions were

subsequently diluted to the desired cell density in fresh medium. Cells were not pas-

saged more than 9-12 times to maintain experimental consistency and avoid changes

in mitochondrial function, at which time they would be discarded and a new culture

would be started from pre-prepared frozen aliquots.

2.1.2 siRNA transfection

To knockdown RACK1 expression in HeLa cells, we utilized both an ON-TARGETplus

human RACK1 SMARTpool siRNA library (Dharmacon, Cat. No. L-006876-00-

0050), and an ON-TARGETplus Non-targeting Control 1# siRNA library (Dharma-

con, Cat. No. D-001810-01-50) and followed the manufacterer’s recommended Dhar-

maFECT™ Transfection Reagents—siRNA transfection protocol. Briefly, twenty-four

hours before transfection, 1.2x105 cells at maximum confluency grown in the condi-

tions above were plated in DMEM/FBS medium in a 6-well plate at 37oC in 5% at-

mospheric CO2. On the day of transfection, the RACK1 siRNA pool or nontargeting

siRNA pool were diluted 1:100 and DharmaFECT 1 Transfection Reagent (Dharma-

con, Cat. No. T-2001-03) diluted 1:50 in DMEM with no additives. The solutions

16
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were incubated for 5 minutes at room temperature before the dharmaFECT/DMEM

solution was split equally between the siRNA/FBS mixtures, combined, and incu-

bated for a further 20 minutes at room temperature. The diluted transfection mix-

tures were further diluted 1:4 with DMEM/FBS for a final siRNA concentration of

25 nM. Cells were incubated with the transfection mixture at 37oC with 5% CO2 for

24 hours until the transfection/media mixture was replaced with fresh DMEM/FBS

medium and incubated a further 48 hours. Low-glucose experiments followed the pro-

tocol seen above wherein cells were initially plated in high-glucose medium overnight

until transfection was performed. Then transfection reagents and RNAi were com-

bined with low glucose (1g/L) DMEM (Wisent Cat. No. 319-010-CL) as detailed

above that was further diluted with low glucose DMEM supplemented as seen above

in the high glucose medium. For experimental consistency, transfection in high and

low glucose media were performed at the same time and RACK1 KD and control

cells from both medium conditions were simultaneously used in experiments at 72 h

post-transfection unless otherwise noted. siRNA knockdown of RACK1 expression

in each sample set was confirmed through western blot analysis. Before commencing

experiments, RACK1 expression in cells was knocked down for 8 days and confirmed

with both reverse transcription quantitative real-time PCR (RT-qPCR) and western

blot analysis to ensure strong and consistent knockdown that would meet the 72 hour

post-knockdown timeline.

2.2 SDS-PAGE and Western blotting

2.2.1 Preparation of whole-cell lysates

At the completion of each knockdown sequence as detailed above, cells from each

condition were harvested via trypsinization and washed twice with PBS (Wisent, Cat.

No. 311-010-CL) before 200 µL of ice-cold lysis buffer (2% Sodium dodecyl sulfate

(SDS) w/v, 50mM Tris/HCl pH 7.4, 1mm EDTA) were added per well in a 6-well

plate (adjusted to 200 µL per million cells in alternate plate sizes). After 10 minutes

of incubation on ice, lysates were stored at -20oC until further use. Cell lysates

were sonicated for 30 seconds at 40 watts (Sonics & Materials, Ultrasonic Processor

VC50-1) and cleaned of debris via centrifugation at 15,000xg for 30 seconds at room
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temperature. An aliquot of the resulting supernatant was removed for donwstream

processing and remaining lysate stored at -20 oC.

2.2.2 Protein quantification and sample preparation

Protein concentration was quantified using the Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific, Cat. No. 23225) following the manufacturer’s instructions. Briefly,

samples were diluted to 1:4 with distilled water (dH2O). Triplicate sets of each diluted

sample and duplicate sets of bovine serum albumin (BSA) standards (with previously

prepared concentrations ranging from 0 µg/mL (pure dH2O) to 2000 µg/mL) were

mixed 1:15 with working reagent, and the microplate was incubated at 37 oC for 30

minutes. Absorbance at 562 nm was measured on a microplate reader for 1 minute

(MBI, Asys UVM 340). The protein concentration of each sample was calculated

using the BSA standard curve. Samples for electrophoresis were prepared by mixing

samples with 5X-SDS-polyacrylamide gel electrophoresis (SDS-PAGE) Loading buffer

(0.25 M Tris-HCl pH 6.8, 50% glycerol, 10% SDS, bromophenol blue 0.25% w/v) and

lysis buffer to equilibrate concentration across all samples. Samples were heated at

95 oC for 5 minutes in a thermoblock (Standard Heatblock, VWR).

2.2.3 SDS-PAGE

Polyacrylamide gels (4% stacking gel and a 12% resolving gel) were placed into an

electrophoretic chamber (Bio-Rad, Cat. No. 1658004EDU) filled with 1X running

buffer (25mM Tris, 250mM glycine, 0.1% SDS). Between 15 µg to 30 µg of protein

(depending on total protein content) were loaded into separate wells along with 3 µL

of protein ladder (Bio-Rad, Cat. No. 161-0393 or 161-0394) diluted in dH2O to match

the final volume loaded into respective wells. Proteins were separated first at 80 V

(Bio-Rad PowerPac Basic Power Supply, Cat. No. 164-5050) for 15-20 minutes, and

then at 120 V for 1.5 hours or until adequate band separation was achieved. After

electrophoresis, the gel was prepared for western blotting analysis.
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2.2.4 Western blotting and relative protein expression quantification

Gels were equilibrated using 1x transfer buffer (25 mM Tris, 192 mM glycine) with

20% methanol before proteins were transferred to 95% ethanol-activated polyvinyli-

dene fluoride membrane (PVDF) (Bio-Rad, Cat. No.10600023) using the Trans-

Blot® Turbo™ Transfer System (Bio-Rad, Cat. No. 1704150). Following protein

transfer, PVDF membranes were removed from the cassette then blocked for 1 hour

using 5% skimmed milk powder diluted in Tris Buffered Saline with Tween 20 (TBST)

(Fisher, Cat. No. BP337-500) (TBST - 50 mM Tris-HCl pH 7.4, 150mM NaCl, with

0.1% v/v Tween 20), followed by a 2 hour incubation at 4oC with primary antibody

(diluted in 5% skimmed milk powder in TBST), then finally incubated with the cor-

responding secondary horseradish peroxidase (HRP) HRP-bound antibodies (diluted

in 5% skimmed milk powder in TBST) for 1 hour. All antibodies used in this project

are detailed in Table 2.1. Proteins were detected using 0.5 mL of luminol-based Clar-

ity Western ECL Substrate (Bio-Rad, Cat. No. 1705062) and Chemiluminescence

detection was performed using a ChemiDoc Imaging System (Bio-Rad, Cat. No.

12003153).

Table 2.1: List of antibodies used for western blotting
Name Dilution factor, Company,

Western Blotting Category

Anti-Actin-HRP 1:5000 Santa Cruz Biotech, sc-47778
Anti-GAPDH-HRP 1:5000 Santa Cruz Biotech, sc-47724
Anti-mouse-HRP 1:5000 Bio-Rad, 170-5047
Anti-RACK1 1:1000 Santa Cruz Biotech, sc-17754

2.3 Molecular biology techniques

2.3.1 RNA extraction

Total RNA was extracted by lysing the cells using Trizol-Chloroform-Isopropanol

method (TRIzol reagent; Ambion, 15596026) as per manufacturer’s instructions. Ex-

tracted RNA was DNase treated using the DNA-free Kit Dnase Treatment & Removal

(Invitrogen, AM1906) as per manufacturer’s instructions. RNA concentrations were

measured using a NanoDrop™ spectrophotometer (Thermo Fisher Scientific, Cat. No.
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NDONEC-W). One microgram of RNA per sample was reverse transcribed using the

iScript RT Supermix for RT-qPCR(BioRad, Cat. No 1708841) in a T100™ thermal

cycler (Biometra, T1) at [25oC for 5 min, 46oC for 20 min, 95oC for 1 min, 12oC hold].

2.3.2 Primer design and validation

Primers were designed for mitochondrial fusion mediators MFN1, MFN2, and OPA1,

PGC1α, TFAM, and mitochondrial fission mediator dynamin 1-like protein Drp1

(DNM1L). The oligonucleotides used as genomic PCR primers were designed us-

ing the PrimerQuest™ Tool (© 2023 Integrated DNA Technologies, Inc.) ordered

from Integrated DNA Technologies, Inc. and primer specificity verified using Primer-

BLAST [179], to ensure no homology to unexpected genomic targets was detected.

All genomic primer sequences used in this project are specified in Table 2.2. PCR

primers were re-suspended in nuclease-free water (Invitrogen, Cat. No. 10977-015)

to a concentration of 100 µM (frozen stock) and then diluted further to 10 µM for

primer working solutions.

The efficiencies of the genomic primers over temperature and concentration gradi-

ents in this project were verified prior to RT-qPCR commencement. Primer efficiency

was tested using pooled cDNA from the four experimental sample types as a template,

where it was serially diluted from 102 ng/µL/reaction to 10−2 ng/µL/reaction. The

qPCR reaction contained 10 µL of SsoAdvanced Universal SYBR Green Supermix

(BioRad, Cat. No. 1725274), 1 µL of each forward and reverse primers and 8 µL of

cDNA template (diluted to the correct volume and 102 ng/µL reaction concentration

using ultrapure H2O). RT-qPCR was performed using the CFX96 Touch Real-Time

PCR system (Bio-Rad, Cat. No. 45933) at [95oC for 3 minutes, 44 cycles [ 95oC for

20 seconds, 59oC for 30 seconds, 72oC for 30 seconds], and completed with a melting

curve analysis [65oC to 95oC increment 0.5oC for 5 seconds]] at the conclusion of the

cycles. Primer efficiency was calculated using this formula: Amplification efficiency

(%) = [10(-1/m)] -1 x 100, where m is the slope of the trend line.

All primers were verified to have specificity over 90% to continue to experimental

RT-qPCR.
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Table 2.2: List of primers used for RT-qPCR
Nuclear gene target Primer sequence (5’ to 3’)

OPA1 F: GAGGACAGCTTGAGGGTTATTC
R: GTTCTTCCGGACTGTGGTTATT

MFN1 F: CAGACCACAGTAAGTGGGATTAG
R: GTTTGGGAGGCTGAGGTAAA

MFN2 F:CCAAGTGCCCTGGACTAAAT
R:GGTCTCTCCCTCAGTGGTATAA

DNML1 F: CGCAGAACCCTAGCTGTAATC
R: AATTCTAGCACCACCGCATAG

TFAM F: GGCAAGTTGTCCAAAGAAACC
R: GCATCTGGGTTCTGAGCTTTA

PGC1α F: GAGTCAAAGTCGCTGGCATC
R: AACTATCTCGCTGACACGCA

β-actin F: TCCCTGGAGAAGAGCTACGA
R: AGCACTGTGTTGGCGTACAG

2.3.3 Real-time quantitative PCR reactions and fold change analysis

The synthesized cDNA was prepared for RT-qPCR using the SsoAdvanced Univer-

sal SYBR Green Supermix (BioRad, Cat. No. 1725274) following manufacturer’s

instructions. Each 20 µL PCR reaction consisted of 10 µL of SYBR Green Super-

mix, 8 µL of template cDNA-dH2O, and one µL of each primer working solution.

RT-qPCR was performed using a CFX96 real-time PCR machine (Bio-Rad, Cat. No.

BR006412) at [95oC for 3 minutes, 95oC for 10 seconds, 55oC for 30 seconds, re-

peated for 39 cycles]. Fold change in genetic expression was calculated using the ∆Ct

method and gene expression values were normalized to β-actin. Each sample was run

in duplicate, with 3 separate experimental replicates for each gene target.

2.4 Microscopy methods

2.4.1 Transmission electron microscopy

The morphological changes of cells and their respective mitochondria were observed

following RACK1 knockdown and control scrambled knockdown. Seventy-two hours

post knockdown, samples were centrifuged (1,000 rpm, 5 minutes, 22oC), and pellets

washed twice with PBS. Pellets were then fixed according to Wijesundara et al. (2022)

[169] with 2.5% glutaraldehyde (Millipore Sigma, Cat. No. G5882) in 0.1 M sodium
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cacodylate trihydrate buffer (Millipore Sigma, Cat.No. C4945) (25% Glutaraldehyde:

0.1 M sodium cacodylate trihydrate buffer (1:9)) for 2 hours at 22oC. The fixed cells

were pelleted (1,000 × g, 10 min, 22oC) and washed with 0.1 M sodium cacodylate

trihydrate buffer. This step was repeated three times before cells were fixed with 1%

(w/v) osmium tetroxide (in 0.1 M cacodylate buffer) for 4 hours at room temperature.

Rewashed cells were placed in 0.25% Uranyl Acetate at 4 oC overnight before being

dehydrated with a graduated series of acetone (50%, 70%, 95%, and 100%). Dried

samples were infiltrated with an Acetone/Epon Araldite resin solution (1964, Electron

microscopy sciences, Hatfield, PA, USA) (3x Dried 100% Acetone: 1X Epon Araldite

Resin for 3 hours, then 1x Dried 100% Acetone: 3X Epon Araldite Resin overnight,

then 100% Epon Araldite Resin for 2x 3 hours) before being embedded in 100% Epon

Araldite Resin and hardened for 48 hours in a 60 oC oven. Thin sections were cut using

a microtome (Reichert-Jung Ultracut E Ultramicrotome, EquipNet Inc., Canton, MA,

USA) with a diamond knife (approximately 100 nm thin) and were placed on 300 mesh

copper grids, which were then stained (2% aqueous uranyl acetate stain for 10 minutes,

distilled water rinse for 2 × 5 minutes, lead citrate stain for 4 minutes, brief distilled

water rinse) before being air dried. Samples were observed using a Transmission

Electron microscope (JEM 1230, JEOL Inc., Peabody, MA, USA) at 80 kV at 4X, 8X,

15X, 40X, 80X, and 100X magnifications. Images were captured using a digital camera

(ORCA-HR, Hamamatsu Photonics, Japan). Three replicates of the four conditions

were completed and 10 cells were gathered from each condition per replicate. The

gross morphological characteristic of the cells and their respective mitochondria was

analyzed using the methods described by Lam et al. (2021) [71] using ImageJ software

[129] to determine average mitochondrial length, width, and area per condition. To

determine the number of mitochondrial present per panel, total mitochondrial counts

were normalized to the total area/cell for each panel using ImageJ, then averaged.

Finally, gross mitochondrial morphology between conditions was assessed using the

following three parameters: 1) Mitochondrial membrane rupture, characterized as a

distinct loss of both membranes in plane; 2) Loss of cristae, characterized as a lack

of visible cristae in a mitochondrion with both membranes fully in-plane; and 3)

presence of mitochondrial inclusions, characterized by the presence of black granular

structure within the double membrane of a mitochondrion. The average number
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of morphological incidences present in each set of conditions was averaged by each

hundred mitochondria previously counted in those panels.

2.4.2 Confocal detection of live mitochondrial networks

Cells were plated on glass coverslips (18 mm diameter, 0.16 - 0.19 mm thickness)

(Avantor, Cat. No. 72222-01) in 6-well plates using the plating and subsequent knock-

down method used in sections 2.1.1 and 2.1.2. Seventy-two hours post-knockdown, the

medium on the cells was removed and replaced with 400 nM MitoTracker™ CMXRos

(Invitrogen, Cat. No. M7512) suspended in high or low glucose DMEM that was

prepared as shown previously in section 2.1.1 and 2.1.2. Cells were stained for 45

minutes, gently rinsed in 1X PBS three times to remove free dye, and incubated

in clear imaging medium FluoroBrite DMEM (Thermofisher, Cat. No. A1896701)

supplemented with 10% FBS and 1µM L-glutamine during live cell imaging.

The cells were examined under a Leica TCS SP8 LIGHTNING confocal laser mi-

croscope (Leica Microsystem, Germany) using incubation control at 37 oC and 5%

CO2. Images were collected on the Leica 93× /1.30 glycerol objective (pinhole of 0.6

Airy units, numerical aperture of 1.3). The mitochondrial networks were visualized

using 578-nm laser excitation at 0.75% laser intensity and a hybrid detector (HyD)

hybrid detector set to a 588- to 680-nm detection window with time gating between

0.3 and 6 nanoseconds. Z-stacks were taken of whole cells in lightning with Pixel size

(x, y) and z-spacing were adjusted as per the calculated optimal Nyquist sampling

parameters. Bidirectional scanning was enabled, and all images were acquired using

at least two frame averages. Laser power, detector filtering/gating, and gain were

adjusted to maximize signal without saturation while also minimizing background

signal, cross-fluorescence, and photobleaching to extract the highest quality images.

Once these settings were selected, they were retained and applied to all image gather-

ing. Images were deconvolved using Leica LIGHTNING deconvolution software and

processed with ImarisFile conversion (10.0.0, Bitplane AG, RRID). Mitochondrial

networks were quantified by analyzing the network volume using Imaris 10.0.0 soft-

ware (Bitplane). z-stacks were 3D reconstructed in Imaris and the resulting images

were converted to surface renderings. Imaris identifies individual mitochondria and

interconnected networks as surfaces; briefly, to create the surfaces of mitochondria,
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complete series of Z-stack images were processed using the Surface Creation Wizard,

where the surpass object “surface” rendering was assigned using the Fiji Labkit for

Pixel Classification software to train the surface thresholding algorithm to select mito-

chondrial networks using the ”Machine Learning Pixel Classification using Labkit and

Imaris” protocol described by Imaris Learning center (© Oxford Instruments 2023).

The “split touching objects” feature of Imaris software was enabled, and sphericity of

every mitochondrion was measured under the “classification” feature. To automate

image analysis, parameters for surface rendering were set at the beginning of the

analysis for each replicate and the remaining samples were rendered using batch pro-

cessing where identical parameters and algorithm settings were applied for each cell

in the investigated groups. Mitochondrial measurements were then extracted from

detailed statistical analysis of each mitochondrial network per cell as generated by

the Imaris software using the Z stack size measurements embedded in each image.

Mitochondria were analyzed using the following criteria and methods as Taguchi

et al. (2021) [147]. First, mitochondrial counts were performed (n; number of mi-

tochondria/cell nuclei) where mitochondria were assigned a value of 1 regardless of

size, i.e. a mitochondrial network with a continuous form would be considered “one”

mitochondrion. To characterize the total volume and area of the mitochondria, total

mitochondrial volume per cell (µm3; total mitochondrial volume in a field/the number

of cell nuclei), and total mitochondrial surface area/cell (sum of the surface area of

networks in a cell/the number of cell nuclei) were determined. To better character-

ize mitochondrial shape within the cells, the proportion of fragmented mitochondria

found between knockdown and control was determined. Mitochondria were divided

into three groups by their sphericity indicated by the Imaris software as follows: frag-

mented, sphericity ≥0.451; intermediate, sphericity between 0.450 and 0.311; and

filamentous, sphericity ≤ 0.310. Proportion (%) of each spherical group was defined

by each spherical group’s total mitochondrial volume divided by the total mitochon-

drial volume. For each sample, 10 cells per condition per replicate were analyzed and

averaged. Three replicates were completed.
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2.5 Mitochondrial DNA analysis

2.5.1 Mitochondrial isolation

Mitochondria were isolated from both knockdown and control cell lines in both glu-

cose conditions concurrently using the Mitochondria Isolation Kit for Cultured Cells

(Thermofisher, Cat. No. 89874). Briefly, 2x107 cells knocked down 72 hours prior

were trypsinized, resuspended in fresh medium, and then centrifuged (1,000 rpm, 2

minutes, 22oC). The pelleted cells then underwent the workflow as outlined by the

manufacturer’s instructions for Option A: Isolation of Mitochondria using Reagent-

based Method (Thermofisher, Cat. No. 89874) at 4oC under sterile conditions.

2.5.2 DNA isolation

Immediately following mitochondrial isolation, mitochondrial DNA (mt-DNA) was

extracted from the mitochondrial pellet using the DNeasy Blood & Tissue kit (Qi-

agen, Cat. No. 69504), according to manufacturer instructions. DNA isolates were

eluted in the same volume of sample originally added to the spin column, such that

the overall DNA concentration remained constant. The concentration (ng/µL) of

mt-DNA extracted from each sample was measured using a NanoDrop™ spectropho-

tometer (Thermo Fisher Scientific, Cat. No. NDONEC-W). Purified samples were

then stored at -20oC until RT-qPCR was performed.

2.5.3 Primers and synthetic oligonucleotides for mitochondrial gene

targets

To measure and standardize the amount of mt-DNA present within the knockdown

and control cell lines, both synthetic double-stranded oligonucleotide sequences (gBlocks™)

and corresponding mitochondrial DNA target-specific primers for each of cytochrome

c oxidase (COX I), cytochrome b (CytB), nicotinamide adenine dinucleotide ubiquinone

oxidoreductase chain 1 (ND1), nicotinamide adenine dinucleotide ubiquinone oxidore-

ductase chain 6 (ND6), mitochondrially encoded 12S ribosomal RNA (RNR1), and

mitochondrially encoded 16S ribosomal RNA (RNR2) were generated, all of which are

shown in Table 2.3 (Integrated DNA technologies).The gblocks and mt-DNA primers

for COX I, CytB, ND1, and ND6 were a generous gift from Lauren Westhaver in Dr.
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Jeanette Boudreau’s lab (Dalhousie University).

gBlocks™ were used to standardize the quantity of mt-DNA (gBlocks Gene Frag-

ments, Integrated DNA Technologies, custom product) for each gene, with each

gBlock being based on its respective gene in the consensus sequence for the mito-

chondrial genome (GenBank; MF737176.1). Following manufacturer’s instructions,

the gBlock sequences were re-suspended in molecular grade dH2O to 10 ng/µL, with

concentrations verified by a NanoDrop™ before being diluted further using dH2O to

a starting concentration of 1x 107 copies/µL using the following equation:

(C) (M) (1 x 10–15 mol/fmol) (Avogadro’s number) = copy number/µL

Wherein C is the concentration of the gBlock in ng/µL, and M is the molecular

weight in fmol/ng, as provided by the manufacturer for each gBlock.

Primer specificity for human mitochondrial genome targets was verified as de-

scribed in section 2.3.2 for genomic primers and no homology to unexpected targets

was detected. Primers were validated over both temperature and concentration gra-

dients as described in section 2.3.2, using pooled samples of mt-DNA isolated from

both RACK1 and control cell types in both glucose conditions and primer efficiency

was confirmed to be ≥90% for all targets using the formula seen in section 2.3.2.

Table 2.3: Primers and oligonucleotides used for mt-

DNA measurement

Mito Primer sequence Oligonucleotide sequence

gene with Citation (bolded) for standard curve

target (5’to 3’)

CytB F: ATGACCCCAATACG-

CAAAAT

R: CGAAGTTTCATCAT-

GCGGAG

(doi: 10.1038/nature08780)

AAGAACACCA ATGACCC-

CAATACGCAAAAT TAACC-

CCCTAATAAAATTAATTAAC-

CGCTCATTCATCGACCTCCC-

CACCCCATCCAACAT CTC-

CGCATGATGAAACTTC

GGCTCACTCCT
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Continuation of Table 2.3

Mito Primer sequence Oligonucleotide sequence

gene with Citation (bolded) for standard curve

target (5’to 3’)

COX I F: TCATCTGTAGGCT-

CATTC

R: GCGATCCATATAGT-

CACT

(doi: 10.1097/SLA.

0b013e3182a4ea46)

AAACATCCTA TCATCTG-

TAGGCTCATTC ATTTCTC-

TAACAGC AGTAATATTAATA

ATTTTCATGA TTTGA-

GAAGCCTTC GCTTCGAAGCG

AAAAGTCCTAATAGTAGA

AGAACCCTCCATAAACCTGG

AGTGACTATATGGATGCC

CCCCACCCTA

ND1 F: GCTACGACCAACT-

CATAC

R: GAATGCTGGA-

GATTGTAATG

(doi: 10.1097/SLA.

0b013e3182a4ea46)

CCCNDCGATTCC GCTAC-

GACCAACTCATAC AC-

CTCCTATGAAAA AACTTC-

CTACCACTCA CCCTAG-

CATTACTTAT ATGATAT-

GTCTCCATACC CATTA-

CAATCTCCAGCATTC CCC-

CTCAAAC

ND6 F: CCATCGCTGTAG-

TATATCCAA

R: TCGGGTGTGTTAT-

TATTCTGA

(doi: 10.1097/SLA.

0b013e3182a4ea46)

TCCTCAATAG CCATCGCT-

GTAGTATATCCAA AGA-

CAACCATCAT TCCCCC-

TAAATAA ATTAAAAAAACTA

TTAAACCCATATA AC-

CTCCCCCAAAAT TCA-

GAATAATAACACACCCGA

CCACACCGCT
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Continuation of Table 2.3

Mito Primer sequence Oligonucleotide sequence

gene with Citation (bolded) for standard curve

target (5’to 3’)

RNR1 F: AGCCTATATACCGC-

CATCTTC

R: CATGTTAC-

GACTTGTCTCCTC

Made using:

(www.idtdna.com/pages /

tools /primerquest)

ACCTCTTGCT CAGCC-

TATATACCGCCATCTTC

AGCAAACCCTGA TGAAG-

GCTACAA AGTAAGCG-

CAAG TACCCACGTAAA

GACGTTAGGTCAA GGT-

GTAGCCCATG AGGTG-

GCAAGAAAT GGGCTA-

CATTTTCT ACCCCAGAAAAC-

TAC GATAGCCCTTATGAAA

CTTAAGGGTCGAAGGTG

GATTTAGCAGTAAACTAA

GAGTAGAGTGCTTAGTTGA

ACAGGGCCCTGAAGCGCGT

ACACACCGCCCGTCACCCT

CCTCAAGTATACTTCAA AG-

GACATTTAACTAAAA CCCC-

TACGCATTTATATA GAGGA-

GACAAGTCGTAACATGG

TAAGTGTACT
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Continuation of Table 2.3

Mito Primer sequence Oligonucleotide sequence

gene with Citation (bolded) for standard curve

target (5’to 3’)

RNR2 F: GAGCTACCTAA-

GAACAGCTAAA

R: GGTGCCTCTAAT-

ACTGGTGATG

Made using:

www.idtdna.com/pages/

tools/primerquest)

CGAAACCAGA CGAGC-

TACCTAAGAACAGCTAA

AGAGCACACCCGT CTATG-

TAGCAAAA TAGTGGGAA-

GATT TATAGGTAGAG-

GCG ACAAACCTACC-

GAG CCTGGTGATAGCTG

GTTGTCCAAGATAGA ATCT-

TAGTTCAACTT TAAATTTGC-

CCACAGA ACCCTCTAAATC-

CCCT TGTAAATTTAACT-

GTT AGTCCAAAGAGGAACA

GCTCTTTGGACACTAG

GAAAAAACCTTGTAGA

GAGAGTAAAAAATTTA

ACACCCATAGTAGGCC

TAAAAGCAGCCACCAA TTAA-

GAAAGCGTTCAA GCTCAA-

CACCCACTAC CTAAAAAATC-

CCAAAC ATATAACTGAACTC-

CTC
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Continuation of Table 2.3

Mito Primer sequence Oligonucleotide sequence

gene with Citation (bolded) for standard curve

target (5’to 3’)

RNR2 ACACCCAATTGGACCAA TC-

TATCACCCTATAGAA GAAC-

TAATGTTAGTATA AGTAA-

CATGAAAACATT CTCCTCCG-

CATAAGCCT GCGTCAGAT-

TAAAACAC TGAACTGACAAT-

TAACA GCCCAATATCTA-

CAATCA ACCAACAAGTCAT-

TATTA CCCTCACTGTCAACC-

CAAC ACAGGCATGCTCATAA

GGAAAGGTTAAAAAAAGT

AAAAGGAACTCGGCAAAT

CTTACCCCGCCTGTTTAC

CAAAAACATCACCTCTAG

CATCACCAGTATTAGAG-

GCACC GCCTGCCCAG

End of Table 2.3

2.5.4 RT-qPCR and quantitation of mitochondrial DNA copy number

RT-qPCR was performed in a 384 well plate, such that both the standard curve gen-

erated from primer detection of the standard gblock and the corresponding primer

detection of mt-DNA from samples could be run simultaneously for each gene target,

to avoid inter-assay variation. Following the protocol described by Westhaver et al.

(2023) [168], standard curves for each mitochondrial gene target were generated by

creating a set of ten x 2-fold serial dilutions of the corresponding synthetic oligonu-

cleotides in molecular grade dH2O ranging from 1x107 to 1.95x104 copies/µL, with

duplicates created for each dilution. Each 10µL qPCR reaction for both gblocks and
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experimental samples consisted of 5µL SYBR Green, 0.25µL each of forward and re-

verse primers, 3.5µL molecular grade dH2O, and 1µL of DNA isolate from either the

experimental sample or standard curve preparation. RT-qPCR was performed using

the CFX384 Touch Real-Time PCR system (Bio-Rad, Cat. No, 1855484) at 95oC for

2 minutes followed by 39 cycles of (i) 95oC for 10 seconds, (ii) 57.8oC for 30 seconds.

Melt curve analysis (95oC for 10 seconds and 65oC for 1 minute) was performed at the

conclusion of amplification cycles. Each sample was run in duplicate, with 4 separate

experimental replicates for each gene target. The resulting averaged standard curve

Cq values were plotted against the natural log of the gblock copy number/µL. To

determine the copy number/µL of the experimental mt-DNA, linear regression of the

standard curve (y = mx+ b) was calculated wherein x represented log10 (copy num-

ber) of mt-DNA, calculated similarly via the resulting Cq values. Following correction

for RT-qPCR reaction volume, the total copies/µL of each experimental sample were

then normalized to the average cell count per sample before mitochondrial isolation.

2.6 Measurement of mitochondrial bioenergetics

2.6.1 Seahorse Assay sample preparation

The oxygen consumption rate (OCR) was measured by sequentially adding mitochon-

drial stressors from the Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience,

Cat. No. 103015-100) using the Seahorse XFe96 Extracellular Flux Analyzer (Sea-

horse Bioscience, discontinued), according to the manufacturer’s protocol as summa-

rized by Gu et al. (2021) [50]. Briefly, 48 hours-post knockdown, control and RACK1

KD cells in both high and LG were incubated overnight at a pre-optimized density

of 1.5×104 cells/well for control cells and 2×104 cells/well in RACK1 knockdown

cells in XFe96 Pro Cell microplates (Seahorse Bioscience, Cat. No. 103793-100)

at 37o C with 5% CO2. The XFe96 Sensor Cartridge (Seahorse Bioscience, Cat.

No. 103793-100) was simultaneously hydrated overnight using XF Calibrating Solu-

tion (Seahorse Bioscience, Cat. No. 103793-100) in the XF Utility Plate (Seahorse

Bioscience, Cat. No. 103793-100) in a CO2-free incubator at 37oC. Following in-

cubation, the cells were washed twice with assay medium freshly prepared from the

DMEM assay pack (Seahorse Bioscience, Cat. No. 103680-100) as per manufacturer’s
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instructions (High glucose: 10 mM glucose, 1 mM pyruvate, and 2 mM L-glutamine;

low glucose: 10 mM glucose, 1 mM pyruvate, and 2 mM L-glutamine) and incu-

bated in a CO2-free incubator at 37oC for about 1 hour. The three mitochondrial

modulators were prepared through initial dilution in pre-prepared assay medium and

were then further diluted in more assay medium to the previously optimized work-

ing concentrations for the cells as follows: oligomycin (stock: 100 µM; working: 1.0

µM), carbonylcyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) Stock: 100 µM;

Working:1.0 µM), and a mixture of rotenone and antimycin A (Stock: 50 µM Work-

ing: 0.5 µM) (Seahorse Bioscience, Cat. No. 103015-100) as per the manufacturer’s

instructions. Oxygen consumption rates of the cells during sequential injection of the

mitochondrial modulators was measured using the XF Cell Mito Stress Test template

program on the XFe96 Analyzer with parameters set as follows: [baseline, 3 cycles;

inject port A (oligomycin), 3 cycles; inject port B (FCCP), 3 cycles; inject port C

(Rotenone/antimycin A), 3 cycles. Each cycle was composed of [mix 3 minutes, wait

0 minutes, and measure 3 minutes]] to obtain the values for the basal mitochondrial

respiration, ATP-linked oxygen consumption rate, maximal respiration, and spare

respiratory capacity. After the assays, results were normalized using cell counts. A

total of three separate experimental replicates were performed. During statistical

analysis, the significant outliers identified via graphpad were removed.

2.7 Cellular evaluation

2.7.1 Analysis of mitochondrial-associated gene expression in RACK1

KD HeLa cells

RNA-seq analysis of three independent RACK1 KD HG cells and their respective

controls were processed by the Genomics Core Facility at Dalhousie University. Dif-

ferentially expressed genes (DEGs) in the RACK1 KD HG cells were identified based

on their log2fold change and significant significant adjusted p-value (padj) when com-

pared to control. This list of DEGs was re-assessed for the presence of MAPs using

MitoCarta 3.0 [117]. Mitocarta is a online repository that lists the most complete

set of genes with strong mitochondrial localization which includes over 1,100 genes

coding for proteins that are recognized to be mitochondrial-associated. A total of
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237 MAPs were identified in the RACK1 KD HG DEGs. The list of DEGs found

in the RACK1 KD HG cells was analyzed using SHINYGO 0.77 [45] to identify

statistical enrichments for specific Gene Ontology (GO) terms from the ’cellular com-

ponent’ annotation. This interaction network was additionally assessed for enriched

disease pathways. Categories in cellular components and disease pathways that were

identified as having high enrichment were visualized using SHINYGO 0.77 graphical

software.

2.7.2 Colony formation assay

The colony-forming assay was performed according to the description in [41]. Briefly,

500, 750 and 1000 were seeded in one well of a 6-well plate in triplicates. Cells were

left untreated, at 37oC with 5% CO2, in either high glucose or low glucose medium

to form colonies, which was found to be 14 days for 500 cells/well seedings, 10 days

for 750 cells/well seedings, and 7 days for 1000 cells/well seedings. Colonies were

washed with PBS, fixed and stained with 0.5% crystal violet in dH2O for 15 minutes

at 37oC. Staining solution was removed and wells were rinsed several times carefully

with dH2O. Plates were dried at RT for 1 hour and colonies imaged using an iPhone 11

(Apple, Model A2111). The colonies/plate and average colony size was characterized

using Imaris 10.0.0 surfaces pathways as described above. Colony counts (n, num-

ber of colonies per plate) and average surface area (mm2/colony, total surface area

divided by total colonies on that plate) was calculated by Imaris conversion of each

colony to a “surface” that had its surface area approximated using previously input

measurements for plate size for spatial analysis and scaling performed on ImageJ. Six

separate experimental replicates were performed, with outlier wells (i.e. wells with

little appreciable growth or far too much growth compared to the visible average)

removed before analysis.

2.7.3 Quantification of intracellular ATP levels

RACK1 KD and control cells in both high and low glucose conditions were allowed

to grow for 48 hours after knockdown as detailed in methods section 2.1.1 and 2.1.2

before being trypsinized, counted, and re-seeded in a 96-well plate at a concentration

of 2.5x104cells/well. All four conditions were seeded into the same 96-well plate in
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2 sets of triplicates to reduce inter-assay variation. Cells were allowed to re-attach

overnight or until cellular density reached 70%. Cellular ATP levels were quantified

using a luciferin- and luciferase-based assay (Thermofisher, Cat. No. A22066) fol-

lowing the manufacturer’s protocol. Briefly, a standard curve was generated using

solutions of known ATP concentrations prepared from twelve x two-fold serial dilu-

tions of ATP in dH2O ranging from 100 µM to 0.05 µM. One set of triplicate cells

for each condition were rinsed with PBS and lysed with 10 µL of somatic cell ATP

releasing reagent (Sigma-Aldrich, Cat. No. FLSAR-1VL). The resulting lysate and

ATP standard curve were diluted to a final 1:10 concentration with standard reaction

solution and the sample luminescence recorded with a Perkin Elmer Victor X5 2030

Multilabel HTS Fluorescence Microplate Reader (PerkinElmer, Cat. No. 2030-0050).

The second set of triplicates for each condition were trypsinzed and cell counts per-

formed using a CellDrop BF cell counter (Brightfield-only model) (Denovix, Cat. No.

BF-UNLTD) ATP levels were calculated as µM ATP and normalized to cell counts

from each set of triplicates. A total of three separate experimental replicates were

performed.

2.8 Statistical analysis

The two-tailed unpaired Student’s t-test and the Mann–Whitney test were performed

using GraphPad Prism 9.5.1 (GraphPad Software) on all assays. All functional as-

says were representative of ≥3 independent experiments (unless otherwise indicated),

and expressed as mean±SEM. A p-value less than 0.05 (*), 0.01 (**) or 0.001 (***)

indicated statistical significance.
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Results

3.1 Characterization of RACK1 KD on HeLa cell physiology

RACK1 activity and mitochondrial function overlaps in many biological categories, in-

cluding both cellular pathway and disease interactions [94],[139],[78],[43],[55],[73],[111],[116].

Despite this, research into their associations has mainly focused upon investigat-

ing RACK1 interactions with mitochondrial-associated proteins [171],[88],[72],[150].

However, a robust characterization of how the two interact in vitro is missing. The

goal of this study was to characterize how the mitochondria in cancer cells respond

to a decrease in RACK1 expression. The aims of the project were threefold:

1. Assess the impact of RACK1 KD on HeLa cell morphology and growth param-

eters.

2. Characterize mitochondrial morphology and network dynamics in RACK1 KD

cells.

3. Characterize mitochondrial biogenesis and functionality in RACK1 KD cells.

First, a broad characterization of how a decrease in RACK1 expression impacts

cellular physiological parameters will be described. This will include investigation

of how knockdown impacts mitochondrial-associated gene expression, cellular pro-

liferation, and viability assessment. The following two objectives include a broad

assessment of the mitochondrial physiology in RACK1 KD cells. This includes a

i) comprehensive assessment of mitochondrial morphology and network activity us-

ing confocal and TEM analysis; and ii) characterization of mitochondrial biogenesis,

respiration, dynamics, and genomics via measurements of nuclear expression of bio-

genesis and dynamics mediators, mitochondrial DNA (mt-DNA) levels, and oxygen

consumption.

35
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3.1.1 RACK1 KD is successful in both HG and LG conditions

To ensure that the RACK1 KD was successful in depleting RACK1 levels in HeLa

cells, immunoblotting for RACK1 protein levels was performed for 8 days in RACK1

KD HG cells. RACK1 levels in RACK1 KD HG cells remained minimal for 6 days

post-knockdown (Figure 5.6A). The addition of a second glucose condition (LG) was

added to the study to mitigate the Warburg effect, a hallmark of cancer cells [164],[79].

It refers to the preference of cancer cells to use anerobic measures (glycolysis) to

process glucose for energy rather than oxidative phosphorylation. This has been found

to mask some of the impact of mitochondrial dysregulation on the cells [133],[79]. In

the context of this mitochondrial investigation, the LG condition was included to

ensure that the RACK1 knockdown cells were forced to rely more heavily on their

mitochondrial networks. The efficacy of the KD was assessed in both RACK1 KD

HG and LG cells in a western blot. RACK1 levels in RACK1 KD HG and LG cells

were decreased 72 hours post-knockdown (Figure 5.6B).

3.1.2 RACK1 KD causes the dysregulation of MAPs expression

supporting mitochondrial translation and respiration

Given the broad range of cellular functions that RACK1 facilitates, we decided to

analyze how RACK1 KD impacted the expression of various MAPs within the cell.

Previous research within the Cheng lab had utilized RNA-seq analysis to profile the

transcriptomic changes that occur in RACK1 KD cells. We used this dataset to specif-

ically focus on how RACK1 KD impacted the expression of various MAPs within the

cell. These data were analyzed further in this study to fully determine the extent

to which various mitochondrial processes and pathways were impacted by the knock-

down. After input into the Mitocarta database, it was found that the expression

of 237 genes associated with mitochondrial function was impacted by a decrease in

RACK1. Further analysis of the mitochondrial-associated genes using ShinyGO to

determine which pathways were significantly impacted determined that three major

regions of mitochondrial function were impacted: i) the mitochondrial respiratory
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chain complex, with mitochondrial respiratory chain complexes I, III, and IV expe-

riencing significant impact; ii) mitochondrial protein synthesis, including mitochon-

drial translation, mitochondrial translation elongation, and mitochondrial transla-

tional termination being impacted; and iii) the mitochondrial transport mediators ,

including those involved in outer and inner membrane translocation (Figure 5.5A).

Given that aberrant RACK1 expression is frequently reported in tissues analyzed in

studies on cancer, heart, and neurological diseases, we additionally investigated the

associations between the enriched mitochondrial genes and the KEGG database for

reported disease-associated molecular pathways. It was found that significant asso-

ciations between the mitochondrial genes affected by the RACK1 knockdown and

neurodegenerative disease pathways, diabetic cardiomyopathy, and liver dysfunction

pathways existed (Figure 5.5B).

3.1.3 RACK1 knockdown alters HeLa cell growth parameters and

induces significant morphological changes in HeLa cells

RACK1 knockdown in HeLa cells had resulted in the concomitant dysregulation in

237 MAPs that broadly impacted regions of mitochondrial function including trans-

lation, membrane integrity and transport, and electron transport chain activity. We

suspected that the dysregulation of these mitochondrial roles would have deleteri-

ous effects upon the cell and decided to complete a very broad characterization of

HeLa cells experiencing RACK1 knockdown was completed to determine how cellular

morphology, viability and proliferation was impacted before more closely assessing

mitochondrial functionality in the RACK1 KD cells.

We used TEM to analyze the ultrastructural morphology of RACK1 KD HG and

LG cells compared to the control. Control HG and LG cells demonstrated intact

membranes with punctuate protrusions and organelles scattered throughout the cy-

toplasm (HG, Figure 5.7A, see inset; LG, Figure 5.8A, see inset). In contrast, the

RACK1 KD HG and LG cells showed significant visual morphological changes com-

pared to controls (HG, Figure 5.7C-D, see inset; LG, Figure 5.8C-D, see inset). The

membranes of RACK1 KD HG and LG cells had large irregular bulges, with some

cytoplasmic bodies separated from the cell membrane (HG, Figure 5.7C, see inset;

LG, Figure 5.8C, see inset).
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3.1.4 RACK1 KD decreases cellular viability, suppresses cellular

proliferation, and decreases ATP production in RACK1 LG cells

Visual analysis of the RACK1 KD cells under TEM indicated that cells were un-

dergoing significant morphological changes compared to control (Figure 5.7, Figure

5.8). We decided to measure functional parameters in the RACK1 KD HeLa cells,

including viability, proliferative properties, and ATP production. To determine if cell

viability was impacted by RACK1 KD, a colony-formation assay was performed to

assess cell survival rates. The ability of RACK1 KD cells to survive and reproduce

to form colonies was compared to that of the control. To achieve this, RACK1 KD

HG and LG cells and controls were seeded at densities of 750 and 500 cells/well. The

number of colonies formed after up to 2 weeks of growth for all three seeding densi-

ties was assessed in both the HG and LG conditions. RACK1 KD HG and LG cells

demonstrated reduced colony numbers across the 750 and 500-cell seeding densities

for both glucose conditions (Figure 5.9A-B). This decrease was not significant for the

RACK1 KD HG. However, the RACK1 KD LG cells saw a significant decrease in

colony forming ability, with two fold decreases in mean colonies numbers reported

(Figure 5.9 A-B).

To determine the ability of the surviving cells in a population to divide and cre-

ate progeny over time after the knockdown, the diameter of the colonies formed by

RACK1 KD HG and LG cells was compared to the control (Figure 5.9C-D). Despite

not showing significant decreases in cellular viability, the RACK1 KD HG samples

seeded at 750 cells/well demonstrated a significant decrease in colony size (2.5 mm)

compared to the control (1.96 mm). RACK1 KD LG mean colony diameter at the

500-seeding density was significantly smaller (2 mm) on average compared to that the

control (2.85 mm). The 750-seeding density demonstrated a similar trend, where the

RACK1 KD LG mean colony diameter (1.4 mm) was significantly smaller than the

control mean colony diameter (2.25 mm) (Figure 5.10C-D). Based on the decreases in

RACK1 KD HG and LG cellular viability and proliferation compared to the controls,

we assessed the energetic capacity of the RACK1 KD cells compared to the control by

measuring ATP production through a luciferin- and luciferase-based assay. RACK1

KD HG cells had significantly lower ATP levels (0.33 µM/cell) in comparison to the

control (0.53 µM/cell) (Figure 5.9G). RACK1 KD LG cells also had lower ATP levels
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(0.63 µM/cell) compared to control (0.83µM/cell) (Figure 5.9G).

3.2 RACK1 KD alters mitochondrial structure and network dynamics

in HeLa cells

RACK1 KD produced several cellular responses that were suggestive of mitochondrial

dysfunction, including dysregulated expression of MAPs (Figure 5.5), decreased cel-

lular viability and proliferative potential (Figure 5.9A-D) and lowered cellular ATP

production (Figure 5.9G). To better discern the direct impacts of RACK1 KD on mi-

tochondria, we initiated the morphological component of our study with microscopic

analysis of mitochondria in RACK1 KD HG and LG cells.

3.2.1 RACK1 KD cells exhibit higher incidence of defects in

ultrastructural mitochondrial appearance

We began the morphological assessment of RACK1 KD mitochondria through TEM

analysis of the mitochondrial outer/inner membranes and cristae organization in

RACK1 KD HG and LG cells/controls (Figure 5.10). The control HG and LG

mitochondria displayed consistently smooth outer/inner membranes (Figure 5.10B,

D, yellow arrows), the regular appearance of long, organized reticular cristae that

spanned the inner membrane (Figure 5.10A, C, yellow arrows), and relatively uni-

form matrix density (Figure 5.10A-D). In contrast, multiple visual defects present in

the mitochondrial physiology of RACK1 KD HG and LG cells appeared, including:

i) the presence of mitochondrial “inclusion bodies” (unusual dark matter within the

less dense matrix) (Figure 5.10F, yellow arrow); ii) mitochondrial swelling (mitochon-

drial bloating) (Figure 5.10E, yellow arrows); iii) mitochondrial matrix condensation

(dark matrix consistently present throughout inner membrane) (Figure 5.10G, yellow

arrows); iv) decrease in cristae (Figure 5.10E, yellow arrows); and v) a shrunken,

fragmented appearance (Figure 5.10G, yellow arrows).

We quantified the incidence of three commonly found mitochondrial morphological

defects (Figure 5.11A-I), including mitochondrial membrane rupture (Figure 5.11A-

B, yellow arrows), loss of cristae (Figure 5.11D-E, outlined in yellow), and presence

of mitochondrial inclusions (Figure 5.11G-H, yellow arrows). Cristae absence (Figure
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5.11C) and mitochondrial inclusion bodies (Figure 5.11I ) were four times more com-

mon in RACK1 KD HG cells compared to control. RACK1 KD LG cells had eighteen

times more inclusion body incidences compared to the control (Figure 5.11I) but did

not exhibit significant change in incidence of cristae absence (Figure 5.11F). Inter-

estingly, neither RACK1 KD HG nor LG demonstrated any change in mitochondrial

membrane rupture compared to their respective controls. (Figure 5.11C).

The RACK1 KD HG and LG cells revealed glucose-specific differences in mito-

chondrial presentation. Large mitochondrial groups would coalesce in a localized

region within the cell in the RACK1 KD HG sample (Figure 5.12A-B) (Figure 5.12C-

D). A unique phenotype in RACK1 KD LG mitochondria was also identified (Figure

5.13A-D). Afflicted mitochondria exhibited inner membranes packed with unusual

black circularized structures termed “inclusion bodies” (Figure 5.13C-D, yellow ar-

rows).

3.2.2 RACK1 KD caused loss of connectivity and fragmentation of

mitochondrial networks

Ultrastructural analysis of RACK1 KD mitochondrial membranes revealed distinc-

tive shifts in mitochondrial structure compared to control (Figures 5.10, 5.11, 5.12,

5.13). We decided to further assess how RACK1 KD impacted mitochondrial struc-

ture through confocal analysis of mitochondrial networks. Live confocal imaging of

stained RACK1 KD cells and controls was used to characterize the connectivity of

mitochondrial networks. The three-dimensional capture of these networks was also

used to provide quantitative information on mitochondrial mass and network activity.

Confocal analysis of RACK1 KD cells and controls revealed striking differences in

mitochondrial network connectivity (Figures 5.14, 5.15). Control HG and LG cells

had a singular central, large network that comprised the majority of the visual mito-

chondrial mass within a given cell (Figure 5.14A-B; 5.15A-B). Smaller sub-networks

and individual fragmented mitochondria were dispersed throughout the cell (Fig-

ure 5.14A-B; 5.15A-B). In contrast, RACK1 KD HG and LG cells demonstrated a

dramatic loss of network connectivity and a corresponding increase in network frag-

mentation throughout the cell (Figure 5.14C-D; 5.15C-D). We decided to characterize
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the changes in the mitochondrial network of RACK1 KD HG and LG cells by quan-

tifying the mitochondrial number, network surface area, network volume, and mean

mitochondrial volume values from the three-dimensional cellular images. Imaris soft-

ware was used to create surface renderings of mitochondrial networks and extract

quantitative information from renderings that could be used to describe mitochon-

drial character (Figure 5.17A-D). First, the total mitochondrial numbers (identified

as ”disconnected components” by Imaris software) were measured per cell (Figure

5.17A). There was a significant increase in RACK1 KD HG mitochondrial num-

bers/cell, averaging 499 “disconnected components” per cell compared to the 150

“disconnected components” in control HG cells (Figure 5.17E). The RACK1 KD LG

cells did not significantly increase, with an average of 278 “disconnected components”

per cell compared to the 265 “disconnected components” found in the control LG cells

(Figure 5.17E). We then measured total mitochondrial surface area/cell (sum of the

surface area of networks in a cell/the number of cell nuclei) was measured. RACK1

KD HG networks averaged 4730 µm2 surface area/cell, 1.8 times that of the con-

trol HG network’s mean surface area/cell, which averaged 2600 µm2 /cell (Figure

5.17 F). The RACK1 KD LG cells mean network surface area did not significantly

change from that of the control, averaging 1860 µm2 /cell compared to the 2340 µm2

mean surface area for the control LG networks (Figure 5.17F). RACK1 KD HG cells

demonstrated a significant increase in total mitochondrial network volume (1269µm3)

compared to control (770µm3) (Figure 5.17 G), and RACK1 KD LG cells experienc-

ing a net decrease (360µm3) compared to the control LG (465µm3) (Figure 5.17G).

Finally, the RACK1 KD HG network mean mitochondrion volume was decreased

(2.5µm3/mitochondrion) compared to the control network mean mitochondrion vol-

ume (5.1 µm3/mitochondrion) (Figure 5.17H). The RACK1 KD LG mean mitochon-

drion volume did not significantly decrease (1.29 µm3/mitochondrion), compared to

the control HG cells 1.75 µm3 (Figure 5.17H).

The final mitochondrial network quality that we assessed in this study was mi-

tochondrial network character (Figure 5.16). We used Imaris surface renderings to

measure sphericity of each disconnected component within a mitochondrial network

and assign a corresponding value between 0 and 1. Higher sphericity values indicated a

disconnected piece of mitochondrial network (a single mitochondrion), whereas lower
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values indicated a less spherical nature, which suggested a filamentous network. The

RACK1 KD cells and control networks were categorized in this manner with the fol-

lowing values used to delineate character ”groups”: fragmented, sphericity ≥ 0.451;

intermediate, sphericity between 0.450 and 0.311; and filamentous, sphericity ≤ 0.310

(Figure 5.16A-D). The proportion (%) of each spherical group within the total mito-

chondrial network was defined as the volume of the disconnected components in that

spherical group/cell divided by the total mitochondrial volume of that cell (Figure

5.16E). The majority of the control cell network volume in both HG and LG cells

(Figure 5.16E), was filamentous (82% and 59%, respectively) (Figure 5.16 E). Ten

percent and twenty-one percent of the mitochondrial network volume was ascribed a

fragmented characteristic (Figure 5.16E). In contrast, 77% and 66% of the mitochon-

drial network volume of RACK1 KD HG and LG cells was assigned to the fragmented

category, respectively (Figure 5.16E).

3.3 Mitochondrial functionality assessment in RACK1 KD cells

The final aim of this project was to characterize the functionality of mitochondria in

RACK1 KD HG and LG cells. We used both RT-qPCR and respirometry measure-

ments to determined how mitochondrial biogenesis, respiration, fusion/fission, and

genomics were impacted by RACK1 KD.

3.3.1 RACK1 knockdown dysregulates nuclear expression of

mitochondrial biogenesis and fusion/fission mediators

Confocal imaging of the RACK1 KD HG and LG networks revealed increases in

mitochondrial network fragmentation of the network. Considering these factors, we

decided to measure nuclear expression of biogenesis mediators and fusion/fission me-

diators.

We assessed whether mitochondrial biogenesis was upregulated in the RACK1 KD

cells by measuring the nuclear expression of biogenesis mediators PGC1α and TFAM

using RT-qPCR (Figure 5.18). PGC1α and TFAM expression doubled in RACK1

KD LG cells but was unchanged in RACK1 KD HG cells (Figure 5.18A-B).

Next, we measured the nuclear expression of fusion mediators (OPA1, MFN1,
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and MFN2 ) and fission mediator (DRP1 ) in RACK1 KD cells using RT-qPCR (Fig-

ure 5.19). RACK1 KD HG cellular expression of fusion mediators OPA1 ,MFN2,

and DRP1 expression decreased (Figure 5.19). In contrast, the RACK1 KD LG

cells demonstrated upregulated nuclear expression of MFN2 compared to the control

(Figure 5.19).

3.3.2 RACK1 knockdown impacts mt-DNA copy number differentially

depending on glucose conditions

Mitochondrial biogenesis and network formation are cellular processes that are heav-

ily intertwined with mt-DNA production, so we decided to further characterize the

mitochondrial response to RACK1 KD by measuring mt-DNA levels.

The expression of mt-DNA-encoded genes for COX I, CytB, ND1, ND6, RNR1

and RNR2 were measured via RT-qPCR (Figure 5.20). RACK1 KD HG cells demon-

strated significant increases in the levels of all mt-DNA encoded genes. CytB and

RNR1 levels increased by 2-fold and 1.5-fold, (Figure 5.20D-E). ND1, ND6, COX

I, and RNR2 levels in RACK1 KD HG cells all increased by under a fold-change

compared to the control (Figure 5.20A-C, E-F). It was found that RACK1 KD LG

cells had decreased mt-DNA . RNR1 and ND6 levels decreased by 4-fold, CytB and

RNR2 decreased by 3-fold and ND1 levels decreased 2.5-fold (Figure 5.20A-B, D-F).

There was no significant change in COX I levels in RACK1 KD LG cells (Figure

5.20C).

3.3.3 RACK1 knockdown decreased mitochondrial respiration in HeLa

cells

Our final assessment of mitochondrial function compared RACK1 KD HG and LG

mitochondrial bioenergetics to their respective controls. We used the XFe96 seahorse

analyzer to measure mitochondrial respiration in the RACK1 KD cells. The mitochon-

drial stress test identifies critical respiratory defects by measuring how cellular oxygen

consumption rates change in response to the introduction of mitochondrial toxins. It

first determines basal oxygen consumption, which reports the energetic demand of the

cell under baseline conditions. An injection of oligomycin then decreases the OCR

of the cells, which determines the proportion of mitochondrial activity generating
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ATP. To estimate the maximal respiration value, injection of the mitochondrial inner

membrane uncoupler, carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP),

determines the maximum oxygen consumption possible for the cell. Finally, cellular

fitness is assessed using the spare respiratory capacity, which is calculated by com-

paring the maximal respiration values to the original baseline. We used these values

to determine the RACK1 KD cellular bioenergetic profiles compared to the control.

Oxygen consumption values of RACK1 KD HG and LG cells across the experiment

were decreased compared to their controls (Figure 5.21A). The cellular bioenergetic

profiles for both RACK1 KD HG and LG demonstrated significant decreases in basal

respiration values (Figure 5.21B), spare respiratory capacity (Figure 5.21C), maximal

respiration values (Figure 5.21D), and mitochondrial ATP production (Figure 5.21A)

compared to their respective controls.



Chapter 4

Discussion

Receptor of activated protein C kinase 1 (RACK1) is a 36-kDa multifunctional scaf-

folding protein that coordinates a variety of fundamental cellular processes in eu-

karyotic cells, including signal transduction, protein synthesis, and cellular migration

[77],[103],[43]. Unusual RACK1 expression has been identified as a prognostic indica-

tor in the development of a wide range of pathological scenarios [5],[83],[17],[18],[2].

RACK1 literature is complex, and it has remained historically difficult to character-

ize the role of RACK1 in disease pathology [17],[18],[2]. This is due to its extensive

range of protein-protein interactions, its ability to modify its partner choice based

on environmental context, and its high expression throughout mammalian tissues

[1]. Mitochondria manage many important cellular roles including cellular energy

production, stress responses, and death [25]. RACK1 pathway interactions overlap

with mitochondrial-associated proteins, but a broad characterization of mitochondrial

function in the context of RACK1 signaling has not been completed. Proper char-

acterization of this interaction would advance our understanding of RACK1 biology

and contextualize how RACK1 signaling influences the initiation and progression of

disease. Consequently, the goal of this project was to characterize how a decrease

in RACK1 expression impacts mitochondrial physiology in HeLa cells. A complete

summary of the response of both RACK1 KD HG and LG cells can be found in Figure

5.22.

4.1 RACK1 KD impacts HeLa cell morphology, viability, and energy

production

Our first goal was to broadly assess how RACK1 KD impacts the HeLa cell using

TEM ultrastructural analysis. The control cells exhibited cell membranes with small,

short microvilli protrusions (Figure 5.7A, (see inset)); (Figure 5.8A (see inset)). In

contrast, the RACK1 KD HG and LG cells displayed overly smoothed, curved cell

45
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membranes that formed “blebs” of cytoplasm ((Figure 5.7C, (see inset)); (Figure

5.8C (see inset)). RACK1 dysfunction has been correlated with a loss of cytoskeletal

maintenance in a diverse range of cell types, and RACK1 KD can devastate cell

membrane integrity [171],[72]. Freitas - Filho et al. (2021) [40] demonstrated that

RACK1 KD in mast cells caused cells to assume an unusual rounded membrane with

“ruffled” edges, similar to the RACK1 KD ultrastructural morphology reported here.

We additionally explored how HeLa cell viability and proliferation were impacted

by RACK1 KD (Figure 5.9A-D). At seeding densities of 500 cells/well and 750

cells/well, the RACK1 KD HG cells did not experience a significant decrease in via-

bility (Figure 5.9A-B). However, the RACK1 KD LG cells experienced a significant

decline in viability at both seeding densities; a twofold decrease in colony numbers was

recorded at both 500 cells/well and 750 cells/well (Figure 5.9A-B). RACK1 KD cells

in other studies show a similar trend wherein they survive initial knockdown and re-

tain normal function unless further challenged with additional stressors [40],[43],[148].

These stresses are typically nutrient-related deficits: for example, Asc1/RACK1 KD

cells demonstrate growth defects when moved to glucose-free medium that requires

increased mitochondrial function to process alternative carbon sources [148]. This

decreased ability to tolerate stress may explain why the RACK1 KD HG cell viability

did not decrease whereas the RACK1 KD LG cell viability measurements did.

RACK1 KD HG and LG cells had decreased proliferation measurements com-

pared to the control at a seeding density of 750 cells/well (Figure 5.9C-D). Decreases

in cellular proliferation following RACK1 KD are consistent with findings in other

studies [113],[38],[84]. However, this project only based proliferation measurements

upon final colony diameter. While this methodology is useful for gauging how cellular

proliferation is impacted by experimental treatments, these findings should be further

confirmed with a more conventional method. For example, an MTT assay could be

used to quantify the cellular proliferation results seen in this study [84].

The unchanged viability measurements in the RACK1 KD HG cells contrasted the

TEM membrane micrograph results in this project. The micrographs taken of the

RACK1 KD HG and LG cells showed significant membrane changes in the KD cells

compared to the respective controls. Considering that the RACK1 KD HG cells had

no significant shift in viability, this contrast in findings was surprising. The difference
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between the results of the TEM analysis and the cell viability analysis may be the

result of the different processing methodologies between experiments. The fixation

process used for TEM imaging may place additional stress upon the RACK1 KD cells

and produce the membrane disintegration seen in the final images [53]. Given that

RACK1 KD cells react poorly to stressors, this may explain the difference between

the RACK1 KD HG cells in these two experiments [148],[38].

Investigation of ATP levels in RACK1 KD HG and LG cells revealed a 50% de-

crease in RACK1 KD HG cellular ATP levels and an insignificant decline in RACK1

KD LG cellular ATP levels (Figure 5.9G). The RACK1 KD HG result is consistent

with results from Cardenas et al. (2015) [19], who showed that RACK1 ortholog

LACK knockdown decreased ATP levels in unicellular Leishmania parasites. How-

ever, RACK1 KD LG cellular ATP levels did not significantly decrease, which was

unexpected considering the significant decrease in RACK1 KD LG cellular viabil-

ity and proliferation. This phenomenon may be attributed to the Warbug effect in

the RACK1 KD HG cells, where glycolytic intermediates are funneled into pathways

that produce nucleosides and amino acids, instead of ATP. The net decrease in the

already limited cellular ATP produced in glycolytic cells like the RACK1 KD HG

cells may appear more striking than the RACK1 KD LG, which are forced to use

aerobic pathways for energy production [157].

Overall, the results found in this study are largely consistent with previous liter-

ature findings and indicate that RACK1 KD impacts cellular morphology, viability,

proliferation, and energy production in HeLa cells.

4.1.1 RACK1 KD significantly altered mitochondrial ultrastructural

membranes in a manner exacerbated by decreased glucose in

HeLa cells

To investigate how RACK1 KD impacted mitochondria morphology, TEM was used

to visualize RACK1 KD cell mitochondrial membranes, cristae, and matrix mor-

phology (Figure 5.10). The RACK1 KD HG and LG cells had a higher incidence of

mitochondrial membrane structural anomalies such as inclusion bodies (Figure 5.10F,

yellow arrows), ii) mitochondrial swelling, (Figure 5.10E, yellow arrows), mitochon-

drial matrix condensation (Figure 5.10G, yellow arrows), lamellar cristae loss, (Figure
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5.11D-E, yellow arrows), and a shrunken, fragmented appearance (Figure 5.10G, yel-

low arrows).

The significant increase in lamellar cristae loss in the RACK1 KD HG cells was

measured by selecting mitochondria with both inner and outer membranes fully in

plane that displayed little to no inner cristae formation (Figure 5.11C-D). Cristae

comprise a dynamic framework that houses the ETC protein complexes. ‘Lamellar’

cristae are long, organized, reticular structures that span the inner membrane [136].

The maintenance of cristae is a complicated, poorly understood process requiring the

careful balance of the mitochondrial fusion/fission mediators and specialized cristae

modelling machinery [137]. While cristae loss can be triggered by a multitude of

factors, the best recognized currently include loss of fusion/fission balance and ETC

chain dysfunction [137],[125], which are other regions of mitochondrial function im-

pacted by RACK1 KD in this study.

RACK1 KD HG and LG mitochondria displayed an increased incidence of mito-

chondrial inclusion bodies within the matrix. In particular, RACK1 KD LG mito-

chondria had an increased incidence of a unique inclusion body phenotype. Mitochon-

dria assigned to this category were shrunken, with lamellar cristae loss and increases

in vesicular cristae that surrounded dense, black inclusion bodies (Figure 5.13C-D).

We performed a preliminary review for images of stressed mitochondria to determine

what caused this structure. The most convincing visual matches to the RACK1 KD

LG phenotype was reported by Singh et al. (2021) [137], who suggested that the

structure results from thickened cristae that surround a condensed, darkened matrix.

This phenomenon is attributed to compaction of the inner mitochondrial membrane

to support the metabolic demands of the leukemic cell [137]. The results seen in

this study were supported by Liu et al. (2012) [82], who reported a similar mito-

chondrial phenotype in cells experiencing a decrease in prohibitin 2 (PHB2) levels.

PHB2 is a chaperone suspected to support ETC complex protein folding. PHB2

and RACK1 engage in reciprocal stabilization in the cell and RACK1 KD abolishes

PHB2-mediated activation. Liu et al. (2012) [82] reported loss of PHB2 in these cells

impaired complex I activity in these cells, resulting in mitochondrial fragmentation,

loss of cristae, and an increase in matrix condensation. This provides an interesting

connection between decreased RACK1 activity and mitochondrial cristae modelling
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that produces a phenotype similar to that in our RACK1 KD LG cells. Finally,

Rottner et al. (2023) [125] reported a similar phenotype while studying how loss of

type II diabetes-implicated autophagy receptor CALCOCO2 impacts beta cell activ-

ity. TEM analysis of mitochondrial structure revealed dramatically distorted cristae

and outer membrane shape in CALCOCO2 KD cells. The results of these studies

above suggest that the “inclusion body” phenotype seen in this study may be a pro-

survival restructuring of cristae to maximize ETC functionality, but more work will

be required to confirm the causal relationship between RACK1 KD and the cristae

morphology shifts.

All of the membrane perturbations described above can be connected to dysfunc-

tional cristae modelling. Cristae dysfunction is a potential consequence of dysregu-

lated fusion/fission activity and ETC dysfunction, both of which were identified in

the RACK1 KD HG and LG mitochondria [144],[101]. This provides an interesting

connection between the form and the function of the mitochondria in this project.

Quintana et al. (2021) [114] suggested that the cause of the ETC dysfunction and

fusion/fission imbalance in cells experiencing thickened, unusual cristae was due to

increased concentrations of ROS in the cell. Improperly cleared ROS oxidizes mt-

DNA in the cell and affects respiratory chain complex production, which results in

further overproduction of ROS. This cycle gradually erodes the integrity of the mi-

tochondrial structure and decreases oxygen consumption [114],[101],[110]. Fusion is

paused in these mitochondria, fragmenting them from the network to protect the

structure from deleterious mutations and high ROS production [110]. Understanding

how cristae are impacted by RACK1 KD by examining potential triggers such as ROS

production could provide interesting context to RACK1’s impact on mitochondrial

physiology.

4.1.2 Increased mitochondrial numbers, surface area, and volume

corresponds with a twofold increase in expression of biogenesis

mediators in RACK1 KD HG cells

RACK1 KD HG cells displayed an increased incidence of large numbers of mitochon-

dria clustered in groups throughout the cell (Figure 5.12A-B, beige outline). Con-

focal analysis of mitochondrial networks in RACK1 KD HG cells revealed increased
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mitochondrial numbers (Figure 5.17E), mitochondrial network surface area (Figure

5.17F), and mitochondrial network volume (Figure 5.17G). Imaging results similar

to the results seen here have been recorded in other RACK1 KD studies: Qiu et al.

(2017) [113] found that RACK1 deficiency caused increased mitochondrial numbers

and increased mitochondrial network mass in splenic T cells. Further confocal anal-

ysis revealed mitotracker-positive ”tubular clusters” of mitochondria, which is also

similar to the results reported here (Figure 5.12A-B, beige outline). Additional RT-

qPCR analysis of biogenesis mediator expression in RACK1 KD HG cells revealed

a two-fold increase in PGC1α and TFAM expression, suggesting a concerted cellu-

lar effort to increase mitochondrial numbers in the cell. In a separate study, Zhu et

al. (2016) [185] reported that mitochondrial numbers and their total network area

within the cell significantly increased as myocardial muscle cells experienced hypoxia.

Cells responded by increasing PGC1α and TFAM expression levels to drive increased

mitochondrial network volume during recovery [185]. However, an alternative expla-

nation for the mitochondrial accumulation within the RACK1 KD HG cells is that

the increased mitochondrial volume is the result of an impaired mitophagy response.

RACK1 promotes the autophagy-initiation complex formation in several mammalian

cell types [184], and RACK1 absence leads to impaired autophagy and the accu-

mulation of mitochondria in peripheral T cells [113]. The accumulation seen in the

RACK1 KD HG cells of damaged mitochondria could be similarly related to the loss

of mitophagy in the cell. The impact of RACK1 KD upon the mitophagy process

could be measured through use of indirect immunofluorescence to measure LC3, the

autophagosome marker in mammalian cells [75], [113]. Measurement of LC3-positive

dots representing autophagic LC3 puncta after treatment with a lysosomal protease

inhibitor in RACK1 KD cells may provide a clue as to how RACK1 KD impacts au-

tophagy in both high and low glucose environments. Alternatively, immunoblotting

of the mitophagy pathway mediators PINK1 and PARKIN could provide valuable

context to the upstream effects of RACK1 KD upon mitophagy [113]. Determining

whether mitophagy or biogenesis are the primary drivers of the increased mitochon-

drial load seen in the RACK1 KD HG cells will add important context to the impact

of RACK1 KD on mitochondrial function.

While RACK1 KD LG cells had significantly increased expression of biogenesis
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mediators TFAM and PGC1α (Figure 5.18A-B), they demonstrated a decrease in

overall surface area, volume, and no change in overall mitochondrial number compared

to the control (Figure 5.17B-D). The increase in biogenesis mediator expression may

indicate an attempt to increase mitochondrial numbers [166], but RACK1 KD LG cells

are unable to complete this successfully (Figure 5.17B-D). This project constitutes

one of the few descriptions of the mitochondrial network phenotype in RACK1 KD

LG cells. More analysis will be required in RACK1 KD LG cells to determine how

RACK1 signalling impacts network dynamics in response to nutrient deprivation.

4.1.3 Mitochondrial networks became fragmented following RACK1 KD

and glucose condition altered cellular expression of fusion/fission

mediators

Sphericity assessment of mitochondria in RACK1 KD HG and LG displayed a pre-

dominantly fragmented network phenotype (Figure 5.16) and a decrease in mean mito-

chondrion volume (Figure 5.17H). Literature indicates that RACK1 KD dysregulates

mitochondrial network dynamics in a variety of ways. Zhao et al. (2015) [184] de-

scribes small, shrunken, unconnected mitochondria in RACK1-deficient macrophages,

but conversely, Qiu et al. (2017) [113] found that elongated mitochondria networks

form in RACK1-deficient CD8+ T cells. This contrast in findings suggests that

RACK1 impact on mitochondrial network remains unclear. The balance of fusion

and fission in a mitochondrial network serve as a quality control mechanism for cel-

lular integrity [167],[158],[96]. The dysregulation of this network through loss of

mitochondrial fusion could indicate a protective reponse by the cell against further

mitochondrial damage [167],[116]. The mitochondrial fusion mechanism mediates

content mixing, which compensates for dysfunctional gene products of individual mi-

tochondria by i) decreasing the concentration of ROS in stressed mitochondria and ii)

allowing mt-DNA to mix, compensating for missing or dysfunctional gene products

[152]. Impairment of mitochondrial function strongly inhibits mitochondrial fusion

in mammalian cells [118],[167]. Dysfunctional mitochondria lose their fusion capacity

by inactivating fusion machinery, preventing the damaged mitochondria from incor-

porating back into the healthy mitochondrial network, sending the network into a

state of fragmentation [101]. The loss of network fusion may act as a mechanism
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to distinguish non-functional from functional mitochondria on a morphological basis

[101],[167], which may be occuring in response to the stress incurred via RACK1 KD.

Dysregulation of the mitochondrial network in the RACK1 KD cells continued at

the phenotypic level. RACK1 KD HG cells had decreased OPA1, MFN1 and DRP1

expression (Figure 5.19A-C). Decreases in fusion and fission protein expression has

consequences for the mitochondrion; OPA1 knockdown causes hyper-fragmented mi-

tochondrial networks, cristae depletion, and ETC dysfunction due to a complex I-

mediated NAD+ regeneration [70]. The RACK1-PHB2 interaction explored earlier

in the context of cristae malformation may additionally impact OPA1 activity. PHB2

forms a complex with stomatin-like protein 2 (STOML2) that regulates integral mito-

chondrial integral protease (OMA1) [29]. Active OMA1 cleaves the long fusion-active

isoform of OPA1 (L-OPA1), to short fusion inactive OPA1 (S-OPA1) [29]. Dysregu-

lation of PHB2 activity via RACK1 KD could potentially cause uncontrolled OMA1

activity, blocking OPA1-mediated inner membrane fusion in the cell, hereby frag-

menting the network [39],[29]. The decrease in DRP1 expression in RACK1 KD HG

cells (Figure 5.19B) has been shown in other investigations to induce lamellar cristae

dysfunction, loss of ETC components and reduced mitochondrial respiration. Li et al.

(2015) [78] found that increase in GNB2L1 expression corresponded to a decrease in

Drp1 levels in kidney (HK-2) cells, but protein-protein interactions between RACK1

and Drp1 are not confirmed. Outside of physical interactions, RACK1 could po-

tentially influence Drp1 dynamics via its role in actin regulation. Drp1 recruitment

to fission sites on the outer mitochondrial membrane is largely mediated via actin

polymerization [52]. This stimulates oligomeric maturation of Drp1 on mitochondria

in mammalian cells and allows fission to commence [52]. The loss of RACK1 could

potentially dysregulate actin dynamics, impacting Drp1 activity in the cell. Finally,

RACK1 KD HG cells experienced a decrease in MFN1 expression (Figure 5.19C,

which is associated with network fragmentation, complex I deficiency, and reduced

mitochondrial membrane potential [33]. No direct association between RACK1 and

MFN1 has been identified; RACK1 may associate with MFN1 via βIIPKC activity

[27]. βIIPKC is a regulator of mitochondrial dynamics through MFN1 phosphory-

lation, which appears to cause loss of MFN1 activity in the cell in cardiomyocytes

[27].
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In RACK1 KD LG cells we found increased MFN2 expression (Figure 5.19D).

The increase in fusion mediators usually occurs under stress as the cell works to

recover, and the overexpression of fusion mediators is associated with a “rescue”

response that restores optimal function in neurons, cardiomyocytes, and cancer cells

under stress [98]. For example, overexpression of MFN2 in hepatocellular carcinoma

cells promotes mitochondrial fusion and a rapid metabolic shift from glycolysis to

oxidative phosphorylation [13]. Hence, the response seen here for the RACK1 KD

LG may be associated with the LG medium [73]. While the expression of nuclear

fusion/fission proteins is useful for mitochondrial analysis, all four mediators panelled

in this study exist in multiple isoforms and undergo a range of PTMs [8]. Protein

expression analysis via immunoblotting should be conducted to better visualize how

RACK1 KD impacts mitochondrial function in these cells and confirm the RT-qPCR

results above. This will support future investigation of how RACK1 KD impacts

mitochondrial network dynamics.

4.1.4 RACK1 knockdown impacts the expression of numerous nuclear

proteins that localize to the mitochondria to support

mitochondria structure and function

RACK1 KD dysregulated 237 genes associated with mitochondrial function. Mito-

chondrial categories with significant enrichment included ETC components, MRPs,

and mitochondrial carrier proteins (Figure 5.5A). Decreases in ETC component ex-

pression and mitochondrial membrane-associated carrier molecules in Saccharomyces

cerevisiae was reported by Rachfall et al. (2013) [115]. Over 50% of all proteins

that were impacted by loss of Asc1 were MAPs, including proteins involved in energy

metabolism, biogenesis/respiration genes, and inner membrane translocation genes

[115]. This phenomenon was also described by Cardenas et al. (2015) [19], who

found that Leishmania strains deficient for LACK/RACK1 displayed a substantial

depletion of ETC subunits, resulting in compromised mitochondrial function. These

findings reassert the potential for a connection between a loss of RACK1 signaling

and defects in mitochondrial energy metabolism expression.

RACK1 KD downregulated MRPLs and MRPS, translation initiation and release

factors of the mitochondrial ribosome, and insertases for ribosomal co-translational
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anchoring. The majority of the mitochondrial ribosome factors are nuclear-encoded,

and problems with the nuclear ribosome negatively impact mitochondrial ribosomal

function [7]. RACK1 is a core ribosomal protein on the 40S subunit that influ-

ences protein synthesis rates [102] and controls translation of specific mRNA subsets

[102],[149]. RACK1/Asc1 KD decreases the translational efficiency of mitochondrial

ribosomal protein mRNAs, resulting in substantial defects in mitochondrial protein

synthesis [148]. This suggests an important role for RACK1 in supporting cellular

respiration by promoting synthesis of mitochondrial ribosomal proteins through its

influence on the nuclear ribosome. The idea that RACK1 may indirectly facilitate

“crosstalk” between cytoplasmic and mitochondrial protein translation should be in-

vestigated further.

Replication and transcription factors are required to maintain mt-DNA levels and

meet energy requirements of cells [159],[16]. In mitochondria, MRP expression is

correlated with mt-DNA levels due to the detailed feedback loops surrounding mito-

chondrial biogenesis and oxygen consumption [23]. Nearly two-thirds of mitochondrial

ribosomal genes are essential in the transcriptional and translational pathway main-

taining optimal ETC chain functionality [37]. Even singular pathway defects cause

devastating changes to mitochondrial function: single MRP knockouts cause rapid

ETC component imbalance and decrease mitochondrial respiration [23]. Biogenesis

mediators may influence MRP function as well. Increases in PGC1α stimulate the

production of crucial ribosomal components RNR1 and RNR2 [157] and upregulate

mitochondrial ribosome activity as a member of the OXPHOS ’rescue team’ during

the mitochondrial biogenesis response [158],[166]. Given the decrease in MRPs seen

in these cells, we were curious if the mt-DNA levels were impacted by knockdown.

Previous research has shown only linear relationships between RACK1 expression and

mt-DNA levels. Both a decrease in RACK1 expression and a corresponding decrease

mt-DNA expression have been identified [48], and mt-DNA increases in ALL cancer

patients are correlated with heightened GNB2L1 expression [24].

RACK1 KD HG cells had significant increases in COX I, CytB, ND1, ND6, RNR1,

and RNR2 levels (Figure 5.20A-F). Increased mt-DNA has a dual role in stress allevi-

ation: it produces critical electron transport chain components that will increase ATP

production, and elevated mt-DNA:nDNA ratios in the cell act as a positive feedback
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loop that increase PGC1α expression [37].

RACK1 KD LG cells saw sweeping decreases in mt-DNA genetic expression levels

compared to control, despite their increases in biogenesis mediators (Figure 5.20A-

F). Interestingly, cells may utilize the “mitonuclear protein imbalance” [54] response

to decreases in MRP levels. This process enacts the mitochondrial unfolded protein

response, which destroys mt-DNA and overrides biogenesis signals [54].

4.1.5 Oxygen consumption in RACK1 KD HG and LG cells is lowered

in spite of increased biogenesis demands

RACK1 KD dysregulated mt-DNA levels, biogenesis mediators, fusion/fission medi-

ator activity and heavily fragmented the mitochondrial network in RACK1 KD cells.

This suggested a dysregulated mitochondrial network synonymous with decreased mi-

tochondrial functionality [163]. Our earlier cellular ATP measurements demonstrated

a decrease in ATP levels, indicating that mitochondrial function in the cells may be

impacted (Figure 5.9G) We measured RACK1 KD HG and LG mitochondrial bioen-

ergetics through oxygen consumption rates. The analysis of metabolic flux revealed

that RACK1 KD significantly decreased mitochondrial basal and maximal respiration

(Figure 5.21B-C), as well as ATP production (Figure 5.21D), demonstrating reduced

functional capabilities of mitochondria in these cells (Figure 5.21B-F). The decreased

ATP levels were consistent with the cellular ATP production in RACK1 KD cells,

where both RACK1 KD HG and LG had decreased ATP production (Figure 5.9G).

In addition, the spare respiratory capacity was halved in both RACK1 KD HG and

LG, indicating that the RACK1 KD cells had decreased ability to respond to stres-

sors (Figure 5.21C). Thus far, no studies have focused directly upon how RACK1 KD

impacts OCR levels in cells. However, the loss of some confirmed RACK1 interactors

have been found to decrease OCR rates in cells. A study by Chou et al. (2021) [30]

investigating RACK1-interacting protein AIM2 found that a decrease in AIM2 ex-

pression results in a decrease in OCR parameters in CD4+ T cells. Similarly, Ren et

al. (2023) [120] found that PHB2 knockdown significantly reduced OCR levels in col-

orectal cancer cells. These results suggest that further investigation of how RACK1 is

involved in the maintenance of efficient mitochondrial oxygen consumption is worth

exploring.



Chapter 5

Conclusion

5.1 Final thoughts

5.1.1 The RACK1-mitochondria axis

Our characterization of RACK1 KD cells revealed that RACK1 KD cells have de-

creased ATP output and experience difficulty proliferating. Mitochondria in RACK1

KD cells revealed increased incidences of structural damage and loss of network con-

nectivity. Further functional investigation revealed dysfunctional mitochondrial fu-

sion and fission mediator expression, changes in biogenesis mediators expression, and

shifts in mt-DNA levels. The specific differences that emerge from the RACK1 KD

HG versus the RACK1 KD LG cells are detailed in Figure 5.22B.

The RACK1 KD HG cell phenotype appears similar to that of stressed cells en-

countering mitochondrial dysfunction. These mitochondrial networks upregulate mi-

tochondrial biogenesis, perturb fusion/fission dynamics, and increase mt-DNA levels

in the cell [61]. Following RACK1 KD, mitochondria begin to experience increasingly

dysfunctional ETC chain activity, as indicated by decreasing oxygen consumption and

mitochondrial respiration parameters. This will gradually create a bioenergetic deficit

and sub-optimal ATP synthesis in these tissues, triggering a compensatory response to

increase biogenesis [152]. Upregulated PGC1α expression will drive increased TFAM

expression, resulting in increased mt-DNA levels [142]. The subsequent increase in

mt-DNA in the stressed cell has a dual role in stress alleviation: it codes for crit-

ical electron transport chain components, which will be rapidly produced to meet

increased energy needs; and the elevated mt-DNA:nDNA ratios in the cell will also

act as a positive feedback loop that drives further increases in PGC1α expression

[159]. As mitochondrial biogenesis and ETC component production increases, the

mitochondrial network incurs changes to fusion/fission patterns in response to the

56
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stress. If the mitochondria are dysfunctional, fusion is abruptly halted and the net-

work will preferentially undergo fission to remove dysfunctional regions [104]. This

results in a fragmented network. However, mutations in mitochondrial proteins re-

sulting from a dysfunctional mitochondrial ribosome impact the entire mitochondrial

network. The increasingly dysfunctional mitochondria become less and less able to

provide the services required by the cell, resulting in increased cellular stress and in

extreme cases, the beginning of disease pathologies [104]. Mitochondria then begin

to build in the cell, either due to a lack of mitochondrial clearance from mitophagy

dysfunction or from excessive biogenesis. The RACK1 KD LG cells may be blocked

from fully extending this response due to the change in nutrient levels in these cells;

this is well-recognized as an exacerbating factor for the RACK1 KD phenotype [148].

Despite the lack of literature evidence surrounding how RACK1 KD impacts mito-

chondrial OXPHOS capabilities, the response of the RACK1 KD HG cells seen here

suggests that the role of RACK1 KD and ETC chain dysfunction should be examined

more critically.

5.1.2 Study limitations and future directions

Some of the study limitations that were encountered over the course of this study was

the lack of uniform randomization, which is critical for the unbiased quantification

of microscopy images. The RACK1 KD cellular phenotype was so distinctive that

it presented a major hurdle when collecting and analyzing images; blinding could

not be applied to cellular imaging collection and analysis (Figure 5.7, Figure 5.8).

For TEM, bias was minimized by selecting “squares” within the prepared slides that

were images regardless of sample type, and during quantification all images regardless

of cellular presentation were included in analysis. During confocal microscopy, cells

were imaged on the same settings. Analysis was completed using Imaris computer

algorithms in “batch format” to process all photos equally. However, to fully remove

bias, future analysis could be better blinded by using an outsider to the project

to collect images for analysis. Another study limitation that was encountered was

our selection of HeLa cells to model mitochondria responses to RACK1 KD. More

mitochondrially-dependent cells, such as a hepatic cell line with greater mitochondrial

content, could serve to further elucidate the RACK1 KD phenotype for mitochondria
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[35]. Finally, the fusion and fission mediator expression levels in both cell sets were

inconsistent across replicates. Immunoblotting should be substituted for RT-qPCR in

future investigations to confirm the expression and post-translational modifications

of the fusion/fission mediators.

The exciting results seen in this study indicate that there is far more to be done

to better describe RACK1’s relationship with mitochondrial function. The future

directions for this study should start by immunoblotting the mitochondrial MRPs

to confirm decreased expression. In addition, the MAPs associated with this study

included a broad variety of ETC chain components; blotting for those to determine

the extent of their downregulation would be useful to confirm the suspected impact

of RACK1 upon subunit expression, which could help highlight the role of RACK1

KD on ETC activity. Finally, mitochondrial membrane parameters including calcium

flux, ROS levels, and mitochondrial membrane potential should be investigated to

better understand how the ETC and inner membrane is impacted by RACK1 KD.

RACK1 activity mediates various cellular signaling cascades that support crucial

biological functions. The relationship between RACK1 expression and mitochondrial

function remains highly under-investigated. To better characterize this relationship,

we decided to investigate the impact of RACK1 KD expression on mitochondrial

physiology. We have demonstrated here that a decrease in RACK1 expression in

the cell causes a variety of changes in major mitochondrial physiological parameters,

including membrane dynamics, network connectivity, energy production, and mt-

DNA expression. These results highlight how important further characterization of

the RACK1 interactome is for our future understanding of its influence over cellular

function, and its role in disease.
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Figure 5.1: RACK1 is a scaffolding protein capable of many interaction
types. (A). RACK1 has diverse roles and acts as a signaling hub critical in nu-
merous scaffolding protein complexes with a broad range of interactors. In (B),
the workflow for protein-protein interactions with RACK1 is outlined. Three major
classes of interactors are identified: (i) the cytosolic domains of membrane-spanning
receptors, (ii) the signaling proteins in cytoplasm and nuclei, and (iii) organellar
partners. The interaction of RACK1 with these molecular players can be classified
into four types: (i) shuttle its partners from among sites, (ii) modify partner ac-
tivity, (iii) change intermolecular interactions, and (iv) modulate binding protein
stability.
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Figure 5.2: Schematic representation of mitochondrial biogenesis. (A).
Stressors (nutrient deprivation, hypoxia, oxidant stress, or exercise) activate
PGC1α, causing its relocation from the cytoplasm to the nucleus. (B). Activated
PGC1α works with other nuclear mediators (NRF1 and NRF2) to stimulate the
synthesis of TFAM, (C) which subsequently mediates mt-DNA replication and
transcription. (D). The increase in mt-DNA levels will contribute to the formation
of new mitochondria.
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Figure 5.3: Schematic representation of fusion/fission dynamics in mito-
chondrial networks. (A). Following biogenesis, new healthy mitochondria will
fuse with the mitochondrial network. Fusion of the inner and outer mitochon-
drial membranes is mediated by optic atrophy 1 (OPA1) and mitofusins 1 and 2
(MFN1/2), respectively. (B). Dysfunctional mitochondria are removed through fis-
sion, which is managed via the dynamin-related protein 1 (DRP1) and a host of its
interactor proteins. Fission removes dysfunctional mitochondria that are then tar-
geted for degradation by mitophagy. (C-D). Fusion and fission mediate different,
but critical, roles that must both be seamlessly balanced for optimal management
of a healthy mitochondrial network.
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Figure 5.4: Schematic representation of mt-DNA form and encoded units.
(A-B). TFAM levels mediate mt-DNA replication and transcription. (C). The mi-
tochondrial genome encodes 37 genes: 2 rRNA (seen in (E).), 22 tRNA, and 13
OXPHOS polypeptides. (D). All polypeptides code for components of the mito-
chondrial oxidative phosphorylation (OXPHOS) system. Seven polypeptides con-
tribute to the OXPHOS complex I (CI), one polypeptide contributes to complex III
(CIII), three polypeptides contribute to complex IV (CIV), and two polypeptides
contribute to complex V (CV).
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Figure 5.5: RNA-seq analysis in RACK1 KD HeLa cells. A list of DEGs
in RACK1 KD HG cells were assessed for MAPs. The following 237 MAPs in the
RACK1 KD HG dataset were analyzed with SHINYGO 0.77 to identify statistical
enrichments for specific GO terms from the cellular component annotation. Cate-
gories with high enrichment in the sample set included (A). i) Mitochondrial pro-
tein synthesis, (translation initiation/elongation/and termination); ii) Mitochon-
drial respiration components, (ETC components/carrier proteins); and iii) Mito-
chondrial membranes (management and transport). X axis = fold enrichment of
pathway in RACK1 KD versus control. Number of genes from dataset associated
with cellular component are denoted in blue-red color gradient. (B). Histogram
denoting statistical enrichment for disease pathways. X- axis = % genes active in
disease state that were enriched in curated RACK1 KD MAP dataset. EV = en-
richment value.
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Figure 5.6: Western blot confirmation of RACK1 KD in HeLa cells. (A).
Success of siRNA-mediated RACK1 KD was measured for 8 days post-knockdown
to confirm knockdown efficacy. (B). Western blot confirmation of RACK1 KD in
HG and LG conditions. Data is representative of the confirmation blots that ac-
companied all knockdowns performed in this study. kDa = kilodaltons.
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Figure 5.7: Effects of RACK1 KD on HeLa cell morphology in HG me-
dia. TEM images taken of RACK1 KD HG and control HG cells. (A-B) = Con-
trol cells (labelled ’control’). (C-D) = RACK1 KD cells (labelled ’RACK1’). (A).
Control at 8X magnification exhibiting smooth cell membrane with consistent
punctuated protrusions (inset in bottom left corner highlights membrane structure)
and cytoplasm filled with organelles (B). Control HG cells at 4X magnification
demonstrate consistent smooth membranes and regular filopodia throughout pop-
ulation. (C). RACK1 KD HG cell at 8X magnification demonstrates loss of cellular
integrity with irregular circular protrusions along cell border (inset in bottom left
corner highlight membrane structure) and cytoplasm packed with many irregular
cell components (D). RACK1 KD HG cells at 4X magnification show these mem-
brane defects throughout the population. Data is representative of 3 independent
experiments. Scale bars = 2 µM in A, C, and 4 µM in B, D.
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Figure 5.8: Effects of RACK1 KD on HeLa cell morphology in LG me-
dia. TEM images taken of RACK1 KD LG and control LG cells. (A-B) = Con-
trol cells (labelled ’control’) and (C-D) = RACK1 KD cells (labelled ’RACK1’).
(A). Control at 8X magnification exhibiting smooth cell membrane with consistent
punctuated protrusions (inset in bottom left corner highlights cell membrane struc-
ture) and cytoplasm filled with organelles (B). Control HG cells at 4X magnifica-
tion demonstrate consistent smooth membranes and regular filopodia throughout
population. (C). RACK1 KD LG cell at 8X magnification demonstrates loss of cel-
lular integrity with extremely large, irregular circular protrusions along cell border
(inset in bottom left corner highlight membrane structure) and cytoplasm packed
with many irregular, dark cell components (D). RACK1 KD LG cells at 4X mag-
nification show these consistent membrane defects throughout the population. Data
is representative of 3 independent experiments. (A,C) Scale bars = 1 µM . (B,D)
scale bars= 4 µM.
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Figure 5.9: RACK1 KD cells experience decreased viability, proliferation,
and energy production. RACK1 KD and control HG and LG cells seeded at
500 and 750 cells/well were grown for 2 weeks and assessed for changes in viabil-
ity and proliferation. (A,C) = 500 cells/well and (B,D) = 750 cells/well. (A-D).
colony viability (number of colonies/well) and colony size (diameter (mm)/colony)
were measured for both seeding densities. RACK1 KD HG and LG cells expe-
rienced decreases in viability and proliferation. (E-F). Examples of completed
clonogenic assays (E). 500 cell/well seeding density result for RACK1 KD/Control
HG/LG (not shown to scale) (F). 750 cells/well seeding density for RACK1
KD/Control HG/LG (not shown to scale). (G). Cellular ATP measurements reveal
a decrease in ATP levels. Results are from 3-6 independent experiments where 1
experiment = average of 3 wells/plate. 1000-cell seeding densities are not pictured.
Data presented as mean ± s.e.m, * = P ≤ 0.05, ** = P ≤0.01, *** = P ≤0.001.
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Figure 5.10: TEM analysis of mitochondria reveal RACK1 KD cells
have a higher incidence of undesirable mitochondrial morphology. Mito-
chondrial ultrastructural analysis for RACK1 KD HG/LG and Control HG/LG.
(A-D)= Control cells (labelled ’control’). (E-H) = RACK1 KD cells (labelled
’RACK1’). (A-B, E-F) = HG condition (labelled ”high glucose”). (C-D, G-H)
= LG condition (labelled ”low glucose”). (A). Control HG mitochondria demon-
strate lamellar, long cristae that span the matrix (highlighted by yellow arrows).
(B). Control HG mitochondria demonstrate a continuous, smooth double mem-
brane (highlighted by yellow arrows). (C). Control LG mitochondria demonstrate
lamellar, long cristae that span the matrix (highlighted by yellow arrows). (D).
Control LG mitochondria demonstrate a continuous, smooth cell membrane and
double membrane (highlighted by yellow arrows). (E). RACK1 KD HG mitochon-
dria are bloated and lack cristae (highlighted by yellow arrows). (F). RACK1 KD
HG mitochondria show dark inclusions in matrix (highlighted by yellow arrow).
(G). RACK1 KD LG mitochondria are small/fragmented with dark condensed
bodies in inner membrane (highlighted by yellow arrows). (H). RACK1 KD LG
mitochondria are shrunken and have blackened condensed matrix (highlighted by
yellow arrows). Data is representative of 3 independent experiments. Image magni-
fications: (A, C, E)= 60X (scale bar = 500 nm); (F, G) 40X (F = zoomed, scale
bar = 100 nm; G = no zoom, scale bar = 500 nm). (B, D, H) = 80X (scale bar =
100 nm).
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Figure 5.11: Quantitation of deleterious morphology within RACK1 KD
mitochondria . The ultrastructural features of RACK1 KD HG and LG mito-
chondria membranes and matrix were examined for signs of mitochondrial dam-
age. (A-B). TEM example of mitochondrial membrane integrity loss depicted by
outer/inner membrane rupture, (characterized as loss of inner/outer membranes
in-plane). (highlighted by yellow arrows). (C). Quantification of membrane in-
tegrity loss incidences between RACK1 KD and control cells. (D-E). TEM ex-
ample of cristae loss (characterized by lack of visible cristae in mitochondrion with
inner/outer membranes in-plane (membrane highlighted with yellow circle; high-
lighted by yellow arrows). (F). Quantification of cristae loss incidences between
RACK1 KD and control cells. (G-H). TEM example of mitochondrial inclusion
bodies (characterized by black granular structure within mitochondrion double
membrane, highlighted by yellow arrows). (I). Quantification of mitochondrial in-
clusion numbers between RACK1 KD and control cells. Data in graphs was nor-
malized to total mitochondria in panels of respective sample. (A, B, D, E, H) =
RACK1 KD HG samples. (E)= RACK1 KD LG sample. Image magnifications:
(A, B, D, G) = 80X. (E,H) taken at 40X. Images are enlarged to show regions
of interest and are not represented to scale. Results are representative of 3 indepen-
dent experiments. Data presented as mean ± s.e.m, * = P ≤ 0.05, ** = P≤0.01,
*** = P≤0.001.
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Figure 5.12:
RACK1 KD HG cells exhibit increased mitochondrial numbers. Large
numbers of mitochondria clumped into groups were recorded in RACK1 KD HG
cells. (A-B) = RACK1 KD HG cells (labelled ’RACK1HG’). (C-D) = RACK1
KD LG cells (labelled ’RACK1LG’). (A). Large numbers of mitochondria in
RACK1 KD HG cells (groups of increased mitochondrial density outlined in beige).
(B). Example of a “dumping ground” where large numbers of mitochondria are
clumped together (groups of increased mitochondrial density outlined in beige).
(C). RACK1 KD LG demonstrate similar clumping patterns of increased mito-
chondrial density outlined in beige. (D). Example of a “dumping ground” in the
RACK1 KD LG (groups of increased mitochondrial density outlined in beige). Re-
sults are representative of 3 independent experiments. Image magnifications: (A) =
10X (scale bar = 2 µM); (C) = 20X (scale bar = 1 µM) (B, D) = 60X (scale bar
= 400 nm).
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Figure 5.13:
RACK1 KD LG display a unique inclusion body phenotype. Ultrastruc-
tural TEM image analysis of RACK1 KD HG and LG cells revealed a unique phe-
notype in RACK1 KD LG mitochondria. (A-B) = RACK1 KD HG cells (labelled
’RACK1HG’). (C-D) = RACK1 KD LG cells (labelled ’RACK1LG’). (A-B) . Un-
balanced increases in matrix density in RACK1 KD HG cells (highlighted by yellow
arrows). (C-D). RACK1 KD LG mitochondria have darkened and dense matrices
filled with circular black inclusion bodies (highlighted by yellow arrows). Results
are representative of 3 independent experiments. Image magnifications: (A, B) =
40X (scale bar = 500 nm, 400nm, respectively). (C)= 80X (scale bar = 200 nm)
(D).taken at 100X (scale bar = 100 nm).
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Figure 5.14: Live mitochondrial network dynamics in RACK1 KD HG
cells. Confocal microscopy images of live RACK1 KD HG and control HG cells
stained in mitotracker to highlight mitochondrial networks. (A-B) = control cells
(labelled ’control’) and (C-D) = RACK1 KD cells (labelled ’RACK1’). (A). Con-
trol cell contains large branching networks of mitochondria spanning the cell. (B).
Mitochondrial phenotype in Control HG cells is consistent in population. (C). The
RACK1 KD HG mitochondrial networks show less connectivity and increased frag-
mentation that spans the cell. (D). Mitochondrial phenotype in RACK1 KD HG
cells is consistent in population. Results are representative of 3 independent exper-
iments. Image magnifications : (A-B) = 93X (with zoom applied) (C-D) = taken
at 93X. (A-D) scale bars = 10µM.



73

Figure 5.15: Live mitochondrial network dynamics in RACK1 KD LG
cells. Confocal microscopy images of live RACK1 KD LG and control LG cells
stained in mitotracker to highlight mitochondrial networks. (A-B) = control cells
(labelled ’control’). (C-D) = RACK1 KD cells (labelled ’RACK1’). (A). Control
cell contains large branching mitochondrial networks spanning the cell. (B). Mi-
tochondrial phenotype in Control LG cells is consistent in population. (C). The
RACK1 KD LG mitochondrial networks show loss of connectivity and increased
fragmentation spanning the cell. (D). Mitochondrial phenotype in RACK1 KD
LG cells is consistent in population. Results are representative of 3 independent
experiments. Image magnifications: (A-B) = 93X (zoom applied) (C-D) = 93X.
(A-D) scale bars = 10 µM.
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Figure 5.16: Mitochondrial network characterization of RACK1 KD cells
and controls. Surface overlays color-coded to represent sphericity values of mi-
tochondrial components were used to determine overall network character of cells.
(A,C) = control cells (labelled ’control’) and (B,D) = RACK1 KD cells (labelled
’RACK1’). Highly filamentous, interconnected networks with low spherical values =
blue; intermediate values = pink; fragmented networks with high spherical values =
green. (A). Control HG cell spherical values. (B). RACK1 KD HG cell spherical
values. (C). Control LG cell spherical values. (D). RACK1 KD LG cell spheri-
cal values. (E-F). Bar graphs representing the proportion (%) of each spherical
group (defined by spherical group’s total mitochondrial volume/total mitochondrial
volume). Results from 3 independent experiments are shown. Data presentation is
mean ± s.e.m. * = P ≤0.05, ** = P≤0.01, *** = P ≤0.001. (A-D) scale bars = 10
µm.
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Figure 5.17: Mitochondrial network parameters comparison between
RACK1 KD and control cells. (A-B) = control cells (labelled ’control’) and
(C-D) = RACK1 KD cells (’labelled RACK1’). Mitochondrial network parame-
ters for RACK1 KD cells and control including mitochondrial numbers (E), average
surface area (F), total mitochondrial volume (G) and mean mitochondrion volume
(H). Results shown are from 3 independent experiments. Image magnifications:
(A-B) = 93X. (C-D) = 93X. Scale bars (A-D) = 10 µm. Data presentation is
mean ± s.e.m,* = P ≤0.05, ** = P≤0.01, *** = P ≤0.001.
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Figure 5.18: Mitochondrial biogenesis upregulation in RACK1 KD cells.
Mitochondrial biogenesis mediator PGC1α and TFAM expression was measured in
RACK1 KD cells and controls. (A.) PGC1α levels were increased in both RACK1
KD HG and LG compared to respective controls. (B). TFAM levels were increased
in both RACK1 KD HG and LG compared to the controls. Expression is reported
for both RACK1 KD and controls as expression relative to β-actin levels in those
samples. Results from 3 independent experiments are shown. Data presentation is
mean ± s.e.m. * = P≤0.05, ** = P ≤0.01, *** = P ≤0.001.

Figure 5.19: Expression of mitochondrial fusion and fission mediators in
RACK1 KD cells. Nuclear expression of (A) OPA1, (B) Drp1 , (C) MFN1,
and (D) MFN2 was measured in RACK1 KD/controls HG/LG. Expression for
both RACK1 and control is reported as expression relative to β-actin levels in the
samples. Results from 3 independent experiments are shown. Data presentation is
mean± s.e.m. * = P ≤0.05, ** = P ≤0.01, *** = P≤0.001.
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Figure 5.20: Expression of mt-DNA-encoded genes in RACK1 KD cells.
mt-DNA genes A) ND1, B) ND6, C) COX I, D) CytB, E) RNR1, and F) RNR2
levels were measured in mitochondria isolated from each of the four conditions.
Results are reported as mt-DNA copies per cell, normalized to total cell counts.
Results from 3 independent experiments are shown. Data presentation is mean±
s.e.m. * = P≤0.05, ** = P≤0.01, *** = P≤0.001.
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Figure 5.21: Bioenergetic profiles of RACK1 KD cells. (A) RACK1
KD/control cells were exposed to mitochondrial toxins Oligomycin (OG), FCCP,
and Rotenone + Antimycin A (R/AA). Dotted lines indicate timing of toxin injec-
tion. X axis = injection numbers over time. Changes in oxygen consumption rate
(OCR) is plotted over course of injection numbers to measure the response of each
cell group. (B-F). Mitochondrial health indicators including (B) basal respiration
values, (C) maximal respiration values, (D) spare respiratory capacity and (E)
mitochondrial ATP production were measured using OCR and are compared be-
tween RACK1 KD HG/LG and controls. Results from 3 independent experiments
are shown and were normalized to cell counts. Results from 3 independent experi-
ments are shown. Data presentation is mean ± s.e.m. * = P ≤0.05, ** = P ≤0.01,
*** = P ≤0.001.
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Figure 5.22: A complete summary of cellular and mitochondrial responses
to RACK1 KD in high and low glucose medium. (A) The RACK1 KD im-
pact upon mitochondrial form and function. A summary of the phenotype con-
sistent between both the RACK1 KD sample in HG and LG medium. (B) A com-
plete summary of cellular and mitochondrial responses to RACK1 KD in high and
low glucose medium.
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