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Abstract

Transcription factors mediated oxidative stress response in bovine follicular cells
and preimplantation embryos
Transcription factors (TFs) are DNA-binding proteins implicated in regulation of gene
activity and subsequently several biological functions under physiological, pathological
and stress conditions. Oxidative stress can be generated naturally or upon exposure to
environmental factors that ultimately affect cattle fertility. However, the role and
regulation of TFs mediated-oxidative stress response in bovine follicular cells and
preimplantation embryos remain elusive. Therefore, this dissertation aims to elucidate the
expression pattern, crosstalk, and extracellularly released-TFs under stress condition. To
address that, three independent experiments were conducted. In the first experiment, the
sub-confluent bovine granulosa cells were treated with H2O to induce oxidative stress.
In the second experiment, NRF2 was selectively knocked down using siRNA. Cells of
both experiments were subjected to cellular phenotypes in addition to expression pattern
analysis of TFs, endoplasmic reticulum, differentiation and apoptosis genes. In the third
experiment, the male and female zygotes were cultured until blastocyst stage under 5%
or 20% oxygen levels. Blastocysts were subjected to reactive oxygen species (ROS) level,
total cell count assays and mRNA quantification for candidate TFs, antioxidants as well
as extracellular vesicles’ (EVs) biogenesis and secretion genes. Thereafter, EVs were
isolated from spent culture media of embryos and subjected to mMRNA quantification of
candidate TFs. Results revealed that oxidative stress increased intercellular ROS levels
and reduced mitochondrial activity accompanied by lipids accumulation and DNA
fragmentation in granulosa cells. Consequently, oxidative stress-induced NRF2 was
coupled with differentially expressed candidate TFs associated with a reduction of cell
proliferation. Intriguingly, inhibition of NRF2 resulted in upregulation of KLF4 and its
target genes, which in turn reduced cellular proliferation. Likewise, high oxygen tension
reduced blastocyst rate, total cell number and increased ROS levels in both male and
female embryos. Contrary to female embryos, the mRNA expression level of NRF2,
KLF4 and SREBF2 was upregulated in male embryos under high oxygen level.
Concomitantly, released EVs packed with higher mRNA levels of NRF2 and NOTCH. In
conclusion, bovine granulosa cells and preimplantation embryos respond to

environmental stressors by differential regulation of TFs.



Zusammenfassung

Transkriptionsfaktoren vermittelte oxidative Stressantwort in Rinderfollikelzellen
und Praimplantationsembryonen

Transkriptionsfaktoren (TFs) sind DNA-bindende Proteine, die an der Regulation der
Genaktivitat und anschlieBend an verschiedenen biologischen Funktionen unter
physiologischen-, pathologischen- und Stressbedingungen beteiligt sind. Oxidativer
Stress kann auf natlrliche Weise oder durch Einwirkung von Umweltfaktoren erzeugt
werden, die letztendlich die Fruchtbarkeit von Rindern beeinflussen. Die Rolle und
Regulation der durch TFs vermittelten oxidativen Stressantwort in Rinderfollikelzellen
und Praimplantationsembryonen ist jedoch nach wie vor unklar. Ziel dieser Dissertation
ist es daher, das Expressionsmuster, das Zusammenwirken und die extrazellular
freigesetzten TFs unter Stressbedingungen aufzuklaren. Um dies zu untersuchen, wurden
drei unabhédngige Experimente durchgefiihrt. Im ersten Experiment wurden die
subkonfluenten Rindergranulosazellen mit H2O. behandelt, um oxidativen Stress zu
induzieren. Im zweiten Versuch wurde NRF2 mittels siRNA selektiv ausgeschaltet.
Zusétzlich zur Expressionsanalyse von TFs-, endoplasmatischem Retikulum-,
Differenzierungs- und Apoptosegenen wurden die zellularen Phé&notypen der Zellen
beider Experimente bestimmt. Im dritten Experiment wurden die mannlichen und
weiblichen Zygoten bis zum Blastozystenstadium unter 5% oder 20% Sauerstoffgehalten
kultiviert. Die Blastozysten wurden auf ihren Gehalt an reaktiven Sauerstoffspezies
(ROS) und die Gesamtzellzahl untersucht und mittels mMRNA-Quantifizierung von TFs-,
Antioxidantien sowie Biogenese- und Sekretionsgene extrazelluldrer Vesikel (EVs) auf
ihre Expression analysiert. Danach wurden EVs aus benutzen Kulturmedien von
Embryonen isoliert und einer mRNA-Quantifizierung mit TF Kandidatengenen
unterzogen. Die Ergebnisse zeigten, dass oxidativer Stress den interzelluldaren ROS-
Spiegel erhdhte und die mitochondriale Aktivitdt verringerte, begleitet von
Lipidakkumulation und DNA-Fragmentierung in Granulosazellen. Folglich wurde durch
oxidativen Stress induziertes NRF2 mit differentiell exprimierten TF Kandidatengenen
gekoppelt, die mit einer Verringerung der Zellproliferation verbunden waren.
Interessanterweise fuhrte die Hemmung von NRF2 zu einer Hochregulation von KLF4
und seinen Zielgenen, was wiederum die Zellproliferation verringerte. Ebenso verringerte
eine hohe Sauerstoffkonzentration die Blastozystenrate und die Gesamtzellzahl und
erhohte die ROS-Werte sowohl bei ménnlichen als auch bei weiblichen Embryonen. Im
Gegensatz zu weiblichen Embryonen war das mRNA-Expressionsniveau von NRF2,
KLF4 und SREBF2 in mannlichen Embryonen unter hohem Sauerstoffgehalt
hochreguliert. Gleichzeitig enthielten die freigesetzten EVs einen hoheren mRNA-
Spiegel von NRF2 und NOTCH. Zusammenfassend ldsst sich sagen, dass
Rindergranulosazellen und Préimplantationsembryonen auf Umweltstressoren durch
unterschiedliche Regulation von TFs reagieren.



Table of contents V

Table of contents

Contents Page
Abstract I
Zusammenfassung v
Table of contents \/
List of abbreviations X
List of figures XVI
List of tables XXIV
Chapter 1 General overview 1
1.1 Introduction 2
1.1.1 Oxidative stress 3
1.1.2 Association between oxidative stress and other
stressors 5
1.1.3 Cellular defense mechanisms against oxidative stress 7
1.1.31 NRF2 signaling pathway 7
1.1.3.2 Mitogen-activated protein Kinase pathway 8
1.1.3.3 P13-Kinase/AKT pathway 10
1.1.34 Heat Shock Proteins (HSPs) 12
1.1.35 p53 signaling pathway 12
1.1.4 Transcription factors associated with oxidative stress 13
1.15 Ovarian functions and oxidative stress 15
1.1.6 Factors that affect stress susceptibility in
preimplantation embryos 18
1.1.7 Extracellular vesicles function and composition 19
1.1.8 EVs biogenesis and uptake 26
1.1.9 Role of EVs in reproduction 28
1.2 Hypothesis and objectives 31
1.3 Material and methods 32
1.3.1 Bovine granulosa cells culture and H2O; treatment 32
1.3.2 Small interferance RNA transfection 32
1.3.3 Cell proliferation assay 32
1.34 Mitochondrial activity assay 33

1.35 Lipid accumulation assay 33



Vi Table of contents
1.3.6 DNA fragmentation 33
1.3.7 In vitro embryo production 33
1.3.8 Intracellular reactive oxygen species (ROS) detection 34
1.3.9 Total cell count of blastocysts 34
1.3.10 RNA isolation and quantitative Real-Time PCR 34
1.3.11 Immunoblotting 35
1.3.12 Protein detection and localization 35
1.3.13 EVs isolation and characterization 36
1.3.14 Statistical analysis 36
1.4 Results 37
1.4.1 H202-induced oxidative stress altered stress-related

phenotypes and induced endoplasmic reticulum stress

in bovine granulosa cells 37
1.4.2 H>O> challenge altered the mRNA and protein

expression patterns of candidate transcription factors in

bovine granulosa cells 37
1.4.3 Disruption in cell apoptosis and differentiation in

response to oxidative stress 37
144 Alteration of candidate TFs upon NRF2 knockdown in

bovine granulosa cells 38
1.45 Oxidative stress reduced blastocyst rate and induced

intracellular ROS accumulation of male and female

bovine embryos 38
1.4.6 High oxygen level-induced oxidative stress altered the

MRNA and protein expression levels of TFs in male

and female embryos 38
1.4.7 Oxidative stress altered the released EVs and their

MRNA contents in male embryos 39
1.5 References 40
Chapter 2 The role and regulation of transcription factors

under oxidative stress conditions in bovine

granulosa cells 60
2.1 Abstract 62



Table of contents VIl
2.2 Introduction 63
2.3 Material and methods 64
2.3.1 Experimental setup 64
2.3.2 Culture of bovine granulosa cells 65
2.3.3 Small interference RNA transfection 65
2.3.4 Cell proliferation assay 65
2.35 Intracellular ROS detection 66
2.3.6 Mitochondrial activity assay 66
2.3.7 Lipid accumulation assay 66
2.3.8 DNA fragmentation 67
2.3.9 RNA isolation and cDNA synthesis 68
2.3.10 Real-Time Quantitative PCR 68
2.3.11 Immunoblotting 69
2.3.12 Immunocytochemistry 69
2.3.13 Statistical analysis 70
24 Results 70
2.4.1 Oxidative stress impaired granulosa cell functions 70
2.4.2 H>O2-induced  oxidative stress coupled  with

endoplasmic reticulum stress 70
2.4.3 H20.-induced oxidative stress altered the expression

pattern of candidate TFs 71
2.4.4 Oxidative stress influenced the protein level of NRF2

and KLF4 71
2.4.5 Aberrations of KLF4 downstream genes under

oxidative stress condition 71
2.4.6 Oxidative stress induced lipid accumulation 71
2.4.7 Oxidative stress induced granulosa cells differentiation

marker genes 72
2.4.8 Oxidative stress induced the expression of the pro-

apoptotic gene and subsequently impaired granulosa

cells proliferation 72
2.4.9 Selective knockdown of NRF2 altered the expression

pattern of stress-related candidate TFs 72



VIl Table of contents

2.4.10 NRF2 knockdown altered the KLF4 downstream genes

and reduced cell proliferation 73
2.4.11 NRF2 knockdown altered the expression pattern of

genes associated with differentiation and lipid

accumulation 73
2.5 Discussion 73
2.6 References 79
Chapter 3 Transcriptional sexual dimorphism in response to

oxidative stress 100
3.1 Abstract 102
3.2 Introduction 103
3.3 Materials and methods 105
3.3.1 Oocyte collection and maturation 105
3.3.2 In vitro embryo production 105
3.3.3 Intercellular ROS detection 106
3.34 Total cell count 106
3.35 RNA extraction and cDNA synthesis 107
3.3.6 Quantitative Real-Time PCR 108
3.3.7 Immunohistochemistry 108
3.3.8 EVs isolation and characterization 109
3.3.9 Electron microscopy 110
3.3.10 Statistical analysis 110
3.4 Results 110
34.1 Effect of oxidative stress on cleavage and blastocyst

rate of male and female embryos 110
3.4.2 Higher  atmospheric  oxygen induced ROS

accumulation in both male and female embryos 111
3.4.3 Oxidative stress resulted in reduced total cell number 111
3.4.4 Oxygen level altered the expression of TFs in male and

female embryos 111
345 Oxidative stress induced expression of NRF2 and

KLF4 proteins 112



Table of contents IX

3.4.6 Dysregulation of antioxidant and differentiation genes

after induced oxidative stress 112
3.4.7 Characterization of EVs derived from male and female

embryos spent media 113
3.4.8 Expression of EV biogenesis and secretion related-

genes under oxidative stress condition 113
3.4.9 EV-coupled transcript releases due to oxidative stress 114
3.5 Discussion 114
3.6 Acknowledgment 119
3.7 References 120
3.8 Supplementary data 138
Chapter 4 General discussion 141
4.1 Discussion 142
4.2 Conclusion and future perspective 154
4.3 References 155
5. Acknowledgments 170
6. Research publications 174




X

List of abbreviations

List of abbreviations

‘OH
18S
Abs
ACTB
AKT
AllX
ANOVA
AP-1
ARE
ART
ASH
ASK1
ATF2
Bachl
BAX
BCL2L1
bGCs
BSA
BSA-ITS
Btk
CASP3
CAT
CCNB1
CCND1
CCND2
CD63
CDKN1A
cDNA
c-FOS
c-Jun
CL
CO2

Hydroxyl radical

18S ribosomal RNA

Apoptotic bodies

Actin beta

AKT serine/threonine kinase

ALG-2 interacting protein X

Analysis of variance

Activator protein-1

Antioxidant response element

Assisted reproductive technologies
Alcoholic steatohepatitis

Apoptosis signal-regulating kinase 1
Activating transcription factor 2

BTB domain and CNC homolog 1
BCL2 associated X, apoptosis regulator
BCL2 like 1

Bovine granulosa cells
Bovine serum albumin

BSA and a mixture of insulin, transferrin and selenium
Bruton’s tyrosine kinase

Caspase 3, apoptosis-related cysteine peptidase
Catalase

Cyclin B1

Cyclin D1

Cyclin D2

CD63 molecule

Cyclin dependent kinase inhibitor 1A
Complementary DANN

Fos proto-oncogene, AP-1 transcription factor subunit
AP-1 transcription factor subunit
Corpus luteum

Carbon dioxide



List of abbreviations

Xl

COCs
CREB
Ct
CYCS
CYP11A1
CYP19A1
DAPI
DMEM/F-12
DNA
dNTPs
DTT

E2

E2F1
E2F4
EGF
EGFR
Elkl

ER
ERK
ESCRT
EVs
EXOs
FBS
FCS
FOSB
FOXO1
FOX02
FSH
G6PD
GAPDH
GATA4
GnRH
GPBS

Cumulus oocyte complexes

CAMP responsive element binding protein

Threshold cycle

Cytochrome ¢

Cytochrome P450, family 11, subfamily A, polypeptide 1
Cytochrome P450, family 19, subfamily A, polypeptide 1
4’,6-Diamidin-2’-phenylindoldihydrochlorid
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
Deoxyribonucleic acid

Deoxyribonucleoside triphosphate

Dithiothreitol

Estradiol

E2F transcription factor 1

E2F transcription factor 4

Epidermal growth factor

Epidermal growth factor receptor

ETS transcription factor ELK1

Endoplasmic reticulum

Extracellular signal-regulated kinases

Endosomal Sorting Complex Required for Transport
Extracellular vesicles

Exosomes

Fetal bovine serum

Fetal calf serum

FosB proto-oncogene, AP-1 transcription factor subunit
Forkhead box protein O1

Forkhead box protein O2

Follicle-stimulating hormone

Glucose-6-phosphate dehydrogenase

Glyceraldehyde 3-phosphate dehydrogenase

GATA binding protein 4

Gonadotropin-releasing hormone

Glycine in PBS



Xl

List of abbreviations

GPX
Grp78
Grp94
GSR
H2DCFDA
hCG
HeLa
HEPES
HIF1
HMOX1
HOy
HRS
HSC70
HSF1
HSP72
HSPAS
IGF-1
INHBa
INSIG1
IRF7
IVF
IVP
JNK
KDa
KEAP1
KLF13
KLF2
KLF4
KLF6
KLF9
LH
Mam
MAPK

Glutathione peroxidase

Glucose-regulated protein 78
Glucose-regulated protein 94

Glutathione reductase

6-carboxy- 2’,7’-dichlorodihydrofluorescein diacetate
Human chorionic gonadotropin

Henrietta Lacks
Hydroxyethyl-piperazineethane-sulfonic acid buffer
Hypoxia-inducible factor 1

Heme oxygenase 1

Hydroperoxyl

Hepatocyte growth factor-regulated tyrosine kinase substrate
Heat shock protein family A (Hsp70) member 8
Heat shock transcription factor 1

Heat shock protein 72

Heat shock protein A8

Insulin-like growth factor-I

Inhibin subunit beta A

Insulin-induced gene 1

Interferon regulatory factor 7

In vitro fertilization

In vitro production

c-Jun NH2-terminal kinase

Kilo Dalton

Kelch-like ECH associated protein 1
Krippel-like factor 13

Kruppel-like factor 2

Kruppel-like family 4

Krippel-like family 6

Krippel-like family 9

Luteinizing hormone

Mastermind

Mitogen-activated protein Kinase



List of abbreviations

X111

MAPKK
mdm?2
miRNA
MKPs
MVBs
MVs
NaCHO3
NaCl
NANOG
NF«B
NICD
NOTCH1

NOTCH1-IC

NRF2
NTA

02"~

OCs

OD

OS

p38

p53
PAGE
PBS
PBS-CMF
PCNA
PCOS
PCR
PDCD6IP
PDK1
PI3K
PLB
POU5SF1
PRDX1

MAPK kinase

Mouse double minute 2

Micro RNAs

MAP kinase phosphatase
Multivesicular bodies

Microvesicles

Sodium bicarbonate

Sodium chloride

Nanog homeobox

Nuclear factor-kappa B

NOTCH intracellular domain

Notch receptor 1

NOTCHT1 intracellular domain
Nuclear factor, erythroid 2 like 2 (NFE2L2)
Nanoparticle tracking analysis
Superoxide anion

Oestrus cow serum

Optical density

Oxidative stress

Mitogen-activated protein kinase 14
Tumor protein p53

Polyacrylamide gel electrophoresis
Phosphate-buffered saline
Ca2"/Mg?* free 1x phosphate buffer saline
Proliferating cell nuclear antigen
Polycystic ovary syndrome
Polymerase chain reaction
Programmed cell death 6 interacting protein
Phosphoinositide-dependent kinase 1
Phosphatidylinositol 3-kinase
Passive lysis buffer

POU class 5 homeobox 1

Peroxiredoxin 1



X1V List of abbreviations

PTEN Phosphatase and tensin homolog

PVA Polyvinyl acetate

gRT-PCR Quantitative real-time polymerase chain reaction
RAB11FIP1 RAB11 family interacting protein 2
RAB27A RAB27A, member RAS oncogene family
RAB35 RAB35, member RAS oncogene family
RB Retinoblastoma protein

RNA Ribonucleic acid

RO’ Alkoxyl

ROO’ Peroxyl

ROS Reactive oxygen species

RTK Receptor tyrosine kinases

SAPK Stress-activated protein kinase

SDS Sodium dodecyl sulfate

SEK1 Mitogen-activated protein kinase kinase 4
SEM Standard error of the mean

SiRNA Small interference RNA

SOD1 Superoxide dismutase 1

SOF Synthetic oviductal fluid

SOX2 SRY-box 2

SP1 Sp1 transcription factor

SRE Sterol regulatory element

SREBF1 Sterol regulatory element-binding transcription factor 1
SREBF2 Sterol regulatory element-binding transcription factor 2
STAR Steroidogenic acute regulatory protein
Syk Spleen tyrosine kinase

TBST Tris-buffer saline with Tween 20

TCM Tissue culture medium

TEM Transmission electron microscopy

TFs Transcription factors

TGFp Transforming growth factor-beta

TNFa Tumor necrosis factor-alpha

TSAP6 STEAP3 metalloreductase



List of abbreviations

XV

TXN1
VDAC1
VPS4B
WNT
XClI

Thioredoxin

voltage-dependent anion channel 1
Vacuolar protein sorting 4 homolog B
Wingless signaling pathway

X-chromosome inactivation




XVI List of Figures

List of Figures

Number Title Page

Chapter 1

Figure 1.1 Various cellular compartments that are involved in reactive
oxygen species production (Di Meo et al. 2016) 4

Figure 1.2 Different sources of stressors and their effect on mammalian

health and productivity, this figure is adopted from Chen et al
(2015) 6
Figure 1.3 Schematic diagram of the intrinsic relationships among the
various components of the metabolic stress triad. ROS:
Reactive oxygen species; NF«B: nuclear factor kappa-B;
NEFA: non-esterified fatty acid; OS: Oxidative Stress; BHB:
beta-hydroxybutyrate; TNFa: Tumor necrosis factor-alpha;
DMI: Dry matter intake. This figure is adopted from Abuelo
et al (2019) 6
Figure 1.4 Schematic model of the NRF2-KEAP1 signaling pathway
under basal and stress conditions. NRF2 indicates nuclear
factor (erythroid-derived 2)-like 2, KEAPL indicates Kelch-
like-ECH-associated protein 1, ETGE and DLG are KEAP1
motifs, ub is ubiquitination that occurs to NRF2 during the
degradation process, sMaf is small Maf proteins that bind to
NRF2 in order to activation antioxidant response element
(ARE). This figure is adopted from Namani et al (2014) 8
Figure 1.5 schematic representation of Mitogen-activated protein kinase
(MAPK) signaling pathways. (A) This pathway is initiated via
extracellular or intracellular stimuli, which in turn leads to
activation of MAP kinase kinase kinase (MAP3Ks)-mediated
phosphorylation and activation of MAP2Ks and
subsequentially activation of MAPKs followed by
phosphorylating  various substrate proteins including
transcription factors, resulting in regulation of a variety of
cellular activities including cell proliferation, differentiation,

migration, inflammatory responses, and death. Activation by 10



List of Figures

XVII

Figure 1.6

Figure 1.7

MAPK signaling cascades is accomplished either through a
series of binary interactions among the kinase components or
through scaffold protein-mediated formation of a multiple
kinase complex. (B) Scaffold proteins facilitate activation of
MAPK signaling pathways, whereby RTK, receptor tyrosine
kinase; ERK, extracellular signal regulated kinase; JNK, c-Jun
NH2-terminal kinase; ASK1, apoptosis signal-regulating
kinase 1; MLK, mixed-lineage kinase; JIP, JNK-interacting
proteins; KSR, Kinase suppressor of Ras-1; MP1, MEK
partner 1 (Kim and Choi, 2010)

Diagram illustrating the resistance/sensitivity of the ovarian
follicles and their enclosed oocytes to heat stress in a stage-
dependent manner. The primordial, primary, and secondary
follicles are heat resistant, whereas the developing antral
follicles, including the dominant and preovulatory follicles,
are sensitive to heat exposure with a prominent effect on the
germinal vesicle-stage oocyte (developing stage) and
metaphase Il (MII)-stage oocyte (ovulation). Adopted from
Roth (2017)

Pre- and peri-implantation embryo adaptations to
environmental stress. Critical events taking place during this
developmental window (pluripotency emergence, epigenetic
reprogramming, lineage allocation and X chromosome
inactivation) render the embryo especially sensitive to
environmental stress. Such embryos and the resulting foetus
respond to stressors by sex-specific mortality or by adaptive
responses in order to optimize their developmental program
and offspring survival. The female placenta (in pink), due to
its higher adaptability, buffers more efficiently the impact of
endogenous and exogenous stressors on the foetus and it is
less compromised than male foetus (in blue) under similar
stress conditions. DOHaD indicates Developmental Origins of

Health and Disease (Pérez-Cerezales et al. 2018)

17



XVIII List of Figures

Figure 1.8 Main types of extracellular vesicles (EVs) present in body
fluids and culture media, whereby ILVs, intraluminal vesicles;
MVBs, multivesicular bodies; EE, early endosome; EXV,
exocytic vesicle; LE, late endosome; EXO, exosomes (Simon
et al. 2018) 21

Figure 1.9 Structure and content of exosomes. The lipid bilayer
membrane structures of exosomes contain transmembrane
proteins and receptors, such as the PGRL, LAMP1/2, CD13,
membrane trafficking proteins as annexins and RABs
proteins, adhesion molecules as ICAM-1, Lactadhesion and
integrins, the lipid raft-associated protein as Flotillins, LBPA,
cholesterol, stomatin and tetraspanins, most characteristically
CD63 and CD81. Within the exosomal lumen several proteins
can be found: cytoskeleton proteins (Vimentin, Cofilin,
Tublin, Talin, Actin), heat shock proteins (HSPs), metabolic
enzymes (GAPDH, ATPase, pgkl) and protein involving in
multivesicular bodies (MVB) formation (AlIX, TSG101,
Clathrin). Adopted from Jia et al. (2017) 23

Figure 1.10 Schematic diagram of mechanisms involved in EVs uptake by
target cells. EVs have been found to be internalized by target
cells through (1) phagocytosis (2) clathrin-mediated
endocytosis (3) caveolin-mediated endocytosis (4) lipid rafts
(5) fusion with the plasma membrane (6) macropinocytosis (7)
membrane ruffles-mediated macropinocytosis (8) fusion with

the endosomal limiting membrane following endocytosis

(Simon et al. 2018) 27
Chapter 2
Figure 2.1 Morphology of granulosa cells (10x) in untreated and treated

with H202-induced oxidative stress groups 88
Figure 2.2 Intracellular reactive oxygen species accumulation (a) and

mitochondrial activity (b) of bovine granulosa cells under
oxidative stress conditions: Green color indicates the

fluorescence of the 2',7'-dichlorodihydrofluorescein diacetate 89



List of Figures

XIX

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

(H2DCFDA). The red color indicates mitochondrial activity
and the blue color indicates the nuclear staining using 40,6-
diamidino-2-phenylindole (DAPI). The fluorescence intensity
was measured by ImageJ software. Data are shown as means
+ SEM of three independent replicates (**p<0.01,
**%p<0.001)

Gel electrophoresis of fragmented DNA in bovine follicular
granulosa cells exposed to H202-induced oxidative stress. M
indicates a DNA ladder 1kb, C indicates the control group and
H20- shows the cells treated with 5 uM H2O> for 40 min and
Pos stands for bovine DNA as a positive control

The relative mRNA expression profile of endoplasmic
reticulum stress marker genes (a) and protein level of Grp78
(b) in bovine granulosa cells exposed to oxidative stress. Data
are represented as means + SEM from triplicates (* p<0.05,
**p<0.01)

Relative abundance of the transcription factors in bovine
granulosa cells exposed to oxidative stress. The expression
pattern of NRF2 mRNA (a) and its protein (b) in response to
oxidative stress, whereby red color indicates the NRF2 protein
and the blue color indicates the nuclear staining using 40,6-
diamidino-2-phenylindole (DAPI); the effect of oxidative
stress on candidate transcription factors, which showed up (c)
and downregulation (d). The transcript expression data were
normalized to internal ACTB and GAPDH as well as
relatively compared to the control group. Data are represented
as means * SEM of triplicates (* p<0.05, **p<0.01,
**%»<0.001). The ImageJ software was utilized to calculate
the fluorescence intensity of NRF2 protein

Impact of oxidative stress on the protein level of KLF4 (a) and
its target genes (b). The red color in immunocytochemistry
indicates KLF4 protein and the blue color indicates the

nuclear staining using 40,6-diamidino-2-phenylindole

90

91

92

93



XX

List of Figures

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

(DAPI). The mRNA data were normalized to ACTB and
GAPDH as well as relatively compared to the control group.
Data represent means £ SEM from triplicates (**p<0.01,
***p<(.001). The Western blot protein analysis of KLF4 was
compared to the internal expression of ACTB. The ImageJ
software was utilized to calculate the fluorescence intensity of
KLF4 protein

The effect of oxidative stress on mRNA expression of
AMPKal and AMPKaz2 (a), the protein level of AMPKal/2
(b) and lipid accumulation (c) in bovine granulosa cells. Data
represent means £ SEM of triplicates (*p<0.05)

The mRNA expression pattern of differentiation-related genes
(a) and StAR protein (b) in bovine granulosa cells exposed to
H20.-induced oxidative stress. Data are represented as means
+ SEM of triplicates (**p<0.01, ***p<0.001)

Expression pattern of anti-apoptotic, pro-apoptotic (a),
proliferation marker (b) genes, cell viability (c) and PCNA
protein level (d) in bovine granulosa cells treated with H20-
or untreated control. The geometric mean of ACTB and
GAPDH was used for mRNA normalization and the data were
relatively compared to the control group. Data are represented
as means * SEM of triplicates (* p<0.05, **p<0.01,
**%p<0.001). The level of ACTB protein was used as an
internal control in protein analysis

Selective Knockdown of NRF2 in cultured bovine granulosa
cells altered the expression of candidate transcription factors;
the efficiency of utilizing small interference (SIRNA) on the
MRNA (a) and protein (b) levels of NRF2; the impact of
siRNA-mediated NRF2 Knockdown on the expression pattern
of candidate transcription factors (c). The mRNA data were
normalized to internal control of ACTB and GAPDH as well
as the data were relatively compared to the negative control

group (siRNA-ve). Data are represented as means + SEM of

94

95

96

97



List of Figures

XXI

Figure 2.11

Figure 2.12

Chapter 3
Figure 3.1

Figure 3.2

Figure 3.3

triplicates (* p<0.05, **p<0.01, ***p<0.001). The ImageJ
software was used to measure the fluorescence intensity of
NRF2 protein

The effect of transfection with small interference RNA
targeting NRF2 (siRNA-NRF2) on the protein level of KLF4
(a) and its target genes (b) as well as cell proliferation rate (c).
Red color indicates the KLF4 protein and the blue color
indicates the nuclear staining using 40,6-diamidino-2-
phenylindole (DAPI). Data are represented as means + SEM
of triplicates (* p<0.05, **p<0.01). The ImageJ software was
used to measure the fluorescence intensity of KLF4 protein
The effect of sSIRNA-mediated NRF2 knockdown (a) and lipid
accumulation (b). The red color indicates the oil red O stain.
The expression level of ACTB and GAPDH was used to
normalize mRNA transcript and the data were relatively
compared to the negative control group (SiRNA-ve). Data
represented as means + SEM of triplicates (* p<0.05,
**p<0.01)

The cleavage (A) and blastocyst rates at day 7 (B) and day 8
(C) of male and female preimplantation embryos cultured
under 5% (white bar) or 20% (black bar) oxygen levels. Data
are represented as means + SEM of four independent
biological replicates

Intracellular ROS accumulation (A) and fluorescence
intensity of ROS signal (B) of male and female
preimplantation embryos derived from 5% (white bar) and
20% (black bar) oxygen levels. 50 um indicates the scale bar,
values of fluorescence intensity are represented as means +
SEM (*p=<0.05, **p<0.01, ***p<0.001)

Total cell number of male and female blastocysts derived from
5% (white bar) and 20% (black bar). Data are represented as
means + SEM (**p<0.01, ***p<0.001)

98

99

128

129

130



XXII List of Figures

Figure 3.4 The mRNA expression pattern of transcription factors (NRF2,
KLF4, NOTCH1, E2F1 and SREBF2) in male and female
blastocysts cultured in 5% or 20% oxygen level. Expression
was compared between 5% (white bar) and 20% oxygen level
within and between sexes. Data are represented as means *
SEM (*p=<0.05, **p<0.01, ***p<0.001). The arbitrary units
were multiplied by 100 131
Figure 3.5 Detection and immunolocalization of NRF2 protein in male
and female blastocyst-stage embryos derived from 5% or 20%
oxygen levels. Red color reveals the localization of the NRF2
protein, while the blue color is nuclear staining (DAPI). 50 um
indicates the scale bar. The bars represent the means + SEM
(¥*p=<0.05, **p<0.01, ***p<0.001) of fluorescence signals as
quantified by ImageJ software 132
Figure 3.6 Detection and immunolocalization of KLF4 protein in male
and female blastocyst-stage embryos derived from 5% or 20%
oxygen levels. Red color reveals the localization of the KLF4
protein, while the blue color is nuclear staining (DAPI). 50 um
indicates the scale bar. The bars represent the means + SEM
of fluorescence intensity of the protein as quantified by
ImageJ software 133
Figure 3.7 The mRNA expression pattern of genes related to the
antioxidant system (CAT and SOD1) and differentiation
(POU5SF1 and GATA4) in male and female blastocysts
cultured under 5% or 20% oxygen levels. Expression was
compared between 5% (white bar) and 20% oxygen level
under the same sex and between sexes. Data are represented
as means + SEM (*p<0.05, **p<0.01, ***p<0.001). The
arbitrary units were multiplied by 100 134
Figure 3.8 Characterization of extracellular vesicles (EVSs) derived from
in vitro spent media of male and female embryos cultured
under 5% or 20% oxygen levels. The purity and identity of

isolated EVs were evaluated using Western blot (A), electron 135



List of Figures

XX

Figure 3.9

Figure 3.10

Supplementary
Figure 3.1

microscopy (B), and nanoparticles tracking analysis (C). The
letters M and F indicate male and female, respectively. The
white bars indicate 5% oxygen level and the black bars
indicate 20% oxygen level

The mRNA expression pattern of extracellular vesicles
biogenesis (ALIX, VPS4B and TSAP6) and secretion
(RAB11FIP1, RAB35 and RAB27A) genes in male and
female blastocysts cultured under 5% or 20% oxygen levels.
Expression was compared between 5% (white bar) and 20%
oxygen levels under the same sex and between sexes. Data are
represented as means * SEM (*p<0.05, **p<0.01,
***p<0.001). The arbitrary units were multiplied by 100

The mRNA expression pattern of extracellular vesicles-
coupled transcription factors (NRF2, KLF4, NOTCH1 and
E2F1) and antioxidant genes (CAT and SOD1) released into
culture media of male and female embryos cultured under 5%
or 20% oxygen levels. Expression was compared between 5%
(white bar) and 20% (black bar) oxygen levels within and
between sexes. The mRNA level was measured by gRT-PCR
and normalized by the geometric means of three housekeeping
genes (ACTB, GAPDH and 18S). Data are represented as
means + SEM (*p<0.05, ***p<0.001). The arbitrary units
were multiplied by 100

Validation of the sex of embryos produced by sex-sorted
semen using multiplex PCR primers (BSP and BY). M: males,
F: female, R: number of replicates, Pos.: positive controls and

Neg.: negative controls

136

137

138




XXIV

List of Tables

List of Tables

Number Caption Page
Chapter 1
Table 1.1 The role of oxidative stress in the female reproductive

process 17
Table 1.2 Classification of the methods of isolation of EVs based on

their principles 24
Chapter 2
Table 2.1 The primers list used in quantitative real-time PCR 86
Chapter 3
Table 3.1 The list of primers sequence used for quantitative real-time

PCR 127
Supplementary ~ Concentration of RNA isolated from male and female
Table 3.1 embryos generated under 5% or 20% oxygen level culture 139
Supplementary ~ Concentration of RNA isolated from extracellular vesicles
Table 3.2 of male and female embryos cultured under 5% or 20% 140




Chapter 1-General overview

Chapter 1: General overview



2 Chapter 1-General overview

1.1 Introduction

Fertility is a multi-factorial and complex trait, therefore, is still not defined well (Walsh
et al. 2011). Genetics, management and environment are main factors affecting animal
fertility (Kumar et al. 2016; Mathevon et al. 1998; Walsh et al. 2011). In this regard,
different types of stressors such as heat stress (Roth 2017) are known to affect animal
fertility by disturbing the balance between reactive oxygen species (ROS) and
antioxidants. The status in which ROS accumulation exceeds the scavenging ability of
antioxidants is termed as oxidative stress. Even though ROS are important in various
reproductive functions, it is believed that over-accumulation of ROS has unfavorable
effects on folliculogenesis, oocyte maturation and fertilization as well as embryo
development (Agarwal et al. 2012; Nishihara et al. 2018). Moreover, the oxidative stress
phenomenon could also arise even under controlled systems including in vitro embryo
production, via culture media, visible light, and oxygen level (Cagnone and Sirard 2016),
which leads to decline in quantity as well as quality of in vitro produced embryos
compared to their in vivo counterparts (Farin and Farin 1995; Gad et al. 2012; Pontes et
al. 2009; Salilew-Wondim et al. 2015).

Cells respond to stress by modulating the expression of several transcription factors (TFs),
which are involved in several biological functions, in order to deal with stress factors
(Gad et al. 2012; Leite et al. 2017; Vanselow et al. 2016; Weng et al. 2016). Among those
TFs, nuclear factor (erythroid-derived 2)-like 2 (NEF2L2 or NRF2) is essential for
activating the battery of antioxidant genes associated with the survival of in vitro
produced embryos (Amin et al. 2014). Embryos of different sex are known to differ in
their transcriptome (Bermejo-Alvarez et al. 2010), epigenome (Bermejo-Alvarez et al.
2008), and metabolome (Gomez et al. 2018). Based on this, we postulate that there may
be sexual dimorphic response of embryos to environmental stressors.

The cellular response to stress could be mediated by extracellular vesicles (EVs), which
contribute in cell-cell communication (Mathivanan et al. 2010) and elimination of
undesirable components from the cell (Takahashi et al. 2017). Despite the small size of
released EVs, they carry biological molecules including; DNA, coding and non-coding
RNAs, lipids and proteins (Hessvik and Llorente 2018). The transfer of these molecules
could alter the biological functions of the recipient cells (Bewicke-Copley et al. 2017;
Saeed-Zidane et al. 2017). Interestingly, the component and concentration of EVs cargo

could be differed according to the physiological status of the donor cell (Hung et al. 2017,
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Navakanitworakul et al. 2016). Accordingly, several investigations were established to
address their role in different biological fluids including those related to reproduction.
Therefore, a synopsis of the main points mentioned above is discussed in the following

points.

1.1.1 Oxidative stress

ROS serve as a double-edged sword in physiological functions, where they are involved
as a second messenger in biological pathways (Di Meo et al. 2016; Lu et al. 2018). ROS
are produced from different cellular compartments including the plasma membrane,
mitochondria, endoplasmic reticulum, peroxisome (Figure 1.1) as byproducts during
normal aerobic metabolism processes. In mitochondria, the formation of ROS depends
on electron transfer in order to trigger the production of ATPs. As roughly estimated, 2%
of consumed oxygen in the cells is converted to ROS during the metabolism process in
the mitochondria (Fujii et al. 2005). The most biologically active ROS include hydroxyl
radical ("OH), peroxyl (ROO"), hydroperoxyl (HO2"), alkoxyl (RO"), and superoxide anion
(O27). However, the hydrogen peroxide (H202), which can be produced through the
reaction of O>" with itself and is relatively stable, is not classified as a free radical, but it
has the ability to penetrate biological membranes and subsequently breaks down into *OH
(Lu et al. 2018). Those reactive species are characterized with instability and highly
reactivity till acquiring electrons from the nearby bioactive molecules such as lipids,
proteins, carbohydrates, nucleic acids or other molecules, resulting in cellular components
damage (Askoxylaki et al. 2013; Lu et al. 2018).

Under normal conditions, there are two types of antioxidants that keep the level of ROS
under threshold including enzymatic and non-enzymatic antioxidants. Enzymatic
antioxidants comprise superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPX), and glutathione reductase (GSR). On the other hand, non-enzymatic
antioxidants include vitamin E, vitamin C, B-carotene, zinc, glutathione, selenium, and
taurine (Diamanti-Kandarakis et al. 2017). Initially, SOD stimulates dismutation of O™,
which is deemed the most detrimental intracellular ROS type and the precursor for other
types, to produce oxygen and H>O> (Wang et al. 2017). Subsequently, the latter is
removed from the cell by CAT or GPX (Lu et al. 2018; Wang et al. 2017). The GPX is
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found to be localized in cytoplasm and mitochondria, whereas CAT is only abundant in

peroxisomes (Wang et al. 2017).
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Figure 1.1. Various cellular compartments that are involved in reactive oxygen species
production (Di Meo et al. 2016)

However, the disturbance of the balance between ROS production and their scavenger via
antioxidants leads to oxidative stress phenomena (Agarwal et al. 2006). This imbalance
could arise from endogenous sources such as failure in mitochondrial or endoplasmic
reticulum function, which trigger intracellular ROS production dysfunction (Di Meo et
al. 2016). Furthermore, it could be exogenously generated from exposure to, for instance,
heat stress (Alemu et al. 2018; Cong et al. 2017), heavy metals (Wang et al. 2011) or
radiation (Chen et al. 2019). Indeed, the effect of excessive levels of intracellular ROS
ranges from stimulation (Shkolnik et al. 2011; Vandaele et al. 2010) to harmful (Yang et
al. 2017) for biological functions, which indicates that their effects are level-dependent.
Most of previous results were focused on the deleterious effect of ROS and showed that
the overproduction of ROS is harmful to biological functions, which are represented in,
for example, interaction with biomolecules and subsequently damage nucleic acids (DNA
and RNA), proteins and lipids (Martindale and Holbrook 2002; Willi et al. 2018).
Consequently, the oxidative stress could induce cell cycle arrest, alteration in
chromosomal alignment, compromise the mitochondrial activity and integrity as well as
cell membrane (Kadenbach et al. 2004; Kala et al. 2017; Saeed-Zidane et al. 2017; Sohel
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et al. 2019; Zhang et al. 2016), which could eventually lead to increase apoptosis (Sohel
et al. 2019; Yang et al. 2017; Zhang et al. 2016). In addition to this, the induction of
oxidative stress could disturb the protein biosynthesis through induction of endoplasmic
reticulum stress (Gao et al. 2012). This combination of two types of stress may be more
harmful to the physiological functions and increase the sensitivity to other stressors.
Therefore, cells are well equipped by several defense mechanisms in order to cope with
the stress and acquire the adaptive response, which are the focus of the review below.

1.1.2 Association between oxidative stress and other stressors

Adaptation of living organism to either internal or external stimuli is necessary for
maintaining different physiological functions (Scandalios 2005). The exposure of animals
to variety of changes including climate, transportation, feeding, husbandry, and
prophylactic therapy may result in multifactorial stress (Figure 1.2) (Chen et al. 2015).
These stressors may negatively affect animal health and productivity (Rahal et al. 2014).
In a dairy herd, sickness could occur at any time. However, the animals are most
susceptible to diseases during either periparturient or neonatal periods (Sordillo and
Aitken 2009). During the last decade, many research works revealed that mature
(especially around calving time) and/or immature (represented the first few weeks of
neonatal) animals experience oxidative stress (Abuelo et al. 2014). At the time of
oxidative stress, the immune status of the animal is very weak, leading to increasing the
chance of disease susceptibility (Figure 1.3) (Abuelo et al. 2019). Dairy cows could be
susceptible to metabolic stress when they fail to adapt to high nutrition requirement that
are necessary for lactogenesis as well as fetal growth, and parturition (Baumgard et al.
2017). In ruminants, the influence of oxidative stress in animal health during the dry
period is very critical to animal productivity as well as reproduction (Abuelo et al. 2019).
Li and his colleagues reported that the exposure of cells to intense heat stress resulted in
releasing of ROS and subsequently activate the apoptotic pathway in mitochondria (Li et
al. 2017).
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As previously discussed, the ROS synthesis can be induced as a result of different
environmental stress conditions such as; exposure to high temperature, different toxins,
UV, heavy metals pollution, herbicides, and xenobiotics. Ample evidence revealed that
many oxidative stress inducers are harmful, and lead to mutations as well as cancers
(Abuelo et al. 2019; Godet et al. 2019). The accumulation of ROS is a predisposing factor

for many diseases and environmental issues (Scandalios 2005).

1.1.3 Cellular defense mechanisms against oxidative stress
1.1.3.1 NRF2 signaling pathway

NRF2 is a master TF of oxidative stress response in the cell (Itoh et al. 1999; Li et al.
2004), and regulates many antioxidant transcripts (Nguyen et al. 2009), especially genes
coding for antioxidant enzymes such as PRDX1, SOD1, GPX4, TXNRD1 (Amin et al.
2014; Gad et al. 2012), as well as detoxifying, stress response, and proteasomal
degradation-related genes. The NRF2 is a nuclear protein with half-life -15 min and
becomes transcriptionally active under both constitutive and stress conditions (Nguyen et
al. 2009). In case of constitutive conditions, NRF2 is in a sequestered form in cytoplasm
by Kelch-like-ECH-associated protein 1 (KEAP1) and targeted to proteasomal
degradation (Itoh et al. 1999; Wakabayashi et al. 2003). On the other hand, under
oxidative stress conditions, NRF2-KEAPL1 interaction is disrupted in a dose-dependent
manner (Amin et al. 2014, Itoh et al. 1999), which leads to a translocation of NRF2 to the
nucleus, in order to activate the transcription of antioxidant and detoxifying genes by
binding to the regulatory region of antioxidant response elements (AREs) as has been
shown in Figure 1.4 (Itoh et al. 1999; Namani et al. 2014). Consequently, the detrimental
levels of intracellular ROS are reduced under threshold levels to confer cell survival.
Supporting this notion, the survival of bovine embryos exposed to oxidative stress is
associated with the ability of the embryo to activate the NRF2-signaling pathway (Amin
et al. 2014). In response to over-accumulation of ROS in the nucleus, the NRF2 can
promote apoptosis through binding and activating krippel like factor 9 (KLF9) and
consequently leading to increase in ROS levels (Zucker et al. 2014). On the other hand,
the transcription factor BTB domain and CNC homolog 1 (Bachl) has been shown to
suppress the induction of several NRF2 target genes via interaction with the antioxidant

response element (ARE) sites in their promoters (Sun et al. 2002).
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Figure 1.4. Schematic model of the NRF2-KEAP1 signaling pathway under

Nucleus

basal and stress conditions. NRF2 indicates nuclear factor (erythroid-derived
2)-like 2, KEAP1 indicates Kelch-like-ECH-associated protein 1, ETGE and
DLG are KEAP1 motifs, ub is ubiquitination that occurs to NRF2 during the
degradation process, sMaf is small Maf proteins that bind to NRF2 in order
to activation antioxidant response element (ARE). This figure is adopted from
Namani et al (2014)

1.1.3.2 Mitogen-activated protein kinase pathway

Mitogen-activated protein kinase (MAPK) encompass a large number of serine/threonine
kinases involved in the regulation of cell proliferation, differentiation, stress adaptation,
and apoptosis (Son et al. 2011). This pathway may play an essential role in transduction
signaling cascades from the cell membrane to the nucleus via several phosphorylation
events (Brown and Sacks 2009). Upon MAPK pathway activation, it phosphorylates
various substrate proteins including several TFs such as Jun proto-oncogene, AP-1
transcription factor subunit (c-Jun), activating transcription factor 2 (ATF2), ETS
transcription factor ELK1 (EIk1), and tumor protein p53 (p53) (Kim and Choi 2010).
They are divided into three major subfamilies: the extracellular signal-regulated kinases

(ERK), the mitogen-activated protein kinase 14 (p38) and the c-Jun N-terminal kinases
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(JNK; as stress-activated protein kinase or SAPK). Those subfamilies could be activated
independently via signaling pathway involved MAPK kinase (MAPKK) (Figure 1.5)
(Kim and Choi 2010; Martindale and Holbrook 2002). This pathway could be activated
via induction of oxidative stress. Supporting this notion, exposure of human keratinocytes
to H202-induced oxidative stress led to activation of epidermal growth factor receptor
(EGFR) through phosphorylation of receptor tyrosine kinases (RTK) (Meves et al. 2001).
The EGFR was found to activate the ERK pathway via insulin-like growth factor-1 (IGF-
1), which could be disturbed by inhibition of EGFR indicating that the activation of the
ERK pathway relies on EGFR activation. The ROS production was triggered by IGF-1
and antioxidants suppressed the activation of EGFR via IGF-1 indicated that ROS
mediate the activation of the ERK pathway through IGF-1 (Meng et al. 2007).
Furthermore, ROS-induced MAPK pathway has also occurred via oxidative modification
of MAP3Ks.

Apoptosis signal-regulating kinase 1 (ASK1), which is a MAP3K member and regulated
via ROS and tumor necrosis factor-alpha (TNFa), mediates the activation of INK and p38
pathways in response to oxidative stress (Nagai et al. 2007). ROS might inactivate and
degrade the MAP kinase phosphatase (MKPs), which contributes to maintaining the
pathway in an inactive form (Son et al. 2011). Consistently, higher levels of intracellular
H20> resulted in inhibition of MKPs, which in turn leads to activation of JNK pathway
that is needed for releasing of cytochrome c¢ and caspase 3 cleavage thereby induce
apoptosis (Kamata et al. 2005). Similarly, the JNK and p38 genes were upregulated in
response to perfluorooctane sulfonate-induced oxidative stress and subsequently induced
cell apoptosis in zebrafish larvae (Shi and Zhou 2010). Under the inflammatory condition,
the expression of p38 MAPK and JNK was upregulated, which could activate nuclear
factor kappa B (NFkB) through MAPK-NRF2 signaling pathway (Guo et al. 2015). On
the other hand, the H.O>-mediated activation of MKP-1 increased the resistance of MCF-
7 cells to cell death via suppression of JNK and p38 activity (Zhou et al. 2006). Moreover,
the deleterious effect of ROS accumulation was prevented via the treatment of mouse
embryonic stem cells with dihydrotestosterone, which in turn inhibited the p38 MAPK
triggered by ROS (Lee et al. 2008).
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Figure 1.5. A schematic representation of Mitogen-activated protein kinase
(MAPK) signaling pathways. (A) This pathway is initiated via extracellular
or intracellular stimuli, which in turn leads to activation of MAP kinase kinase
kinase (MAP3Ks)-mediated phosphorylation and activation of MAP2Ks and
subsequentially activation of MAPKs followed by phosphorylating various
substrate proteins including transcription factors, resulting in regulation of a
variety of cellular activities including cell proliferation, differentiation,
migration, inflammatory responses, and death. Activation by MAPK
signaling cascades is accomplished either through a series of binary
interactions among the kinase components or through scaffold protein-
mediated formation of a multiple kinase complex. (B) Scaffold proteins
facilitate activation of MAPK signaling pathways, whereby RTK, receptor
tyrosine kinase; ERK, extracellular signal regulated kinase; JNK, c-Jun NH2-
terminal kinase; ASK1, apoptosis signal-regulating kinase 1; MLK, mixed-
lineage kinase; JIP, INK-interacting proteins; KSR, Kinase suppressor of Ras-
1; MP1, MEK partner 1 (Kim and Choi, 2010)

1.1.3.3 PI3-Kinase/AKT pathway

Phosphatidylinositol 3-kinase (PI3K) and its phospholipid products regulate cell survival

from extracellular stimuli, which threaten the cell (Caro and Cederbaum 2006). The
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activation and phosphorylation of AKT serine/threonine kinase (AKT) are initiated by
converting plasma membrane lipids phosphatidylinositol 4,5-bisphosphate to
phosphatidylinositol  3,4,5-trisphosphate via PI3K, which binds to AKT and
phosphoinositide-dependent kinase 1 (PDK1) and consequently phosphorylate AKT
(Lima et al. 2006). AKT provides a survival signal that protects cells from apoptosis
induced by oxidative stress or other stresses. This action occurs under the regulation of
spleen tyrosine kinase (Syk) and Bruton’s tyrosine kinase (Btk), which are essential for
AKT survival pathway and enhancing the resistance of cells to oxidative stress-induced
apoptosis (Ding et al. 2000; Kikuchi et al. 2011; Takano et al. 2002). Additionally, the
EGFR was found to mediate the oxidative stress-induced AKT activation through H2O»-
induced EGFR phosphorylation (Wang et al. 2000). Therefore, the activation of AKT
protects cells against oxidative stress-induced apoptosis via EGFR/PI3K-dependent
pathway. Beside EGFR, focal adhesion kinase (FAK) was found to be implicated in the
regulation of the PI3K/AKT survival pathway (Sonoda et al. 1999). Consistently,
overexpression of FAK activates PI3K/AKT survival pathway and inhibits the activation
of caspase-3 protease resulting in cellular survival (Ben Mahdi et al. 2000). Furthermore,
phosphorylation of AKT inhibited the expression of ASK1 and subsequently prevented
its ability to activate JNK and its downstream target gene ATF2 leading to protection
from oxidative stress-induced cell apoptosis (Kim et al. 2001). However, the pretreatment
of human luteinized granulosa cells with hCG reduced IGF-1-induced AKT
phosphorylation and cell proliferation, not phosphorylation of ERK1/2, which could be
regulated by phosphatase and tensin homolog (PTEN) (Goto et al. 2009).

In cattle, the higher phosphorylation of AKT is positively correlated with oocyte
competence as well as progesterone secretion and negatively with apoptosis rate of
cumulus cells, which indicated its role in oocyte maturation (Salhab et al. 2011). Besides
that, there is crosstalk among PI3BK/AKT and other pathways to promote cell survival
against inflammatory and oxidative damages such as NRF2-signaling pathway (Qi et al.
2012; Xu et al. 2015). However, the inhibition of PI3K/AKT-mediated cell defense
mechanism via suppression of AKT phosphorylation inhibited the activation of
NRF2/HO-1 expression (Xu et al. 2015), which indicates its vital role in the activation of
NRF2-mediated antioxidant response.
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1.1.3.4 Heat Shock Proteins (HSPs)

The induction of HSPs in response to stress is mediated by heat shock transcription factor
1 (HSF1). It was found to be stimulated by various stress stimuli such as heat, oxidative
stress and protein damage. Antioxidants play a role in cell protection via either directly at
the level of HSF1 to modify its activity or prevent HSF1 activation (Martindale and
Holbrook 2002). HSPs may confer resistance to oxidative stress, by preserving
proteasome, an enzyme responsible for the majority of intracellular proteolysis, function
and attenuating the toxicity of proteasome inhibition, which occurs as a result of oxidative
stress (Ding and Keller 2001). The protection function of small shock protein occurs
through either decreasing the intracellular ROS levels by modulating the metabolism of
glutathione to maintain it in a reduced state or inhibit other apoptotic signaling pathways
(Martindale and Holbrook 2002). For example, heat shock protein 72 (HSP72) can
modulate stress-activated signaling by directly inhibiting JNK, which induced HSP72
production and thereby inhibit INK-mediated apoptosis (Park et al. 2001). It also may
prevent JNK activation by a JNK kinase such as mitogen-activated protein kinase kinase
4 (SEK1). Furthermore, it may accelerate the JNK dephosphorylation (Volloch et al.
2000). On the other hand, the overexpression of HSP70 or heat shock protein family A
(Hsp70) member 8 (HSC70) prevents cells from heat shock-induced cell death by
inhibiting the processing of procaspases 9 and 3 (Mosser et al. 2000). This redox-
dependent activation of HSF1 by heat or H2O> contributes to activation of HSPs gene
expression (Ahn and Thiele 2003).

1.1.3.5 p53signaling pathway

The p53 pathway responds to stressors that can disrupt the DNA replication and cell
division (Harris and Levine 2005). Moreover, it plays a vital role in regulating cellular
senescence and aging (Gambino et al. 2013). Additionally, it regulates cellular redox state
through potential activation of glutathione peroxidase (GPX) (Tan et al. 1999).
Accordingly, the imbalance of redox state may influence the downstream biological
response of p53 according to stress duration (Martindale and Holbrook 2002). The stress
signal is conveyed to p53 protein by post-translational modifications resulted in the p53
activation, which involves in cell cycle arrest, cellular senescence or apoptosis (Gambino
et al. 2013; Harris and Levine 2005). Regarding cell cycle arrest, its activation relies on
three genes namely; cyclin-dependent kinase inhibitor 1A (p21), 14-3-3c and growth
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arrest and DNA damage-inducible 45 (GADD45). Upon p21 activation, this stimulates
G1 cell cycle arrest via suppression of G1 cyclin-dependent kinases (cyclin A/cdk2,
cyclin E/cdk2, cyclin D/cdk4 complexes) (Gartel and Tyner 2002; Harper et al. 1993).
Additionally, it can stimulate cell cycle arrest at G2/M through GADD45 (Wang et al.
1999). Moreover, p53 could induce cell apoptosis through upregulation of p58, which is
involved in the cell death process, in independent PI3K manner (Yin et al. 1998). p53 can
also directly activate apoptosis in a transcription-independent manner in MG-63
osteosarcoma cell line (Ferreira de Oliveira et al. 2014). Eventually, this pathway leads
to release of cytochrome ¢ from the mitochondrial membrane, which acts as a mediator
in apoptosis cascades. On the other hand, p53 itself activates mouse double minute 2
(mdmz2) transcription resulting in a negative feedback loop on p53 (Harris and Levine
2005), in order to prevent the accumulation of p53 within the cell (Kruse and Gu 2009).
Moreover, the excessive accumulation of p53 within the developing embryo compromises
the embryo viability and then implantation (Ganeshan et al. 2010).

Regarding its crosstalk with other pathways, it was found that p53 could be reasonable
for sustained activation of MAPK, which inhibited by expression of dominant-negative
Ras (N17Ras) and Rafl mutants (Lee et al. 2000). In primary fetal bovine fibroblasts,
oxidative stress negatively impacts their lifespan through regulation of p53, serine 20-p53
phosphorylation and p66°', which may be involved in senescence (Favetta et al. 2004a).
Furthermore, the pro-apoptotic role of p66°" requires phosphorylation of serine 36
indicating that its effect is independent form (Tiberi et al. 2006). Confirming this, the
early arrested bovine embryos during in vitro production was associated with higher
expression of p66™" (Favetta et al. 2004b). Furthermore, parthenotes exhibited more
pronounced pro-apoptotic pattern than in vitro produce counterparts, through regulation
of p66*" (Gomez et al. 2009). However, its downregulation was concomitant by
upregulation of an anti-apoptotic gene, BCL-2, which in turn results in tolerance to
oxidative stress (Andoh et al. 2000).

1.1.4 Transcription factors associated with oxidative stress

Cells express arrays of molecules, which are necessary for their stability and precise
metabolic function, according to cell type. At the genomic level, cells respond in a precise
and prompt manner, either by overexpression or inhibition of the expression of certain

genes (Scandalios 2005). Those genes, that are upregulated in response to stress stimuli,
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play an important role in maintaining the survival of living organisms (Dalton et al. 1999;
Godet et al. 2019; Scandalios 2005). The different regulatory mechanisms that modulate
the activity of gene expression includes TFs. The TF are DNA-binding proteins, which
are responsible for regulating the activity of gene via binding to a certain region on the
DNA (Zabet and Adryan 2013). In mammalian cells, it was recorded that AP-1, NRF2,
CAMP responsive element binding protein (CREB), HSF1, hypoxia-inducible factor 1
(HIF1), TP53, NFkB, NOTCH, Sp1 transcription factor (SP1), and SCREB-1 play a role
during stress conditions; mainly in response to H>O> stimulation (Marinho et al. 2014).
Mammalian cells are well equipped to adapt for any stress at a certain threshold, and in
case of increasing the exposure time to stress, this could induce drastic alterations in the
regulation of gene activity either at transcriptional or posttranscriptional levels (Godet et
al. 2019; Kumar et al. 2012). Under stress conditions, the accumulated ROS cause
profound changes in the expression pattern of TFs, as well as stress response genes (Leite
et al. 2017). These regulatory mechanisms and their pathways become more complicated
with increasing phylogenetic tree (Marinho et al. 2014). For instance, there are multiple
sensors as well as pathways involved in response to H.O> stimulation, in order to regulate
mammalian cell response during stress condition, through different levels; either (I)
synthesis of TF and subsequently upregulation of mMRNA stability and translation, (I1)
maintain the stability of TF, (111) control cytoplasm-nuclear traffic, (IV) regulate DNA
binding and nuclear transactivation (Mahadev et al. 2001; Marinho et al. 2014; Woo et
al. 2010).

KLF9 is a TF belonging to KLFs family that regulates the intracellular ROS, through
binding to the promoter, and then alters the expression of several genes. On the other
hand, KLF9 can cause accumulation of intracellular ROS at least in part by transcriptional
suppression of the thioredoxin reductase 2 gene (Txnrd2). Txnrd2, a mitochondrial
selenoprotein, plays a critical role in defense against oxidative damage and is considered
as the major regulator of ROS in mitochondria (Arnér 2009). High dose of sulforaphane
(12-14 uM), which is a NRF2 activator, or H20> resulted in upregulation of KLF9, but
the low dose (10 uM) did not induce KLF9 expression. Therefore, KLF9 induction was
related to high amounts of NRF2 expression. Accordingly, KLF9 may be expressed in
KEAP1 knockout fibroblasts without H.O, treatment and suppressed to the original levels
by partial depletion of NRF2 (Zucker et al. 2014). The transcription factor Bachl

suppresses the induction of several NRF2 target genes via interaction with the ARE sites
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in their promoters (Sun et al. 2002). In addition to the role of KLF9 in oxidative stress, it
may play as a tumor suppressor (Tetreault et al. 2013), through induction of oxidative
stress as a mechanism of cell killing to suppress tumor progression (Zucker et al. 2014).

Furthermore, oxidative stress could induce the MAPK signaling pathway, and their TFs,
such as NRF2 and NFxB. Those TFs could induce expression of pro-inflammatory
mediators resulting in inflammation and related diseases. Therefore, silica nanoparticles,
which have toxicological effects, was showed to activate the MAPK signaling pathway
via phosphorylation of p38 and JNK, which ultimately activate the NFxB via the MAPK-
NRF2 signaling pathway (Guo et al. 2015). NF«xB is activated via various stimuli leading
to phosphorylation of IkB, which is a cytoplasmic inhibitory protein of NFkB preventing
its translocation to the nucleus (Martindale and Holbrook 2002). Diverse experimental
models indicated the presence of cross-talk between NOTCH1, which is a TF involved in
the cell-fate decision, differentiation, proliferation and apoptosis, and NFkB signaling
pathways. Oxidative stress-induced alcoholic steatohepatitis (ASH) was found to be
mediated by the NOTCH1-NF«B signaling pathway, which could be effectively reversed
by inhibiting the NOTCH1 gene (Wang et al. 2014). Furthermore, NOTCHL intracellular
domain (NOTCHZ1-IC) contributes to the prevention of oxidative stress-induced cell death
via suppression of ASK1 and its downstream target genes. On the other hand, it facilitates
the translocation of ASK1 toward the nucleus. Therefore, cells-depleted of NOTCH1
gene were more susceptible to oxidative stress-induced apoptosis through activation of
ASK1-MKK3/MKKG6-p38 MAPK signaling cascade (Mo et al. 2013).

1.1.5 Ovarian functions and oxidative stress

In cows, the estimated reserve of primordial follicles is around 130,000 at birth (Erickson
1966). However, most of these follicles never reach ovulation, whereas more than 99%
will undergo atresia (Hsueh et al. 1996). Therefore, assisted reproductive technologies
(ART) play an important role in managing and improving reproduction in humans as well
as different animal species (Girard et al. 2015). During the different steps in ART, oocytes
could face some kind of oxidative stress, which might hamper the competence of early
embryonic development (Roth 2017).

In ovarian tissue, ROS play roles during different physiological functions of ovary such
as; maturation of oocytes, ovulation process, steroidogenesis, blastocyst formation,

implantation, formation, maturation, and regression of corpus luteum (CL), (Lu et al.
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2018). It was demonstrated that ROS have a dual effect on mammalian ovarian tissues
(Lu et al. 2018; Shkolnik et al. 2011), as shown in table (1). The main sources of ROS in
follicular fluid are macrophages and leukocytes (Fujii et al. 2005). It was mentioned that
functional granulosa cells produce higher amounts of ROS during the process of electron
transport (Du et al. 2006). In patients suffering from polycystic ovary syndrome (PCOS),
a reduction of Oz consumption by mitochondria and induction of ROS production were
noticed, which could be the reason for mitochondrial dysfunction (Hilali et al. 2013).
Nevertheless, excessive accumulation of endogenous ROS resulted in different cell
injuries like DNA damage, protein oxidation, lipid peroxidation, and enzyme inactivation
(Shi et al. 2016; Valko et al. 2007). Murdoch (1998) revealed the role of oxidative stress
in the induction of follicular atresia through stimulation of apoptosis pathway in granulosa
cells (Murdoch 1998) Moreover, the severity of stress could vary according to follicle
stage-dependent manner, like the response of different developmental stage of follicles to
heat stress (Figure 1.6) (Roth 2017).
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Figure 1.6. Diagram illustrating the resistance/sensitivity of the ovarian follicles and
their enclosed oocytes to heat stress in a stage-dependent manner. The primordial,
primary, and secondary follicles are heat resistant, whereas the developing antral
follicles, including the dominant and preovulatory follicles, are sensitive to heat
exposure with a prominent effect on the germinal vesicle-stage oocyte (developing

stage) and metaphase Il (MIl)-stage oocyte (ovulation). Adopted from Roth (2017)

Table 1.1. The role of oxidative stress in the female reproductive process

Function Reproductive process

Positive effect Zn-Cu 50Dt — Promotion of the development of follicles

Biosynthesis of ovarian steroids — P4501 — ROS5T — Blood flowt — Rupture of
follicles — Ovulation

ROSt — Promotion apoptosis of non-dominant follicles
FSHt — E2t — CAT and GSH{ — Protection of cells from apoptosis

E2 and P | — 50D — 05t — Endometrial shedding and implant failure
ROSt — NF-kBf — PGF2,1 — Luteum dissolution

Sperm-ovum binding — ROST — Corpus luteus functionalt
ROST — Antioxidantst — Synthesis of progesterone

Negative effect PCOS:
Serum proline activityt, OSt
Physiological hyperglycemia — ROST (Monocytes) — TNF-at — NF-«Bf — Resistance of Insulint

Preeclampsia:

Defective placenta — Hypoxia and reperfusion injury — OSt — Cytokinest,
Prostaglandinst — TAS], GPx of placenta

Vel — Risk of preeclampsiat

(MDAT) ROST — Vasoconstrictiont — Coagulation activity |

051 — Vascular endothelial injuryt — ROST — TNF-a1, ox-LDLT — Endothelial subtypes of
activated NAD(P)H oxidase — SO aniont

Auto-antibodies of AT1-AAT — NAD(P)H oxidaset — ROST — SO aniont

Endometriosis:

In the peritoneal fluid, MDAT, IL-61,TNF-af, IL-81, VEGF{, MCP-11, ox-LDLT.
In endometriotic lesions: 05T — NF-kB1 — Inflammationt

In endometriotic cells: MAPKY

ROST — IUGR, abortion, fetal malformation

The < 7 indicates that it has an effect on the next step. The ‘f‘ represents an increase and the ‘%‘ represents
a decrease

Adapted from Lu et al. (2018)
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1.1.6 Factors that affect stress susceptibility in preimplantation embryos

The exposure of embryos to different environmental stressors showed a profound effect
on the developmental plasticity of embryos (Figure 1.7), which could be traced either at
pre- or/and post-implantation stages in a sex-specific manner (Pérez-Cerezales et al.
2018). Male and female embryos exhibit an extensive transcriptional dimorphism, which
is mainly driven by incomplete X chromosome inactivation. Therefore, the early stages
of embryonic development are very crucial to establish epigenetic regulation in order to
be conserved through different development stages (Chang et al. 2019; Pérez-Cerezales
et al. 2018). During gonadal formation, there are hormonal differences between male and
female placentae, which show different responses to environmental stressors. At the

maternal level, the pregnancy itself is considered as a state of oxidative stress, which
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Figure 1.7. Pre- and peri-implantation embryo adaptations to environmental stress.
Critical events taking place during this developmental window (pluripotency
emergence, epigenetic reprogramming, lineage allocation and X chromosome
inactivation) render the embryo especially sensitive to environmental stress. Such
embryos and the resulting foetus respond to stressors by sex-specific mortality or by
adaptive responses in order to optimize their developmental program and offspring
survival. The female placenta (in pink), due to its higher adaptability, buffers more
efficiently the impact of endogenous and exogenous stressors on the foetus and it is
less compromised than male foetus (in blue) under similar stress conditions. DOHaD

indicates Developmental Origins of Health and Disease (Pérez-Cerezales et al. 2018)
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resulted from higher metabolic activity in the placental mitochondria, and subsequently
associated with the higher release of ROS due to the demand of the growing fetus (Myatt
and Cui 2004; Wisdom et al. 1991).

The sex differences in gene expression take place during embryonic genome activation,
and they show dynamic patterns throughout the lifespan. However, some studies showed
that transcriptional sex differences are higher in adult tissues compared to preimplantation
embryos (Lowe et al. 2015). Sex-biased expression of Y- and X-linked genes is not only
due to difference between male and female embryos with genes located on sex
chromosomes alone but also many autosomal genes (Bermejo-Alvarez et al. 2010;
Kobayashi et al. 2006). During early stages of embryonic development, fetuses are highly
susceptible to external or internal insults such as oxidative stress either during
transcription, replication, or meiotic rearrangement, which will be reflected on tissue as
well as organ differentiation (Sundrani et al. 2017). Gametes, which is responsible for
transmitting genetic information correctly to the next generation, is prone to remove by
apoptosis (Aitken and Baker 2006; Tsunoda et al. 2014). Therefore, identification of
relevant sex-dependent stress response pathways is essential for the development of future

diagnostic markers (Pérez-Cerezales et al. 2018).

1.1.7 Extracellular vesicles function and composition

In mammals, communication among cells is fundamental for the regulation of different
biological functions including proliferation, development, differentiation, stress response,
gametogenesis and embryogenesis. It was believed that the communication among cells
is limited to endocrine, autocrine, paracrine, cell to cell adhesion, releasing growth factors
and neurotransmitters (Perbal 2003; Raposo and Stoorvogel 2013). However, this theory
was changed after the discover EVs, which are found for the first time in the human
plasma and named as “platelet dust” (Wolf 1967). In 1983, it was observed that the
mechanism of releasing these vesicles depends on the fusion of multivesicular bodies
(MVBs) to the plasma membrane (Harding et al. 1983). Later, scientists found that these
vesicles contain different types of RNA including coding and non-coding RNA (Valadi
et al. 2007).

EVs were defined as double-layered membrane vesicles originating from cellular cytosol
and released into the extracellular space (Chiang and Chen 2019; Lasser et al. 2011).

Their size ranges from 30 to 5000 nm in diameter and their lumen contains various
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bioactive molecules such as RNAs, DNA, protein and lipids. EVs play a vital role in
cellular function either in physiological (Hung et al. 2017; Valadi et al. 2007) or
pathological (An et al. 2015; Anderson et al. 2010) processes. They were found in
different biological fluids including plasma, milk, saliva, urine (Lawson et al. 2016),
semen ejaculate (Hoog and Lotvall 2015), follicular fluid (Hung et al. 2015; Hung et al.
2017) and uterine aspirates (Campoy et al. 2016). Different morphological characteristics
of EVs were found in human ejaculate including single vesicles, ova vesicles, double and
double special vesicles, triple to six vesicles, small and large tubules, vesicles sacs as well
as lamellar bodies (Hoog and Lotvall 2015). Based on cell origin, biophysical and
biochemical characteristics, biogenesis and release as well as biological functions, EVs
are divided into different subtypes (Simon et al. 2018). Three subtypes of EVs are
identified including apoptotic bodies (ABs), microvesicles (MVs) and exosomes (EXOs),
as shown in figure (1.8) (Simon et al. 2018).

ABs are directly released from the cellular membrane of cells undergoing apoptosis. Their
size ranges between 1000-5000 nm in diameter (Lawson et al. 2016). Their cargo contains
the fragmented cellular organelles including Golgi apparatus, endoplasmic reticulum or
nucleus (Taylor et al. 2008). Furthermore, ABs contribute to horizontal transfer and
propagate oncogenes and subsequently increase the tumor formation (Bergsmedh et al.
2001). The voltage-dependent anion channel 1 (VDACL1), which is a mitochondrial
protein, could be used as a potential biomarker of ABs (Jeppesen et al. 2014). Regardless
of interfering with other vesicles, calreticulin, which is an endoplasmic reticulum protein,
could be employed as ABs marker. However, calreticulin was also found to be released
with endoplasmic reticulum vesicles namely, microsomes, which are released upon
endoplasmic reticulum fragmentation (Jeppesen et al. 2014). Besides these roles, ABs are

also known for their immunomodulatory role (Caruso and Poon 2018).
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Figure 1.8. Main types of extracellular vesicles (EVs) present in body fluids and culture
media, whereby ILVs, intraluminal vesicles; MVBs, multivesicular bodies; EE, early
endosome; ExV, exocytic vesicle; LE, late endosome; EXO, exosomes (Simon et al.
2018)

MVs are one of EVs subtype populations, which are characterized by outward budding
through direct secretion and fission from the cellular plasma membrane of viable cells.
During their release, the blebbing of the cellular plasma membrane is accompanied by
membrane proteins remolding and lipids redistribution in order to modulate the rigidity
and curvature of the plasma membrane (Tricarico et al. 2017). The MVs size ranges
between 50-1000 nm in diameter (El Andaloussi et al. 2013; Thery et al. 2009).
Accordingly, they could be sedimented at high-speed centrifugation (31,000 g) (Chargaff
and West 1946). They play a vital role in different physiological and pathological
functions such as supporting embryo cells (Desrochers et al. 2016) as well as contributing
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to embryo-maternal communications (Tong and Chamley 2015). Besides this, their roles
were extended to cancer cell progression (Muralidharan-Chari et al. 2010) and
invasiveness (Menck et al. 2015).

The term “exosome” was described for the first time in 1981 during the preparation and
isolation of MVs from different cell lines (Trams et al. 1981). EXOs are biomolecular
nanoparticles released from most of the live cells into the extracellular milieu and unique
for each cell origin (de la Torre Gomez et al. 2018). Numerous studies described the size
of those vesicles, which is ranged between 20-200 nm in diameter (Lawson et al. 2016).
The formation of EXOs occurs intracellularly in the late endosome through invaginations
of MVBs limiting membrane. These MVBs-containing EXOs are directly fused to the
cellular plasma membrane and subsequently release their contents to extracellular space
(Pant et al. 2012). Several potential markers have been identified including tetraspanins
(CD63, CD81 and CD9), ALIX, flotillin-1 and TSG101, which are involved in the
biogenesis process as shown in Figure 1.9 (Colombo et al. 2014; Jia et al. 2017;
Mathivanan et al. 2010). With the growing interest in studying each subtype of vesicle
separately, the TSG101 is considered a marker for EXOs (Jeppesen et al. 2014). EXOs
have been shown to be implicated in several biological functions such as cellular
adaptation (Saeed-Zidane et al. 2017), immune regulation (Muller et al. 2016) as well as
tumor maintenance and progression (Suchorska and Lach 2016). Furthermore, they were
found to contribute to shuttling the cellular fragmented DNA to the extracellular space in
order to maintain cellular homeostasis (Takahashi et al. 2017).

Recently, due to the size overlapping between subtypes, the term of EVs is widely used
instead of exosomes or microvesicles (Machtinger et al. 2016; Pavani et al. 2016; Raposo
and Stoorvogel 2013). Accordingly, EVs have been coined depending on the origin of
cell or tissue. Moreover, several expressions for EVs were used to indicate the source of
isolated vesicles such as oviductosomes, uterosomes and prostasomes for oviduct, uterine
fluids and seminal fluids, respectively (Machtinger et al. 2016). One of the main obstacles
in the EVs experiments is the ability to isolate homogeneous populations with adequate
yield from the fluid of interest. Therefore, several isolation methods were developed and
adopted to provide the simplest and efficient way of isolation and purification of EVs.
These methods were summarized by Simon et al. (2018) with respect to the advantage
and limitation of each method (Table 1.2). Following isolation and purification, the

characterization of isolated vesicles is considered the cornerstone to discriminate among
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subpopulation of EVs. There are different methods and techniques widely used for EVs
characterization, namely electron microscopy, nanoparticle tracking analysis, flow
cytometry and molecular marker-dependent approach (Pavani et al. 2018; Saeed-Zidane
etal. 2017; Simon et al. 2018).
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Figure 1.9. Structure and content of exosomes. The lipid bilayer
membrane structures of exosomes contain transmembrane proteins and
receptors, such as the PGRL, LAMP1/2, CD13, membrane trafficking
proteins as annexins and RABs proteins, adhesion molecules as ICAM-1,
Lactadhesion and integrins, the lipid raft-associated protein as Flotillins,
LBPA, cholesterol, stomatin and tetraspanins, most characteristically
CD63 and CD81. Within the exosomal lumen several proteins can be
found: cytoskeleton proteins (Vimentin, Cofilin, Tublin, Talin, Actin),
heat shock proteins (HSPs), metabolic enzymes (GAPDH, ATPase, pgkl)
and protein involving in multivesicular bodies (MVB) formation (AllX,
TSG101, Clathrin). Adopted from Jia et al. (2017)
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Table 1.2. Classification of the methods of isolation of EVs based on their principles

molecular size range
that selectively retain
vesicles

Method Technique Isolation General Advantage Limitation
Principle Workflow
S . . . . . . Popul
Centrifugation Serial differential | Sedimentation | Serial centrifugation: * aggll;czrtion e Sedimentation
centrifugation velocity gr)ns;(\)/(; i:(eiqlsl_(i r?zl)n to |, Standardization gepe_r;dent onI
2000 X g, 10 minto | * EaSytouse viscosty,
eliminateycell debris * Reproducibility concentrz;\tion
and ABs — (3) * Yield and vesicle
10,000-20,000 X g, 30 | * Affordability aggregation
min to isolate MVs — over time
(4) 100,000-200,000
X g, 70 min to EXOs
segregation
. . . e Increasing e Yield
Density gradient Buoyant Different reagents : P
V9 dens)i/ty including sucgrose or purity O-f EVs * Reproducibility
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. . A . . e [Easytouse e Loss of yield
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(S:eerftiifz gtio?l populations o Risk of vesicles
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S . . A e [Easytouse e Yield loss within
Ultrafiltration Size S:ir:;r:)ffutgheg fll!;;?)t(l(;)él o Time-saving filtering
P o Reproducible membrane
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recovered by
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magnetism

. e . o High purity e Centrifugation to
Chromatography | Size/charge E:Sréf(;c;?glr} rcf>afcIZVs . Low_e r remove cell
charge or size sensitivity to the debrls_
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media with volume or
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Immunoaffinity Presence of Microbeads coupled * g:g:cgact)kon ° EXZW;;: s are
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Adapted from Simon et al. (2018)
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The cell-cell communication role of EVs is evidenced by their transfer of bioactive
molecules to target cells such as RNAs (Valadi et al. 2007), DNAs (Takahashi et al. 2017)
and proteins (Thery et al. 2002). Besides this, they carry also some metabolites, which
are considered as precursors for biological functions, such as sugars, nucleotides, redox
regulatory molecules and lipid metabolites in their lumen (Ramirez et al. 2018). Most of
the previous studies have focused on the nucleic acids and protein contents. Regarding
protein contents, EVs have been shown to be enriched with several proteins including
heat shock, plasma membrane, cytoskeletal, cytosolic proteins as well as others involved
in EVs trafficking (Yanez-Mo et al. 2015). Moreover, the EVs protein contents could be
differed according to cell origin, population of EVs, and isolation methods (Colombo et
al. 2014). Different stimulations factors could lead to alteration in the number and
contents of EVs (Saeed-Zidane et al. 2017). In addition to protein, lipids are one of the
bioactive molecules that could be carried by EVs. The EVs have been revealed to be
enriched with certain lipids types, like cholesterol, sphingomyelin (Brouwers et al. 2013;
Llorente et al. 2013), ceramide and saturated fatty acids (Trajkovic et al. 2008). However,
other lipids were more abundant in donor cells compared to those released via EVs such
as phosphatidylglycerols, phosphatidylcholine, and phosphatidylinositols (Llorente et al.
2013).

Valadi and his colleagues reported for the first time that the mast cells released EXOs
containing functional miRNAs and RNAs, which could be transferred to recipient cells
and alter their physiology (Valadi et al. 2007). With more advanced studies, scientists
described the different subtypes of RNAs in EXOs such as mRNA, miRNA, small
interfering RNA, ribosomal RNA, transfer RNA, piwi-interacting RNA, and long-
noncoding RNA (Huang et al. 2013; van Balkom et al. 2015; Vojtech et al. 2014).
Interestingly, the miRNAs profile of endometrial epithelial cells differed from their
released EXOs, which indicate their involvement in embryo-maternal communication and
explain the selectivity of EVs to their cargo. The bioinformatic studies revealed that the
target genes of those miRNAs are involved in embryo implantation (Ng et al. 2013). One
of them is miR-30d, which was shown to be actively transmitted to trophoblast cells to
enhance embryo implantation (Vilella et al. 2015). Up to date, 289 studies were carried
out to identify EVs contents and subsequently promote 9,769 proteins, 3,408 mRNAs,
2,838 miRNAs, and 1,116 lipids entries (http://www.exocarta.org).
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1.1.8 EVs biogenesis and uptake

Aforementioned, EXOs biogenesis is initiated within the endosomal system, which is
characterized by the presence of MVBs contained vesicles in their lumen formed by
inward budding through limiting membrane (Huotari and Helenius 2011; Klumperman
and Raposo 2014). Subsequently, MVBs are fused to cellular plasma membrane to release
EXOs to extracellular space (de la Torre Gomez et al. 2018; Vlassov et al. 2012), which
is facilitated by some membrane proteins including RAB35 and RAB11 resulting in
releasing EXOs enriched with flotillin (de la Torre Gomez et al. 2018). During the
biogenesis process, the Endosomal Sorting Complex Required for Transport (ESCRT)
machinery is believed to play an important role during this process, which was known for
their role in the formation and sorting of MVBs in 2001 (Katzmann et al. 2001). Four
different protein complexes plus associated proteins including AAA ATPase VPS4 are
forming the ESCRT machinery; whereby ESCRT-0 influences the clustering of cargo in
a ubiquitin-dependent manner, ESCRT-1 and -2 trigger bud formation, ESCRT-3 boost
vesicles separation and the associated proteins permit segregation and recycling of the
ESCRT machinery (Hessvik and Llorente 2018; Kowal et al. 2014).

A previous study showed that the depletion of hepatocyte growth factor-regulated
tyrosine kinase substrate (HRS), a member of ESCRT-0, led to decrease the EXOs
secretion in different cell types including HeLa cells (Colombo et al. 2013) and dendritic
cells (Tamai et al. 2010). The knockdown of another component of ESCRT-0; namely
STEML reduced the EXOs secretion in HeLa cells (Colombo et al. 2013). Moreover, the
reduction of TSG101, which is a member of ESCRT-1 protein complexes, led also to
compromise the number of secreted exosome in Hela cells (Colombo et al. 2013).
Additionally, the depletion of TSG101 and CHMP4 resulted in the reduction of released
EXOs in MCF-7 cell line (Baietti et al. 2012). However, the depletion of VPS4B was
found positively regulate EXOs secretion in HelLa cells (Colombo et al. 2013), while
contrary results were obtained from MCF-7 cell line after silencing of two isoforms of
VPS4 (Baietti et al. 2012). However, the function of those proteins is not limited to
exosome biogenesis, it is extended to other cellular functions like repairing of the cell
membrane (Jimenez et al. 2014). Despite depletion of the ESCRT machinery, there is
continued formation of MVBs, which may involve tetraspanins, lipids or heat shock
protein in this mechanism (Colombo et al. 2013). For instance, impairing ceramide

biogenesis via inhibition of neutral sphingomyelinase resulted in a reduction of released
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EXOs (Kosaka et al. 2010). Furthermore, the accumulation of cholesterol in the late
endosome increased the released EXOs enriched with cholesterol, which had been shown
to be flotillin-dependent (Strauss et al. 2010).

The mechanism of mobility and fusion of MVBs with the plasma membrane is controlled
by the RAB family. Screening studies showed that inhibition of different members of the
RAB family such as RAB27A, RAB27B, RAB35, RAB11 lead to decreasing the released
EXOs (Blanc and Vidal 2018; Ostrowski et al. 2010; Takahashi et al. 2017; Yeung et al.
2018). Those proteins have been found to be directly involved in EXOs biogenesis and
secretion including transporting of late endosomes to the plasma membrane, regulation
of exocytic events, and recycling of membrane components (Blanc and Vidal 2018).

To deliver the content of EVs to their target cells, they initially require to recognize and

bind to that cell. There are several mechanisms involved in the internalization of EVs
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Figure 1.10. Schematic diagram of mechanisms involved |n E(/s
uptake by target cells. EVs have been found to be internalized by
target cells through (1) phagocytosis (2) -clathrin-mediated
endocytosis (3) caveolin-mediated endocytosis (4) lipid rafts (5)
fusion with the plasma membrane (6) macropinocytosis (7)
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endosomal limiting membrane following endocytosis (Simon et al.
2018)
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contents into target cells as illustrated in Figure 1.10 (Simon et al. 2018). Briefly, they
may bind to target cells by direct signaling via ligand or receptors on the surface of
recipient cell or by direct fusion of EVs to cellular membrane (Montecalvo et al. 2012),
which could be mediated by several mechanisms, like endocytosis, phagocytosis, and
micropinocytosis (Escrevente et al. 2011; Feng et al. 2010; Fitzner et al. 2011; Svensson
et al. 2013). Adhesion molecules on the surface of EXOs, which mediate the recognition
of target cells, could be cell-dependent. For instance, asp1 and asps were found to be
associated with lung cancer, whereas oyf4 associated with liver cancer (Paolillo and
Schinelli 2017). Interestingly, the low pH environment is responsible for increasing EXOs
tariffing, which could referrer to increase the integrity of EXO membrane (Parolini et al.
2009)

1.1.9 Role of EVs in reproduction

EVs are involved in the most physiological and pathological process including
reproduction, such as gametogenesis, fertilization, embryo development, and embryo-
maternal interaction (Campoy et al. 2016; Desrochers et al. 2016; Machtinger et al. 2016;
Simon et al. 2018; Sohel et al. 2013). The reproduction process is a dynamic system
consisting of several stages, where intercellular communication is involved in each stage.
EVs have been found in different reproductive tract fluids either in male or female
including seminal (Hoog and Lotvall 2015), prostatic (Bryzgunova et al. 2016), follicular
(Hung et al. 2015; Hung et al. 2017; Sohel et al. 2013), uterine (Campoy et al. 2016), and
oviductal (Qu et al. 2018) fluids. During sperm journey, sperm undergo a series of
alteration in morphological and biochemical characteristics, which contribute to acquiring
the capability for penetration and fertilization. EVs play a vital role during these
processes.

In humans, the released prostasomes, which are EVs obtained from prostate, contain
several proteins, which serve as immune regulators, antimicrobials, and antioxidants
(Machtinger et al. 2016). Furthermore, they found to contribute to the inhibition of the
capacitation process (Pons-Rejraji et al. 2011). In cattle, epididymosomes isolated from
different regions of epididymis namely caput, corpus, and cauda differed in their cargo
contents (Belleannee et al. 2013; Frenette et al. 2006). The protein contents of this cargo
contribute to sperm mobility, fertilization, and protection from oxidative stress injury

(Frenette et al. 2006; Frenette et al. 2004). The difference in epididymosomes cargo
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among epididymis segments is not limited to proteins but extended to miRNA packed
into the cargo (Belleannee et al. 2013).

The maturation of oocyte occurs inside the follicle microenvironment. The follicle
contains the oocyte surrounded by cumulus cells followed by mural granulosa, theca cells,
and follicular fluids, which is originated from the mixture of circulating blood plasma and
products of somatic cells inside the follicle (Machtinger et al. 2016; Revelli et al. 2009).
The communication between those cell types and the oocyte is essential for oocyte
maturation, growth of the follicle and granulosa cells development, which occurs directly
via gap junctions or via different signaling factors including paracrine, endocrine and
autocrine.

The discover of EVs in follicular fluid adds an additional way for this bidirectional
communication, which was proved either in vivo or in vitro by uptake of granulosa cells
to such vesicles (da Silveira et al. 2012). The content of EVs could differ according to the
developmental stage of the follicle (Navakanitworakul et al. 2016) and the female age (da
Silveira et al. 2012), which indicate stage-specific function. The miRNAs carried by EVs
of small follicles were found to be associated with cell proliferation, whereas those
obtained from large follicles were involved in inflammatory response pathways
(Navakanitworakul et al. 2016). Moreover, the most abundant EVs miRNA in follicular
fluids is predicted to target key genes of different pathways involved in oocyte maturation
and follicle growth including transforming growth factor-beta (TGFp), wingless signaling
pathway (WNT), MAPK, EGFR pathway, ubiquitin-mediated pathways, and
neurotrophin pathway (da Silveira et al. 2012; Santonocito et al. 2014; Sohel et al. 2013).
To elucidate the role of EVs during oocyte maturation, the isolated EVs from follicular
fluids of small and large follicle were co-incubated with cumulus-oocyte complexes and
the results revealed that the expansion of cumulus cells was increased following co-
incubation with isolated EVs from both follicle size with more pronounced effects in
small follicle (Hung et al. 2015). It had been shown that the oviductal EXOs are enriched
with PMCAA4a protein, which is essential for maintaining the homeostasis of sperm Ca?".
This protein was acquired by sperm after in vitro co-incubation with oviductosomes (Al-
Dossary et al. 2013), which indicate the role of oviductal EVs in maintaining spermatozoa
homeostasis and capacitation during their waiting in the oviduct. The CD9-positive EVs
are found to be localized on the plasma membrane of oocyte and also on the surface of

sperm, which indicates its vital role in sperm-oocyte interaction. In oocyte, the depletion
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of CD9 led to a deficiency for fusion with sperm (Runge et al. 2007). Following
fertilization, oviductal EVs are involved in enhancing early embryo development.
Consequently, the co-culture of in vitro oviductal EVs with bovine embryos provoked the
development and quality of produced embryos (Lopera-Vasquez et al. 2016). However,
the protein profile of released EVs from oviductal cells showed differences in their cargo.
The heat shock protein A8 (HSPA8) and oviduct glycoprotein (OVGP), which are
significant for fertilization and regulation of early pregnancy, were expressed in in vivo
EVs, whereas the HSPAS8 was not expressed in in vitro counterpart (Simon et al. 2018).

The implantation process falls on the shoulder of bidirectional coordination between the
endometrium and embryo. EVs are known to contribute to this curial part of the
pregnancy. Consistently, EVs released from human endometrial epithelial cells contain
different miRNA cargo than donor cells. The potential target genes analysis of those
miRNA revealed the involvement of those genes in embryo implantation (Ng et al. 2013),
which provides a tool for understanding the communication between embryo and
endometrial cells during implantation. Moreover, communication among embryonic cells
is important for promoting implantation. Triggering the trophoblast migration is found to
occur as a result of the attachment of EVs cargo released from inner cell mass contained
laminin and fibronectin proteins, which are interacted with integrins on the surface of
trophoblast and subsequently activate JNK and FAK signaling cascades. Upon injection
of those vesicles into the blastocoel of the blastocysts, the efficiency of implantation was
increased (Desrochers et al. 2016). On the other hand, it had been shown that the in vitro
group culture of embryos was more beneficial for the quality and development of embryo
than solitary culture (Kelley and Gardner 2016). This reduction in quality and
development in individual cultures embryo was recovered after co-incubation with EVs
obtained from grouped culture (Pavani et al. 2018), which indicate the importance of
those vesicles during in vitro embryo culture in the modulation of embryo-embryo

communication in culture microenvironment.
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1.2 Hypothesis and objectives

Despite all in vivo and/or in vitro endeavors to address the potential roles of TFs in cellular
oxidative stress defense mechanisms, the role of transcription factors under oxidative
stress conditions and their dialog with NRF2 in bovine granulosa cells as well as male

and female preimplantation embryos is still unclear.

Therefore, we hypothesized that oxidative stress-mediated transcription factors
dysfunction impaired bovine granulosa cell functions and preimplantation embryos,
which could be released into extracellular space. Therefore, this dissertation aims to:

1. Investigate the impact of oxidative stress on the expression pattern of transcription
factors associated with differentiation and apoptosis as well as their potential
cross-talk with NRF2-mediated oxidative stress response in bovine granulosa
cells (chapter 2).

2. Investigate the sexually dimorphic expression of transcription factors and their
potential release into the extracellular space in bovine preimplantation embryos

under oxidative stress (chapter 3).
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1.3 Material and methods

To fulfill our aims, three independent experiments were conducted using numerous
materials and methods, which are extensively described in the respective sections of this
dissertation. Here, the main points of material and methods are briefly described in this

chapter.

1.3.1 Bovine granulosa cells culture and H20: treatment

Bovine ovaries were collected from a local abattoir (Diiren, Germany). Granulosa cells
were aspirated from small follicles (3-5 mm). Cell viability and concentration were
checked using the trypan blue exclusion method. Ultimately, a total of 2.5 x 10° cells per
well were cultured in CytoOne® 24-well plate (Starlab GmbH, Hamburg, Germany)
containing 600 uL DMEM/F-12 media (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) supplemented with 10% FBS and 1% penicillin/ streptomycin and incubated
at 37 °C in 5% CO». Thereafter, sub-confluent granulosa cells were treated with 5 pM
H20, for 40 min (Saeed-Zidane et al. 2017) to induce oxidative stress. Twenty-four h
post-treatment, cells from all experimental groups throughout the study were subjected to

phenotype and genotype analyses.

1.3.2 Small interference RNA transfection

In order to investigate the potential regulation of NRF2 to candidate TFs, small
interference RNA (siRNA) technology-mediated NRF2 knockdown was utilized. For
this, sub-confluent granulosa cells were transfected with 200 nM siRNA targeting NRF2
(Qiagen, Germany), and then incubated for 24 h. At the end of the incubation period,
phenotype assays were performed. Furthermore, the cells were collected and kept at -80
°C for mRNA quantification.

1.3.3 Cell proliferation assay

Granulosa cell proliferation analysis was performed for both control and treated groups
of all experiments, 24 h after H>O> challenge or transfection with siRNA targeting NRF2,
using CCK-8 kit (Dojindo EU GmbH, Miinchen, Germany), according to manufacturer’s
protocol. The proliferation rate was indicated by the absorbance at 450 nm wavelength,
using Synergy™ HI1 Multi-Mode Reader (BioTek Germany, Bad Friedrichshall,

Germany).
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1.3.4 Mitochondrial activity assay

Granulosa cells were cultured in a slide chamber using the same culture procedure
mentioned above and subjected to the candidate treatment. Thereafter, cells were co-
incubated with 200 nM MitoTracker red dye (MitoTracker® Red CMXRos, M7512;
Invitrogen), for 30 min. Fixed cells were mounted with Vectashield Mounting Medium
with DAPI. Finally, the images were acquired using confocal microscopy CLSM LSM-
780.

1.3.5 Lipid accumulation assay

Cells cultured in 96-well plate were fixed using 4% paraformaldehyde overnight at 4 °C
and then performed to lipid accumulation assay. Briefly, three parts (30 mL) of oil red O
(Sigma-Aldrich Chemie GmbH, Munich, Germany) from stock solution with 2 parts (20
mL) deionized water were mixed to prepare the working solution. Cells were co-
incubated with 60% isopropanol. After 5 min, isopropanol was poured off and 100 pL of
the working solution was pipetted for each well. After the removal of the working solution
and washing, images were captured using an inverted microscope with 40X

magnification.

1.3.6 DNA fragmentation

The fragmented DNA was isolated according to the Abcam protocol (Cambridge, UK).
Briefly, the floated and adhered cells were collected and then lysed using 10 mM Tris
(pH 7.4), 5 mM EDTA, 0.2% Triton followed by vortexing. The pellets were pooled
together and re-dissolved in 10 mM Tris and 5 mM EDTA. Thereafter, the fragmented
DNA was extracted using phenol:chloroform:isoamyl alcohol mixture (25:24:1). Finally,
the samples were electrophoretically separated, using 2% agarose gel containing ethidium
bromide and then visualized using ChemiDoc™ XRS+ system (Bio-Rad Laboratories

GmbH, Germany).

1.3.7 Invitro embryo production

The cumulus-oocyte complexes (COCs) were aspirated from small follicles (2-8 mm) of
bovine ovaries, using 18 G needle. Oocytes with homogenous cytoplasm and surrounded
by multiple layers of compacted cumulus cells were then selected for in vitro maturation.
Groups of 50 COCs were transferred to modified TCM199 culture media (Sigma Aldrich,
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Munich, Germany), supplemented with 55 mg/mL gentamicin and 12% (v/v) heat-
inactivated oestrus cow serum (OCS), and then incubated for 22-.24 h at 39 °C under 5%
COz inair. Following maturation, the matured oocytes were co-incubated with sex-sorted
sperm in F-TALP medium. Afterwards, male and female embryos were transferred to 400
pL of SOF culture medium supplemented with 10% exosomes-depleted fetal bovine
serum (FBS) in four-well dishes (Thermo Fisher Scientific, Roskilde; Denmark).
Embryos were incubated in two different oxygen levels 5% (physiological level) or 20%
(supraphysiological level) until the blastocyst stage (day 8). The spent media was

collected and kept at -80 °C for extracellular vesicles isolation.

1.3.8 Intracellular reactive oxygen species (ROS) detection

The level of ROS was detected using the 6-carboxy- 2°,7°-dichlorodihydrofluorescein
diacetate fluorescent probe (H2DCFDA; Life Technologies, Darmstadt; Germany),
following the manufacture’s instructions with minimum maodifications in terms of
concentration. Blastocysts and granulosa cells of all experiment groups throughout the
study were co-incubated for 20 min with 5 uM and 75 uM H2DCFDA, respectively.
Thereafter, images were immediately acquired under an inverted microscope (Leica DM

IRB, Germany), using a green fluorescence filter.

1.3.9 Total cell count of blastocysts

Total cell number was quantified using nuclear fluorescence staining with the glycerol-
based Hoechst 33342 (Sigma-Aldrich, Munich, Germany), according to the
manufacturer’s procedure. For this, blastocysts were fixed in 2% formalin and 0.25%
glutaraldehyde for 5 min, and then mounted and stained for 10 min with glycerol-based
Hoechst 33342. The stained nuclei were visualized using a fluorescent microscope
(Olympus, Tokyo, Japan).

1.3.10 RNA isolation and quantitative Real-Time PCR

Total RNA from granulosa cells and embryos were extracted using miRNeasy® mini kits
(Qiagen GmbH, Hilden, Germany) and PicoPure RNA isolation kits (Arcturus, Munich,
Germany) following the manufacturer’s protocol, respectively. On-column DNA
digestion was performed, using RNase-free DNase enzyme (Qiagen GmbH, Hilden,

Germany). Additionally, the total RNA from EVs was isolated using Norgen’s exosomal
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RNA isolation kits following the manufacture’s procedure. Quantity and quality of
isolated RNAs were assessed using NanoDrop 8000 UV-Vis Spectrophotometers
(Thermo Scientific, Wilmington, USA). Equal amounts of total RNA were reverse
transcribed using RevertAid first-strand cDNA synthesis kits (Life Technologies GmbH,
Darmstadt, Germany). Following cDNA synthesis, the expression level of candidate
genes was quantified, using Applied Biosystem® StepOnePlus™ (Applied biosystems,
Foster City, CA, USA). The mRNA expression data were analyzed using the comparative
Ct (2724 method. Melting curve analysis was constructed to verify the specificity of
amplification. Following checking the stability of housekeeping genes using NormFinder
software, the expression level of ACTB and GAPDH was used for normalization.
Additionally, 18S was added to ACTB and GAPDH for normalizing the transcript level
of EVs.

1.3.11 Immunoblotting

Total protein was isolated using 1x passive lysis buffer (PLB; Promega GmbH,
Mannheim, Germany) and its concentration was determined using Coomassie Protein
Assay Reagent (Life Technologies GmbH, Darmstadt, Germany). Thirty-five ug of
isolated protein were loaded into SDS-polyacrylamide gel. After electrophoresis, the
separated proteins were transferred from SDS-PAGE gel into nitrocellulose membrane
(Bio-Rad Laboratories GmbH, Germany), using Trans-Blot® SD Semi-Dry Transfer Cell
(Bio-Rad Laboratories GmbH, Germany). Afterwards, the membrane was blocked in
Roti®-Block (Carl Roth GmbH, Germany), for 1 h at room temperature and then
incubated overnight at 4 °C with the candidate primary antibodies. Subsequently, the
membrane was co-incubated with secondary antibody for 1 h at room temperature Finally,
the images were captured, using ChemiDoc™ XRS+ system (Bio-Rad Laboratories
GmbH, Germany) followed by stripping with mild stripping buffer and blocking to

incubate with another primary antibody.

1.3.12 Protein detection and localization

In situ localization of NRF2 and KLF4 proteins in granulosa cells and embryos was
detected, using immunocytochemistry and immunohistochemistry assays, respectively.
Samples were fixed overnight, using 4% paraformaldehyde, and then incubated with

primary antibody overnight at 4 °C. Afterwards, samples were co-incubated with Alexa
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flour goat anti-rabbit secondary antibody. The specimens were mounted on the slide with
vectashield mounting medium containing DAPI (Vector Laboratories, Burlingame;
California, USA), and visualized under confocal microscopy CLSM LSM-780.

1.3.13 EVs isolation and characterization

The spent culture media from male and female bovine embryos cultured under 5% and
20% oxygen levels were subjected to differential centrifugation, in order to isolate EVs.
Finally, the isolated EVs were suspended in PBS-CMF and kept at -80 °C for further
investigations. The purity of the isolated EVs was examined, using immunoblotting for
the presence of EV marker (CD63) protein and the absence of mitochondrial cellular
marker, Cytochrome ¢ (CYCS). Furthermore, the concentration and size of EVs were
evaluated using NanoSight NS300 following manufacturer protocols (Malvern

Instruments, Malvern, UK), followed by confirmation with electron microscopy.

1.3.14 Statistical analysis

All data were represented as means = SEM from three and four independent biological
replicates obtained from granulosa cells and embryos experiments, respectively. The
obtained data were analyzed with GraphPad Prism software version 7 (GraphPad
Software, La Jolla, Calif.,, USA), using different statistical models according to the
experimental setup. In granulosa cells experiment, the obtained data were statistically
analyzed with student’s two-tailed t-test. However, two-way analysis of variance
(ANOVA) followed by multiple pair-wise comparisons, using the Tukey post hoc test
was used in embryos experiment. The significant difference between means was
considered at P < 0.05.
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1.4 Results

Here, the main results of the current dissertation are briefly described below. However,
the detailed results are described in the respective chapters.

1.4.1 H202-induced oxidative stress altered stress-related phenotypes and induced

endoplasmic reticulum stress in bovine granulosa cells

Following the exposure of granulosa cells to H202, the intracellular ROS accumulation
and mitochondrial activity were increased and decreased compared to control, which was
accompanied by higher DNA fragmentation in the H20.-challenged group. Besides this,
the induction of oxidative stress led to increasing the mRNA and protein level of

endoplasmic reticulum stress markers.

1.4.2 H202 challenge altered the mRNA and protein expression patterns of

candidate transcription factors in bovine granulosa cells

Upon exposure to oxidative stress conditions, the mRNA and protein levels of NRF2 was
significantly induced compared to control ones. This induction was accompanied by a
reduction in mRNA level of KLF4 and its protein, followed by alteration of its target
genes. Moreover, the mRNA expression level of SREBF1, SREBF2, NOTCH1, c-FOS,
KLF6, KLF9 and E2F1 was significantly higher in the H,O»-treated group. However, the
IRF7 expression level was significantly decreased in H2O»-treated granulosa cells.

1.4.3 Disruption in cell apoptosis and differentiation in response to oxidative stress

The mRNA expression level of differentiation marker genes including CYP11A1, STAR
and CYP19A1 was significantly upregulated upon exposure of granulosa cells to H.O>
challenge. On the other hand, the pro-apoptotic gene (CAPS3) was significantly increased
in H202-challenged cells. In the meanwhile, the anti-apoptotic marker gene (BCL2L1)
was noticed to be downregulated, which in turn led to lower cell proliferation rate of

granulosa cells cultured under oxidative stress conditions.
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1.4.4 Alteration of candidate TFs upon NRF2 knockdown in bovine granulosa cells

The efficiency of transfection was confirmed by showing a reduction in NRF2 transcript
and protein levels. Upon NRF2 Knockdown, the mRNA of NOTCH1, KLF9, c-FOS and
SREBF2 was significantly downregulated. However, mRNA and protein levels of KLF4
were significantly upregulated accompanied by higher mRNA level of its target genes,

especially the BAX gene, and subsequently led to reducing cell proliferation.

1.45 Oxidative stress reduced blastocyst rate and induced intracellular ROS

accumulation of male and female bovine embryos

Exposure of male and female embryo to higher oxygen level reduced the day 7 and 8
blastocyst rates, which was more pronounced in female embryos. Furthermore, the
intracellular ROS accumulation was higher in those embryos cultured under high oxygen
level. Moreover, embryos cultured under oxidative stress conditions were found to be
lower in their total cell number with a remarkable reduction in female embryos compared

to male counterparts.

1.4.6 High oxygen level-induced oxidative stress altered the mRNA and protein

expression levels of TFs in male and female embryos

The transcript level of NRF2 was significantly higher in male blastocysts cultured under
20% oxygen level compared to those cultured under 5% oxygen level. However, its
protein level was significantly high in both sexes with more abundance in male embryos
derived from high oxygen level. Higher expression of NRF2 resulted in higher expression
of antioxidant genes (CAT1 and SOD1) in male embryos. Likewise, the mRNA but not
protein level of KLF4 was significantly higher in male embryos exposed to higher oxygen
tension. However, its target gene, namely POU5F1, was significantly higher in both sexes
derived from high oxygen level. On the other hand, NOTCH1 was significantly higher in
female embryos cultured under 20% oxygen level compared to male counterparts. Male
embryos cultured under both 5% and 20% oxygen levels showed elevated SREBF2
expression pattern compared to female blastocysts cultured under both oxygen levels.
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1.4.7 Oxidative stress altered the released EVs and their mRNA contents in male

embryos

The data of Nanosight tracking revealed that the concentration of EVs was higher in male
embryos cultured under 20% oxygen level compared to those under 5% oxygen level,
which was similar to the expression of EVs biogenesis and secretion related genes (ALIX,
VPS4B, RAB11FIP1 and RAB27A). Interestingly, EVs released from male embryos
cultured under 20% oxygen level was higher in NRF2 mRNA level to other groups.
Similarly, SOD1 was significantly higher in EVs released from male embryos exposed to
oxidative stress compared to those cultured under normal conditions. The transcript level
of CAT1, KLF4 and E2F1 did not show significant differences among all investigated

groups.

In conclusion, changing in cellular phenotypes and subsequently functions upon exposure
to oxidative stress induced by either hydrogen peroxide (H202) or oxygen (O.) level could
be attributed to the alteration and cross-talk of TFs in a sex-dependent manner.
Additionally, these TFs could be released into extracellular space via EVs, which in turn

maintain cellular homeostasis and/or enhance the adaptive response of neighboring cells.
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2.1 Abstract

Transcription factors (TFs) are known to be involved in mammalian folliculogenesis.
However, the regulatory role of TFs during oxidative stress is not fully understood.
Hence, the current study was aimed to investigate the regulatory role of the TFs during
the development of bovine granulosa cells (bGCs) under oxidative stress (OS) conditions.
For this, sub-confluent bGCs were treated with H20> to induce OS. Twenty-four h later,
cells were subjected to various phenotypic and gene expression analysis including TFs,
endoplasmic reticulum stress, apoptosis, cell proliferation and differentiation markers. In
response to OS, bGCs exhibited higher reactive oxygen species accumulation, DNA
fragmentation and endoplasmic reticulum stress accompanied by reduction of
mitochondrial activity. In addition, higher lipid accumulation and lower cell proliferation
were noticed in H20.-challenged cells. The mRNA level of TFs including NRF2, E2F1,
KLF6, KLF9, c-FOS, SREBF1, SREBF2 and NOTCHL1 was increased in H2O»-treated
cells compared to control counterparts. However, the expression level of KLF4 and its
downstream gene, CCNB1, were decreased in H>O.-challenged group. Moreover,
targeted inhibition of NRF2 using small interference RNA resulted in reduced expression
of KLF9, c-FOS, SREBF2 and NOTCH1 genes, while the expression of KLF4 was
upregulated. Taken together, bovine granulosa cells exposed to oxidative stress exhibited
differential expression of various transcription factors which are mediated by the NRF2
signaling pathway.

Keywords: Transcription factors, Granulosa cells, Oxidative stress, Apoptosis and
differentiation, NRF2 cross-talk
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2.2 Introduction

During folliculogenesis, the oocyte is surrounded by multiple layers of somatic cells
including granulosa cells, which significantly contribute to the production of hormones
including estradiol and progesterone (Wen et al. 2010). Thus, disruption of granulosa cell
functions results in poor oocyte quality and subsequently reduce the pregnancy rate (Lai
etal. 2018). Indeed, the majority of the growing follicles undergo follicular atresia (Roche
and Boland 1991; Shen et al. 2012). Previous evidence has been reported that exposure
of granulosa cells to oxidative stress led to impair their functions and subsequently poor
quantity and quality oocytes (Jancar et al. 2007; Lai et al. 2018; Rajani et al. 2012). On
the other hand, the follicular fluid of the atretic and preovulatory follicles is characterized
by its enrichment in reactive oxygen species (ROS) (Hennet et al. 2013). This was further
supported by that elevated ROS levels at the time of ovulation play an indispensable role
in facilitating ovulation process (Tanabe et al. 2015), which could be inhibited by
antioxidants administration (Shkolnik et al. 2011).

ROS are endogenously produced during metabolic pathways as a byproduct from
different cellular compartments including the plasma membrane, mitochondria,
endoplasmic reticulum and peroxisome (Di Meo et al. 2016). Cells are equipped with a
well-balanced system including antioxidants machinery to eliminate the excessive levels
of ROS and maintain cellular redox homeostasis (He et al. 2017). However, disruption of
this balanced system and overwhelmed cellular ROS production lead to oxidative stress
(Agarwal et al. 2006). Oxidative stress could arise from external and/or internal stressors
such as heat stress (Alemu et al. 2018), inflammation (Mittal et al. 2014) and endoplasmic
reticulum stress (Liu et al. 2018). Exposure of cells to oxidative stress has a negative
impact on cell membrane permeability, mitochondrial activity and causes DNA damage
(Kadenbach et al. 2004; Zhang et al. 2016) resulting in cell cycle arrest (Saeed-Zidane et
al. 2017) and apoptosis (Sohel et al. 2019).

Mammalian cells respond to intra and extra signals by altering several transcription
factors (TFs), that activate and/or inhibit genes involved in specific biological functions
(Leite et al. 2017). Some of those TFs are believed to be involved in cellular defense
mechanisms against oxidative stress (Mikaeili et al. 2016; Saeed-Zidane et al. 2017;
Weng et al. 2016). In bovine embryos, the capability of in vitro produced embryos to
survive under oxidative stress conditions relies on the activation of nuclear factor
(erythroid-derived 2)-like 2 (NRF2 or NFE2L 2) transcription factor at mMRNA and protein
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levels (Amin et al. 2014). NRF2 is responsible for the activation of cellular antioxidants
machinery as has been previously reported in bovine granulosa cells (Saeed-Zidane et al.
2017) and preimplantation embryos (Amin et al. 2014). Moreover, NRF2 could be
extracellularly released via exosomes and horizontally transferred to neighboring cells as
a means of increasing their adaptive response against oxidative stress (Saeed-Zidane et
al. 2017). On the other hand, NRF2 might particularly be involved in the regulation of
other TFs network such as NOTCH (Zhao et al. 2016), sterol regulatory element-binding
transcription factors (SREBFs) family (Amin et al. 2014; Kamisako et al. 2014) and
Krippel-like factor (KLFs) family (Jang et al. 2014; Zucker et al. 2014). Some of those
TFs significantly contribute to the regulation of ovarian functions (Murta et al. 2015;
Natesampillai et al. 2008). However, increasing intracellular ROS accumulation
accompanied by overexpression of NRF2 resulted in promoting cell death via regulation
of KLF9 (Zucker et al. 2014). However, little is known regarding the regulatory role of
the TFs in modulating bovine granulosa cells functions under oxidative stress conditions.
Therefore, the current study aimed to investigate the expression patterns of stress-related
TFs and their association with the NRF2 signaling pathway in bovine granulosa cells

exposed to oxidative stress.
2.3 Materials and methods
2.3.1 Experimental setup

To investigate the effect of H202 on the expression of the stress-related TFs and their
regulation by the NRF2 signaling pathway in bovine granulosa cells, two independent
experiments were conducted. In the first experiment, sub-confluent bovine granulosa cells
were treated with 5 uM H20- for 40 min (Saeed-Zidane et al. 2017) to induce moderate
oxidative stress. Thereafter, the culture media was replaced with fresh media and cells
were incubated at 37 °C in 5% CO: for a further 24 h. The intracellular ROS
accumulation, DNA fragmentation, mitochondrial activity, cell proliferation and lipid
accumulation were assessed in the treated and control groups. Furthermore, cells of both
groups were subjected to mRNA and protein levels quantification. Based on previous
evidence and in silico analysis, the second experiment was conducted in order to figure
out the cross-talk between NRF2 and candidate TFs. For that, sub-confluent bovine
granulosa cells were transfected with 200 nM small interference RNA (siRNA) targeting
NRF2. Twenty-four h later, cell proliferation and lipid accumulation analysis were
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performed. In addition, the mRNA and protein levels of NRF2 and the candidate TFs were

investigated.

2.3.2 Culture of bovine granulosa cells

Bovine ovaries were obtained from a local abattoir (Diren, Germany) and transported in
warm (37 °C) physiological saline (0.9% NaCl). Upon arrival, ovaries were washed three
times with warm (37 °C) 0.9% NacCl, followed by washing with prewarmed (37 °C) 70%
ethanol, and then washed with warm 0.9% NaCl. Granulosa cells were aspirated from
small follicles (3-5 mm) in 15 mL tubes containing prewarmed (37 °C) phosphate-
buffered saline, calcium- and magnesium-free (PBS-CMF) and then kept standing for 15
min at 37 °C to let the cellular debris settled down at the bottom. Subsequently, the
supernatants containing the granulosa cells were collected and centrifuged at 750 g for 7
min to get granulosa cells pellets. Afterwards, the cell viability and concentration were
checked under the microscope using trypan blue. Ultimately, a total of 2.5 x 10° cells per
well was cultured in CytoOne® 24-well plate (Starlab GmbH, Hamburg, Germany)
containing 600 uL DMEM/F-12 medium (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin and incubated at 37 °C in 5% CO.. Twenty-four h post-treatment, cells were

subjected to various phenotypic and genotypic analysis.
2.3.3 Small interference RNA transfection

In order to investigate the cross-talk between NRF2 and the candidate TFs, the sSiRNA-
mediated NRF2 knockdown was utilized. Briefly, sub-confluent granulosa cells were
transfected with 200 nM siRNA targeting NRF2 (Exigon, Vedbaek, Denmark) in the
presence of Lipofectamine® 2000 (Invitrogen, Carlsbad, California, USA) as transfection
reagent diluted in Opti-MEM I reduced-serum medium (Invitrogen, Carlsbad, California,
USA). Afterwards, cells were incubated for 24 h in a humidified 5% CO> incubator at 37
°C. At the end of the incubation period, the culture media were removed and cells were

used for further analysis.

2.3.4 Cell proliferation assay

A total of 1.5 x 10* cells was cultured in 96-well plate using the same procedure described
above. After 24 h from the treatment of sub-confluent cells with either H202 or siRNA,

the cell proliferation assay was performed using CCK-8 kits (Dojindo EU GmbH,
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Miinchen, Germany) according to the manufacturer’s protocol. The proliferation rate was
indicated by the absorbance at 450 nm wavelength using Synergy™ H1 Multi-Mode
Reader (BioTek Germany, Bad Friedrichshall, Germany).

2.3.5 Intracellular ROS detection

To determine the effect of oxidative stress on intracellular ROS accumulation, granulosa
cells were cultured in 96-well plate and then the sub-confluent cells were treated with
H20> to induce oxidative stress. After 24 h, cells were co-incubated with FBS-free media
containing 75 uM 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) (Invitrogen,
Carlsbad, California, USA) for 20 min at 37 °C in 5% CO.. Subsequently, the cells were
washed twice with PBS-CMF and then the images were captured using a green-
fluorescence filter of the inverted fluorescence microscope (Leica DM IRB, Leica,
Wetzlar, Germany). The fluorescence intensity was quantified using Image] 1.48v

(National Institutes of Health, Maryland, USA, http://imagej.nih.gov).

2.3.6 Mitochondrial activity assay

To assess the cellular mitochondrial activity in bovine granulosa cells exposed to
oxidative stress conditions, a total of 4 x 104 live cells were seeded onto 8-well slide
chamber according to the manufacturer’s protocol. Briefly, the granulosa cells were co-
incubated with 200 nM MitoTracker red dye (MitoTracker® Red CMXRos, M7512;
Invitrogen) for 30 min. Then, the cells were rinsed twice with PBS-CMF and
subsequently fixed with 4% paraformaldehyde overnight at 4 °C. Fixed cells were
mounted with vectashield mounting medium containing DAPI. Finally, the images were
acquired using confocal microscopy CLSM LSM-780 and the fluorescent intensity was
analyzed with ImageJ 1.48v software (National Institutes of Health, Maryland, USA,
http://imagej.nih.gov).

2.3.7 Lipid accumulation assay

To investigate the cellular accumulation of lipid, the cells were cultured into a 96-well
plate and treated with either H20. or siRNA. Twenty-four h post-treatment, plates
containing granulosa cells were gently rinsed with 50 uL of PBS-CMF. Subsequently,
cells were fixed using 4% paraformaldehyde overnight at 4 °C and then subjected to lipid

accumulation assay. Briefly, a working solution was prepared by mixing three parts (30
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mL) of oil red O (Sigma-Aldrich Chemie GmbH, Munich, Germany) from stock solution
with 2 parts (20 mL) deionized water and then stored at room temperature for 10 min
followed by filtration via filter paper. After removing the 4% paraformaldehyde, each
well was gently rinsed by sterile water followed by co-incubation with 50 puL of 60%
isopropanol at room temperature for 5 min. Afterwards, the isopropanol was poured off
and 100 pL working solution of oil red O was pipetted to each well and left for 5 min.
Following this, cells were rinsed with tap water and the images were captured using an

inverted microscope with 40x magnification.

2.3.8 DNA fragmentation

The fragmented DNA was isolated according to the Abcam protocol (Cambridge, UK).
Briefly, the floated and adhered cells were collected and then lysed in 500 pL of 10 mM
Tris (pH 7.4), 5 mM EDTA, 0.2% Triton-X100 followed by vortexing for several times.
The lysate was incubated on ice for 30 min followed by centrifugation at 27,000 g for 30
min. Subsequently, the supernatants were divided into two parts and 50 pL ice-cold 5 M
NaCl was added to each part coupled with several times of vortexing. Subsequently, a
mixture containing 600 pL ethanol and 150 pL 3 M sodium acetate (pH 5.2) was added
to each aliquot with gentle mixing by pipetting and then incubated at -80 °C for 1 h
followed by centrifugation for 20 min at 20,000 g. After discarding the supernatant, the
pellets were pooled together and re-dissolved in 10 mM Tris and 5 mM EDTA
accompanied by adding DNase-free RNase 10 mg/mL and then incubated in a water bath
at 37 °C for 5 h. Afterwards, a combination of 25 uL proteinase K at 20 mg/mL (Qiagen
GmbH, Hilden, Germany) and 40 pL buffer (100 mM Tris pH 8.0, 100 mM EDTA and
250 mM NaCl) was added and subsequently incubated overnight at 65 °C. Thereafter, the
DNA was extracted using phenol:chloroform:isoamyl alcohol mixture (25:24:1) (Biomol
GmbH, Hamburg, Germany) and then precipitated using ethanol. The supernatant was
carefully removed followed by air drying. The pellets were resuspended in 15 uL 1x TE
buffer (Carl Roth GmbH, Karlsruhe, Germany). Finally, the samples were
electrophoretically separated using 2% agarose gel containing ethidium bromide and then

visualized using ChemiDoc™ XRS+ system (Bio-Rad Laboratories GmbH, Germany).
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2.3.9 RNA isolation and cDNA synthesis

Total RNA from granulosa cells was extracted using the miRNeasy® mini kit (Qiagen
GmbH, Hilden, Germany) following the manufacturer’s protocol. Before starting the total
RNA extraction, granulosa cells were washed using 1x PBS to remove remaining culture
medium. At the end of the extraction protocol, trapped RNAs in the membrane of spin-
column were eluted using 30 uL RNase-free water. The RNA concentration was assessed
using NanoDrop 8000 UV-Vis Spectrophotometers (Thermo Scientific, Wilmington,
USA). Equal amounts of total RNA were reverse transcribed using RevertAid first-strand
cDNA synthesis kit (Thermo Fisher Scientific, Schwerte, Germany). Briefly, a
combination from oligo-dT and random primer was added to each sample followed by
incubation at 65 °C for 5 min. After incubation time, a mixture containing 1 pL of
RiboLock RNase inhibitor, 2 uL of 10 mM dNTP mix, 4 pL of 5x reaction buffer and 2
puL of MMULYV reverse transcripts was added to each sample. Afterwards, samples were
incubated at 25 °C for 5 min, then 37 °C for 60 min followed by 70 °C for 5 min to
terminate the reaction. Ultimately, the cDNA was kept at -20 °C for further analysis.

2.3.10 Real-Time Quantitative PCR

The expression levels of candidate TFs (NRF2, NOTCH1, SREBF1, SREBF2, KLF4,
KLF9, FOS, FOSB, IRF7, E2F1 and E2F4), the KLF4 downstream target genes (CCNB1,
CCND2 and BAX), endoplasmic reticulum stress marker (Grp78, Grp94 and Calpainl),
cell differentiation markers (CYP11A1, CYP19A1, STAR, INHBa, EGFR and FOXO1)
and apoptosis-related genes (BCL2L1 and CASP3) were quantified using iTaq"
Universal SYBR® Green Supermix (Bio-Rad Laboratories GmbH, Miinchen, Germany)
in Applied Biosystem® StepOnePlus™ (Applied biosystems, Foster City, CA, USA). The
primers were designed based on the primer3 online tool (http://bioinfo.ut.ee/primer3-
0.4.0/) (Table 1). Subsequently, the specificity of the primers was confirmed by
sequencing analysis using GenomeLab™ GeXP Genetic Analysis System (Beckman
Coulter GmbH, Krefeld, Germany). The mRNAs expression data were analyzed using
comparative Ct (2"24¢) methods (Livak and Schmittgen 2001) and the geometric mean of
the expression level of ACTB and GAPDH was used for normalization after checking the

expression stability with NormFinder software (Andersen et al. 2004).
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2.3.11 Immunoblotting

Total protein of granulosa cells was isolated using 1x passive lysis buffer (Promega
GmbH, Mannheim, Germany) and the protein concentration was determined using
Coomassie Protein Assay Reagent (Life Technologies GmbH, Darmstadt, Germany).
Thirty-five pg of protein was loaded onto 12% SDS-polyacrylamide gel. After
electrophoresis, proteins were transferred from the gel into nitrocellulose membrane (Bio-
Rad Laboratories GmbH, Germany) using Trans-Blot® SD Semi-Dry Transfer Cell (Bio-
Rad Laboratories GmbH, Germany). Afterwards, the membrane was blocked in Roti®-
Block (Carl Roth GmbH, Germany) for 1 h at room temperature. The membrane was
incubated overnight at 4 °C with polyclonal primary antibodies specific for KLF4 (1:100),
Grp78 (1:300), AMPKal/2 (1:350), StAR (1:250) and ACTB (1:500) mouse monoclonal
antibody monoclonal (Santa Cruz Biotechnology Inc, Germany). After the expiration of
the incubation period, the membrane was incubated with goat anti-rabbit or goat anti-
mouse (1:5000; Santa Cruz Biotechnology Inc, Germany) according to the candidate
primary antibody for 1 h at room temperature. The proteins were visualized using
Clarity™ Western ECL Substrate (Bio-Rad Laboratories Inc, USA). The images were
captured using the ChemiDoc™ XRS+ system (Bio-Rad Laboratories GmbH, Germany).
Subsequently, the membrane was stripped using middle stripping buffer in order to
remove primary and secondary antibodies followed by blocking and incubation with

another antibody using the same protocol.

2.3.12 Immunocytochemistry

Quantification and localization of NRF2 and KLF4 proteins were conducted using the
immunocytochemistry technique. For this, granulosa cells were seeded into 8-well slide
chamber and subsequently treated with either H2O2 or siRNA. Twenty-four h post-
treatment, granulosa cells were fixed using 4% paraformaldehyde and kept at 4 °C
overnight. Subsequently, the cells were rinsed three times with PBS-CMF and then
incubated with 0.3% Triton X-100 (Roche Diagnostics GmbH, Mannheim, Germany) for
10 min followed by blocking with 3% donkey serum for 1 h at room temperature.
Afterwards, the cells were co-incubated with primary antibody for NRF2 (1:100) or KLF4
(1:100) at 4 °C overnight. Thereafter, the cells were washed three times with PBS-CMF
followed by co-incubation with fluorescent secondary antibody (Lifespan Biosciences,
Alexa fluor goat anti-rabbit 1:350) for 3 h at 37 °C in dark. Thereafter, the cells were
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washed three times with PBS-CMF and subsequently mounted with vectashield mounting
medium containing DAPI. Eventually, the cells were visualized under confocal
microscopy CLSM LSM-780 and the fluorescence intensity of proteins was analyzed
using ImageJ 1.48v software (National Institutes of Health, Maryland, USA,
http://imagej.nih.gov).

2.3.13 Statistical analysis

Data were represented as means = SEM from at least three independent biological
replicates. Data were statistically analyzed with student’s two-tailed t-test using
GraphPad Prism software version 7 (GraphPad Software, La Jolla, California, USA). The

difference between means was considered significant when P value less than 0.05.
2.4 Results

2.4.1 Oxidative stress impaired granulosa cell functions

Bovine granulosa cells treated with H>O> exhibited shrunken cell shape and decreased
confluency compared to untreated counterparts (Figure 2.1). Moreover, exposure of cells
to H20: increased (P < 0.01) the intracellular ROS levels and decreased (P < 0.001)
mitochondrial activity compared to the control counterparts (Figure 2.2a and b).
Moreover, the higher intracellular ROS accumulation in H.O-challenged cells was
accompanied by the induction of DNA fragmentation (Figure 2.3). Overall, these results
indicated that bovine granulosa cells treated with H>O; resulted in induction of oxidative
stress.

2.4.2 H202-induced oxidative stress coupled with endoplasmic reticulum stress

The mRNA expression level of glucose-regulated protein (Grp) 78 and Grp94 was
significantly (P <0.01 and P < 0.05, respectively) higher in H,O»-treated cells compared
to control counterparts (Figure 2.4a). Furthermore, the protein level of Grp78 was in
agreement with its MRNA expression level (Figure 2.4b). However, the expression level

of Calpainl did not show any significant differences.
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2.4.3 H202-induced oxidative stress altered the expression pattern of candidate
TFs

The temporal expression level of the candidate TFs which have pivotal roles in stress
response (NRF2, c-FOS and FOSB), apoptosis, differentiation and proliferation (KLF4,
KLF6, KLF9 and NOTCH1), cell cycle (E2F1 and E2F4), fatty acids and cholesterol
biosynthesis (SREBF1 and SREBF2) and immune response (IRF7) was quantified. Upon
oxidative stress induction, the expression pattern of NRF2 was significantly increased (P
<0.01) inthe H20,-challenged group compared to the unchallenged control group (Figure
2.5a). Similarly, the mRNA transcript level of NOTCH1, c-FOS, SREBF1, SREBF2,
KLF6, KLF9 and E2F1 was significantly higher (P <0.05) in H2O»-treated group (Figure
2.5c). Contrary to this, the expression of KLF4 and IRF7 was significantly lower (P <
0.05) in H2O»-treated granulosa cells compared to the untreated control group (Figure
2.5d). However, no significant differences were observed in the expression of E2F4 and
FOSB (Figure 2.5d).

2.4.4 Oxidative stress influenced the protein level of NRF2 and KLF4

To confirm the temporal expression of mMRNA, the protein level of one of upregulated
candidate TFs (NRF2) and other downregulated (KLF4) was assessed using
immunocytochemistry assay. Similar to mRNA expression, the protein abundance of
NRF2 was significantly upregulated (P < 0.001) in H2O2-challenged cells compared to
control counterparts (Figure 2.5b). Furthermore, the NRF2 protein was found to be
localized in the nucleus of treated cells. However, the protein abundance of KLF4 was

significantly lower (P < 0.001) in the H20.-challenged cells (Figure 2.6a).

2.4.5 Aberrations of KLF4 downstream genes under oxidative stress condition

The downregulation of KLF4 in the H2O,-treated group was accompanied by a significant
reduction (P < 0.01) of CCNB1 (Figure 2.6b). However, the mRNA expression of
CCND2 and BAX was not statistically significantly differed between H.O»-treated and
untreated groups (Figure 2.6Db).

2.4.6 Oxidative stress induced lipid accumulation

In addition to KLF4, to confirm whether the increased expression of TFs involved in fatty
acids and cholesterol biosynthesis (SREBF1 and SREBF2) under oxidative stress
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condition altered granulosa cell functions, the expression of upstream genes of SREBFs
and cellular lipid accumulation were investigated. The results showed a significant
increment (P < 0.05) in mRNA expression of AMPKal (Figure 2.7a). Additionally, the
AMPKal/2 protein level was upregulated in H.O-challenged cells (Figure 2.7b).
Consequently, the H>O»-challenged cells exhibited higher lipid accumulation compared

to control ones (Figure 2.7c).

2.4.7 Oxidative stress induced differentiation marker genes

To clarify whether the exposure of bovine granulosa cells to oxidative stress affected their
ability to differentiate, the expression pattern of differentiation marker genes was
investigated. The mRNA expression of CYP11Al, CYP19Al1 and STAR was
significantly upregulated (P <0.001, P <0.01, and P <0.01, respectively) upon exposure
of granulosa cells to H2O> (Figure 2.8a). In addition, the protein abundance of StAR
showed upregulation in challenged cells (Figure 2.8b). Moreover, the expression pattern
of EGFR was significantly upregulated (P < 0.01) in H2O»-treated group compared to
untreated counterparts. However, no significant differences were noticed in the mRNA
expression level of Inhibin, Beta A (INHBa) and Forkhead box O1 (FOXO1) between

treated and untreated groups (Figure 2.8a).

2.4.8 Oxidative stress induced the expression of the pro-apoptotic gene and
subsequently impaired granulosa cells proliferation

Unlike BAX, the mRNA level of CASP3, a pro-apoptotic gene, was significantly
increased (P < 0.05) in H2O2-challenged cells (Figure 2.9a). However, the expression of
the anti-apoptotic marker gene (BCL2L1) was significantly decreased (P < 0.05) under
H202 challenge. On the other hand, the mRNA expression level of the proliferation
marker gene (PCNA) was significantly decreased (P < 0.01) under oxidative stress
condition (Figure 2.9b and d). Accordingly, a significant reduction in cell proliferation

rate was observed upon exposure of granulosa cells to H.O> challenge (Figure 2.9c¢).
2.4.9 Selective knockdown of NRF2 altered the mRNA expression pattern of stress-
related candidate TFs

The granulosa cells transfected with siRNA targeting NRF2 exhibited significantly lower
expression of NRF2 (P < 0.001, Figure 2.10). Upon NRF2 Knockdown, the mRNA
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expression of KLF9, c-FOS, NOTCH1 and SREBF2 was significantly downregulated (P
< 0.05; Figure 2.10c). Interestingly, the relative mRNA expression of KLF4 was
significantly increased (P < 0.001) with 5-fold. However, the mRNA expression levels of
E2F1 and SREBF1 were not significantly altered.

2.4.10 NRF2 knockdown altered the KLF4 downstream genes and reduced cell
proliferation

Targeted suppression of NRF2 increased the protein level of KLF4 (Figure 2. 11a). Next,
to demonstrate the effect of NRF2 knockdown induced expression of KLF4 on granulosa
cell functions, the expression pattern of its downstream genes and cell proliferation were
investigated. Consequently, the mRNA expression of CCND2 was significantly
upregulated (P < 0.05; Figure 2.11b). Intriguingly, the expression pattern of BAX was
significantly upregulated (P < 0.01) accompanied by a reduction in cell proliferation rate
(Figure 2. 11c).

2.4.11 NRF2 knockdown altered the expression pattern of genes associated with
differentiation and lipid accumulation

Since the upregulation of TFs involved in fatty acids and cholesterol biosynthesis as well
as differentiation was noticed in granulosa cells expressed NRF2, the impact of NRF2
knockdown on the expression of differentiation genes and the amount of lipid
accumulation was evaluated. Accordingly, the mRNA expression level of the CYP11A1l
transcript was reduced (P < 0.05) in siRNA-targeting NRF2 transfected cells (Figure
2.12a) and the mRNA level of INHBa was significantly increased (P <0.01). On the other
hand, the NRF2 knockdown resulted in dysregulation of fatty acids and cholesterol
biosynthesis transcription factors, which was confirmed by lower lipid accumulation
under inhibition of NRF2 (Figure 2.12b).

2.5 Discussion

Follicle containing oocyte surrounded by multiple layers of granulosa and theca cells is
the functional unit of the mammalian ovary. In fact, granulosa cells provide oocyte with
essential nutrients (Dzafic et al. 2013) and contribute to the production of steroid
hormones (Wen et al. 2010). During the bovine follicular wave, one of the growing

follicles becomes dominant and is subsequently ovulated, while the other follicles
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undergo atresia (Ginther et al. 2000; Hirshfield 1991; Shen et al. 2012), which begins
from granulosa cells (Inoue et al. 2011; Jiang et al. 2003).

The elevated level of ROS during follicular atresia (Hennet et al. 2013) and the ovulation
process (Shkolnik et al. 2011) is a common phenomenon in the ovarian environment.
Moreover, oxidative stress is occurred as a result of exposure to stress predisposing
factors including diseases (Lai et al. 2018), heat stress (Alemu et al. 2018; Li et al. 2016a)
and food toxicity (Qin et al. 2015), which lead to compromise granulosa cells functions
and other interacting cells in ovarian follicle (Li et al. 2016b; Zhang et al. 2016).
Various concentrations of H2O> have been used to induce in vitro oxidative stress (Saeed-
Zidane et al. 2017; Sohel et al. 2019; Weng et al. 2016; Zhang et al. 2016). Based on our
previous work (Saeed-Zidane et al. 2017), 5 uM H20> was selected to induce moderate
oxidative stress in bovine granulosa cells in the current study.

In the current study, exposure of cells to H.O induced oxidative stress through increasing
intracellular ROS accumulation (Figure 2.2a), which is similar to previous reports (Saeed-
Zidane et al. 2017; Sohel et al. 2019; Zhang et al. 2016). Upon increasing intracellular
ROS accumulation, we found that the mitochondrial activity was reduced in H20;-
challenged cells (Figure 2.2b) indicating the impairment of the mitochondrial integrity,
which in turn altered other biological functions like metabolism (Kadenbach et al. 2004),
apoptosis (Yang et al. 1997) and proliferation as well as cell cycle (Antico Arciuch et al.
2012; Saeed-Zidane et al. 2017). Besides the compromised mitochondrial activity, the
ROS can bind to bioactive molecules such as DNA and subsequently cause DNA damage
(Kadenbach et al. 2004; Zhang et al. 2016). Similarly, the elevated level of ROS in the
H202-challenged cells was accompanied by higher DNA fragmentation (Figure 2.3).
Furthermore, we found that the H20»-induced oxidative stress contributed to induction of
endoplasmic reticulum stress, which was confirmed by the upregulation of endoplasmic
reticulum marker genes (Grp78 and Grp94) mRNA and consequentially higher protein
level of Grp78 (Figure 2.4). Grp78 and Grp94 contribute to the maintenance of
endoplasmic reticulum homeostasis and induction of apoptosis via activation of caspase
under endoplasmic reticulum stress (Liu et al. 2011). Matched with current results, we
have previously shown that granulosa cells exposed to heat stress showed upregulation of
endoplasmic reticulum stress marker genes (Alemu et al. 2018).

In ovarian cells, KLFs’ family contributes significantly to various functions including cell

proliferation, differentiation and apoptosis (Jo et al. 2004; Kezele et al. 2005; Simmen et



Chapter 2 75

al. 2015). In the same line to this, the expression of KLF4 and KLF13 mRNA is regulated
by luteinizing hormone (LH) or/and insulin-like growth factor 1 (IGF1) in follicular
granulosa cells (Natesampillai et al. 2008), while the dysregulation of KLF2 and KLF4
expression was noticed in polycystic ovary syndrome (PCOS) compared with normal
ovaries (Jansen et al. 2004). The aberrant expression of KLF2, KLF4, KLF5, KLF6 and
KLF9 was found in ovarian cancer cells (DiFeo et al. 2006; Dong et al. 2013; Zhang et
al. 2015). Accordingly, our results revealed that the mRNA level of KLF6 and KLF9 was
upregulated under oxidative stress conditions (Figure 2.5c). The upregulation of KLF9
could be attributed to the higher expression of NRF2 and subsequently induce apoptosis
(Zucker et al. 2014).

Multiple signaling pathways including TFs contribute to induction of apoptosis.
Supporting this notion, the E2F1, which is one of E2Fs TFs family involved in cell cycle
regulation and apoptosis (Crosby and Almasan 2004), was increased in H>O»-treated
granulosa cells (Figure 2.5¢). Consistently, it had been shown that the upregulation of
E2F1 was accompanied by increasing of apoptosis in different cell types (Ginsberg 2002),
which was evidenced by increasing DNA fragmentation in the present study (Figure 2.3).
Additionally, we found that the mRNA transcript of Fos proto-oncogene, AP-1
transcription factor subunit (c-FOS) was significantly increased upon oxidative stress
induction (Figure 2.5c). The c-FOS is a member of the activator protein-1 (AP-1) family
including c-Jun, JunB, JunD, c-Fos, FRA1 and FRA2, which is regulated by c-Jun NH2-
terminal kinase (JNK) AP-1 (Yin et al. 2009). Under oxidative stress conditions, the
upregulation of JNK triggered apoptosis via FOXO1 (Weng et al. 2016), which in turn
induced c-FOS expression (Zhang et al. 2007). These findings were not in agreement with
our current results under oxidative stress conditions (Figure 2.5c).

Unexpectedly, the mRNA expression of KLF4 was significantly decreased under
oxidative stress conditions (Figure 2.5c), which subsequently confirmed by its protein
level (Figure 2.6a). The reduction of KLF4 mRNA and protein levels attenuated the
MRNA expression of its target genes (Figure 2.6b), which were found to be involved in
the regulation of apoptosis (Li et al. 2015) and cell cycle (Choi and Roh 2019). Our
previous study showed downregulation of CCND2 and subsequently cell cycle arrest at
the G2/M phase in H.O»-treated granulosa cells (Saeed-Zidane et al. 2017). These results
were conflicted with overexpression of KLF4 in mice granulosa cells exposed to 100 uM
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H202 (Xu et al. 2017), which indicates that the expression of KLF4-induced apoptosis is
expressed in H20, dose-dependent manner.

From another point of view, the reduction of KLF4 expression was found to be indirectly
regulated by the higher expression of SREBF2 under oxidative stress condition in
endothelial cells (Chen et al. 2015). SREBF1 and SREBF2 are TFs involved in regulation
of fatty acids and cholesterol biosynthesis (Shimano 2001). Similarly, our results showed
that SREBF1 and SREBF2 were found to be upregulated in granulosa cells exposed to
oxidative stress conditions (Figure 2.5¢), which was coupled with a reduction of KLF4
expression. The expression of SREBF1 was found to be more abundant in bovine
embryos exposed to oxidative stress-induced NRF2 expression (Amin et al. 2014).
Furthermore, the elevated ROS-induced endoplasmic reticulum stress is responsible for
increasing the SREBF2-cleavage (Colgan et al. 2007), which is in the same line of the
current study. To validate that, the lipid accumulation assay was performed and the results
showed higher lipid content of granulosa cells in response to H>O.-induced oxidative
stress (Figure 2.7c). The higher lipid accumulation may be attributed to apoptosis and
differentiation of granulosa cells (Regan et al. 2018), as evidenced from higher expression
of differentiation marker genes (Figure 2.8) and apoptosis (Figure 2.9). Additionally, the
oxidative stress-induced apoptosis was confirmed by a reduction in the expression of cell
proliferation marker genes (Figure 2.9b) and cell proliferation rate (Figure 2.9c). Our
results were in agreement with Saeed-Zidane et al. (2017), who showed that exposure of
granulosa cells to oxidative stress led to the upregulation of apoptosis and differentiation
marker genes. This could indicate the significant contribution of ROS in granulosa cells
transdifferentiation (Shkolnik et al. 2011).

There is clear evidence that the NOTCH signaling pathway is implicated in ovarian
follicular development, through the spatial and temporal regulation of its associated
genes, during different stages of follicular growth and selection (Murta et al. 2015;
Vanorny et al. 2014; Zhang et al. 2011). Moreover, it is also involved in corpus leutum
steroidogenesis and regression (Murta et al. 2015). Additionally, the NOTCH signaling
acts as a suppressor of apoptosis signal-regulating kinase 1 (ASK1) 1 and consequently
p38 MAPK signaling pathway (Mo et al. 2013). Accordingly, our data showed an
upregulation of NOTCH1 transcript in H20»-treated group (Figure 2.5c). In this regard,
the NOTCH signaling was found to be upregulated in granulosa cells of preantral and

antral follicles (Jing et al. 2017), which indicates the vital role of this pathway in the
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regulation of granulosa cell functions during follicle development (Jing et al. 2017).
However, the NOTCH signaling pathway was also found to be involved in suppression
of AP-1 (Murthy et al. 2012), which is inconsistence with our findings (Figure 2.5c).
Moreover, it was reported that the expression of NOTCH1 was underwent induction of
NRF2 to protect cells from apoptosis (Zhao et al. 2016), which revealed the role of NRF2
in the regulation of other TFs.

To investigate the cross-talk between the NRF2 signaling pathway and candidate TFs, the
NRF2 gene was selectively knocked down using siRNA technology. Our results revealed
that the inhibition of NRF2 led to reducing the expression of several candidate TFs
including KLF9, c-FOS, NOTCH1 and SREBF2 (Figure 2.10c). However, the expression
of KLF4 was significantly increased (Figure 2.10c), which was guaranteed by the
induction of its protein level (Figure 2.11a). Subsequently, the downstream target genes
of KLF4 were increased (Figure 2.11b), which in turn resulted in a reduction of granulosa
cells proliferation (Figure 2.11c). These results may indicate the role of NRF2 in
suppressing apoptosis via inhibition of KLF4-mediated BAX (Li et al. 2015).
Additionally, the dysregulation of SREBFs’ levels resulted in reducing lipid accumulation
upon NRF2 knockdown. This led to a reduction of CYP11A1 differentiation marker gene
(Figure 2.12a), which demonstrated the vital role of NRF2 in harmonic with other TFs in
regulation of granulosa cells differentiation. The present study opened a new window in
understanding the potential role of NRF2 and other TFs in regulation of granulosa cell
functions under oxidative stress conditions.

To sum up, we found that granulosa cells exposed to oxidative stress showed higher
intracellular ROS accumulation accompanied by increased DNA fragmentation and
reduced mitochondrial activity. Therefore, the cells activated the NRF2-mediated
oxidative stress response in parallel with other TFs involved in apoptosis and
differentiation, which was remarkably observed in the reduction of cell proliferation and
induction of lipid accumulation. This effect was reciprocally observed with NRF2
knockdown along with a reduction of cell proliferation. Taken together, the NRF2
signaling pathway in cooperation with other stress-related TFs plays a vital role in the
oxidative stress response through the regulation of cell apoptosis and differentiation in

bovine granulosa cells, which could occur during follicular development.
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Table 2.1. The primers list used in quantitative real-time PCR

Product size

Gene Accession number Primer sequences” (bp)

ACTB NM_173979 F: 5-TGTCCACCTTCCAGCAGAT-3" 249
R: 5-TCACCTTCACCGTTCCAGT-3’

GAPDH NM_001034034 F: 5"-CCCAGAATATCATCCCTGCT-3" 185
R: 5"-CTGCTTCACCACCTTCTTGA-3

NRF2 NM_001011678 F: 5-CCCAGTCTTCACTGCTCCTC-3’ 165
R: 5"-TCAGCCAGCTTGTCATTTTG-3

KLF4 NM_001105385.1 F: 5"-CAAACCAAAGAGGGGAAGAC-3’ 175
R: 5-AAACTTCCACCCACAACCAT-3’

KLF6 NM_001035271.4 F: 5-AATCTGAGCTCCTCGGTCAC-3’ 212
R: 5-TTCCTGCAGCCATTAAAGTG-3’

KLF9 NM_001193214.1 F: 5-TGGCTGTGGGAAAGTCTATG-3 166
R: 5-GAACTGCTTCTCCCCTGTGT-3"

c-FOS NM_182786.2 F: 5-TGAAAACCATGACAGGAGG-3’ 204
R: 5"-GCAAAGCCGACTTCTCATCT-3"

FOSB NM_001102248.1 F: 5-ATGACATGCCAGGAACCAGT-3’ 218
R: 5 -TGCTGCCAGTTTGTTTCGTT-3

IRF7 NM_001105040.1 F: 5 -CTGGACTTGAGCATCCTGTAT-3" 275
R: 5"-ACCTCCCAGTAGACTTTGCA-3’

NOTCH1 XM_024999642.1 F: 5 -AGCAACATTAACGAGTGCCA-3’ 125
R: 5-TCCAGGTTGATCTCGCAGTT-3

E2F1 NM_001206079.1 F: 5-TCTTGGAATTACTGAGCCGC-3 209
R: 5-CTGGGTCAATCCTTCAAGCC-3”

E2F4 NM_001075873.1 F: 5-TTCATCTGGACCCAATCCTT-3 162
R: 5-GGTGCAAACACTTCTGAGGA-3”

SREBF1 NM_001113302.1 F 5-ACCGCTCTTCCATCAATGAC-3 190
R 5-TTCAGCGATTTGCTTTTGTG-3"

SREBF2 NM_001205600.2 F:5-TTCCTCTGCCTCTCCTTTAAC-3 183
R: 5"-CACGATCATGCCATTCACCA-3

CYP19A1 NM_174305.1 F: 5 -TGGCTGTGCAGAAAGTATGAA-3’ 127
R: 5"-CAGTGGCGAAATCTATGCTGT-3’

CYP11A1 NM_176644 F: 5-CGGAAAGTTTGTAGGGGACA-3 177
R: 5"-ACGTTGAGCAGAGGGACACT-3’

STAR NM_174189 F: 5-AAATCCCTTTCCAAGGTCTG-3" 204
R: 5"-ACCAGCATTTCTGCTACTGC-3

PCNA NM_001034494 F: 5"-CACCAGCATGTCCAAAATAC-3’ 192
R: 5-CTGAGATCTCGGCATATACG-3’

BAX NM_173894.1 F: 5-CTCTCCTACTTTGGGACACC-3’ 259
R: 5-TCCGAAAGAGGTTTATTGTG-3’

FOXO1 XM _025000053.1 F: 5"-AAGAGCGTGCCCTACTTCAA-3’ 187
R:5-CTCTTCTCCTGGGGGATTTC-3"

EGFR XM 592211 F: 5"-GACCCGAAAGAACTGGACAT-3’ 177
R: 5"-TGTTATATCCAGGCCGACAA-3’

INHBA NM_174363 F: 5-GCAAGGTCAACATCTGCTGTA-3’ 262
R: 5-TACAACATGGACATGGGTCTC-3"

CASP3 NM_201107726 F:5- TGCCACTGTATCAGGGAACA-3 192
R: 5- TGCTCAGCACAAACATCACA-3

BCL2L1 XM_015474117.1 F:5-AAGTTTTCTGACCCTTTTCC-3 195
R:5-GGTCCTGGTCCTTATTTCTT-3’

AMPKal NM_001109802.2 F: 5-AGCCCTTCCTTCTCTTGCTC-3" 246
R

: 5-AGGATGCCTGAAAAGCTTGA-3
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AMPKa2
Calpainl
Grp78
Grp94
CCNB1

CCND1

NM_001205605.1
NM_174259.2
NM_001075148.1
NM_174700.2
NM_001045872.1

NM_001046273.2

F: 5"-AGCAGAGGTCTGGTTCCTCA-3’
R: 5"-TGAGACAGAGGACGACATGC-3"
F: 5-TGGTCAACCTCATGGATCGC-3’
R: 5"-CAAACTCAATGGCCATCCGC-3’
F: 5"-AACACAGTCTTCGACGCCAA-3
R: 5"-TTGCCCACCTCCAACATCAA-3’
F: 5 -TGCTGTGTGGAGAGGGAATG-3"
R: 5-TCCTGTGACCACAATCCCAA-3
F: 5"-GATACTCCCTCTCCAAGCCC-3
R: 5-TGACTGCTTGCTCTTCCTCA-3
F: 5"-CGACTTCATCGAACACATCC-3
R: 5-ATCTTTGCCAGGAGATCCAC-3

155

162

141

129

196

279

“F: Forward, R: Reverse
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Figure 2.1. Morphology of granulosa cells (10x) in untreated and treated with H2O»-
induced oxidative stress groups
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Figure 2.2. Intracellular reactive oxygen species (ROS) accumulation (a) and
mitochondrial activity (b) of bovine granulosa cells under oxidative stress conditions:
Green color indicates the fluorescence of the 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA). The red color indicates mitochondrial activity and the blue color indicates
the nuclear staining using 40,6-diamidino-2-phenylindole (DAPI). The fluorescence
intensity was measured by ImageJ software. Data are shown as means + SEM of three

independent replicates (**p<0.01, ***p<0.001)
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Figure 2.3. Gel electrophoresis of fragmented DNA in bovine follicular granulosa cells
exposed to H>O»-induced oxidative stress. M indicates a DNA ladder 1kb, C indicates the
control group and H202 shows the cells treated with 5 uM H.O for 40 min and Pos stands

for bovine DNA as a positive control



Chapter 2 91

a b
© 2.5
2 1 Control
-‘-: 2.0 A mm H0,
a
© 1.5 *%
(] -
ons [ T 7
& 1.0 — . P
£ ACTE gy M 13 D2
< 0.5-
[ Control H,0,
E oo

Grp78 Grp94  Calpaint
Figure 2.4. The relative mRNA expression profile of endoplasmic reticulum stress
marker genes (a) and protein level of Grp78 (b) in bovine granulosa cells exposed to
oxidative stress. Data are represented as means + SEM from triplicates (* p<0.05,
**p<0.01)
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Figure 2.5. Relative abundance of the transcription factors in bovine granulosa cells

o

o
o

exposed to oxidative stress. The expression pattern of NRF2 mRNA (a) and its protein
(b) in response to oxidative stress, whereby red color indicates the NRF2 protein and the
blue color indicates the nuclear staining using 40,6-diamidino-2-phenylindole (DAPI);
the effect of oxidative stress on candidate transcription factors, which showed up (c) and
downregulation (d). The transcript expression data were normalized to internal ACTB
and GAPDH as well as relatively compared to the control group. Data are represented as
means + SEM of triplicates (* p<0.05, **p<0.01, ***p<0.001). The ImageJ software was

utilized to calculate the fluorescence intensity of NRF2 protein
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Figure 2.6. Impact of oxidative stress on the protein level of KLF4 (a) and its target genes
(b). The red color in immunocytochemistry indicates KLF4 protein and the blue color
indicates the nuclear staining using 40,6-diamidino-2-phenylindole (DAPI). The mRNA
data were normalized to ACTB and GAPDH as well as relatively compared to the control
group. Data represent means + SEM from triplicates (**p<0.01, ***p<0.001). The
Western blot protein analysis of KLF4 was compared to the internal expression of ACTB.

The ImageJ software was utilized to calculate the fluorescence intensity of KLF4 protein
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Figure 2.7. The effect of oxidative stress on mRNA expression of AMPKal and
AMPKaz2 (a), the protein level of AMPKal/2 (b) and lipid accumulation (c) in bovine
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granulosa cells. Data represent means + SEM of triplicates (*»<0.05)
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Figure 2.8. The mRNA expression pattern of differentiation-related genes (a) and StAR
protein (b) in bovine granulosa cells exposed to H.O»-induced oxidative stress. Data are

represented as means £ SEM of triplicates (**p<0.01, ***p<0.001)
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Figure 2.9. Expression pattern of anti-apoptotic, pro-apoptotic (a), proliferation marker
(b) genes, cell viability (c) and PCNA protein level (d) in bovine granulosa cells treated
with H2O. or untreated control. The geometric mean of ACTB and GAPDH was used for
MRNA normalization and the data were relatively compared to the control group. Data
are represented as means + SEM of triplicates (* p<0.05, **p<0.01, ***p<0.001). The

level of ACTB protein was used as an internal control in protein analysis
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Figure 2.10. Selective Knockdown of NRF2 in cultured bovine granulosa cells altered
the expression of candidate transcription factors; the efficiency of utilizing small
interference (SIRNA) on the mRNA (a) and protein (b) levels of NRF2; the impact of
siRNA-mediated NRF2 Knockdown on the expression pattern of candidate transcription
factors (c). The mRNA data were normalized to internal control of ACTB and GAPDH
as well as the data were relatively compared to the negative control group (SiIRNA-ve).
Data are represented as means £ SEM of triplicates (* p<0.05, **p<0.01, ***p<0.001).
The ImageJ software was used to measure the fluorescence intensity of NRF2 protein
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Figure 2.11. The effect of transfection with small interference RNA targeting NRF2
(SIRNA-NRF2) on the protein level of KLF4 (a) and its target genes (b) as well as cell
proliferation rate (c). Red color indicates the KLF4 protein and the blue color indicates
the nuclear staining using 40,6-diamidino-2-phenylindole (DAPI). Data are represented
as means + SEM of triplicates (* p<0.05, **p<0.01). The ImageJ software was used to

measure the fluorescence intensity of KLF4 protein
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Figure 2.12. The effect of siRNA-mediated NRF2 knockdown (a) and lipid accumulation
(b). The red color indicates the oil red O stain. The expression level of ACTB and GAPDH
was used to normalize mRNA transcript and the data were relatively compared to the
negative control group (siRNA-ve). Data represented as means + SEM of triplicates (*
p=<0.05, **p<0.01)
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3.1 Abstract

Sexually dimorphic differences in genome activity, which is orchestrated by transcription
factors (TFs), could explain the differential response of male and female embryos to
environmental stressors. To proof this hypothesis, the expression of cellular and
extracellular TFs was investigated in male and female bovine embryos in vitro cultured
either under low (5%) or high (20%) oxygen levels. The intracellular reactive oxygen
species (ROS), total cell number, expression of NRF2, KLF4, NOTCH1, E2F1 and
SREBF2 along with extracellular vesicles (EVS) biogenesis genes were assessed at the
blastocyst stage and their released-EVs. Low blastocyst rate in both sexes due to oxidative
stress (OS) was accompanied by increased ROS accumulation and reduced cell number
in female embryos. The mRNA and protein levels of NRF2 as well as KLF4 expression
were higher in male embryos exposed to OS compared to female embryos. However, the
expression of NOTCH1 and E2F1 was higher in female embryos cultured in a high
oxygen level. Male embryos exposed to OS released more EVs enriched with NRF2,
SOD1 and NOTCH1 accompanied by elevated expression of EVs biogenesis genes.
Accordingly, differential expression of TFs and their release into spent media could

partially explain sexual dimorphic response of bovine embryos to environmental stresses.

Keywords: Oxidative stress, Sexual dimorphism, EVs, Transcription factors
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3.2 Introduction

Early embryogenesis involves various morphological, cellular, and biochemical changes
related to genome activity (Stanton et al. 2003), which could be orchestrated by several
transcription factors (TFs). TFs are involved in several biological functions such as
embryo development, apoptosis, differentiation and stress response (Leite et al. 2017).
The exposure of embryos to the in vitro culture conditions is known to alter an array of
TFs involved in cell death, lipid metabolism, cellular growth, proliferation and oxidative
stress response (Gad et al. 2012; Leite et al. 2017). Oxidative stress is triggered by the
imbalance between reactive oxygen species (ROS) and its scavenger of antioxidant
molecules (Martindale and Holbrook 2002), due to culture media, temperature, pH and
oxygen tension (Cagnone and Sirard 2016; Wale and Gardner 2016). For instance, the
oxygen levels in oviduct and uterus of most mammalian species (1.5-8.7%) are less than
half of atmospheric oxygen level (20%) (Fischer and Bavister 1993), which is widely
used in IVF laboratories and consequently lead to elevation of ROS (Amin et al. 2014;
Leite et al. 2017; Yoon et al. 2014). Excess accumulation of ROS damages cellular
bioactive molecules such as DNA, protein and lipid (Martindale and Holbrook 2002),
subsequently compromising the mitochondrial integrity and activity (Amin et al. 2014;
Kadenbach et al. 2004) as well as cell number (Amin et al. 2014; Kelley and Gardner
2016; Leite et al. 2017), resulting in abnormal embryonic development or apoptosis
(Amin et al. 2014; Kadenbach et al. 2004; Leite et al. 2017).

The molecular defense mechanisms involve nuclear factor (erythroid-derived 2) factor 2
(NRF2 or NFE2L2) signaling pathway and the antioxidants machinery, which is reported
to be vital for the survival of embryos under oxidative stress conditions (Amin et al. 2014;
Leite et al. 2017). The NRF2 as TF can bind and regulate other TFs such as sterol
regulatory element-binding transcription factors (SREBFs) (Amin et al. 2014; Kamisako
etal. 2014), NOTCH1 (Zhao et al. 2016) and pluripotency related genes (Jang et al. 2014).
The sex ratio is believed to be affected by numerous factors either in vivo or in vitro
including ovarian factors, maternal diets, and culture conditions (Gutiérrez-Adan et al.
2001; Hylan et al. 2009; Iwata 2012; Rosenfeld and Roberts 2004). Furthermore, male
and female embryos are known to differ in their transcription (Bermejo-Alvarez et al.
2010b), epigenetic profile (Bermejo-Alvarez et al. 2008) and metabolite consumption
(Gomez et al. 2018), which may be associated with their differential response to

environmental insults. So far, this sexual dimorphic response to stress between male and



104 Chapter 3

female embryos is controversial and not fully understood. Some argue that female
embryos are more tolerant to heat stress than male embryos (Pérez-Cerezales et al. 2005).
This could be attributed to the transcriptional dimorphism derived from unaccomplished
X-chromosome inactivation (XCI) during early embryo development (Bermejo-Alvarez
et al. 2010b). This phenomenon is not only correlated with the upregulation of several
genes linked to sex chromosomes but also to autosomal chromosomes (Pérez-Cerezales
et al. 2018) like Glucose-6-phosphate Dehydrogenase (G6PD), which is an X-linked gene
related to oxygen-free radicals. In bovine, the G6PD has been found to be upregulated in
female morula than male counterparts exposed to oxidative stress accompanied by
enhanced developmental componence (Iwata et al. 2002). Contrastingly, others reported
that the bovine female embryos were more susceptible to apoptosis than male
counterparts (Ghys et al. 2016; Oliveira et al. 2016) following fertilization either with
sex-sorted or unsorted semen and cultured under two different culture conditions (Ghys
et al. 2016).

Extracellular vesicles (EVs) are small vesicles (30 nm to 5 um) originated in cell lumen
of most cells and secreted into the extracellular space (Anderson et al. 2010; Chiang and
Chen 2019; Lawson et al. 2016; Stahl et al. 2019) including biological fluids such as
plasma, milk, saliva, semen, urine (Lawson et al. 2016), follicular fluid (Hung et al. 2015)
and uterine aspirates (Campoy et al. 2016). Based on their size, EVs can be subdivided
into apoptotic bodies (1000-5000 nm), microvesicles (100-1000 nm) and exosomes (30-
200 nm) (de la Torre Gomez et al. 2018; Lawson et al. 2016; Sun et al. 2010). They carry
a cargo of bioactive molecules such as DNA, RNAs, proteins to be transferred into the
extracellular environment in order to maintain cellular homeostasis (Takahashi et al.
2017) and/or transfer genetic material to the neighbor or distant recipient cells (Saeed-
Zidane et al. 2017). Additionally, its cargo content varies depending on the cell origin (de
la Torre Gomez et al. 2018), physiological status (Hung et al. 2017; Navakanitworakul et
al. 2016), inflammation (Jolly et al. 1975) and stress status (Beninson et al. 2014;
Bewicke-Copley et al. 2017) of the donor cells. However, the effect and regulation of
EVs biogenesis and secretion in bovine embryos during oxidative stress condition is not
yet fully understood. Hence, the current study was designed to understand the cellular and
extracellular defense mechanisms of male and female bovine embryos exposed to

oxidative stress under in vitro culture condition.
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3.3 Materials and methods
3.3.1 Oocyte collection and maturation

Ovaries were obtained from a nearby slaughterhouse and transported to the laboratory in
0.9% physiological saline solution (NaCl) within 2-3 h. Upon arrival, the ovaries were
rinsed with prewarmed (37 °C) 70% ethanol followed by 2-3 times washing in fresh
phosphate buffer saline (PBS), and cumulus-oocyte complexes (COCs) were then
aspirated from small follicles (2-8 mm), using sterilized syringe attached to 18 G needle.
Oocytes with homogenous cytoplasm and surrounded by multiple layers of compacted
cumulus cells were then selected for in vitro maturation. Groups of 50 COCs were
transferred to TCM 199 modified culture media (Sigma-Aldrich, Munich, Germany)
supplemented with 4.4 mM HEPES, 33.9 mM NaCHO3, 2 mM pyruvate, 2.9 mM calcium
lactate, 55 mg/mL gentamicin and 12% (v/v) heat-inactivated oestrus cow serum (OCS)
(Schellander et al. 1990) and then cultured for 22-24 h at 39 °C under 5% CO in air with

maximum humidity.

3.3.2  Invitro embryo production

Following maturation, COCs were co-incubated for 20 h under 20% oxygen level with
2x108 sperms/mL sex-sorted sperm in F-TALP medium supplemented with 20 mM
penicillamine, 10 mM hypotaurine, 2 mM noradrenaline, 6 mg/mL BSA, 50 mg/mL
gentamicin and 1 mg/mL heparin (Parrish et al. 1986). Subsequently, presumptive
zygotes were denuded by repeated pipetting and transferred to 400 puL of SOF culture
medium (Holm et al. 1999) supplemented with 10% exosomes-depleted fetal bovine
serum (FBS) in four-well dishes (Thermo Fisher Scientific, Roskilde; Denmark).
Presumptive zygotes were incubated in two different oxygen levels 5% CO: in air (20%
supraphysiological level) or 5% CO2, 5% O and 90% N2 (5% physiological level) until
the blastocyst stage (day 8). After recording developmental data, the male and female
embryos were collected and washed twice in PBS and then snap-frozen in cryotubes
containing lysis buffer [40 U mL* RNasin (Promega, WI, USA), 0.8% Igepal (Sigma-
Aldrich, MO, USA), 5 mM dithiothreitol (DTT) (Promega, WI, USA)]. The validation of
the sex of IVP embryos (10 blastocysts per each replicate) using sex-sorted semen was
performed using multiplex polymerase chain reaction (PCR) as described before
(Rattanasuk et al. 2011). Briefly, a combination of two primers, bovine specific primer
(BSP, Forward:5’-TTTACCTTAGAACAAACCGAGGCAC-3> and Reverse:5’-
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TACGGAAAGGAAAGATGACCTGACC-3’ with amplicon size 538bp) and Y-specific
primer (BY, Forward:5’-CTCAGCAAAGCACACCAGAC-3> and Reverse:5’-
GAACTTTCAAGCAGCTGAGGC-3’ with amplicon size 300bp), was used to determine
the sex of embryos. A total of 20 uL amplification reaction for each replicate was
subjected to thermal cycle program of initial preheating with 95 °C for 2 min, followed
by 35 cycles of 20 sec at 95 °C, 45 sec at 52 °C and 50 sec at 72 °C followed by final
extension for 10 min at 72 °C. Finally, PCR products were electrophoresed on 2% agarose
gel and the image was visualized under ultraviolet light using ChemiDoc™ XRS+ system

(Bio-Rad Laboratories GmbH, Germany).

3.3.3 Intracellular ROS detection

To investigate the effect of oxidative stress (20% O) on intracellular ROS accumulation
in male and female bovine embryos, the ROS level in blastocyst was detected using the
6-carboxy- 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescent probe,
(Life Technologies, Darmstadt, Germany). Fifteen blastocysts from each group were
incubated with 400 pL of 5 pM H2DCFDA for 20 min in dark at 37 °C. Thereafter, the
embryos were washed twice in PBS-PVA and the images were immediately acquired
under an inverted microscope (Leica DM IRB, Germany), using a green fluorescence
filter. The fluorescent intensity was analyzed as a single embryo for each group using
ImageJ 1.48v software (National Institutes of Health, USA, http://imagej.nih.gov).

3.3.4 Total cell count

Total blastocyst cell number of male and female bovine embryo cultured under low (5%)
or high (20%) oxygen levels were quantified using nuclear fluorescence staining with the
glycerol-based Hoechst 33342 (Sigma-Aldrich, Munich, Germany) according to the
manufacturer’s procedure. For that, ten blastocysts from each group were fixed for 5 min
in a solution containing 2% formalin and 0.25% glutaraldehyde. The fixed blastocysts
were mounted and stained for 10 min with glycerol-based Hoechst 33342 (12.5 mg/mL)
solution on clean glass slides. The stained nuclei were visualized using a fluorescent
microscope (Olympus, Tokyo, Japan) with a blue filter (excitation: 330-385 nm;
emission: 420 nm; dichromatic: 400 nm). The cell number was recorded for individual
blastocysts from each cultured group wusing Zen 23 V (blue edition)

(https://www.zeiss.com/microscopy/int/products/microscope-software/zen-lite.html).
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3.3.5 RNA extraction and cDNA synthesis

Four biological replicates (pool of ten blastocysts/each) embryos from each group were
used for RNA extraction. Total RNA was extracted using a PicoPure RNA isolation kit
(Arcturus, Munich, Germany) according to the manufacturer’s instruction. On-column
DNA digestion was performed using RNase-free DNase enzyme (Qiagen GmbH, Hilden,
Germany). After two washes with washing buffer, the RNA was eluted in 12 pL elution
buffer and stored at -80 °C until further use. Additionally, the total RNA from EVs of
four biological replicates was isolated using Norgen’s exosomal RNA isolation kit
(Norgen biotek, Canada) following the manufacture’s procedure. Briefly, a combination
of lysis buffer was added to certain volume of PBS-CMF (calcium-magnesium free)
containing EVs followed by vortex and incubation for 10 min at room temperature,
respectively. After incubation, 500 pL of absolute ethanol was added to the mixture and
mixed well by vortexing. Appropriate volume from mixture was transferred to mini spin
column and then centrifuged at 3300 g. After withdrawal of the flowthrough, the mini
spin column was washed twice with washing buffer each time followed by centrifugation
at 3300 g for 30 sec. Afterwards, the mini spin column was dried with centrifugation at
13000 g for 1 min at room temperature. Finally, the RNA was eluted in appropriate
amount of elution buffer and then stored at -80 °C till further application.

The RNA concentration was measured (Supplementary table 3.1 and 2) using 8000
NanoDrop™ Spectrophotometer (Thermo Fisher Scientific, Germany) and equal
quantities of RNA input were used for cDNA synthesis. The cDNA synthesis was
performed using First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Germany).
Briefly, an equal amount of RNA was incubated with 0.5 puL of Oligo-dT and 0.5 pL
Random Primer, followed by incubation at 65 °C for 5 min. Besides this, a master mix
containing 4 pL of 5x reaction buffer, 1 pL of RiboLock RNase inhibitor, 2 L of 10 mM
dNTP mix and 2 pL of MMuLYV reverse transcripts were prepared and gently mixed by
pipetting. At the end of incubation, a total of 9 pL was added to each specimen, and then
incubated at 25 °C for 5 min, then 37 °C for 60 min followed by 70 °C for 5 min to
terminate the reaction. After the incubation time, the cDNA was kept at -20 °C for gene

expression analysis.
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3.3.6 Quantitative Real-Time PCR

The transcript level of developmental and stress-related TFs namely, nuclear factor
(erythroid-derived 2) factor 2 (NRF2), Krippel-like factor 4 (KLF4), notch receptor 1
(NOTCHL), sterol regulatory element-binding transcription factor 2 (SREBF2), and E2F
transcription factor 1 (E2F1), TFs target genes namely; catalase (CAT), superoxide
dismutase 1 (SOD1), POU class 5 homeobox 1 (POU5F1), and GATA binding protein 4
(GATA4) as well as genes associated with EVs biogenesis and secretion namely;
programmed cell death 6 interacting protein (PDCD6IP/ALIX) , vacuolar protein sorting
4 homolog B (VPS4B), STEAP3 metalloreductase (TSAP6), RAB11 family interacting
protein 2 (RAB11FIP1), RAB35, member RAS oncogene family (RAB35), and
RAB27A, member RAS oncogene family (RAB27A) was investigated in male and
female bovine embryos cultured under 5 and 20% oxygen level using iTaq™
primaQUANT real-time PCR (qRT-PCR) Master Mixes (Steinbrenner Laborsysteme
GmbH, Wiesenbach, Germany) in Applied Biosystem® StepOnePlus™ (Applied
Biosystems, Foster City, California, USA). Primers were designed using primer3 online

software (http://bioinfo.ut.ee/primer3-0.4.0/) (Table 3.1). The master mix containing

cDNA, optimized amount of forward and reverse primers, and SYBR green master mix
was run in a thermal cycler program of 95 °C for 3 min initial denaturation, followed by
40 cycles of 15 sec at 95 °C and 60 sec at 60 °C. A melting curve was generated to verify
the amplicon specificity. The expression level of ACTB and GAPDH was used for
normalization for embryonic transcripts, while 18S was used as a third housekeeping gene
for EV-coupled transcript profiling. The relative abundance of gene transcript was
expressed as arbitrary unit calculated by 2-4Ct=2- (Cttarget gene-Ct housekeeping gene) (| jygk and

Schmittgen 2001).

3.3.7 Immunohistochemistry

To quantify and localize the NRF2 and KLF4 proteins in male and female bovine embryos
cultured under 5% and 20% oxygen levels, immunohistochemistry assay was conducted.
For this, ten embryos from each group were fixed using 4% paraformaldehyde and kept
at 4 °C overnight. Thereafter, the fixed embryos were washed four times for 5 min each
with glycine in PBS (GPBS), followed by permeabilization step using 0.5% (v/v) Triton-
X100 (Sigma-Aldrich, Munich, Germany) in PBS for 3 h at room temperature. After the

incubation time, the samples were incubated with 4% donkey serum for 1 h at room
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temperature, followed by incubation at 4 °C overnight with primary rabbit polyclonal
antibody for NRF2 (1:100, Biorbyt, UK) and KLF4 (1:100, Thermo Fisher, Germany)
dissolved in 4% donkey serum. Following incubation, the embryos were washed four
times with PBS-PVA, followed by incubation with Alexa flour goat anti-rabbit secondary
antibody (1:350 dilution, Lifespan Biosciences) for 3 h at 37 °C. Afterwards, the
specimens were mounted on the slide with vectashield mounting medium containing
DAPI (Vector Laboratories, Burlingame, CA). Finally, samples were visualized under
confocal microscopy CLSM LSM-780 and the signals were analyzed with ImageJ 1.48v
(National Institutes of Health, USA, http://imagej.nih.gov).

3.3.8 EVsisolation and characterization

Four biological replicates of the total of 350 pL culture media from male and female
bovine embryos cultured under 5% and 20% oxygen level were collected for EVs
isolation. Briefly, the spent media were subjected to differential centrifugation at 4 °C
starting from 300 g, 10 min to remove cells followed by 2000 g, 15 min to remove dead
cells; and finally, 10000 g, 30 min to remove cell debris, macroparticles, and apoptotic
bodies. Then, the supernatant was collected and subjected to ultracentrifugation at
120,000 g for 70 min at 4 °C in a Beckman SWTIi55 rotor in order to isolate EVs.
Afterward, the isolated EVs were washed in PBS-CMF and then ultracentrifuged using
the aforementioned procedure. Finally, the isolated EVs were suspended in PBS-CMF
and kept at -80 °C for further investigation.

The purity of the isolated EVs was examined using immunoblotting for the presence of
EV marker CD63 protein and for the absence of mitochondrial cellular marker,
Cytochrome ¢ (CYCS). Briefly, an equal amount of EVs solution from each group was
incubated with 2x SDS loading buffer at 95 °C for 5 min and then loaded onto 12% SDS-
PAGE gel. Following electrophoresis, the proteins were transferred to nitrocellulose
membranes (Protran®, Schleicher & Schuell Bioscience) using a semi-dry blotting system
(Bio-Rad, Munich, Germany). Subsequently, the membrane was blocked using 1x
blocking solution (Carl Roth GmbH) for 1 h at room temperature followed by incubation
overnight at 4 °C with the primary rabbit polyclonal antibody against CD63 (1:1000)
(System BioSciences, USA) and goat polyclonal against CYCS (1:350) (Santa Cruz
Biotechnology Inc, Germany). After the incubation time, the membrane was washed three
times with diluted Tris-buffer saline with Tween 20 (TBST) followed by incubation for
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1 h at room temperature with goat anti-rabbit (1:5000) (System BioSciences, USA) and
donkey anti-goat (1:5000) (Santa Cruz Biotechnology Inc, Germany) secondary
antibodies. Afterward, the membrane was washed with diluted TBST followed by
incubation with Clarity ECL Substrate (Bio-Rad, Munich, Germany). Finally, the bands
were visualized and the images were picked up using the ChemiDoc™ XRS+ system (Bio-
Rad Laboratories GmbH, Germany).

The concentration and size of EVs were evaluated using NanoSight NS300 following
manufacturer protocols (Malvern Instruments, Malvern, UK). Briefly, a total of 50 pL
from isolated EVs were diluted in 1 mL PBS-CMF, and then five consecutive videos were
recorded. The recorded videos for each sample were analyzed using NTA software to

obtain mean, mode of the particle size and concentration per mL of volume.

3.3.9 Electron microscopy

A total of 30 pL from isolated EVs were used for visualization under electron microscopy.
Briefly, the sample was dropped on parafilm and co-incubated with Formvar/carbon-
coated grids for 5 min at room temperature. Afterward, the Formvar/carbon-coated gird
was washed with PBS and subsequently stained with 2% uranyl acetate followed by
washing with PBS. Finally, the grids were dried and the images were acquired using

electron microscopy.

3.3.10 Statistical analysis

The data were statistically analyzed using two-way analysis of variance (ANOVA)
followed by multiple pair-wise comparisons using the Tukey post hoc test (GraphPad
Prism Version 7). The data are presented as mean £ SEM of biological quadruplicate.
Statistical significance was determined at p < 0.05.

3.4 Results

3.4.1 Effect of oxidative stress on cleavage and blastocyst rate of male and female

embryos

The culture of male and female embryos under 5% or 20% oxygen levels revealed no
significant difference in cleavage rate (Figure 3.1A). However, blastocyst rates at days 7
and 8 were significantly reduced under 20% compared to 5% oxygen level in both male

and female embryos (Figure 3.1B and C). Interestingly, the day 8 blastocyst rate of male
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embryos was significantly higher compared to female counterparts at both oxygen
concentrations. The sex of embryos produced using sexed semen was validated using a
combination of primers and results are indicated in supplementary Figure 3.1.

3.4.2 Higher atmospheric oxygen induced ROS accumulation in both male and

female embryos

Embryos cultured under 20% oxygen level showed significantly elevated intracellular
ROS accumulation irrespective of the sex of embryo (Figure 3.2). However, male
embryos exhibited a significantly higher accumulation of ROS when cultured under 5%
oxygen level compared to female counterparts. Nonetheless, there were no significant
differences in ROS accumulation between male and female embryos cultured under 20%

oxygen level.

3.4.3 Oxidative stress resulted in reduced total cell number

Oxidative stress due to high oxygen level reduced the blastocyst cell number in both male
and female embryos (Figure 3.3). Moreover, the impact of higher oxygen level was
pronounced in female blastocysts, as evidenced by a significant reduction in total cell
number compared to male embryos cultured under 20% oxygen level. The blastocyst cell

number did not differ between male and female embryos cultured under 5% oxygen level.

3.4.4 Oxygen level altered the expression of TFs in male and female embryos

Analysis of the differential response of male and female bovine embryos in terms of
expression of TFs related to oxidative stress response (NRF2), differentiation and
apoptosis (KLF4, NOTCHL1), cell cycle (E2F1) and cholesterol biosynthesis (SREBF2)
was performed at the blastocyst stage. Results showed that the expression pattern of
NRF2 was significantly higher in male blastocysts cultured under 20% oxygen level
compared to those cultured under 5% oxygen level (Figure 3.4). Similarly, NRF2 tended
to be higher in female embryos cultured under 20% compared to 5% oxygen level.
Likewise, the transcript abundance of KLF4 was significantly higher in male embryos
exposed to higher oxygen tension compared to the low oxygen level. However, no
significant difference was observed in the expression level of NOTCH1 in both male and
female embryos cultured under 20% oxygen level compared with 5% oxygen level. On

the other hand, NOTCH1 was significantly higher in female embryos cultured under 20%



112 Chapter 3

oxygen level compared to their male counterparts cultured under the same oxygen level.
The expression of E2F1 did not show any significant difference between male embryos
cultured under 5% or 20% oxygen levels. Contrary to this, E2F1 was significantly higher
in female blastocysts derived from 20% oxygen level compared to those from 5% or male
embryos cultured under 20% oxygen level. Male embryos cultured under both 5% and
20% oxygen level showed elevated SREBF2 expression pattern compared to female
blastocysts cultured under both oxygen levels. Interestingly, exposure of male embryos
to elevated oxygen level led to significant upregulation of SREBF2 compared to those
cultured under lower oxygen level. On the other hand, the female embryos did not show
any significant difference after culture at 5% and 20% oxygen levels in terms of SREBF2

expression.

3.4.5 Oxidative stress induced expression of NRF2 and KLF4 proteins

The protein expression of selected TFs in male and female blastocysts cultured under 5%
or 20% oxygen levels revealed that NRF2 protein was significantly higher and
proportionally localized in the nucleus of both male and female embryos cultured under
20% oxygen level than those cultured under 5% oxygen level. As opposed to the mRNA
level, the protein level of NRF2 was higher in male embryos cultured under 20% oxygen
than their female counterpart (Figure 3.5), and no significant difference was noticed
between male and female embryos cultured under 5% oxygen level.

Even though the KLF4 protein level tended to be higher in embryos cultured under 20%
compared to 5% counterparts, the male and female embryo did not show a statistically
significant difference in the KLF4 protein abundance irrespective of the oxygen level
(Figure 3.6).

3.4.6 Dysregulation of antioxidant and differentiation genes after induced oxidative

stress

Exposure of embryos to higher oxygen level significantly increased the expression of
CAT and SOD1 in male embryos (Figure 3.7). However, only female embryos showed a
significantly higher abundance of CAT in response to high oxygen level, as opposed to
SOD1, which was indifferent in female embryos cultured under higher or lower oxygen
levels. Similarly, the expression of differentiation-related gene POU5SF1 was significantly

higher in male and female embryos cultured under 20% oxygen level compared to the 5%
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counterparts. However, no significant differences in transcript abundance of CAT, SOD1
and POUSF1 were observed between male and female bovine embryos cultured under the
same oxygen level. The expression of GATA4 was not different within the sex of embryo
cultured under either 5% or 20% oxygen level. However, under both oxygen levels, male

embryos exhibited elevated expression of GATA4 compared to female embryos.

3.4.7 Characterization of EVs derived from male and female embryos spent media

The presence of EVs in the spent culture media of male and female embryos was
confirmed using EV marker protein namely CD63 and their purity or absence cellular
contamination was checked by the absence of CYCS in the isolated EVs (Figure 3.8A).
Subsequently, the concentration and size of particles were determined using nanoparticle
tracking analysis (NTA) and the morphology of the isolated EVs was assessed using
transmission electron microscopy (TEM) (Figure 3.8B and C). The size distribution of
EVs was ranging from 117 £ 2.1 nm to 145.2 £ 1.1 nm irrespective of the embryo sex and
oxygen level. The concentration of EVs was higher in male embryos cultured under 20%
oxygen level compared to those under 5% oxygen level. Interestingly, the average size of
EVs was tended to be higher in male embryos derived from 20% oxygen level than those
derived from 5% oxygen level. Interestingly, low concentration of EVs was found in
female embryos derived from 20% compared to those derived from 5% oxygen level.
However, the EVs released into cultured media of male embryos exposed to oxidative
stress had a higher concentration and bigger average size than EVs released from female

embryos.

3.4.8 Expression of EV biogenesis and secretion related-genes under oxidative stress

condition

To evaluate whether the difference in the concentration of EVs is attributed to the impact
of oxidative stress, the expression levels of genes related to EVs biogenesis (ALIX,
VPS4B and TSAP6) and secretion (RAB11FIP1, RAB35 and RAB27A) were
investigated. Results revealed that the expression levels of ALIX, VPS4B, RAB11FIP1
and RAB27A were significantly higher in male embryos cultured under 20% oxygen level
compared to the 5% counterparts (Figure 3.9). However, only the expression of ALIX
was higher in female embryos cultured under 20% oxygen level. Exposure of embryos to

higher oxygen level led to elevated expression of EV biogenesis related gene VPS4B and
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secretion-related genes RAB11FIP1 and RAB27A in male embryos compared to female
embryos cultured under the same oxygen level. However, the expression of TSAP6 and
RAB35 was not affected by both the sex of embryo and oxygen level.

3.4.9 EV-coupled transcript releases due to oxidative stress

In an attempt to determine whether the changes occurred in the embryos due to oxidative
stress could affect the communication between embryos via the release of stress indicators
loaded in EVs, the mRNA content of released EVs was isolated and quantified for mRNA
level of stress-related candidate TFs. Results revealed that the NRF2 (Figure 3.10) carried
by EVs released from male embryos cultured under 20% oxygen level was higher
compared to EVs released from male embryos cultured under 5% oxygen level and female
embryos cultured under 20% oxygen. Similarly, SOD1 was significantly higher in EVs
released from male embryos exposed to oxidative stress compared to those cultured under
normal conditions. The transcript level of CAT, KLF4 and E2F1 did not show significant
differences among all investigated groups. It is noteworthy that the EVs released from
male embryos exposed to oxidative stress showed a significantly higher amount of
NOTCHL1 transcript than those cultured under 5% oxygen level and the EVs released from
female embryos exposed to oxidative stress. EVs released from female embryos under
5% and 20% oxygen levels did not show significant differences in terms of NOTCH1
transcript level.

3.5 Discussion

The suboptimal culture conditions of the in vitro production system are partly responsible
for the reduction in number and quality of blastocysts (Farin and Farin 1995; Gad et al.
2012). In addition to the culture media, the higher oxygen level in in vitro system is
responsible for contributing to the suboptimal environment (Amin et al. 2014; Kelley and
Gardner 2016; Leite et al. 2017). However, previous evidence indicated that there was no
significant difference observed in terms of embryo development between maturation
followed by fertilization at high oxygen tension and maturation at low oxygen followed
by fertilization at high oxygen level, but a dramatic effect was observed in case of
fertilization at low oxygen level (Bermejo-Alvarez et al. 2010a). Accordingly, the
maturation and fertilization were done at high oxygen tension in the current study.

Furthermore, here we showed that irrespective of the sex of embryo, those embryos
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cultured under 5% oxygen level showed higher development rate of blastocyst than those
under 20% oxygen level, as it has been reported before (Amin et al. 2014; Leite et al.
2017). Differences in metabolism (Gomez et al. 2018) and genetics (Bermejo-Alvarez et
al. 2010b) between male and female bovine embryo could contribute to skewness in sex
ratio of the resulted embryos (Oliveira et al. 2016; Xu et al. 1992). Similarly, our results
showed that the blastocyst rate at day 7 and 8 (Figure 3.1) were skewed toward the male
embryos when cultured under either 5% or 20% oxygen levels. As it was been reported
previously (Amin et al. 2014; Leite et al. 2017; Yoon et al. 2014), embryos cultured under
higher oxygen tension (20%) revealed elevated intracellular ROS accumulation
irrespective of the sex of the embryos (Figure 3.2). However, male embryos exhibited
higher ROS accumulation than female embryos at lower oxygen level, which may be
attributed to higher metabolism rate of male embryos compared to female counterparts
(Tiffin et al. 1991). Consistently, metabolite analysis of the spent culture media of male
and female bovine embryos cultured under low oxygen tension revealed extensive
metabolite exchange of male embryos than the female counterpart (Gémez et al. 2018).
However, this difference was faded out under high oxygen tension, which may be
associated with the potential role of glucose in ROS scavenging process (Andrisse et al.
2014).

The higher oxygen tension is also reported to compromise the cell proliferation, as
evidenced by subsequent reduction in total cell number of embryos (Amin et al. 2014;
Leite et al. 2017; Van Soom et al. 2002; Yoon et al. 2014). Likewise, we found that
embryos exposed to high oxygen level had a reduced total cell number (Figure 3.3)
independent of the sex of embryo, which could be associated with dysregulation of
development and apoptosis-related genes (Leite et al. 2017). The negative effect of high
oxygen level in terms of cell number was more pronounced in female embryos than male
counterparts. This fact is in agreement with Dallemagne and his colleagues (2018), who
showed that exposing bovine embryos to oxidative stress from day 5 to day 7 in presence
of FCS but not bovine serum albumin supplemented with insulin, transferrin and selenium
(BSA-ITS) resulted in a reduction of total cell number and increasing apoptosis in female
embryos compared to male counterparts. Moreover, higher cell number was observed in
male embryos than female cultured under 5% oxygen level in presence FCS or BSA-ITS,
which was not in agreement with the current study (Dallemagne et al. 2018). Supporting

to our results, no significant difference in total cell numbers was observed between male
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and female bovine embryos cultured under low oxygen tension (Siqueira and Hansen
2016), which indicates the contribution of culture media in the variation between male
and female embryos under either normal or stress conditions.

In fact, one of the cellular mechanisms in response to suboptimal conditions is
activation/suppression of transcription to maintain cellular homeostasis. This has been
elucidated by the fact that higher intracellular ROS level induces the expression of NRF2
in bovine granulosa cells (Saeed-Zidane et al. 2017) and preimplantation embryos (Amin
etal. 2014). NRF2 is a TF found to be sequestrated in the cytoplasm via Kelch-like ECH-
associated protein 1 (KEAPL1). During stressor-induced NRF2 activation, the NRF2
disengages from KEAP1 and translocated in the nucleus to bind with a specific DNA
motif called Antioxidant Response Element (ARE) to induce the antioxidant machinery
(Bryan et al. 2013; Zhang 2006). Consistent with this, we found that the mRNA
expression (Figure 3.4) and protein pattern (Figure 3.5) of NRF2 were higher in male
embryos cultured under 20% oxygen level compared to 5% oxygen counterparts.
However, female embryos showed only elevation of their protein. This was further
followed by increased expression of antioxidant genes namely CAT and SOD1 (Figure
3.7), which was clearly pronounced in male embryos than the female ones (Figure 3.4A).
Besides its role in activation of antioxidant machinery, NRF2 has been implicated in the
regulation of other cellular functions such as lipid metabolism (Amin et al. 2014;
Kamisako et al. 2014), via regulation of SREBFs genes. The SREBFs family has three
subtypes namely SREBF1a, SREBF1c and SREBF2, which are involved in the regulation
of cellular fatty acids and cholesterol biosynthesis through binding to Sterol Regulatory
Element (SRE) (Daemen et al. 2013; Shimano 2001). Our results revealed that the
expression of SREBF2 was increased under high oxygen tension (Figure 3.4), which may
be occurred in response to endoplasmic reticulum stress-induced cholesterol
accumulation via increasing SREBP2 cleavage (Colgan et al. 2007). Interestingly, the
expression of SREBF2 was significantly higher in male compared to female counterparts
either cultured in 5% or 20% oxygen levels, which may be attributed to developmental
dimorphism in favor of male embryos (Xu et al. 1992). Recent studies also evidenced that
bovine male embryos release higher lipids and lipid-like molecules into culture media
than female counterparts (Gomez et al. 2018).

NOTCH1 is one of NOTCH signaling pathway receptors, which is branching in various

cell functions including proliferation, differentiation and apoptosis. VVarious combinations
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of NOTCH signaling pathway receptors and ligands might lead to different cellular
responses (Andersson et al. 2011). In the present study, the expression of NOTCH1 was
higher in those embryos exposed to oxidative stress coupled with elevated NRF2
transcript, as previously has been shown (Zhao et al. 2016). The upregulation of NOTCH1
under high oxygen level is attributed to cell apoptosis prevention via suppression of
apoptosis signal-regulating kinase 1 (ASK1), and then preventing the p38 MAPK
signaling pathway (Mo et al. 2013). This was more pronounced in embryos produced in
vitro (Heras et al. 2016). Consistent with this finding, in the current study higher
expression of NOTCH1 was found in female embryos exposed to oxidative stress than
male counterparts (Figure 3.4). This phenomenon is believed to be deemed a reaction to
the high level of apoptosis induced by the expression of E2F1. E2F1 is one isoform of
E2Fs family involved in the regulation of cell cycle and apoptosis (Crosby and Almasan
2004). Consequently, the reduction in total cell number (Figure 3.3) in female embryos
derived from high oxygen level was coupled with upregulation of E2F1 compared to male
ones. On the contrary, Riverso and his colleagues reported the positive impact of E2F1 in
promoting cancer cell proliferation via direct binding and regulation of KLF4 (Riverso et
al. 2017).

KLF4 belongs to the KLFs transcription factor family that is involved in the regulation of
proliferation, apoptosis and differentiation of various cell types (Miao et al. 2017) as well
as stem cell fate in coordination with NANOG and POU5F1 (Chan et al. 2009). In the
current study, we found that the higher expression of KLF4 was accompanied by
differential expression of KLF4 target genes under high oxygen tension namely; POU5F1
and GATA4 (Figure 3.7). This could explain a disturbing embryonic stemness pattern at
higher oxygen level (Jang et al. 2014), which was remarkable in male embryos.
Irrespective of the sex of bovine embryo, transcript analysis of blastocysts showed
upregulation of pluripotency-related genes (NANOG and SOX2), but not POU5SF1 in
response to oxidative stress (Leite et al. 2017). However, the mRNA level of GATA4 was
upregulated in male embryos cultured either in 5% or 20% oxygen level compared to
female counterparts.

The EVs are supposed to be involved in serval biological functions including embryo-
maternal communication (Saadeldin et al. 2015; Szekeres-Bartho et al. 2018). Their size
as well as concentration could vary according to cellular physiological status.

Accordingly, our results indicated that the higher number and bigger size EV (Figure
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3.8C) were found in the spent media of male embryos cultured under high oxygen level.
Similar results were obtained in our previous study in granulosa cells exposed to oxidative
stress (Saeed-Zidane et al. 2017). In contrast, the female embryos exhibited lower number
and bigger size EVs upon exposure to oxidative stress. A possible explanation for this
sexual dimorphic phenotype can be differences in the expression of genes involved in
biogenesis and release of EVs (Hessvik and Llorente 2018; Kowal et al. 2014).
Accordingly, the mRNA expression pattern of those genes revealed that ALIX and
VPS4B were significantly increased in male embryos exposed to oxidative stress
condition (Figure 3.9). However, female embryos showed higher expression of ALIX
transcript only. Additionally, the mRNA expression level of RAB11FIP1 and RAB27A,
responsible for EVs secretion (Kowal et al. 2014), showed an upregulation in male
embryos exposed to oxidative stress compared to 5% oxygen level and/or female
counterparts. This may indicate the sexual dimorphic physiological need in biogenesis
and secretion of EVs.

It is not only the number of EVs released into extracellular space but also the molecular
cargo of those EVs, which was different between male and female embryos exposed to
oxidative stress. As shown in Figure 3.10, EVs from male embryos cultured at higher
oxygen level contained higher level of NRF2 and SOD1 transcripts compared to those
cultured under low oxygen level, which might be beneficial for the development of
embryos (Pavani et al. 2018). The role of EVs not only in cell-cell communication (Saeed-
Zidane et al. 2017) but also in removal of undesirable cellular molecules (Takahashi et al.
2017). Contrary to cellular expression, the NOTCH1 was increased in EVs derived from
male embryos exposed to oxidative stress compared to female counterparts, which may
indicate the selectivity of cargo molecules to be exported by EVs (Bhome et al. 2018;
Hinger et al. 2018) to facilitate cell to cell communication or maintain of cellular
homeostasis. Herein, we can summarize that exposing preimplantation bovine embryos
to oxidative stress compromised the transformation of blastocysts irrespective of embryo
sex, due to increasing intracellular ROS accumulation, which in turn leads to increase
apoptosis and delay of differentiation in response to dysregulating of the TFs related to
stress response, development, differentiation and apoptosis. Interestingly, the reduction
in blastocyst formation and total cell count was more pronounced in female embryos
exposed to oxidative stress compared to male counterparts, which was accompanied with

alteration in cellular expression and subsequent release of TFs through EVs. Taken
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together, exposure either male or female embryos to oxidative stress altered their TFs
expression pattern coupled with reduction in development and delaying in differentiation.
However, the male embryos are more tolerant to oxidative stress than female counterparts
via activation of NRF2 and their downstream antioxidant genes at cellular and
extracellular levels, which partially regulate other TFs involved in apoptosis,

differentiation and development leading to skewed sex ratio toward male embryos.
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Table 3.1. The list of primers sequence used for quantitative real-time PCR

Product size

Gene Accession number Primer sequences”
(bp)

ACTB NM_173979 F: 5-TGTCCACCTTCCAGCAGAT-3"

R: 5"-TCACCTTCACCGTTCCAGT-3" 249
GAPDH NM_001034034 F: 5"-CCCAGAATATCATCCCTGCT-3

R: 5"-CTGCTTCACCACCTTCTTGA-3" 185
18S NR_036642 F: 5"-CGCAGCTAGGAATAATGGAA-3

R: 5"-TCTGATCGTCTTCGAACCTC-3" 210
KLF4 NM_001105385.1 F: 5"-CAAACCAAAGAGGGGAAGAC-3

R: 5"-AAACTTCCACCCACAACCAT-3 17
NOTCH1 XM_024999642.1 F: 5"-AGCAACATTAACGAGTGCCA-3

R: 5-TCCAGGTTGATCTCGCAGTT-3" 125
E2F1 NM_001206079.1 F: 5-TCTTGGAATTACTGAGCCGC-3’

R:5-CTGGGTCAATCCTTCAAGCC-3" 209
SOD1 NM_174615 F: 5-AGAGGCATGTTGGAGACCTG -3

R:5-CAGCGTTGCCAGTCTTTGTA -3 189
CAT NM_001035386.1 F: 5"-TGGGACCCAACTATCTCCAG-3’

R: 5-AAGTGGGTCCTGTGTTCCAG-3 e
SREBF2 NM_001205600.2 F: 5°-TTCCTCTGCCTCTCCTTTAAC-3"

R: 5"-CACGATCATGCCATTCACCA-3 183
NRF2 NM_001011678 F: 5"-CCCAGTCTTCACTGCTCCTC-3"

R: 5-TCAGCCAGCTTGTCATTTTG-3" 165
GATA4 NM_001192877.1 F: 5-CTGCTCTGTCTGGGAATGAC-3"

R: 5"-GACTTCTCGTCTCTTGTCGG-3 228
ALIX XM_005222590.4 F: 5-GAGTACCACCAGTCTATCCT-3"

R: 5"-AGGGTCCAGATCTTTAAGGT-3" 225
VPS4B NM_001076156.1 F: 5-TTATAGAGCGACCCAATGTG-3"

R: 5"-GAGTTATTTGCTTCTGTGGC-3" 208
TSAP6 NM_001304338.1 F: 5"-CAAGGGATGGAAATAGGCAG-3”

R: 5"-CAAAGTTGTAGGCGTAGAAG-3’ 222
RAB11FIP1 XM_005226137.4 F: 5-TCGTGAGTGAGAACTTGATC-3"

R: 5"-GTTGTCGATGTAGTCTTCCA-3 176
RAB35 NM_001098127.1 F: 5"-ATCACCTCCACGTATTATCG-3"

R: 5"-CTGGTCTCAAACAACTGGAT-3" 233
RAB27A NM_001101270.1 F: 5-CTATGGGGTTTCTTCTGCTT-3"

R: 5"-ACTCCGTATTTCTCTGCAAG-3 196
POUSF1 NM_174580.3 F: 5-GATATACCCAGGCCGATGTG-3" 240

R:5-CTCGGTTCTCGATACTCGTC-3"

“F: Forward, R: Reverse
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Figure 3.1. The cleavage (A) and blastocyst rates at day 7 (B) and day 8 (C) of male and
female preimplantation embryos cultured under 5% (white bar) or 20% (black bar)

oxygen levels. Data are represented as mean + SEM of four independent biological
replicates
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Figure 3.2. Intracellular ROS accumulation (A) and fluorescence intensity of ROS signal
(B) of male and female preimplantation embryos derived from 5% (white bar) and 20%
(black bar) oxygen levels. 50 um indicates the scale bar, values of fluorescence intensity
are represented as means £ SEM (¥p<0.05, **p<0.01, ***p<0.001). ROS, reactive

oxygen species
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Figure 3.4. The mRNA expression pattern of transcription factors (NRF2, KLF4,
NOTCH1, E2F1 and SREBF2) in male and female blastocysts cultured in 5% or 20%
oxygen level. Expression was compared between 5% (white bar) and 20% oxygen levels
within and between sexes. Data are represented as means = SEM (*p<0.05, **p<0.01,
***¥p<(.001). The arbitrary units were multiplied by 100. E2F1, E2F transcription factor
1; KLF4, Kriippel-like factor 4; NFE2L2, nuclear factor (erythroid-derived 2) factor 2;
NOTCH1, notch receptor 1; SREBF2, sterol regulatory element-binding transcription

factor 2
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Figure 3.5. Detection and immunolocalization of NRF2 protein in male and female
blastocyst-stage embryos derived from 5% or 20% oxygen levels. Red color reveals the
localization of the NRF2 protein, while the blue color is nuclear staining (DAPI). 50 um
indicates the scale bar. The bars represent means + SEM (*p<0.05, **p<0.01,
***<(0.001) of fluorescence signals as quantified by ImageJ software. NRF2, nuclear

factor (erythroid-derived 2) factor 2
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indicates the scale bar. The bars represent means £ SEM of fluorescence intensity of the

protein as quantified by ImageJ software. KLF4, Kriippel-like factor 4
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Figure 3.7. The mRNA expression pattern of genes related to antioxidant system (CAT
and SOD1) and differentiation (POU5F1 and GATA4) in male and female blastocysts
cultured under 5% or 20% oxygen level. Expression was compared between 5% (white
bar) and 20% oxygen levels under the same sex and between sexes. Data are represented
as means = SEM (*p<0.05, **p<0.01, ***p<0.001). The arbitrary units were multiplied
by 100. CAT, catalase; GATA4, GATA binding protein 4; POU5F1, POU class 5
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Figure 3.8. Characterization of extracellular vesicles (EVS) derived from in vitro spent
media of male and female embryos cultured under 5% or 20% oxygen levels. The purity
and identity of isolated EV's were evaluated using Western blot (A), electron microscopy
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female, respectively. The white bars indicate 5% oxygen level and the black bars indicate

20% oxygen level



136

Chapter 3

ALIX

.

RAB11FIP1
2.5q %

IS
1

Arbitrary units
b

Arbitrary units
- - [ %]
o 2 o
i i T

b
@
i

o

Male Female

0 RAB35

Male

Female

TSAP6

2.5
— 5% 0,
2.0 m 20% O,
1.5
1.0
0.5
0.0
RAB2TA
e

~

—

Male Female

Figure 3.9. The mRNA expression pattern of extracellular vesicles biogenesis (ALIX,
VPS4B, and TSAP6) and secretion (RAB11FIP1, RAB35, and RAB27A) genes in male

and female blastocysts cultured under 5% or 20% oxygen levels. Expression was

compared between 5% (white bar) and 20% oxygen levels under the same sex and

between sexes. Data are represented as means = SEM (*p<0.05, **p<0.01, ***p<0.001).
The arbitrary units were multiplied by 100. RAB11FIP1, RAB11 family interacting
protein 2; TSAP6, STEAP3 metalloreductase; VPS4B, vacuolar protein sorting 4
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Figure 3.10. The mRNA expression pattern of extracellular vesicles-coupled
transcription factors (NRF2, KLF4, NOTCH1 and E2F1) and antioxidant genes (CAT
and SOD1) released into culture media of male and female embryos cultured under 5%
or 20% oxygen levels. Expression was compared between 5% (white bar) and 20% (black
bar) oxygen levels under the same sex and between sexes. The mRNA level was measured
by qRT-PCR and normalized by the geometric means of three housekeeping genes
(ACTB, GAPDH and 18S). Data are represented as means + SEM (*p<0.05,
***p<(0.001). The arbitrary units were multiplied by 100. CAT, catalase; E2F1, E2F
transcription factor 1; KLF4, Kriippel-like factor 4; NFE2L2, nuclear factor (erythroid-
derived 2) factor 2; NOTCH1, notch receptor 1; SOD1, superoxide dismutase 1
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3.8 Supplementary data

Marker M 5% O, © M20% O, F5% 0, F 20% O,
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Supplementary Figure 3.1. Validation of the sex of embryos produced by sex-sorted
semen using multiplex PCR primers (BSP and BY). M: males, F: female, R: number of

replicates, Pos.: positive controls and Neg.: negative controls
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Supplementary Table 3.1. Concentration of RNA isolated from male and female

embryos generated under 5% or 20 oxygen level culture condition

RNA concentration
(ng/pL)
13.97

7.49
9.65
8.46

10.02
6.39
8.66

11.00
7.24
7.85
9.38
7.24
8.88
7.66
7.57
6.62

Sex Oxygen level

5%

Male

20%

5%

Female

20%
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Supplementary Table 3.2. Concentration of RNA isolated extracellular vesicles of male

and female embryos cultured under 5% or 20 oxygen level

RNA concentration
(ng/ulL)
12.20
11.80
12.09
11.52
13.81
12.76
12.57
11.06
13.84
11.71
11.86
10.82
12.36
12.65
11.75
12.34

Sex Oxygen level

5%

Male

20%

5%

Female

20%
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4.1 Discussion

Cattle fertility is one of the important factors in animal production and breeding strategies.
However, fertility is a complex multifactorial trait, which is mainly governed by the
interaction between genetics and the environment (Craig et al. 2018). In order to improve
cow fertility, we have to understand the genetic background of different biological
functions involved in fertility and their interaction with micro and macro environments.
The most critical mammalian organ in female reproduction is the ovary, which contains
follicles as a functional unit. The ovarian follicle contains the oocyte surrounded by
multiple layers of somatic cells; namely granulosa and theca cells. Those cells are
essential for supplying the oocyte with essential nutrients and production of steroid
hormones (Dzafic et al. 2013). Only a few of growing follicles reach the ovulation stage,
while the remaining undergo atresia (Shen et al. 2012). In the ovary, apoptosis is involved
in several physiological aspects including follicular atresia, ovulation, luteolysis (Hussein
2005; Regan et al. 2018; Tilly 1996). The ovarian apoptosis is regulated by several
hormones such as insulin-like growth factor-1 (IGF-1), estrogens (E2), and gonadotropin-
releasing hormone (GnRH). However, the action of GnRH in the ovary via regulation of
follicle-stimulating hormone (FSH) and luteinizing hormone (LH) depends on the stage
of the follicle, which extends from inhibition the growth of small follicle via inhibition of
steroidogenesis process (Hsueh and Jones 1981) to induction of follicular atresia
(Parborell et al. 2005). Three consecutive stages are believed to be involved in apoptosis
process include: (1) extracellular (Fas/FasL, caspase 8) or intracellular (Bcl-2, caspase 9)
signals that stimulate cell death; (2) activation of intracellular caspase 3 and 7 to enforce
cell death; and (3) ultimately engulfment by neighbor cells or packed into apoptotic
bodies to eliminate dead cells (Vaux and Strasser 1996).

ROS were found to play a pivotal role during atresia (Hennet et al. 2013) and ovulation
processes (Shkolnik et al. 2011; Tanabe et al. 2015). The excess production of
intracellular ROS above the cellular antioxidant capability is called oxidative stress
(Agarwal et al. 2006). Oxidative stress could also be generated from external stressors
such as inflammation (Shi et al. 2016), heat stress (Cong et al. 2017; Montilla et al. 2014)
or metabolic stress (Putman et al. 2018). These stressors are believed to adversely affect
the reproductive target cells (Vanselow et al. 2016) by compromising cell membrane,
mitochondria activity and integrity and causes DNA damages (Kadenbach et al. 2004;

Zhang et al. 2016). This is in agreement with the current study, which showed higher ROS
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accumulation (Figure 2.2a), lower mitochondrial activity (Figure 2.2b) and higher DNA
fragmentation (Figure 2.3) of granulosa cells in response to oxidative stress. In addition,
accumulated evidence showed that high ROS levels-induced oxidative stress could
disrupt the protein folding process and subsequently cause endoplasmic reticulum stress
(Alemu et al. 2018; Kim et al. 2016; Malhotra et al. 2008). Similarly, exposure of
granulosa cells in the current study to oxidative stress led to the upregulation of
endoplasmic reticulum stress marker genes (Grp78 and Grp94) at mRNA and protein
levels (Figure 2.4a and b). Consequently, this disturbance in different cellular
compartments due to exposure to oxidative stress could lead to cell cycle arrest (Saeed-
Zidane et al. 2017) and subsequently abnormal apoptosis (Sohel et al. 2019) in granulosa
cells. Moreover, the deficiency in granulosa cell functions could reduce oocyte quality
and ultimately failure of pregnancy (Lai et al. 2018). However, the endoplasmic reticulum
stress has been shown to be involved in follicular atresia (Lin et al. 2012) as well as other
ovarian function, such as growth and maturation of ovarian follicle as well as corpus
luteum biogenesis (Huang et al. 2017), which indicates its dual role during atresia and
ovulation as well.

Transcription factors (TFs) are believed to be involved in cellular adaptive response (da
Silveira et al. 2017; Hellweg et al. 2016; Saeed-Zidane et al. 2017). Among them is the
nuclear erythroid-derived 2-related factor 2 (NEF2L2 or NRF2), which is deemed to be
the maestro of cellular adaptive response during oxidative stress, through triggering the
cellular antioxidants response mechanisms. Upon higher intracellular ROS accumulation,
the NRF2 dissociates from its cytosolic inhibitor Kelch-like ECH-associated protein 1
(KEAP1) then translocates to the nucleus and binds to the promoter of antioxidant genes
named antioxidant response elements (ARE) (Taguchi et al. 2011). This action was found
to be essential for the removal of excessive levels of ROS in various cell types including
granulosa cells (Alemu et al. 2018; Saeed-Zidane et al. 2017; Sohel et al. 2019), which is
in consistence with current results (Figure 2.5a and b). The high levels of NRF2 were
found to be localized in mice granulosa cells as well as oocyte of secondary and antral
follicles (Sindan et al. 2018). Consistently, H.O2-induced high intracellular ROS levels
have been reported to be involved in cumulus cells expansion and ovulation process,
which was inhibited by injecting a ROS scavenger into ovarian bursa namely butylated
hydroxyanisole (Shkolnik et al. 2011). Accordingly, this fact indicates the potential role

of high intracellular ROS accumulation-induced NRF2 expression in the ovulation
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process, which is characterized as an inflammatory process in response to LH surge
(Duffy et al. 2019).

The over accumulation of ROS could lead to higher expression of NRF2, which in turn
results in cell apoptosis via binding to and activation of Krippel-like family 9 (KLF9)
(Zucker et al. 2014). Regarding this fact, the present study found upregulation of KLF9
(Figure 2.5¢) in H.O-challenged granulosa cells accompanied by lower cellular
proliferation (Figure 2.9c). The family of this TF is involved in the regulation of several
biological functions including apoptosis, proliferation and differentiation (Kaczynski et
al. 2003). Moreover, KLF6 was found to be upregulated in H.O»-treated granulosa cells
compared to untreated counterparts (Figure 2.5c). Consistently, the upregulation of KLF6
was found in small atretic follicles compared to healthy counterparts (Hatzirodos et al.
2014a), which indicates its role in induction of apoptosis during follicular atresia.
Nevertheless, the upregulation of KLF6 and its variants were shown in response to
alcohol-induced ROS accumulation and consequently modulate the expression of tumor
necrosis factor-alpha (TNFa) (Urtasun et al. 2012). The expression of TNFa contributes
to ovulation process through inducing apoptosis in granulosa cells of unruptured follicles
along with reducing the number of ovulated oocytes (Yamamoto et al. 2015). Besides
this, it was found that TNFa expression stimulated the expression of several genes, which
are involved in ovulation process, proteolysis and tissue remolding in trout (Crespo et al.
2010).

The transit abundance of KLF4 expression was found to be higher in granulosa cells of
the preovulatory follicle in order to induce apoptosis and cell cycle arrest in response to
LH surge (Choi and Roh 2018). Therefore, its expression was found to be increased after
1 h from human chorionic gonadotropin (hCG) administration (Carletti and Christenson
2009), which may indicate that its response to LH hormone is time-dependent.
Furthermore, the expression of KLF4 negatively regulated the expression of CYP19A1,
which indicates its pivotal role in granulosa-luteal cells transition steroidogenesis (Choi
et al. 2019). The current results were not matched with the previous evidence, where the
KLF4 was downregulated at mRNA (Figure 2.5d) and protein levels (Figure 2.6a) in the
H>O.-challenged group. Accordingly, the mRNA expression of CYP19Al1 was
upregulated in H2Oz-treated cells (Figure 8a), which confirms the negative regulation of
KLF4 to CYP19A1 as evidenced previously (Choi et al. 2019). On the other hand, the

KLF4 was revealed to be post-transcriptionally regulated by several microRNAs.
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Previous studies showed that miR-145 is predicted to target KLF4 and showed a higher
expression in granulosa cells exposed to oxidative stress in order to protect granulosa cells
from H20.-induced apoptosis (Sohel et al. 2019; Xu et al. 2017), which could reveal that
its induction is H2O> dose and time-dependent.

Supporting to this notion, miR-145 was downregulated in granulosa cells of polycystic
ovary syndrome (PCOS) patients but tended to be higher in their follicular fluids and
serum (Naji et al. 2018). In endothelial cells, miR-92a was shown to target KLF4 under
oxidative stress conditions in response to stimulation of sterol regulatory element-binding
transcription factor 2 (SREBF2), which contributes to endothelial cells dysfunction under
oxidative stress conditions (Chen et al. 2015). This evidence is compatible with the
present results (Figure 2.5c), which showed an upregulation of SREBF2 upon exposure
of granulosa cells to oxidative stress.

SREBFs are TFs family involved in the regulation of cellular fatty acids and cholesterol
biosynthesis via binding of SREBF1, which has two isoforms SREBFla as well as
SREBF1c, and SREBF2 to sterol regulatory element (SRE), respectively (Daemen et al.
2013; Shimano 2001). The high similarity within the active domain among subtypes of
SREBPs family leads to regulating their target genes with different efficiency (Shimano
2001). Accordingly, the depletion of SREBF2 in mice hepatocyte did not only reduce the
cholesterol biogenesis but also led to reducing SREBF1c, which is responsible for fatty
acids biogenesis (Rong et al. 2017). Furthermore, the depletion of SREBFs family altered
the cellular lipid and protein biosynthesis via inhibition of the AKT pathway coupled with
upregulation of genes linked to stress response and inflammation as well as endoplasmic
reticulum stress (Griffiths et al. 2013). The endoplasmic reticulum stress had been proven
to induce cellular cholesterol and lipid accumulation through increasing SREBF2
cleavage (Colgan et al. 2007) and expression of SREBF1c (Fang et al. 2013), respectively.
This fact indicates the involvement of endoplasmic reticulum stress induced by higher
ROS accumulation in lipid accumulation (Alemu et al. 2018; Sohel et al. 2018), which is
in harmony with the current study (Figure 2.7c). However, this higher lipid accumulation
was attenuated in in vitro culture of bovine granulosa cells supplemented with
sulforaphane, as an antioxidant activator (Sohel et al. 2018).

On the other hand, the expression of SREBFs was increased in response to exogenous
administration of hCG hormone and insulin via downregulation of SREBFs inhibitor;

namely insulin-induced gene 1 (INSIG1) protein (Palaniappan and Menon 2009), which
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may partially indicate their role in steroidogenesis. Furthermore, the treated granulosa
cells with FSH showed upregulation of SREBFs and those genes involved in
steroidogenesis such as STAR, CYP11A1, and CYP19A1 (Liu et al. 2009), which is in
agreement with the results of this study (Figure 2.8a and b). The CYP11A1 is responsible
for perpetrating the cholesterol to steroids biosynthesis pathway. CYP11A1 was recruited
in antral follicles (LaVoie 2017), which similarly was found in granulosa cells in advance
of LH surge (Garmey et al. 2000). Also, the overexpression of KLFs family including
KLF4, KLF9, and KLF13 in granulosa cells had a negative effect on the expression of
CYP11A1 (Natesampillai et al. 2008). Besides this, the expression of STAR was also
observed to be insignificant until exposure of granulosa cells to LH surge (Garmey et al.
2000; LaVoie 2017). These facts could indicate that the expression of SREBFs along with
steroidogenesis genes is indispensable during granulosa cells transdifferentiation in
response to LH surge. Interestingly, the expression of SREBF1c could be regulated by
NRF2 (Kamisako et al. 2014). Consequently, the lipogenic genes were upregulated in
bovine embryos exposed to oxidative stress-induced high expression of NRF2 (Amin et
al. 2014).

Regarding microarray data of granulosa cells after ovarian superstimulation, upregulation
of NRF2 and other genes involved in oxidative stress response was coupled with
upregulation of c-FOS (Dias et al. 2013), which is in parallel with the current results
(Figure 2.10c). c-FOS is one of the activator protein-1 (AP-1) members including c-Jun,
JunB, JunD, c-Fos, FRAL and FRA2, which are regulated via c-Jun NH2-terminal kinase
(INK) AP-1 (Yin et al. 2009). Its expression is positively associated with FSH (Delidow
et al. 1992) and showed a declined pattern 6 h post-LH surge (Gilbert et al. 2011).
Furthermore, the relative abundance of c-FOS increased the apoptosis of granulosa cells
upon exposure to mycotoxin (Guerrero-Netro et al. 2015) as well as in atretic follicles
(Hatzirodos et al. 2014a; Hatzirodos et al. 2014b), indicating its role in activating
apoptosis pathways under stress conditions (Preston et al. 1996). These facts are in the
same line with the current study, which showed an increased mRNA level of ¢c-FOS in
response to oxidative stress (Figure 2.5c).

Knockout of retinoblastoma protein (RB), which is responsible for the regulation of
cellular proliferation and survival, in mice resulted in the upregulation of c-FOS and E2F1
in the preantral follicle (Andreu-Vieyra et al. 2008). The pRB had been found to regulate

the expression of E2F1-induced apoptosis in a different manner than other members of
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E2Fs family (Dick and Dyson 2003). E2Fs are family of TFs involved in regulation of
cell cycle progression as well as apoptosis under certain conditions. This family contains
eight genes involved in activation or suppression of cell cycle. E2F1-3 are served as cell
cycle activators, whereas E2F4-5 are involved in cell cycle suppression (laquinta and
Lees 2007). Additionally, it is involved in regulation of fatty acids and glucose
metabolism (Hsieh et al. 2008) as well as regulation of genes involved in steroidogenesis
(Sharma et al. 2009). On the other hand, the downregulation of pRB was observed in
response to NRF2 knockdown leading to inhibition of lung cancer cell proliferation,
which indicates its pivotal role coupled with E2Fs family during cell cycle progression
(Homma et al. 2009). This could be interpreted the reduction of E2F1 under NRF2-
silencing in the current study (Figure 2.10c).

E2F1 was found to be enriched in granulosa cells of growing follicles in prepubertal
compared to adult sheep counterparts indicating its role in cell proliferation (Wu et al.
2017). However, it was reviewed that the overexpression of E2F1 in different models
either tissue culture cells or transgenic animals led to induction of apoptosis, which has
been inhibited by inhibition of E2F1 (Ginsberg 2002). Due to p53 and p53 upregulated
modulator of apoptosis (PUMA) contain a binding site of E2F1 on their promotor, the
overexpression of E2F1 coupled with PUMA led to apoptosis via regulation of p53 in
mouse treated with the herbicide Atrazine (Sharma et al. 2014). On the other hand, the
p53 was found to be negatively regulated MYC, FOS, and E2F1-3 (Douville and Sirard
2014). Interestingly, the previous study in tumor cells revealed a positive correlation
between E2Fs and NOTCHs in terms of expression, which was confirmed by the presence
of E2F-binding sites in NOTCHSs promotor (Viatour et al. 2011).

NOTCHs is a signaling pathway consisting of four receptors (NOTCH1, NOTCH2,
NOTCH3, and NOTCH4) and five ligands (JAG1, JAG2, DLL1, DLL3 and DLL4),
which bind together and produce various combinations of receptors and ligands leading
to different cellular response (Andersson et al. 2011). This pathway is involved in several
biological functions including cell proliferation, differentiation and apoptosis. Besides
this, it has a pivotal role in the regulation of fetal-maternal communication during
implantation (Chu et al. 2011). Once receptor activation occurred, the NOTCH
intracellular domain (NICD) is formed and then translocated to the nucleus, where it binds
to specific DNA sites like CLS, Mastermind (Mam) and transcriptional co-activators in

order to activate or suppress their target genes (Bray 2006; Kopan and llagan 2009).
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In the mammalian ovary, the depletion of JAG1 led to the suppression of genes involved
in steroids biosynthesis, which in turn resulted in reduction of estrogen and progesterone
levels. Additionally, STAR, which is responsible for cholesterol transporting to inner
mitochondria membrane, was amongst downregulated genes in response to JAG1
knockdown (Prasasya and Mayo 2018), which could confirm the upregulation of STAR
(Figure 2.8a) in the present study in response to NOTCH1 (Figure 2.5¢) under oxidative
stress conditions. This indicates the pivotal role of NOTCH signaling in promoting
granulosa cells differentiation in the preovulatory follicle. Nonetheless, the dysregulation
of the NOTCH signaling pathway led to reduction in primordial follicles (Trombly et al.
2009; Vanorny et al. 2014; Xu and Gridley 2013). Moreover, appearing of multioocytic
follicles had been reported in response to knockout of NOTCH2 and JAG1 in mice
granulosa cells and oocytes, respectively, which in turn led to reduction of fertility
(Vanorny et al. 2014; Xu and Gridley 2013). On the other hand, the downregulation of
NRF2 led to increasing intracellular ROS accumulation and subsequently increasing cell
apoptosis in lung cancer cells, which was accompanied by the downregulation of
NOTCH1 (Zhao et al. 2016). This evidence highlighted the potential regulation of
NOTCH1 via NRF2 (Figure 2.10c). From this point of view, the upregulation of
NOTCH1 under oxidative stress conditions is required to prevent oxidative stress-induced
cell apoptosis via suppression of apoptosis signal-regulating kinase 1 (ASK1) and then
preventing the p38 MAPK signaling pathway (Mo et al. 2013).

The disturbance in granulosa cells functions in response to oxidative stress could
negatively impact the oocyte quality, and consequently reduce the fertilization rate,
cleavage rate, and ultimately the quality of the embryo produced (Lai et al. 2018). Many
stressors during embryo in vitro production including pH, culture media, temperature, and
oxygen concentration could disturb the balance between prooxidants and antioxidants
leading to oxidative stress (Cagnone and Sirard 2016; Sakatani 2017; Takahashi 2012;
Wale and Gardner 2016). In this respect, previous evidence had been indicated that the
oxygen level (20% O2), which is widely used in in vitro embryo production, is greater
than the oxygen level (1.5-8.7%) in the reproductive tract of most mammals (Fischer and
Bavister 1993). Accordingly, the transcriptome analysis of bovine blastocyst showed that
array of genes including TFs were altered in response to in vitro conditions compared to

in vivo counterparts especially when the embryos were in vitro culture until embryonic
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genome activation. Most of those TFs are involved in oxidative stress response as well as
lipid metabolism pathways (Gad et al. 2012).

Previous evidence indicated the deleterious effects of high oxygen level-induced
oxidative stress and the survival of preimplantation embryos under in vitro condition is
attributed to the ability of embryos to activate NRF2 signaling pathway (Amin et al.
2014). However, this response could be differentially expressed depending on the sex of
embryos, which are transcriptionally, epigenetically as well as metabolically sexual
dimorphic (Bermejo-Alvarez et al. 2008; Bermejo-Alvarez et al. 2010; Gomez et al.
2018). These differences could partially arise from X-chromosome inactivation (XCI),
which is not entirely completed during early preimplantation stages (Bermejo-Alvarez et
al. 2010). However, it could be extended to day 14 (Bermejo-Alvarez et al. 2011) or day
19 (Forde et al. 2016). The incomplete XCI could regulate genes linked to not only sex
chromosomes but also autosomal chromosomes (Pérez-Cerezales et al. 2018). For
instance, exposure of male and female mouse embryos to heat stress-induced oxidative
stress showed an upregulation of glucose-6-phosphate dehydrogenase (G6PD), an X-
linked gene related to oxygen radicals scavenging, which emphasize the resistance of
female embryos under these circumstances (Pérez-Crespo et al. 2005). Similarly, GGPD
was observed in male and female bovine embryos at the morula stage but not at the
blastocyst stage exposed to oxidative stress (lwata et al. 2002), which indicates the
superiority of female embryos till morula stage. From this notion, the expression of the
NRF2 signaling pathway could be differentially expressed between male and female
embryos under oxidative stress (Figure 3.4 and 3.5) and consequently the machinery of
antioxidants (Figure 3.7).

The expression of NRF2 is partially involved in delaying differentiation of human
embryonic stem cells via regulation of self-renewal and pluripotency-related genes
including POU5SF1 and NANOG (Jang et al. 2014), which could also be regulated via
KLF4 (Chan et al. 2009). Accordingly, those TFs were found to be dysregulated under
oxidative stress conditions (Leite et al. 2017). These facts were in agreement with the
current findings, which showed an upregulation of KLF4 (Figure 3.4 and 3.6) and
subsequently POUSF1 (Figure 3.7) in embryos exposed to oxidative stress. On the other
hand, the differentiation is found to be sex-specific due to presence or absence X
chromosome inactivation (Schulz et al. 2014). Interestingly, the KLF4 protein was

observed to be enriched in trophectoderm rather than inner cell mass (Ozawa et al. 2012),
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which indicates the cellular specificity of the TFs. Furthermore, the KLF4 was found to
regulate genes involved in endoderm formation including GATA4, which is showed to
be upregulated under KLF4 knockdown in mouse embryonic stem cells (Aksoy et al.
2014), which is not compatible with the current findings (Figure 3.7). However, the co-
expression of GATA4 with pluripotency-related genes, namely KLF4, POU5F1, SOX2
and c-MYC resulted in impairing the reprogramming of mouse embryonic fibroblast cells
(Serrano et al. 2013), which indicates the disturbance of stemness pattern under oxidative
stress condition. From another point of view, the expression of GATA4 might be involved
in other biological function such as cholesterol biogenesis and transport (Bergeron et al.
2015) as well as steroidogenesis (Bergeron et al. 2015; Schrade et al. 2015) and glycolysis
(Schrade et al. 2015), which might overlap with SREBFs family functions.

The exposure of bovine preimplantation embryos to high oxygen tension-induced
oxidative stress increased the expression of SREBF1 and lipid metabolism-related genes,
which might be regulated via NRF2 (Amin et al. 2014). Exposure of embryos to such
high oxygen tension could induce endoplasmic reticulum stress, which in turn increases
the cleavage of SREBF2 and subsequently cholesterol accumulation (Colgan et al. 2007).
These facts could partially explain the reasons for increasing lipid accumulation in
embryos produced in vitro (Takahashi et al. 2013). Moreover, the potential release of lipid
and lipid-like molecules into extracellular space could be sex-dependent, which was
proven by higher releasing of such molecules by male embryos compared to female
counterparts (Gomez et al. 2018). This could be also associated with developmental
sexual dimorphism (Xu et al. 1992), which corroborates the current results (Figure 3.4).

Cell apoptosis is also supposed to be sex-depended and was remarkably observed in
female embryos (Ghys et al. 2016; Oliveira et al. 2016). This phenomenon could be
regulated via several pathways including caspase 3 (Carvour et al. 2008; Ghys et al. 2016;
Wolf et al. 1999), which revealed to be regulated via E2F1 (Ginsberg 2002; Shelat et al.
2001). This fact indicates the differential expression of E2F1 between male and female
embryos (Figure 3.4) to induce apoptosis, which in turn leads to a reduction in total cell
number (Ghys et al. 2016; Leite et al. 2017). However, cells might respond to such stress
via activation NOTCH1, which in turn activates a cascade of genes to ultimately
preventing cellular apoptosis via suppression of the p38 MAPK signaling pathway (Mo
et al. 2013). From another point of view, the previous study found the recruitment of

NOTCH signaling pathway in mouse trophectoderm (Rayon et al. 2014), which might be
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associated with increasing trophectoderm:inner cell mass ratio in bovine female embryos
compared to male ones (Siqueira and Hansen 2016). Interestingly, the disturbance in the
expression of NRF2 led to disturbing the expression of NOTCH signaling pathway and
their downstream genes (Wakabayashi et al. 2015), which indicates the potential
regulation of NRF2 to NOTCH signaling pathway. These findings confirm the differential
expression of NOTCH1 in the current study under oxidative stress condition (Figure 3.4).
Intriguingly, those TFs could be transferred to extracellular space in order to maintain
cellular homeostasis or alter the biological functions of neighboring cells.

During the last decades, a series of experiments were conducted to improve in vitro
embryo culture model. During that, the scientists found that embryo group culture (Kelley
and Gardner 2016) and co-culture with somatic cells either in groups (Donnay et al. 1997,
Miranda et al. 2016) or solitary (Donnay et al. 1997) boosted the blastocyst development
compared to individual culture. This fact argues the presence of mediators that
compensate for the absence of the maternal reproductive tract and enhance cell-cell
communication. Several mediators are believed to be involved in this communication
such as miRNA (Kropp et al. 2014) and extracellular vesicles (EVs) (Mellisho et al. 2017,
Qu et al. 2017).

EVs were found in various biological fluids such as milk, plasma, semen (Lawson et al.
2016), follicular fluid (Hung et al. 2015) and uterine fluids (Campoy et al. 2016).
Additionally, EVs were also found to be released into the culture media of bovine
granulosa cells (Saeed-Zidane et al. 2017) and preimplantation embryos (Pavani et al.
2018). Due to their ability to carry genetic material and metabolites, they are involved in
altering cell functions during either physiological (Hung et al. 2017; Valadi et al. 2007)
or pathological (An et al. 2015; Anderson et al. 2010) conditions. Moreover, they can
transfer the harmful molecules from the cell into extracellular space in order to maintain
cellular homeostasis (Takahashi et al. 2017). According to the releasing mechanism of
EVs subtypes, apoptotic bodies (ABs) are released directly from the cellular membrane
of apoptotic cells (Lawson et al. 2016). However, microvesicles (MVs) are secreted from
lived cells via outward budding (Tricarico et al. 2017). Furthermore, exosomes (EXOs)
are also released from lived cells via invaginations multivesicular bodies (MVBs) limiting
membrane, which is subsequently fused to the cellular membrane and released their
content into extracellular space (Pant et al. 2012). Several proteins involved in EXOs

biogenesis processes are normally used in identifying the EXOs population including
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tetraspanins (CD63, CD81 and CD9), ALIX, flaotillin-1 and TSG101 (Colombo et al.
2014; Jia et al. 2017; Mathivanan et al. 2010). Currently, the term of EVs is more
preferable rather than exosomes or microvesicles due to the overlapping between
subtypes in terms of size (Machtinger et al. 2016; Pavani et al. 2016; Raposo and
Stoorvogel 2013). Accordingly, the CD63 was detected in the current study to check the
purity of isolated EVs (Figure 3.8A).

EVs contents could be differed depending on the physiological status (Hung et al. 2017;
Navakanitworakul et al. 2016), inflammation (Console et al. 2019; Jolly et al. 1975), and
stress response (Beninson et al. 2014; Bewicke-Copley et al. 2017; Eldh et al. 2010). For
instance, exposure of granulosa cells to oxidative stress resulted in releasing EVs enriched
with NRF2 and antioxidant genes (Saeed-Zidane et al. 2017), which is in agreement with
this study (Figure 3.10). On the other hand, the comprehensive study of miRNA in
endometrial epithelial cells and their released-EVs showed differential expression of
some mMIRNAs between cells and their secretome involved in embryo-maternal
communication. The analysis of target genes of those mMiRNAs revealed their
contributions in embryo implantation (Ng et al. 2013), which indicates the selectivity of
EVs to their cargo. Furthermore, the number of released-EVs could be increased under
stress conditions, as evidenced by increasing released-EVs numbers of granulosa cells in
response to H>O»-induced oxidative stress (Saeed-Zidane et al. 2017), which could be
potentially regulated during their biogenesis.

Endosomal Sorting Complex Required for Transport (ESCRT) machinery is considered
the major pathway involved in EXOs biogenesis, which contains four protein complexes;
namely, ESCRT-0 influences the clustering of cargo in a ubiquitin-dependent manner,
ESCRT-1 and -2 trigger bud formation and ESCRT-3 boosts vesicles separation, as well
as associated proteins including AAA ATPase VPS4 involved in the segregation and
recycling of the ESCRT machinery (Hessvik and Llorente 2018; Katzmann et al. 2001,
Kowal et al. 2014). Supporting to this notion, the depletion of TSG101, which is a
member of ESCRT-1 protein complexes, led to compromise the number of released-
EXOs in Hela cells. However, the opposite results were observed in the case of VPS4B
deficiency (Colombo et al. 2013). Meanwhile, increasing numbers of released-EXOs
were observed in the MCF-7 cell line after the silencing of two isoforms of VPS4 (Baietti
etal. 2012), which fits well with the present study (Figure 3.9). These contradicting results

could indicate that the expression of those genes could be cell-dependent. Screening
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studies showed that inhibition of different member of RAB family such as RAB27A,
RAB27B, RAB35 and RAB11, which facilitate the fusion to cellular membrane and
secretion of EXOs to extracellular space, resulted in reduction of released-EXOs (Blanc
and Vidal 2018; Ostrowski et al. 2010; Takahashi et al. 2017; Yeung et al. 2018), which
indicate their importance role in EXOs biogenesis and secretion. These results confirm
the current findings, which showed an increased level of RAB11 and RAB27A in male
embryos under the high oxygen level (Figure 3.9) and consequently increasing the
released-EVs (Figure 3.8).
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4.2 Conclusion and future perspective

Taken together, in this study, in addition to antioxidant machinery in bovine granulosa
cells and preimplantation embryos were found to respond to oxidative stress through the
alteration of cross-talking candidate TFs involved in cell apoptosis, lipid biosynthesis,
and differentiation. The cellular and extracellular mMRNA expression level of TFs as well
as NRF2 and their antioxidant downstream genes led to the survival of male embryos
compared to female counterparts upon exposure to oxidative stress.

These studies provide basic information to perform further studies that take into account
the following points:

e The transcription and post-transcription regulatory mechanisms of the
transcription factors during granulosa cells luteinization and preimplantation
embryos development

e Reciprocals horizontal transmission of extracellular vesicles cargo between male
and female embryos exposed to various environmental stressors in stage
dependent-manner and their role in adaptive response as well as development

e Using CRISPR/Cas9-mediated gene editing to investigate the potential role of
ESCRT machinery in bovine extracellular vesicles biogenesis and secretion

e Holistic analysis of extracellular vesicles under different environmental stresses

in follicular cells and preimplantation embryos
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