
 

 i 

 

The impact of age on 

single Oocytes and their 

cumulus cells Using sc- RNA sequencing  

 

 
Arwa Abdulaziz Alageel 

Linacre college  

 University of Oxford 

 

 

 

 
 

A thesis submitted for the degree of Doctor of Philosophy at the 

University of Oxford.  

 

 

 

 



 

 ii 

Dedication 

 
To my deeply missed mom, Latifa, who sadly left us more than a decade ago, I remember 

you as this perfect human being who was, to me, the greatest mother who ever walked on 

earth.  

Mom, you spirit has accompanied me throughout my entire journey since I left the country 

until my last day in the UK.  

Your beautiful eyes watched over me in my moments of weakness and sadness, and I felt 

your hand gently wipe my tears and hold me tight. 

I felt your happiness and pride whenever I succeeded year after year until I reached the end 

of my academic journey.  

My wound from losing you will never be healed; even the pain will not be bearable over 

time. What is most painful for me is that you never witnessed how I earned any of my 

degrees, from bachelor to PhD now. For this reason, I believe that my only consolation is to 

name my thesis after you, ‘Latifa’.  

Without a doubt, a PhD degree from the University Oxford in the field of women’s infertility 

is the most valuable thing that can bring honour to your name. 

My PhD thesis is dedicated to the memories of you, until we meet again in heaven, Mom. 

To my father, thank you for giving me strength to reach for the stars and chase my dreams. 

To my family, the symbol of love and giving, particularly my dearest sister, Layla, who is a 

soul therapist, the one who leads me during my low moments with her light of hope and 

support during my academic journey 

To my great brother, Omar, the best gift I was given in life, my lifeline who stands by me 

when things look bleak and, with his heavenly presence, has provided me the mental strength 

to complete this degree 

To my beloved sister, Omiama, the angle who lights my path, the best friend God ever 

made for me and who gives of herself in countless ways. 

And to all those people who touched my heart, making London a beautiful and memorable 

place for me, I humbly dedicate this research to you with all my love.  

 

 



 

 iii 

Acknowledgment  

It is a pleasure to thank the many people who have helped made this thesis possible. First, 

I would like to express my immense gratitude to my supervisor, Dr Suzannah Williams, 

for the opportunity to undertake this DPhil. Her guidance and encouragement are a source 

of my inspiration and passion for scientific research. I likewise express my deep 

appreciation to my co-supervisor, Professor Dagan wells, for his support and guidance in 

various ways throughout the course of my DPhil.  

It was a great pleasure to work with a distinguished number of people (current and former), 

whose contributions, discussions and pieces of advice have made the process of completing 

this thesis much easier. My sincerest thanks go to Dr Belinda lo, my beloved colleague 

who has always been there for me whenever I needed help.  

I also gratefully acknowledge the expertise of Dr Thomas Tapmeier. I appreciate his 

comments, explanations and crucial pieces of advice. My enormous thanks likewise go to 

Dr Karl Morten for his precious insights that were helpful in solving technical issues.  

I thank the Weatherall Institute of Molecular Medicine. In particular: Dr Neil Ashely and 

his Single Cell Facility where I have done the first part of my research. I particularly would 

like to thank Dr Emmanouela Repapi and Dr Nicki Gray from Computational Group.  

 My thanks go to the sequencing group at the Wellcome Trust Centre for Human Genetics 

at University of Oxford.  

My sincerest gratitude goes to my thesis evaluation committee, which consisted of Professor 

Christian Becker and Professor Tom Fleming who served as the external examiner of my 

thesis. 

Finally, I express my enormous and special gratitude to Professor Krina Zondervan for her 

unceasing support and selfless contributions that helped me get me where I am today.  

I hope that this thesis is useful and serves a good purpose in the field of women’s health. I 

thank everyone who contributed to the success of my DPhil at Nuffield Department of 

women’s and reproductive and Health. 



 

 iv 

Table of Content 
 
 
Abstract………………………………………………………………………………..….xiii 
Abbreviation………...……………………………………………………… .…………..xii 
Chapter 1: Literature Review…………………………………………………………xvii 
1.! !!!!!!!!!!!!!!Introduction ....................................................................................................... 1!
1.1.! !!!!!!!!!!!The function of the ovaries ................................................................................ 1!
1.1.1. ! Follicle development ......................................................................................... 1!
1.1.2. ! Oogenesis .......................................................................................................... 4!
1.1.3.!!!!!!!!!!!!!Oocyte maturation ............................................................................................ 6!
1.1.4. ! Gonadotropins and steroidogenesis .................................................................. 7!
1.1.5.   ! Oocyte metabolism ........................................................................................... 8!
1.1.5.1.! Glucose metabolism .......................................................................................... 8!
1.1.5.2.        Lipid metabolism .............................................................................................. 8!
1.2.! !!!!!!!!!!!!Age and oocyte competence ............................................................................. 9!
1.2.1.!!!!!!!!!!!!The clinical indication of pre-pubertal oocytes ................................................. 9!
1.2.2. !!!!!!!!!!!!Previous studies on pre-pubertal oocyte quality ............................................ 10!
1.2.3.!!!!!!!!!!!!!Transcriptome studies on pre-pubertal oocytes .............................................. 12!
1.2.4.!!!!!!!!!!!!!Advanced maternal age .................................................................................. 13!
1.2.5.!!!!!!!!!!!!!Oocyte ageing studies ..................................................................................... 17!
1.3.! !!!!!!!!!!!!Cumulus cells ................................................................................................. 20!
1.3.1.!!!!!!!!!!!!!The origin of CCs ........................................................................................... 21!
1.3.2.  !!!!!!!!!!The role of CCs in follicle development ......................................................... 23!
1.3.3.!!!!!!!!!!!!!The role of CCs in oocyte meiosis .................................................................. 23!
1.3.4.!!!!!!!!!!!!!The influence of CCs on oocyte competence studies ..................................... 24!
1.4.! !!!!!!!!!!!!Overview: Historic development of transcriptomics technologies ................. 27!
1.4.1.!!!!!!!!!!!!!Hybridisation based method: Microarray methods ........................................ 27!
1.4.2.!!!!!!!!!!!!!Sequence-based methods ................................................................................ 28!
1.4.3.   !!!!!!!!!Next-generation sequencing ........................................................................... 29!
1.5.! !!!!!!!!!!!!Single-cell Transcriptomics ............................................................................ 30!
1.5.1.   !!!!!!!!!Single-Cell (sc) RNA Sequencing .................................................................. 30!
1.6.! !!!!!!!!!!!!Reproductive lifespan in mice ........................................................................ 34!
1.6.1.!!!!!!!!!!!!!Age category selection .................................................................................... 34!
1.7.! !!!!!!!!!!!!Hypothesis ...................................................................................................... 37!
1.8.! !!!!!!!!!!!!Aims ................................................................................................................ 38 
Chapter 2: Material and Method  
2.1.!!!!!!!!!!!!!!!Strain selection ................................................................................................ 41!
2.2.!!!!!!!!!!!!!!!Mice maintenance ........................................................................................... 42!
2.3.!!!!!!!!!!!!!!!!Ovary stimulation and collection ................................................................... 43!
2.4.!!!!!!!!!!!!!!!!Cumulus oocytes complex (COC) preparation .............................................. 44!
2.4.1.! Oocyte isolation……………………………………………………………...45 
2.4.2.           Cumulus cells preparation………..………………………………………….45 
2.5.!!!!!!!!!!!!!!!!Smart-Seq2 Approach .................................................................................... 47!
2.5.1.! Cell lysis buffer set-up .................................................................................... 49!
2.5.2.! Reverse transcription (RT) .............................................................................. 49!
2.6.!!!!!!!!!!!!!!!PCR-based Amplification ............................................................................... 51!
2.6.1.! Primer sequences ............................................................................................ 51!



 

 v 

2.6.2.! Amplification protocol .................................................................................... 51!
2.6.3.! PCR clean-up .................................................................................................. 52!
2.7.!!!!!!!!!!!!!!!Quality control ................................................................................................ 52!
2.7.1.! Qubit® 2.0 flourometric assay (ThermoFisher, UK) ...................................... 52!
2.7.2.! 2100 Bioanalyser assessment (Agilent Technology, UK). ............................. 53!
2.7.3.! PicoGreen measurement ................................................................................. 54!
2.7.4.! Assay set-up .................................................................................................... 55!
2.7.5.! TapeStation assay (Agilent, UK) .................................................................... 55!
2.8.!!!!!!!!!!!!!!!Sequencing Library ......................................................................................... 56!
2.8.1.! Nextera XT construction ................................................................................. 56!
2.8.2.! Pooling and multiplexing ................................................................................ 57!
2.9.!!!!!!!!!!!!!!!Bioinformatics analysis ................................................................................... 58!
2.9.1.! Sample analysis ............................................................................................... 58!
2.9.2.! Normalisation method ..................................................................................... 58!
2.9.3.! Differential gene expression ........................................................................... 59!
2.10.! Bioinformatics visualisation method .............................................................. 61!
2.10.1.! Principle component analysis (PCA) .............................................................. 61!
2.10.2.! Functional analysis: Ingenuity Pathways analysis (IPA) ................................ 61!
2.10.3.! Functional analysis: Metacore pathways ......... Error! Bookmark not defined.!
2.11.! OpenArray real-time PCR validation .............................................................. 62 
Chapter 3: Optimising a Preparation Protocol for Single -Cell RNA sequencing 
Library………………………………………………………………………………...….62  
3.1.              Introduction ..................................................................................................... 64!
3.2.!!!!!!!!!!!!!!!Method ............................................................................................................ 65!
3.2.1.! Oocyte and CCs Preparation ........................................................................... 65!
3.2.2.! PCR-based Amplification ............................................................................... 66!
3.2.3.! cDNA Assessments ......................................................................................... 66!
3.3.!!!!!!!!!!!!!!!PCR Amplification protocol ........................................................................... 67!
3.3.1            Pilot 1: cDNA yield generated from a single oocyte and its companion CCs 67!
3.3.2.           Aim ................................................................................................................. 67!
3.3.3.           Method ............................................................................................................ 67!
3.3.4.           Pilot 1 Result ................................................................................................... 68!
3.3.4.1.        The Optimal amplification for single mouse 0ocytes ..................................... 68!
3.3.4.2.        The Optimal Amplification for the CCs ......................................................... 71!
3.4.2.           Pilot 2: cDNA Yield of Aged Oocytes and Cumulus Cells ............................ 75!
3.4.2.1.        Aim ................................................................................................................. 75!
3.4.2.2         Method ............................................................................................................ 75!
3.4.3.           Pilot 2 result .................................................................................................... 76!
3.4.3.1.        Amplification result of old oocytes ................................................................. 76!
3.4.3.2.! Cumulus cells amplification ........................................................................... 78!
3.5.!!!!!!!!!!!!!!!Pilot 3: different cumulus Cell preparation methods ...................................... 80!
3.5.1.           Aim ................................................................................................................. 80!
3.5.2.! Method ............................................................................................................ 80!
3.5.3.! Results of pilot 3 ............................................................................................. 81!
3.6.!!!!!!!!!!!!!!!Pilot 4: The effect of the collection time on RNA integrity ............................ 83!
3.6.1.! Aim ................................................................................................................. 83!
3.6.2.! Method ............................................................................................................ 83!
3.6.3.! Pilot 4 Results ................................................................................................. 84!



 

 vi 

3.7.!!!!!!!!!!!!!!!Discussion ....................................................................................................... 88!
3.8.!!!!!!!!!!!!!!!Summary .......................................................... Error! Bookmark not defined. 
Chapter 4: Experimental Design………………………………………………………..97 
4.1.!!!!!!!!!!!!!!!Introduction ..................................................................................................... 99!
4.2.!!!!!!!!!!!!!!!Method ............................................................................................................ 99!
4.2.1.! cDNA synthesis .............................................................................................. 99!
4.2.2.! Samples number ............................................................................................ 100!
4.2.3.! Sample selection criteria ............................................................................... 100!
4.3.!!!!!!!!!!!!!!!Results: cDNA measurement ........................................................................ 104!
4.3.1.! Nine-week-old (young adult) samples .......................................................... 105!
4.3.2.! Three-week-old (Pre-pubertal) ...................................................................... 106!
4.4.!!!!!!!!!!!!!!!Sample selected for the subsequent step: Nextera XT library ...................... 107!
4.4.1.! cDNA quality assessment ............................................................................. 107!
4.5.!!!!!!!!!!!!!!!Final quality assessment ................................................................................ 109!
4.5.1.! TapeStation profiles for 1-year-old oocytes ................................................. 109!
4.5.2.! TapeStation profiles for 9-weeks-old oocytes .............................................. 111!
4.5.3.! TapeStation profiles for 3-weeks-old oocytes .............................................. 113!
4.5.4.! TapeStation profiles for 1-year--old CCs ..................................................... 115!
4.5.5.! TapeStation profiles for 9-weeks-old CCs .................................................... 117!
4.5.6.! TapeStation profiles for 3-weeks-old CCs .................................................... 119!
4.6.!!!!!!!!!!!!!!!Discussion ..................................................................................................... 121 
4.7.              Summary……………………………………………………………………. 
Chapter 5: Tanscriptomic Analysis of Pre-Pubertal Oocytes….........………………122 
5.1.!!!!!!!!!!!!!!!Introduction ................................................................................................... 124!
5.2.!!!!!!!!!!!!!!!Method .......................................................................................................... 126!
5.2.1.! Sample preparation ....................................................................................... 126!
5.2.3.! Functional analysis ........................................................................................ 127!
5.3.!!!!!!!!!!!!!!!Results ........................................................................................................... 127!
5.3.1.! Sequencing quality ........................................................................................ 128!
5.3.1.1.! Mapping rate ................................................................................................. 128!
5.3.1.2.        Oocyte-specific genes expression ................................................................. 130!
5.3.1.3.        Number of expressed genes (quality assessment) ......................................... 133!
5.3.2.           Principle Component Principle (PCA) .......................................................... 134!
5.3.2.1.        Pre-pubertal versus adult oocytes (3 weeks vs 9weeks) ............................... 136!
5.3.3.           Differential genes expression ........................................................................ 137!
5.3.4.           Overlapping genes between the three ages ................................................... 139!
5.3.5.           Functional analysis ........................................................................................ 140!
5.3.5.1      . Canonical Pathways ....................................................................................... 140!
5.3.6.          Upstream regulators ....................................................................................... 152!
5.3.7.          Networks identification .................................................................................. 154!
5.4.              Discussion ..................................................................................................... 161!
5.5.           Conclusion……………………………………………………………………170 
Chapter 6: Transcriptome Analysis of Aged Oocyte………………...………………………170 

6.1.             Introduction .................................................................................................... 172!
6.2.             Method ........................................................................................................... 174!
6.3.             Results ............................................................................................................ 174!
6.3.1.          Principle Component Analysis ...................................................................... 174!
6.3.2.          Differential Gene Expression ......................................................................... 177!



 

 vii 

6.3.3.          Functional Analysis ....................................................................................... 178!
6.3.2.          Network Identification ................................................................................... 194!
6.4.             Discussion ...................................................................................................... 199!
6.5.             Conclusion ..................................................................................................... 209 
Chapter 7: Transcriptomic Analysis of Cumuluc cells deriverd from single 
oocytes………………………………………………………………………………...…207 
7.1.             Introduction .................................................................................................... 211!
7.2.             Methods.......................................................................................................... 213!
7.3.             Results ............................................................................................................ 214!
7.3.1.          Sequencing Quality ........................................................................................ 214!
7.3.1.1        Mapping Rate ................................................................................................. 214!
7.3.1.2.       Cumulus cell-specific gene expression .......................................................... 215!
7.3.2.          Principal component analysis ........................................................................ 221!
7.3.2.1.       Pre-pubertal versus adult cumulus cells (3 weeks versus 9 weeks) ............... 223!
7.3.2.2.       Aged versus young-adult cumulus cells (1 year versus 9 weeks) .................. 223!
7.3.3.          Differential gene expression .......................................................................... 226!
7.3.3.1        Pre-pubertal versus young-adult cumulus cells ............................................. 226!
7.3.3.2        1-year-old versus 9-week-old cumulus cells .................................................. 226!
7.3.4.          Functional network analysis .......................................................................... 228!
7.4.             Discussion ...................................................................................................... 236 
Chapter 8:"OpenArray Real-Time PCRValidation ..................................................... 246 
8.2.1.! Pilot 1: Assessment of RNA recovered from a single oocyte and its CCs ... 249!
8.2.2.! Pilot 2: Real-time PCR of COC .................................................................... 255!
8.2.3.! Pilot 3: Gapdh and Cyp11a1 expression in a single oocyte and its CCs ...... 257!
8.3.!!!!!!!!!!!!!!!OpenArray RT-PCR ...................................................................................... 262!
8.3.2.! Experimental design ...................................................................................... 267!
8.3.2.3.! Sample preparation ....................................................................................... 268!
8.3.3.! Preamplification ............................................................................................ 268!
8.3.4.! Real-time PCR preparation ........................................................................... 269!
8.3.5.! Real-time PCR workflow .............................................................................. 269!
8.3.6.           Preliminary experiment ................................................................................. 270!
8.3.6.1.        Aim ............................................................................................................... 270!
8.3.6.2.        Method .......................................................................................................... 270!
8.3.6.3.         Results .......................................................................................................... 271!
8.4.!!!!!!!!!!!!!!!OpenArray RT-PCR experiment ................................................................... 271!
8.4.1.           Sample loading .............................................................................................. 271!
8.4.2.           Real-time PCR instrument ............................................................................ 272!
8.5.!!!!!!!!!!!!!!!Data analysis using the comparative Ct method ........................................... 272!
8.6.!!!!!!!!!!!!!!!OpenArray real-time qPCR result ................................................................. 273!
8.6.2.!!!!!!!!!!!Three-week-old oocytes ................................................................................. 276!
8.6.3.! One-year-old oocytes .................................................................................... 280!
8.6.4.! One-year-old CCs versus 9-week-old CCs ................................................... 283!
8.7.!!!!!!!!!!!!!!!Discussion ..................................................................................................... 286!
8.8.!!!!!!!!!!!!!!!Conclusion ..................................................................................................... 295!
Chapter 9: General Discussion……………………………..…………………………..294 
References……………………………………………………………………………….304 
 
 



 

 viii 

Index of Figures 
 
 
Figure 1.1. Follicle development stages from the primordial to preovulatory stage. ........... 3!
Figure 1.2 An oocyte at the germinal vesicle (GV) stage. .................................................... 5!
Figure 1.3 Quantitative and qualitative declines of the ovarian follicle pool. .................... 15!
Figure 1.4 Birth rate related with maternal age in the United Kingdom,. .......................... 16!
Figure 1.5 Diagram of an ovarian preovulatory follicle. .................................................... 22!
Figure 1.6 Schematic of sc RNA sequencing experiment showing each step .................... 33!
Figure 1.7 The reproductive lifespan of C57BL/6 female mice ......................................... 36!
Figure 2.1 Single oocyte preparation steps ......................................................................... 46!
Figure 2.2 Smart-Seq2 protocol, Nature protocol ............................................................... 48!
Figure 2.3 High-sensitivity DNA nano chip, Agilent Technologies .................................. 54!
Figure 2.4 High-sensitivity tape screen, Agilent Technologies .......................................... 56!
Figure 2.5 Illustration of bioinformatics steps .................................................................... 60!
Figure 3.1 Flowchart of CCs preparation steps…………………………………………...65!
Figure 3.2 Bioanalyser illustrating the amplification profiles of four single oocytess. ...... 69!
Figure 3.3 Electropherogram of oocyte 6 amplified with 18 cycles. ………………….….70!
Figure 3.4 Bioanalyser electropherograms of the pre-amplified cDNA of the CCs. .......... 73!
Figure 3.5 Bioanalyser analysis of the cDNA generated by the cumulus cells .................. 74 
Figure 3.6 Amplification profiles of (A) one-year oocyte and (B) nine weeks oocyte..….76 
Figure 3.7 Representative examples of samples of cumulus cell amplification………..…78!
Figure 3.8 The cDNA yields from the cumulus cells assessed via the 2100 Agilent 

Bioanalyser. ................................................................................................................ 86 
Figure 3.9 The cDNA yields from the CCs………………………………………...……..85 
Figure 3.10 The cDNA yields from the CCs…………………………….……………….. 
Figure 3.11 Template switching mechanism (TSO)  used in Smart-Seq2 protocol.. 92 
Figure 4.1 Experimental design for sc-RNA-seq. ............................................................. 102!
Figure 4.2 Sequencing design for sc-RNA experiment. ................................................... 103!
Figure 4.3 (A) TapeStation Profiles for 1-year-old. . ....................................................... 109!
Figure 4.3 (B) TapeStation Profiles for 1-year-old oocytes:………………………….... 110!
Figure 4.4 (A) TapeStation Profiles for 9-weeks-old ....................................................... 111!
Figure 4.4 (B) TapeStation Profiles for 9-weeks-old. ....................................................... 112!
Figure 4.5 (A) TapeStation Profiles for 3-weeks-old.. ..................................................... 113!
Figure 4.6 (A) TapeStation Profiles for 1-year-old Cumulus cells. ……………….…….115!
Figure 4.6 (B) TapeStation Profiles for 1-year-old Cumulus cells. .................................. 116!
Figure 4.7 (A) TapeStation Profiles for 9-weeks-old CCs. . ............................................ 117!
Figure 4.7 (B) TapeStation Profiles for 9-weeks-old CCs. ............................................... 118!
Figure 4.8 (A) TapeStation Profiles for 3-weeks-old CCs.  ............................................. 119!
Figure 4.8 (B) TapeStation Profiles for 9-weeks-old CCs. ............................................... 120!
Figure 5.1 Mapping rate graph.. ........................................................................................ 129!
Figure 5.2 depicts a boxplot demonstrating the average expression of the gene-specific  

oocyte in the sequencing data.. ................................................................................. 132!
Figure 5.3 depicts a boxplot of the count per million (cpm) ............................................ 133!
Figure 5.4 depicts the PCA of a mouse sc-RNA-seq transcriptome. ................................ 135!
Figure 5.5 depicts the PCA of oocytes at 3 weeks of age versus 9 weeks  ....................... 136!
Figure 5.6 depicts a scatter plot of average counts (cpm) versus Log2 -fold changes for 

genes generated by DEseq. ....................................................................................... 138!



 

 ix 

Figure 5.7 depicts a Venn diagram showing the number of genes differently regulated 
between the two comparisons. .................................................................................. 139!

Figure 5.8  Stacked bar chart of the top 20 canonical pathways in a pre-pubertal oocyte 149!
Figure 5.9 The 20 top significant pathways activated in a pre-pubertal oocyte ............... 150!
Figure 5.10 Overlapping of the top ten canonical pathways generated by IPA.. ............. 151!
Figure 5.11 TGFβ family is predicted as the upregulator effect in pre-pubertal oocyte. . 153!
Figure 5.12 Network 1: Development Disorder, organismal injury and abnormalities .... 156!
Figure 5.13 Network 2: Cellular assembly and organisation, cardiovascular system ...... 157!
Figure 5.14 Network 3: Inflammatory Disease, skeletal and muscular disorders, ........... 158!
Figure 5.15 Network 4: Cell cycle, dental disease, developmental disorder. ................... 159!
Figure 5.16 Network 5: Cell death and survival, cellular assembly and organisation, ..... 160!
Figure 6.1 Principle component analysis of oocytes at one year of age (aged) versus nine 

weeks of age (young adult). ...................................................................................... 176!
Figure 6.2 Scatter plot of average counts (cpm) versus Log2 -fold changes for genes 

generated by DEseq. ................................................................................................. 177!
Figure 6.3 Enriched significant pathways in an aged oocyte……………………………180!
Figure 6.4 A stacked bar chart of the top enriched canonical pathways in an aged oocyte 

……………………………………………………………………………………...181!
Figure 6.5 Overlapping of the top 10 canonical pathways generated by IPA .................. 193!
Figure 6.6 The top network affected in 1-year oocyte: Embryonic Development, 

Organismal Development ......................................................................................... 195!
Figure 6.7 Network four: Organismal injury and abnormalities. ...................................... 196!
Figure 6.8 Network 3: Cell Death and Survival, Cancer. ................................................. 197!
Figure 6.9 Network 4: Lipid metabolism, small molecule Biochemistry. ........................ 198!
Figure 7.5 Mapping rate graph for CC samples. .................. Error! Bookmark not defined.!
Figure 7.2 Boxplot demonstrating the average expression of the CC-specific genes in the 

sequencing data. ........................................................................................................ 219!
Figure 7.3 A boxplot of the number of genes expressed in the CCs from each age group

................................................................................................................................... 220!
Figure 7.4 Principle component analysis (PCA) plot based on the 500 most variable genes

................................................................................................................................... 222!
Figure 7.5 Principle component analysis (PCA) of the CCs ............................................ 224!
Figure 7.6 Principle component analysis (PCA) of oocytes at 1 year versus 9 weeks. .... 225!
Figure 7.7 Scatterplot of average counts (cpm) versus log2-fold changes for genes 

generated by DEseq. Genes were retained if 1 count-per-million (cpm for any given 
sample. ...................................................................................................................... 227!

Figure 7.8 The top IPA-generated network enriched in the differentially expressed CC. 234!
Figure 7.9: The second network affected in the aged CCs ............................................... 235!
Figure 8.1 Pilot: 1: Gapdh and Cyp11a1 expressions in single oocytes and CCs. ........... 254!
Figure 8.2. Pilot 2: Gapdh and Cyp11a1 expression in mouse COC samples. ................. 256!
Figure 8.3 Workflow of the RT-qPCR, including the sample preparation, reverse ......... 259!
Figure 8.4 Pilot 3: Successful RT-PCR ............................................................................ 261!
Figure 8.5 A) Photograph of a stainless-steel plate of OpenArray qPCR ........................ 265!
B) Schematic illustration of the holes showing 224 assays organised in four subarrays  265!
Figure 8.6 Illustration of the first column in an OpenArray plate .................................... 266!
Figure 8.7 Ct value analysis of five candidate housekeeping genes. ................................ 274!
Figure 8.8 Variation analysis of Ct values of five housekeeping genes in CCs samples . 275 
Figure 8.9 Oocyte-specific genes were detected in 3-week-old oocytes .......................... 277!



 

 x 

Figure 8.10 Relative expression of the upregulated genes in 3-week-old oocytes 
determined by OpenArray qPCR.. ............................................................................ 278!

Figure 8.11 Comparison of sc-RNA-seq (green) and OpenArray qPCR (blue) data. ...... 279!
Figure 8.12 Oocyte-specific genes were detected in 1-year-old oocytes .......................... 281!
Figure 8.13 Comparison between the expression of upregulated genes generated by sc-

RNA-seq and OpenArray qPCR. .............................................................................. 282!
Figure 8.14 Cumulus cells-specific genes were detected in aged CCs using OpenArray 

qPCR ......................................................................................................................... 284!
Figure 9.1: Common pathways between the prepubertal and aged oocytes relative to young 

adult oocytes. ............................................................................................................ 302!
!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 xi 

Index of Tables 
 
Table 1.1: Microarrays studies for comparisons between  young and aged oocytes. ......... 20!
Table 2.1: Mice strains used for ageing studies .................................................................. 42!
Table 2.2: Reagents used for lysis buffer preparation ........................................................ 49!
Table 2.3: Reverse transcription mix .................................................................................. 50!
Table 2.4: Reagents used for PCR mix reaction ................................................................. 51 
Table 3.1: Summary of the Cumulus Cell Preparation Methods ........................................ 81!
Table 3.2: cDNA Concentration from the cumulus cells samples ...................................... 85!
Table 4.1: Number of oocyte cumulus complexes (COCs) ………………………………97 
Table 4.2: cDNA concentration of 1-year-old oocytes and CCs.………………….. 104 
Table 4.3: cDNA concentrations of 9-week oocytes and CCs. ......................................... 105!
Table 4.5: Final selection of cDNA samples of oocytes. .................................................. 108!
Table 5.1: The top 20 enriched pathways in pre-pubertal oocytes ................................... 142!
Table 5.2 demonstrates genes involved in signaling by Rho of GTPases ........................ 147!
Table 5.3 demonstrates genes involved in ILK signaling pathway. ................................. 148!
Table 5.4 demonstrates genes involved in PXR/RXR Activation signaling pathway. ..... 148!
Table 5.5 Top five networks involved in pre-pubertal oocyte .......................................... 155!
Table 6.1: The top 20 enriched signalling pathways in one-year-old oocytes .................. 180!
Table 6.2: List of differential expressed genes in a aged oocyte (one-year-old)………...182!
Table 6.4: Mitochondrial L-carnitine Shuttle Pathway. .................................................... 188!
Table 6.5: Type II Diabetes Mellitus ............................................................................... .188!
Table 6.6: Sertoli Cell-Sertoli Cell Junctions Signalling…………………………….…..189 
Table 6.7; Signalling by Rho Family GTPases……………………………………….….190 
Table 6.8: GP6 Signalling Pathway………………………………………………...........191                                   
Table 7.1: List of CCs specific genes used as positive control genes for assessing the 
quality of CCs sequencing……………………………………………………………….231 
Table 7.2: List of the expressed differential genes in 1-year CCs .................................... 229!
Table 7.3: Top functional networks involved in the aged CCs (1-year-old). ................... 233!
Table 8.1 Reverse transcription reagents .......................................................................... 252!
Table 8.2 Reagents for PCR mix reaction ........................................................................ 253!
Table 8.3 Reagents used for the preamplification mixture ............................................... 260!
Table 8.4 Reagents for pre-amplification reaction for the OpenArray qPCR .................. 269!
Table 8.5 Reagents used for OpenArray qPCR ................................................................ 269!
Table 8.6: RNA-seq data showing 20 downregulated expressed genes.. ......................... 285!
 
 
 
 
 
 
 
 
 



 

 xii 

Abstract  

Oocyte quality is the major determinant of successful fertilisation and subsequent normal 

embryo development. Maternal age is the greatest influencing factor limiting the success of 

infertility treatment. Current assisted reproductive technologies (ARTs) are unable to 

recover the fertility of females in two categories: pre-pubertal females who have survived 

cancer and older women who have delayed childbearing several years beyond their peak 

reproductive capacity. In the first category, women are at high risk of premature ovarian 

failure because of gonadotoxic chemotherapy. Thus, ovarian tissue preservation becomes an 

integral component of the treatment plan. However, the progress of in vitro maturation 

(IVM) of the pre-pubertal oocytes remains poor. In terms of the second category, oocytes 

from older women are correlated with poor fertilisation, low implantation rates and 

spontaneous abortion. Both pre-pubertal and aged oocytes have a limited developmental 

competence for sustaining successful fertilisation and normal embryo development. Also, it 

is unclear whether follicular microenvironment, which support oocyte development, have 

contributed to diminish the quality of these oocyte. To improve the ART success rate, it is 

necessary to elucidate the mechanisms by which maternal age negatively affects oocyte 

 quality, representing an extremely demanding task. Little is known about the transcriptional 

activity that underlies the impaired competence of oocytes at these ages.  

Using single-cell RNA sequencing (sc-RNA-seq), this thesis investigated the impact of age 

on the transcriptome of single oocytes and their companion CCs at prepuberty, maturity and 

advanced age. This was achieved, first, by optimising a preparation protocol for generating 

high-quality cDNA libraries for Illumina sequencing. Sc-RNA-seq was then successfully 

performed in a single oocyte, providing an unprecedented depth of investigation, by 

generating 30 million reads from each sample. sc-RNA-seq revealed novel pathways, 
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including retinoic acid receptor (RAR) metabolism and Rho signalling, suggesting that these 

pathways govern the transcriptional dynamics changes required to obtain competence. For 

aged oocytes, the dysregulation of RAR and mitochondrial L-carnitine was involved in the 

age-related deterioration. Interestingly, while CCs seemed to deteriorate as a function of 

advanced age, CCs associated with prepubertal oocytes did not reveal a distinct 

transcriptome in relation to those in young adults. Finally, the oocyte and CC sequencing 

data were validated using OpenArray real-time polymerase chain reaction (RT-PCR). In 

summary, single-cell transcriptomics provided insight into the intrinsic (oocyte) molecular 

changes and extrinsic microenvironment (CCs) associated with age. The aged follicular cells 

could contribute to the diminished developmental potential in oocyte senescence.  
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1.! Introduction 

1.1.!The function of the ovaries 

The ovaries are the primary female reproductive organs, and they have a main function of 

producing oocytes and preparing them for the ovulation process. Ovaries are also endocrine 

glands that secrete steroid hormone that are vital to normal reproductive development and 

fertility. The process of developing female germ cells and the generation of primordial 

follicles is referred to as oogenesis; the growth and activation of these follicles is called 

follicle development  (1).  

 

1.1.1.!Follicle development 

The ovarian follicle, a functional unit of the ovary, consists of an immature oocyte called a 

primary oocyte and a shell of somatic cells. Follicle development is initiated when 

primordial follicles develop into the primary, secondary and antral stages of development;  

following this, one follicle is selected to attain preovulatory maturity, and it is subsequently 

ovulated (Figure 1.1) (2,3). Follicle development involves multiple endocrine and 

intraovarian interactions that modulate the intrafollicular environment for optimal oocyte 

development (4).  

Many important aspects of early ovarian follicle development are regulated by paracrine 

factors secreted through the signalling between oocytes and the surrounding somatic cells 

(5). These factors regulate a wide range of follicle development, including with the 

activation of dormant primordial follicles and selection of secondary follicles; locally acting 
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factors have been identified that appear to exert important effects on the growth and 

differentiation of oocytes and granulosa cells (GCs; discussed further in section 1.3). Follicle 

growth is an extremely long and complex process; it takes 85 days for the primordial follicle 

to reach the preovulatory stage in humans (6) and 21 days in mice (7). 

Oocytes arrested in the diplotene stage of meiosis I (MI) become surrounded by a single, 

squamous layer of somatic cells to form a finite population of nongrowing primordial 

follicles in the prenatal ovary (8). At puberty, primary follicles begin to be recruited from 

the primordial pool as oocytes interact with their surrounding somatic cells, namely GCs 

(7); this process is coordinated by bidirectional signalling mediated by paracrine factors 

between oocytes and their cumulus cells (CCs). The transition from the antral to the 

preovulatory follicle is associated with the growth of a fully competent, fertilisable oocyte 

(8).  
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!

Figure 1.1. Follicle development stages from the primordial to preovulatory stage. 

Immature oocytes grow in ovarian follicles, which consist of theca cells situated on the 

outside of a basement membrane and epithelial cells, GCs, in the basement membrane 

that have direct contact with the oocyte surface. As the follicles grow, GCs proliferate 

mitotically until a fluid-filled cavity (antrum) appears at the latest stages of follicle 

development. The classification of follicles relies on the number of GCs layers 

surrounding the oocyte: a primary follicle has a single layer; a secondary follicle has two 

layers; an antral follicle has multiple layers, with an antrum cavity beginning to develop); 

and finally, in a preovulatory follicle, the GC is differentiated to CCs (cells surrounding 

the oocyte) and mural GCs (cells lining the follicle), while the antrum is filled with 

follicular fluid. Figure 1.1 is adopted from Albertini et al., 2009 (9).  
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1.1.2.! Oogenesis  

Oogenesis is a complex process that occurs in a coordinated manner with folliculogenesis 

during foetal development. Oogonia, which originate from primordial germ cells, proliferate 

by mitosis and enter the initial stage of meiosis (MI) to become primary oocytes (10). The 

diploid primary oocytes do not complete MI; rather, they stop at the first meiotic prophase 

stage, called dictyate. At this stage, the nucleus is called a germinal vesicle (GV); thus, this 

stage is called the GV stage of maturity.  

In foetal humans, the peak number of oocytes has formed at approximately 20 gestational 

weeks; after this point, the number begins to decline, and only 1–2 million oocytes remain 

in the ovary at birth. By puberty, the number of oocytes has been reduced by 25% (6, 11). 

During the antral follicular development stage, the oocytes sequentially and gradually reach 

meiotic and developmental competence; it is during this phase of oogenesis that the oocytes 

acquire the cytoplasmic and molecular machinery they need to fully support embryo 

development (8). Especially, CCs support the oocytes’ growth through the final phases of 

their development via gap junctions during antral development (Figure 1.2) (11). 
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Figure 1.2 An oocyte at the germinal vesicle (GV) stage. 

 It is surrounded by layers of cumulus cells (CCs); this cumulus–oocyte complex (COC) 

was retrieved from a preovulatory follicle in a stimulated mouse ovary (Picture was taken 

during experiments,  Williams Laboratory, Oxford). 
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1.1.3.!Oocyte maturation 

Oocyte maturation is the final step of oocyte development occurring before ovulation. 

Oocytes achieve the capacity to undergo two aspects of maturation at the end of their growth 

phase, namely nuclear and cytoplasmic maturation. Oocyte maturation refers to a process in 

which the oocytes acquire the developmental competence to sustain fertilisation and further 

embryo development. The oocytes must undergo a successful, coordinated nuclear and 

cytoplasmic maturation to produce viable oocytes (12). 

Nuclear maturation involves the resumption of the meiotic arrest at prophase I and the 

driving of the progression of MI to metaphase II. The cytoplasmic maturation of oocytes 

takes place throughout follicular development, from the primordial to preovulatory stages. 

Cytoplasmic maturation includes all the ultrastructural modifications that occur in the 

ooplasm during oocyte prematuration. Oocytes synthesise large quantities of messenger 

ribonucleic acid (mRNA) and ribosomal RNA, which are later used to generate essential 

proteins required for accomplishing oocyte maturation and are crucial for supporting the 

oocyte developing into a viable embryo after fertilisation (10,13) 

In fact, oocyte maturation goes through a long and complex developmental process while 

competence is being acquired. Concurrent with chromosome condensation and migration, 

maturation is accompanied by a remarkable reorganisation of the cytoplasmic organelles, 

such as mitochondria, lipid droplets, cortical granules (CGs), Golgi apparatus, and 

endoplasmic reticulum (14), For instance during oogenesis, the number of mitochondria 

increases from 10 000 in the primordial oocytes to 100 000 in fully grown oocytes (15,16). 

In addition, CGs are formed from the Golgi and accumulate in the cytoplasm. Once 

maturation is completed, they localise beneath the oolemma (plasma membrane of the 
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oocyte) and prepare for releasing their secretions at fertilisation. This extensive remodelling 

and repositioning of intracellular organelles takes place at germinal vesicle breakdown 

(GVBD), throughout the transitions to MI, polar body (PB) extrusion and meiosis II (MII).  

The oocyte is considered an extremely special cell. Unlike somatic cells, where RNA and 

proteins usually undergo rapid turnover, oocytes can recruit the stored mRNA and proteins 

in a highly regulated manner (17). In turn, oocyte genomes drive the oocyte growth until the 

early stage of embryo preimplantation, when the activation of the embryo genome occurs 

(18). 

 

1.1.4.!Gonadotropins and steroidogenesis  

Ovarian follicle development relies on the sequential effects of the two main gonadotropins, 

namely follicle-stimulating hormone (FSH) and luteinising hormone (LH). Also, 

gonadotropins stimulate the secretion of steroid hormones, which are components of 

feedback mechanisms that responsible about gonadotropin secretion via actions upon the 

hypothalamic-pituitary system. FSH acts on early antral follicles to stimulate growth.  LH, 

in synergy with FSH, acts on the FSH-stimulated follicles to maintain growth, and it is 

eventually responsible for the processes of luteinisation and ovulation (19).  

Steroidogenesis is vital for the synchronisation of follicle growth and oocyte development, 

and it begins with an uptake of cholesterol from circulating lipoprotein and storage of the 

cholesterol in lipid droplets. Cholesterol is transported to the mitochondria by converting 

cholesterol to pregnenolone, which is then converted to progesterone, a key player in 

ovulation. Thus, cholesterol is the main precursor for the ovarian steroid production, and it 

plays a central role in follicle development (20,21) 
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1.1.5.!Oocyte metabolism 

The energy requirements during folliculogenesis include changing energy utilisation during 

meiotic resumption. The metabolic requirements of the COC increase throughout 

maturation, specially, at the final stages.  Oocyte maturation require different compounds, 

such as fatty acids, amino acids, electrolytes, purines and pyrimidines (22).  

 

1.1.5.1.! Glucose metabolism  

Glucose is the main energy source for the rapid dynamics of oocyte maturation. However, 

oocytes have a low ability to metabolise glucose, and instead, they rely on CCs for glucose 

metabolism. CCs can convert glucose to pyruvate, which is then delivered to the oocyte, 

specifically, the mitochondria, where pyruvate is converted to acetyl-coenzyme A (CoA). 

The latter then enters the tricarboxylic acid (TCA) and the electron transport chain to 

produce adenosine triphosphate (ATP). The mature cumulus–oocyte complex (COC) 

consumes twice as much glucose, oxygen and pyruvate as the immature COC does (22). An 

early study found that oocytes have a poor capacity to utilise glucose and CCs metabolise 

the bulk of the glucose consumed by the COC to supply metabolic intermediates to the 

oocytes (23).  

 

1.1.5.2.  Lipid metabolism 

Oocytes contain large lipid droplet stores, mainly in the form of triglyceride and cholesterol. 

The oocytes require more energy at maturation; during the germinal vesicle breakdown 
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GVBD and proceeding to the MI stage, oocytes increase their energy demand and use (24). 

Moreover, oocyte lipids influence the developmental competence of the oocytes under 

normal physiological conditions. Evidence from a previous studies found an association 

between lipid droplets quantities in mouse oocytes and their developmental competence 

(25).  

 

1.2.! Age and oocyte competence  

A successful maturation is provided by producing viable oocytes that sustain fertilisation 

and develop into healthy embryos. However, oocytes with poor quality have less potential. 

While fertility treatment relies on the oocyte quality, two categories of infertile patients are 

characterised with poor-quality oocytes – pre-pubertal females and older women. The poor 

quality is associated with limited competence. The scarcity of oocytes retrieved from these 

categories has made the animal models, such as bovine, sheep and mouse models, the 

preferable way to study the oocyte competence. The following review displays the current 

knowledge about changes associated with oocyte ageing by considering the most relevant 

findings obtained so far in humans and the mouse model.  

 

 

1.2.1.!The clinical indication of pre-pubertal oocytes 

In recent years, the rates of cancer survival among pre-pubertal females have significantly 

improved, but fertility loss is a common side effect of chemotherapy, which destroys the 
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primordial follicles in the ovary. Although embryo and oocyte cryopreservation are the 

current gold standard methods for fertility preservation in cancer patients; this option is 

largely not available for pre-pubertal females. Hormonal changes have not yet commenced 

in pre-pubertal girls; as result, the maturation of hypothalamus–pituitary axis has not yet 

been approached. Ovarian tissue cryopreservation, although considered experimental, is the 

only viable option for fertility preservation for this category of infertile patients. The use 

cryopreservation of ovarian cortical biopsies containing the immature primordial follicles, 

followed by in vitro maturation (IVM) – a reproductive technology in which oocytes are 

retrieved from the antral follicles of unstimulated or minimally stimulated ovaries and 

matured in vitro is a fundamental part of the fertility preservation strategy. After cancer 

recovery,  these immature oocytes from the primordial follicle undergo IVM combined with 

in vitro fertilisation (IVF) (26,27) 

!

1.2.2.!Previous studies on pre-pubertal oocyte quality  

It is generally known that oocytes that have matured in vitro are less developmentally 

competent than those that have matured in vivo (28,29). The outcome of IVM is even poorer 

when maturing pre-pubertal oocytes compared with adult oocytes. The suboptimal 

development of pre-pubertal oocytes has resulted in lower cleavage and poorer blastocyst 

rates in mice (30), sheep (31), cows (26) and humans (32). 

The low efficacy of IVM for the pre-pubertal oocytes remains a concern; thus, several 

ultrastructural studies have investigated the quality of in vitro matured pre-pubertal oocytes. 

Of these, an ultrastructure assessment of in vitro matured pre-pubertal lamb oocytes and 
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adult sheep oocytes, using electron transmission microscopy, was reported during the 

transition from GV to MII; the meiotic progression of pre-pubertal oocytes was reported at 

certain time intervals over 24 hours. Although both groups: pre-pubertal and adult oocytes 

reached maturation after 24 hours, there was a significant delay in the timing of nuclear 

maturation of the pre-pubertal oocytes compared with the adult GV oocytes. In addition, 

irregular oolemma (oocyte membrane) and abnormally scattered organelles were the most 

prevalent characteristics of cytoplasmic alteration in pre-pubertal oocyte (33). Moreover, 

adding recombinant FSH to the IVM medium improved the maturation rate of adult oocytes, 

but it did not have the same effect in pre-pubertal oocytes, revealing that oocytes at the 

prepuberty stage are less responsive to FSH. The study also showed that polyspermy 

fertilisation rate was higher in pre-pubertal oocytes compared with their adult counterparts 

(34).  

An increased polyspermy rate in pre-pubertal bovine oocytes was reported in prepubertal 

lamb oocytes compared with adult oocytes following IVM, which was related to the lower 

volume of CGs in pre-pubertal lamb oocytes (35). The CGs are produced from Golgi 

complexes and localised below the oocyte membrane during maturation. When the sperm 

fuses to the zona pellucida of the oocyte, the CG initiates a series of pathways preventing 

the penetration of the oocyte by more than one sperm at the fertilisation event. It seems that 

the low volume of CGs present in the immature oocyte contributes to the defective 

cytoplasm of the pre-pubertal oocyte, leading to poor fertilisation and blastocyst rates. 

Interestingly, one study attributed  the prepubertal oocytes’ lower competence to the notion 

that they that may have been recovered from atretic follicles (36). In fact, it is likely that 

abnormal or incomplete growth of the oocytes will occur when the oocytes are recovered 

from variously sized follicles in vivo (after ovarian stimulation). Thus, oocytes containing 
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follicles are likely to exhibit various levels developmental capacity. In most studies, 

compromised cytoplasmic maturation seems the basis for the low maturation rates of IVM 

oocytes (37,38). 

 

1.2.3.!Transcriptome studies on pre-pubertal oocytes  

Despite the enormous number of ultrastructural studies conducted to analyse the quality of 

pre-pubertal oocytes and improve IVM in the context of oocytes, the molecular mechanisms 

contributing to the oocyte’s competence at prepuberty have not been addressed. 

Understanding the oocyte’s transcriptome at the prepuberty stage is the key limiting factor 

for improving the success rate of IVM of the pre-pubertal oocyte. 

 

In one study, using real"time polymerase chain reaction (RT-PCR), the transcript levels of 

six selected genes were compared between oocytes from pre-pubertal and adult bovines and 

oocytes retrieved from small and large follicles (from both pre-pubertal and adult cows). 

The findings revealed that follicle size did not have an effect, whereas a reduction in the 

transcript abundance of the six genes was found in in vitro matured pre-pubertal oocytes 

compared with the adult ones (39).  

In a broader study, Paczkowski et al. (2011) carried out microarrays to analyse the 

transcriptome of in vitro matured pre-pubertal and adult porcine oocytes, using a pool of 

150 denuded oocytes from each group (40). About 450 genes were differentially expressed 

in pre-pubertal compared with adult swine. However, these genes which have increased 

abundance in pre-pubertal females were classified as transcribed loci, or genes that have no 
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gene identification whereas genes increased in oocytes derived from cyclic genes were 

involved in processing genetic information and metabolism. Although differences in 

transcriptomes were detected between the two ages, the study did not clarify which aspects 

of the metabolism were altered in pre-pubertal oocytes (40).  It seems that microarray studies 

have a major technical limitation, in that low-density arrays were used. One of the most 

important issues in microarray study is the necessity of having previous knowledge of the 

probes Therefore, microarray studies have limited ability to identify the genes involved in 

specific biological functions unless the probes have been determined previously (microarray 

technology is discussed in section 1.5). 

 As clarified above, most of the previous literature supports the claim that pre-pubertal 

oocytes have limited potential to sustain normal embryonic development and produce viable 

offspring. However, the mechanisms and components that govern oocytes’ developmental 

competence remain unknown. Elucidating the activity of the pre-pubertal transcriptome 

oocyte at a molecular level is the first step in improving their quality. Considering the 

research from this angle is required to achieve a proper in vitro environment for enhancing 

the competence of pre-pubertal oocytes.  

1.2.4.!Advanced maternal age 

It is well documented that fertility declines as women age. While the primary reason for this 

drop is the dramatic depletion of the follicle count, it further coincides with diminished 

oocyte quality toward the end of women’s reproductive life. This decline starts in a woman’s 

early 30s and speeds up after age 35; upon approaching 40, there is only a 5% chance of 

becoming pregnant in any month (Figure 1.3) (23). Age-related infertility is potentially due 

to diminished oocyte quality rather than endometrium function. The chance of successful 
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implantation increases when oocytes are taken from donors younger than 35 and then 

transferred to older recipients after maturing them in vitro (42). 

 

Despite advances in the IVF success rate, a woman’s age remains a limiting factor 

influencing IVF outcomes  (Figure 1.4, adopted from Human Fertilisation and Embryology 

Authority [HFEA], UK) (43). The age-related decline in oocyte quality has been correlated 

with the increased number of spontaneous abortions, meiotic division errors and poor 

implantation rates in older women (44,45). Since primordial follicles are formed during 

foetal development, some authors think that normal oocytes may be prioritised to be 

recruited earlier in life, and then, the more abnormal oocytes remain for later recruitment 

(46). Others contend that oocytes are arrested and remain in the middle of prophase I until 

40 years of age for women, which may result in the accumulation of abnormalities (47). 
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Figure 1.3 Quantitative and qualitative declines of the ovarian follicle pool. 

Age-related female infertility is mainly based on changes in the ovarian reserve. The 

ovarian reserve can be defined as the number and quality of follicles and oocytes 

remaining in both ovaries at a given age (48). 
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Figure 1.4 Birth rate related with maternal age in the United Kingdom, annual report 

by Human Fertilisation and Embryology Authority (HFEA, 2014-2016). The live 

birthrate per oocyte steadily decreases from 32.2% in younger women (<35) to just 5% 

for women at 43 (43). 
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1.2.5.!Oocyte ageing studies  

Most research on age-related fertility has highlighted the effect of an increased incidence of 

oocyte aneuploidy on older women’s reproductive potential. Abnormal nuclear division, 

including failure in meiotic pairing, synapsis, recombination and segregation and 

nondisjunctional mechanisms have all been defined as causes of oocyte aneuploidy (39). 

The limited potential of aged oocytes has led several researchers to carry out transcriptomic 

analysis of aged oocytes, as shown in Table 1.1. One of the earlier human studies used 

oocytes that were unsuitable for IVF, taken from two groups of women, divided based on 

whether they were younger or older than 36 years. The study examined the abundance of 

transcripts for only two genes related to the spindle function at the GV stage and MI and 

MII; the researchers found a significant decreased of mRNA abundance of these genes, 

indicating that mRNA degradation increases as women age (49).  

The development of a mouse microarray platform by Carter et al. in 2003 for analysing stem 

cells and early embryo development (50) encouraged Hamatani et al. (2004) to take 

advantage of this microarray platform for investigating the differences in mRNA abundance 

in MII oocytes from mice aged 5–6 and 42–45 weeks. The microarray revealed relatively 

few differences between oocytes from young and old mice, showing only 99 genes with 2-

fold differences. Most of the altered genes were related to mitochondrial activity, oxidative 

stress, DNA methylation and genome stability  (51). In a similar concept, but with a different 

microarray chip, Pan et al. (2008) found 5% differences in the transcriptomes of aged GVs 

compared with young GVs; this number of altered genes increased to 33% in aged MII 

oocytes. The increased differences in transcript abundance after oocyte maturation raises an 
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interesting point concerning the possible failure of maternal RNA degradation in aged 

oocytes compared with what occurs during young oocyte maturation (52).  

Using genome-wide analysis, Steurwald et al. (2007) compared the gene expression in 

oocytes of young women aged <32 years and women aged >40 years after failed IVF 

procedures. The study identified 136 genes with more than 2-fold difference between young 

and old eggs involved in the central biological functions of oocytes, including cell cycle 

regulation, cytoskeletal structure, energy pathways and stress responses (53); this is partially 

consistent with  Hamatani et al.’s findings (51).   

It is noteworthy that most published human studies have been conducted on oocytes that 

failed to fertilise after IVF or intra-cytoplasmic sperm injection (ICSI), where the oocytes 

did not possess the capacity to sustain the processes necessary for fertilisation and further 

development. Hence, the age factor cannot be identified as a major reason for the fertilisation 

failure of these oocytes, as unfertilised eggs represent suboptimal pools of oocytes, 

regardless of the woman’s age.  

In contrast to the previous human studies, Grondhal et al. (2010) based their study on mature 

oocytes donated by women younger than 36 years compared with those from women aged 

37 to 39. Using an Affymetrix microarray platform, about 342 genes were differently 

expressed in aged oocytes (54). The findings of this study did not consider mitochondrial 

function or oxidative stress as significantly affecting the genes, as revealed in Hamatani et 

al.’s study (51); rather, the researchers discussed genes related to cell cycle regulation, 

chromosome alignment and sister chromatids (49). The variation of the affected genes in 

aged oocytes between studies mainly depends on the age category chosen for the 

comparison, as more abnormalities accumulate in more advanced age. The analysis is 
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normally dominated by the most apparent altered genes in the dataset. Labrecque and Sirard 

observed that the number of biological processes affected in aneuploid oocytes is similarly 

altered in oocytes from older women, which suggests a relationship between the two 

conditions (55). 

In a study published in late 2017, the researchers conducted RNA-seq on individual mouse 

primordial follicles, demonstrating that protein metabolism was disrupted with advanced 

age. The dysregulation of protein metabolism was due to alteration in gene expression 

related with endoplasmic reticulum, nucleolus and protein processing (56). 

Finally, studying aged human oocytes is challenging due to the limited number of oocytes 

in older patients. For this reason, it has been necessary to use animal models for investigating 

the developmental competence of aged oocytes in large-scale analyses.  
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Table 1.1: Microarrays studies for comparisons between the transcriptomes of young 

and aged oocytes.  

Study  Single/pooled  Type/ 
strain  

Age/stage  Findings 

Hamatani 
et al., 
2004 

Pooled oocytes,  
3 subsets of 500 
oocytes 

Mouse 
C57BL/6 

5–6 wks 
old 
42–45 wks 
old 
Meiosis II 
(MII) 
stage 

99 genes are 
significantly 
differentially 
expressed, related to 
mitochondrial function 
and oxidative stress 

Steurwald 
et al., 
2007 

Pooled eggs 
10X pooled 
oocytes per  

Human  <32 years 
old  
>40 
MII stage  

Global decrease in 
transcripts related to 
cell cycle regulation, 
energy pathways 

Pan et al., 
2008 

Pooled oocytes  
4 sets (25 
oocytes/sample) 
(35 eggs/sample)  

Mouse  
B6D2F1 

6–12 
weeks  
66 weeks  
GV & MII 

5.2% of genes were 
differentially expressed 
in old oocytes; 
the difference increases 
to 33% between young 
and old eggs 

Grondahal 
et al., 
2010 

14 Individual 
oocytes  
 

Human  MII stage 
<36,  
37–39 
years old  
 

342 of 2747 genes, 
involved in cell cycle, 
chromosome 
alignment, oxidative 
stress 

 

 

1.3.! Cumulus cells 

Oocytes’ growth and development are coordinated by the bidirectional communication 

between oocytes and their surrounding CCs. CCs communicate with the oocyte via 
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specialised transzonal cytoplasmic projections that penetrate through the zona pellucida and 

form gap junctions with the oocyte, thereby forming an elaborate structure called the COC 

(31). The mature COC consists of the secondary oocytes, which are arrested at metaphase 

II following the extrusion of the first PB and surrounding CCs. 

 

1.3.1.!The origin of CCs  

Cumulus cells are derived from undifferentiated GCs, which are the main cell type in the 

ovarian follicle (32). The differentiation and function of cumulus cells depend on oocyte-

derived paracrine factors. The development of the primordial to primary follicle corresponds 

with alterations in GCs’ morphology from squamous to cuboidal shape. GCs proliferate and 

differentiate in synchrony with the growing oocytes. Oocytes act on the neighbouring 

follicular cells, which secrete several paracrine factors that promote follicular growth (59). 

With the formation of the follicular antrum, the GCs differentiate into two distinct cell lines 

of mural GCs, which line the follicular wall, and CCs, which form an intimate association 

with the oocytes.  

GCs’ differentiation is mediated by both hormonal and oocyte paracrine signalling. With 

the formation of preantral follicles, which almost correspond to the end of the oocyte growth 

phase, oocyte-specific members of the transforming growth factor-β (TGF-β) superfamily, 

especially growth differentiation factor-9 (Gdf-9) and bone morphogenetic factor-15 

(Bmp15), participate in regulating the oocyte–granulosa loop during preantral follicle 

development (22). As a response to this interaction, the GCs produce paracrine secretions, 

including activin, inhibin, anti-mullerian hormones (AMH) and kit ligand (Figure 1.5) (60). 
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Figure 1.5 Diagram of an ovarian preovulatory follicle. 

The figure is demonstrating how somatic cells provide oocytes via steroidogenesis, 

cellular signalling and metabolism. Abbreviations: AREG: amphiregulin, Bmp15: bone 

morphogenic protein 15, EREG: epiregulin. Figure 1.5 adopted from (295). 
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1.3.2.!The role of CCs in follicle development 

Studies have demonstrated that the knockout of the homozygous Gdf9 allele in mouse 

ovaries has blocked the follicle development by preventing the formation of the secondary 

follicles. In addition, the knockout of the Gja4 gene encodes an oocyte gap junction 

protein, resulting in the perturbation of oocyte growth and blocking follicle development. 

Thus, there is clear evidence that complex junctional communication mediates the 

information flow during oocyte maturation in the ovarian follicle. Taken together, the 

findings show that this regulatory loop between the oocyte and surrounding follicular 

microenvironment is fundamental for oocyte competence acquisition. 

 

1.3.3.!The role of CCs in oocyte meiosis 

Early studies have documented that meiosis is controlled by CCs. Findings have shown that 

the CCs are responsible in different ways for keeping the oocyte under meiotic arrest, 

inducing meiotic resumption and supporting cytoplasmic maturation (57,61,62). An early 

observation by Pinctus and Enzmann (1935) have documented that the oocytes 

spontaneously resumed meiosis when they were isolated from their follicular environment 

(63). Eppig et al. (1991) demonstrated that substances are transferred between CCs and 

oocytes that are crucial in keeping the oocytes in meiotic arrest (62). Eppig and Down 

revealed that the CCs secrete a meiotic inhibitor, cAMP, that participates in the mechanism 

of maintaining oocytes in meiotic arrest (64). This has increased the knowledge concerning 

the CCs’ necessity for providing a normal microenvironment for oocyte health (62). 
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Cumulus cells also facilitate the meiosis progression in oocytes by regulating the GVBD. 

Basically, prior to the ovulation process, CCs allow transmission of the LH surge, which 

triggers the resumption of MI in oocytes. In concordance with this, the CCs produce 

hyaluronic acid, which accumulates and expands in the spaces in the CC layers, thereby 

leading to what is called cumulus expansion (57). The CCs’ expansion is detrimental for 

oocytes, and it has been documented that the inhibition of hyaluronic acid synthesis 

significantly decreases ovulation rates in mice (65). In addition, the role of CCs remains 

important even after fertilisation has occurred, as the CCs continue to attach to oocytes after 

fertilisation, thereby supporting the transport of oocytes through the fallopian tubes and 

facilitating the capture of the oocytes by the ciliated epithelial cells (66). 

 

1.3.4.!The influence of CCs on oocyte competence studies  

Recent studies aimed to understand the influence of the CCs on oocyte competence. Due to 

the perception of the CCs’ role in transmitting the signals in the growing follicle and the 

support of oocyte maturation, several groups have focussed on CC gene expression analysis 

to obtain insights into oocyte health and viability (67–70) 

Yang et al.(2009) has reported an increase in apoptotic CC rates in abnormal morphological 

oocytes compared with morphologically normal oocytes Degenerate structures were 

observed in abnormal oocytes (71). 

Two studies compared the transcriptomes of the CCs associated with oocytes at different 

maturation stages (GV, MI, MII). Ouandaogo et al.’s study (2011) revealed that the 

transcriptomes of CCs surrounding GV, MI and MII are similar, indicating that companion 
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CCs are not necessarily associated with the maturation situation of the corresponding 

oocyte (72). This finding suggests that mature oocytes in MII could be surrounded by CCs 

with gene expression representing that of earlier stages (GV or MI). However, this could 

reveal that a lack of synchrony between the oocyte and the CCs could negatively affect 

oocyte competence, although evidence is needed to confirm this assertion. In contrast, 

using a different microarray chip, Feuerstein et al (2012). identified 734 differential genes 

in the CCs of MII compared with the GV, involved in regulation of a total of 16 processes, 

including the mitogen-activated protein kinase pathway, lipid biosynsthesis and apoptosis 

(73). The disagreement in the results between the two studies demonstrates that the 

transcriptomic method used adds a significant difference in revealing delicate findings that 

have important implications for ovary biology. (The difference between the transcriptomic 

methods is elucidated and further explained in section 1.5). Although many studies have 

addressed the CCs’ transcriptome, none have considered the transcriptome associated with 

prepubertal oocytes.  

An increased focus on the ovarian environment, especially CCs, associated with aged 

oocytes has emerged in recent years. A study conducted by Pacella et al. (2012) aimed to 

determine whether an altered follicular environment is affected by maternal age; they 

focussed on the GCs and follicular fluid from two groups of patients, namely those of 

young maternal age (<35 years) and advanced maternal age (>40 years). The study found 

that the expression levels of genes involved in the regulation of progesterone, 

prostaglandins and apoptosis were higher in the CCs of older women and reduced the 

ovarian reserve (74). In addition, alteration of the metabolite levels was found in the 

follicular fluid of the patients with advanced age. Given that follicular fluid comprises 

hormones and carbohydrates that are basically synthesised by follicular cells (75), the 
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altered levels of the components of follicular fluid reflect the perturbed environment in 

both GCs and CCs in aged follicles.  

A microarray study revealed that angiogenic genes, including Angiopoietin Like 4 

(ANGPTL4), Leptin receptor (LEPR), Transforming Growth Factor Beta Receptor 3 

(TGFBR3) and fibroblast growth factor 2 (FGF2) were significantly overexpressed in 

older patients (>40 years) compared with patients in the younger groups. In contrast, genes 

implicated in TGF-β signalling pathways, such as AMH, TGFB, inhibin and the activin 

receptor, were underexpressed. It seems that, in these pathways affected by aging in CCs, 

the oocyte quality declines with age (76). Recently, Molinari et al. (2016) used RNA-seq 

for comparing the transcriptome profiles of CCs collected from young patients (<35 years) 

and older patients (>40 years). The study identified that 45 genes were differentially 

expressed, and most of the altered genes were involved in hypoxia, glycolysis and vascular 

development (77).   

 

The CCs form an intimate association with the oocyte in the follicle, and they can have a 

significant influence on oocyte meiotic and developmental competence. This enables CCs’ 

use as a non-invasive tool for measuring oocyte competence. Human studies have shown a 

perturbed environment, which may contribute to impaired oocyte developmental 

competence. This review has discussed studies that recently published (during this study) as 

the CC studies are extremely limited. More importantly, CCs associated with pre-pubertal 

oocytes have never been investigated due the infeasibility of such research. The next section 

of this chapter provides an overview of the most common transcriptomics technologies. 
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1.4.! Overview: Historic development of transcriptomics technologies  

1.4.1.!Hybridisation based method: Microarray methods 

Early transcriptome studies developed various strategies to study transcription activity. Of 

these methods, hybridisation-based microarray technology has always been the most widely 

used. In principle, it involves using predefined prop chips with fluorescently labelled cDNA 

(extracted RNA converted to single-strand cDNA mixed with fluorescent nucleotide) that is 

hybridised to these predesigned probes (78). The microarray approach has successfully 

enriched transcriptome studies, and its strength comes from its ability to generate a large 

amount of data at a relatively moderate cost (53). This method has led to advances in the 

understanding of biological problems such as the identification of differential gene 

expression between healthy and diseased cases (79). 

However, the microarray approach suffers from certain limitations that prevent an accurate 

characterisation of the transcriptome. First, it suffers from background noise caused by 

cross-hybridisation, non-specific hybridisation, and single saturation (80,81). This factor 

limits the detection of genes, especially those expressed at low abundances, which might be 

physiologically relevant as a result of low signal saturation. Another major issue is that 

microarray chip design requires a previous knowledge of the genes contributed to the 

condition tested. Predefined probes are therefore designed and developed to meet the 

research purpose. As a consequence, discovering unknown transcript splice variants is not 

possible. Moreover, this approach has a limited dynamic range of gene quantification due to 

the inaccurate quantification of the high folds of gene expression. The collective variations   
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and biases in the generated data become a matter of concern when comparing expression 

levels across different studies (82). These drawbacks limited the progress of deep 

transcriptome profiling, thereby stimulating the development of newer methods capable of 

solving these issues. 

1.4.2.!Sequence-based methods 

The development of sequencing-based methods eliminated the challenges posed by 

microarray technologies. The sequencing approach, in principle, has the advantage of being 

able to directly access and sequence RNA or cDNA and produce a digital count of the 

transcript abundance. The resulting reads are then mapped to the source genome or reference 

transcript and counted to obtain the number of reads for the gene of interest, which represents 

its level of abundance (83) In this way, the method avoids the biases and variations 

associated with hybridisation and labelling efficiencies in the microarray approach. 

Subsequently, the digital quantification allows for the capture of a broader dynamic range 

(approximately five logs) and offers a reliable, comprehensive measurement of the 

transcriptome (84). 

Historically, Sanger sequencing is considered the first generation of sequencing technology 

(85). However, the low throughput and high cost of the Sanger technique made it less than 

ideal. As a result, demand grew for a modified Sanger-based method available at an 

affordable cost. Therefore, tag-based methods such as serial analysis of gene expression 

(SAGE) and massively parallel signature sequencing (MPPS) were developed to produce 

accurate digital gene expression data in a high-throughput manner, which is advantageous 

in comparison to the analogue-style signal obtained from the microarray method (79,80). 

Nevertheless, a significant portion of short tags are technically difficult to be uniquely 
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mapped to the reference genome. Moreover, isoforms are not distinguishable. Due to these 

disadvantages, the tag-based method is limited as it is not suitable for large-scale studies 

because of issues related to sequencing capacities and costs (86). 

 

1.4.3.!Next-generation sequencing 

Despite many technological improvements in microarray and traditional sequencing 

technologies, demand has risen for revolutionary technology delivering fast, inexpensive, 

and accurate transcriptome information. Therefore, recent years have seen a substantial shift 

away from applying these methods for analysing genomes and transcriptomes. RNA 

sequencing is a newly developed approach that permits the direct sequencing of transcripts 

using next-generation sequencing technologies. It has strong potential for replacing 

microarray technologies for whole-genome transcriptome profiling (87) 

The introduction of next-generation sequencing (NGS) technologies (also called high-

throughput sequencing) has revolutionised transcriptomic studies (88). This category 

includes SOLiD, Hiseq, Illumina, and Roche454 Life technology. These NGS methods 

facilitate RNA analysis through cDNA sequencing on a massive scale. In fact, NGS 

platforms can sequence as many as one billion DNA strands in parallel per instrument run, 

resulting in straightforward, higher sequencing performance at a lower cost. Any of these 

high-throughput technologies can be used for RNA sequencing. All NGS platforms have 

similar workflow steps, and each has some advantages of specific application over others 

(89–92). 
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1.5.! Single-cell Transcriptomics     

Until recently, multiplexed quantitative real-time reverse transcription -polymerase chain 

reaction (q-RT-PCR) has been the method of choice for single-cell gene expression profiling 

in individual cells (93). In fact, multiplexed q-RT-PCR is known as the gold standard for 

accurately quantifying mRNA, however, the data generated is considerably biased toward 

the genes selected for examination. Besides this, it is not feasible to survey the entire 

transcriptome because q RT-PCR remains limited for hundreds of genes of interest (94)  

The microarray approach has enabled single-cell transcriptome analyses within large-scale 

studies (95). The initial global mRNA expression profile of single cells was carried out on 

hippocampal neurons using a microarray approach (96). Since then, several studies have 

applied similar methods to other cell tissues, such as pancreatic, retinal, stem and cancer 

cells (97–100). These studies have used similar single-cell amplification protocols followed 

by array-based approaches. Different versions have become available, although all of these 

follow a similar principle. The lack of sensitivity and artefacts associated with hyperdisation 

were the most consistent drawbacks restraining further progress in terms of developing this 

technology (101). This limits the ability of both q-RT-PCR approaches and microarrays to 

quantify diverse RNA molecules over a wide range of levels (102). 

 

1.5.1.! Single-Cell (sc) RNA Sequencing 

 Due to the technical advances in RNA sequencing in recent years, this approach offers clear 

advantages over existing sequencing approaches for bulk-cell analysis. Therefore, 

substantial effort has been made to adapt RNA sequencing for single cell applications, and 
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not only for populations of cells (103,104). Single-cell approaches circumvent the averaging 

artefact associated with the traditional population cells and reveal genetic expression 

dynamics that could be masked in bulk analysis. 

Deep sequencing technologies have permitted the characterisation of transcriptome 

variations across tissues at unprecedented resolutions. Recent advances in whole 

transcriptome amplification have enabled and facilitated the quantitative sequencing of the 

minutes’ amounts of RNA in single cells (105). Thus, such approaches do not require the 

thousands of input cells normally involved in bulk analyses. More crucially, studying cells 

at the single-cell level provides a unique opportunity to investigate the transcriptional 

heterogeneity within tissues or cell types and to dissect the interplay between intrinsic 

cellular processes and extrinsic environment. This approach also has the potential to trace 

cell lineages, thereby providing insights into diverse processes, such as development, gene 

expression dynamics, tissue heterogeneity and disease pathogenesis (106) 

Despite the fact that RNA sequencing dominates most transcriptomic studies, this approach 

also faces critical technical challenges involving sample preparation, library construction, 

data generation, analysis and bioinformatics. These technical issues must be overcome to 

gain the anticipated biological insights using the single-cell approach. 

The RNA sequencing experiment is a population of RNA molecules converted to a library 

of cDNA fragments ligated with adapters. These short fragments are then amplified and 

parallel sequenced in a high-throughput manner to obtain short sequences. Successful sc 

RNA sequencing experiments mainly rely on the successful combination of two independent 

steps: (A) the isolation of the individual cell of interest from a tissue or dissociated cell 
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suspension, during which minute quantities of cellular RNA is recovered and converted into 

cDNA, and (B) the massive parallel sequencing of the cDNA libraries (Figure 1.6). 
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 Figure 1.6 Schematic of RNA sequencing experiment for single oocyte and their 

companion cumulus cells (CCs). Each individual cumulus oocyte complex (COC) was 

mechanically separated and immersed in lysis buffer. The lysates were then primed and 

reverse transcribed to complementary DNA (cDNA) using Smart-seq2 (developed by 

Ramskold et al, 2012). cDNA samples were amplified by PCR. The cDNA libraries were 

fragmented and tagmented using Nextera XT protocol, sequenced using High seq4000.  
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1.6.! Reproductive lifespan in mice 

 Female mice become sexually mature when they are six weeks old. The reproductive cycle 

in mice, called the estrous cycle, lasts 4-5 days, and they have a gestation period of about 

20 days. Follicles in mice require 18-21 days to develop (7). Although mice are unlike 

humans in that they continue to produce litters even at an advanced age, their reproductive 

potential dramatically declines after eight months old, and this decline becomes obvious at 

12 months for the selected strain C57BL/6. The reproductive lifespan for this strain ends 

earlier than other strains, such as B65JlF1 and MF1, which is about two years. Therefore, 

there is a lower level of oocytes in the ovaries of 12-month-old C57BL/6 mice (107) (Figure 

1.6) 

1.6.1.!Age category selection 

The age categories selected were based on critical time points in the reproductive lifespan 

of the mice, assuming that each egg from each stage should have distinct genes 

expressions based on the clarifications discussed below.   

A.! 3 weeks old (sexually immature): A pioneering study by Hirshfield (108) suggested two 

populations of primordial follicles in post-natal rat ovaries, with each dominant in a 

particular period of the reproductive lifespan. In a recent study by Zheng et al. (2015), 

the primordial follicles were traced using a tamoxifen-inducible reporter mouse model 

(Fox2-CreERT2; mT/mG), and it was demonstrated that the first population of growing 

follicles are not activated until days 45-50 and had become exhausted by three months. 

This wave is functioning for puberty, and then it is replaced by the second wave, which 

dominates the ovary and by that, provides fertility throughout the reproductive lifespan 

(109). Thus, it seems that the two classes of primordial follicles are age-dependent, and 
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they are crucial to understanding the mammalian reproductive lifespan. Therefore, the 

ovaries of 3-week-old mice were expected to exhibit a different transcript from those in 

sexually mature mice. 

B.! 9 weeks old: Mice are at the prime reproductive age. They are sexually active and produce 

an average of 6-10 pups after the first follicle wave expires. Therefore, samples at this 

age were used as a reference for comparison.  

C.! 1-year-old: This ageing model is similar to the human premenopausal stage.  

A quantitative cytological analysis  demonstrated that primordial and growing follicles 

were exhausted by 13-14 months (110). In addition, the number of oocytes collected from 

the ovaries of 9-month-old and 1-year-old mice was also assessed in our lab. The average 

number of eggs was about 16 and 6, respectively. There was a dramatic drop in eggs 

number  toward approaching  one year old. Therefore, the  one year was appeared to be 

the most appropriate age reflecting the human pre-menopausal age in female patients.  
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Figure 1.7 The reproductive lifespan of C57BL/6 female mice compared to the 

female human reproductive lifespan.  

At three weeks old, ovaries in mice resemble the ovaries of female humans prior to 

puberty. Female mice become mature at 6 weeks-old which resemble the puberty age. 

Nine weeks is the prime reproductive age for mice, which parallels female humans 

where the best fertility rate occurs between the ages of 20 and 30 years old. Finally, at 

one year of age for C57BL/6 mice, the oocytes become old, which is thought to be a 

good model for the oocytes of human females at the period just before menopause.  
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1.7.! Hypothesis 

Poor oocyte quality is a major reason for poor IVF treatment outcomes, and this is attributed 

to the oocytes’ limited developmental competence. Pre-pubertal oocytes are found to be less 

competent for sustaining fertilisation and normal embryos than adult oocytes are (31,34). 

Despite the poor IVM outcomes for pre-pubertal oocytes, the reasons for their limited 

competence have not been sufficiently investigated. Furthermore, aged oocytes have a 

diminished quality, representing a major reason of age-related infertility in older women. 

      

Since successful fertilisation and healthy embryo development are heavily dependent on 

oocyte competence, we hypothesise that a limited oocyte competence can be attributed to 

alterations in transcriptional activity associated with age. We suggest that certain pathways 

have modulated the transcriptome, which has seemingly had an adverse influence on the 

normal biological process of oocytes, thereby causing a decline in oocyte quality. Yet, a lack 

of knowledge on the influence of age on the transcriptomes of oocytes at different ages and 

whether these changes, if they exist, arise before or after maturation, is still evident. Both 

pre-pubertal and aged GVs present a good model for studying the limited developmental 

competence of oocytes, as oocytes at pre-pubertal or advanced ages have normal 

morphological features making them undistinguished from those young adult oocytes with 

full competence. The mechanism involved in the transcriptome of the pre-pubertal oocyte 

has never been addressed, especially at the molecular level. In addition, a detailed 

transcriptome assessment of the oocytes at advanced age has been poorly defined using high-

throughput techniques, in which the entire transcriptional activity is investigated.  
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As oocyte growth and maturation represent a complex process coordinated by bidirectional 

communication between oocytes and their companion CCs (11), it is possible that 

deterioration in the function of these critical cells (CCs) may play a role in declining oocyte 

competence. As such, aged CCs could to be involved in the age-associated decline in oocyte 

quality. Despite the importance of CCs, characterisation of changes to the transcriptome 

related to age has seldom been undertaken using RNA-seq, as most studies have involved 

pooled oocytes or CCs, which are likely to be heterogeneous in terms of competence. In 

addition, it is still unclear whether a poor oocyte quality is an outcome of the impaired CCs 

or the CC development has influenced that oocytes. Therefore, we have employed RNA-seq 

to study single oocytes and CCs retrieved from the same COCs; this will allow us to gain 

insights into the intrinsic (oocyte) and extrinsic factor (microenvironment: CCs) underlying 

the molecular changes associated with oocyte quality.  

 

1.8.! Aims 

The overall objective of this thesis is to investigate the impact of age on the transcriptome 

of immature, mature and aged mouse oocytes and their companion CCs using RNA-seq. 

This thesis adopts the following specific aims for accomplishing this objective:  

•! Aim 1: To develop a preparation protocol for RNA recovery from individual oocytes 

and their companion CCs;  

•! Aim 2: To optimise a cDNA library for the sc-RNA-seq; 

•! Aim 3: To investigate the differences in the transcriptome profiles of a single pre-

pubertal oocyte (3 weeks old) compared with a young adult oocyte (9 weeks old) 

using RNA-seq; 



 

 39 

•! Aim 4: To investigate the differences in the transcriptomic profiles of a single aged 

oocyte (1-year-old) compared with a young adult oocyte (9 weeks old); 

•! Aim 5: To determine whether age has an effect on the CCs’ transcriptome at both 

ages – pre-puberty and aging – in comparison with young adulthood; and  

•! Aim 6: To validate the sc-RNA-seq data of individual oocytes and their 

accompanying CCs using OpenArray RT-PCR in all age categories – pre-pubertal 

versus young adult, aged versus young adult.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 40 

Chapter 2 

Material and Method 
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2.1.! Strain selection 

Mice are the ideal mammalian model for studying the genetics of ageing. The advantages of 

using mice are their short reproductive lifespan, the genetic manageability of its genome, 

the ease of breeding and the large amount of available baseline phenotype, which 

collectively allow for obtaining insights into the pathogenic mechanisms of the ageing 

process (111,112). Several age-related infertility studies have used different strains of the 

mouse model (52,107,113–117) (Table 2.1). Female C57BL/6 mice, the most commonly 

used inbred strain, have been used to investigate the impact of age on the transcriptomic 

profile of oocytes and cumulus cells (CCs) during certain stages of the reproductive lifespan.  

!

C57BL/6 is an inbred strain produced by 20 generations of brother-sister mating, which 

ensures that this strain has an identical genetic background, making it an attractive choice 

for studying age-related molecular changes (111). The advantages of this strain are defined 

genomes and stable phenotypes, and because this strain is the only mammalian species that 

has its entire genome profile published, extensive data are available from published studies 

and databases, such as mouse genome informatics.  

 

!

!

!

!

!

!
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Table 2.1: Mice strains used for ageing studies 

 

 Demonstrated  

 

Mice strain 

 

Age 

 

Study 

Age-associated molecular 

changes in aged oocytes 
C57BL/6 

4-6 weeks 

42-45 weeks 

Hamatani et al, 

2004 

Age-associated increase in 

aneuploidy 

B65JLF1 

B6D2F1/J 

CF1 

6-12 weeks 

60-70 weeks 
Pan et al, 2008 

Age-related meiotic 

segregation errors in aged 

oocytes 

C57BL/ICF9 
5-6 weeks 

42-45 weeks 
Lister et al, 2010 

Kinetochore microtubule 
attachment 

MF1 5-6 months 

15-16 months 

Shomper et al, 
2010 

 

Spindle Assembly 

Checkpoint 
B6D2F1/J 

6-14 weeks 

16- 19 weeks 
Duncan et al, 2009 

Weakened centromere 

cohesion in aged oocytes 
B6D2F1/J 

6-8 weeks 

15-18 weeks 
Chiang et al, 2010 

Age-associated telomeres in 

aged oocytes 

C57BL/6J 6-8 weeks 

42-48 weeks 

Yamada-Fukug et 

al, 2013 

!

!

2.2.! Mice maintenance 

C57BL/6 mice were purchased from Charles River, Oxford. The number of mice was as 

follows: 

1.! 5 mice at age 3-weeks-old 

2.! 5 mice at age 9-weeks-old 

3.! 8 mice at age 1-year-old 
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Mice that were intended for use at age 3 weeks and 9 weeks were purchased at 2 weeks and 

8 weeks, respectively, to enable them to acclimatise them to the pathogen-free environment 

of the Biomedical Science unit (BMS), Oxford (3-week-old mice were delivered with the 

mother, as they had not been weaned at the time of delivery). For 1-year-old mice, eight 

mice were purchased at age 9 months and were kept at the BMS facility until they were 1-

year-old. 

Lengthy samples processing has adverse effects on the RNA integrity of the collected 

samples because RNA is susceptible to degradation. Therefore, to obtain samples of good 

quality, mice were processed as follows: two mice per day were processed for mice aged 3 

and 9 weeks old, whereas 1 mouse per day was processed for 1-year-old mice to ensure that 

the delayed procedure was avoided, as aged ovaries have a very low number of follicles, 

which require careful attention to avoid losing any follicles.   

 

2.3.! Ovary stimulation and collection 

To obtain a uniform development stage of the follicle population for conducting a single 

cell-RNA-sequencing (sc-RNA-seq) experiment, mice were stimulated with 5 IU Pregnant 

Mare Serum (PMSG) (Invitrogen, UK) 48 hours prior to ovary collection. The given 

injection is to synchronise follicle development. At the time of collection, mice were 

humanely sacrificed, and each mouse was cleaned with RNaseZap Wipes (Ambion, UK). 

Dissection tools and the work area were also sprayed with RNaseZap (Ambion, UK) to 

guarantee an RNase-free environment. Mice were then dissected, and the ovaries were 

collected and transferred into Eppendorf tubes containing Dulbecco’s Phosphate Buffered 
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Saline free of calcium and magnesium (BSA/PBS) (Gibco, UK). The tubes were kept on ice 

while transferring the samples to the lab.  

 

2.4.! Cumulus oocytes complex (COC) preparation 

The ovaries were cleaned of fat and washed in PBS. Pre ovulatory follicles were individually 

punctured using 30-guage syringes (Sigma-aldrich, UK) under a stereomicroscope. The 

COCs were then released from the follicle and serially transferred into small drops of 

Phosphate Buffered Saline containing Bovine Serum Albumin (/PBS/ BSA, 1 mg/ml) 

(Gibco, UK) with the aid of mouth pipetting, and only large follicles were chosen. This to 

ensure that the collected follicles are at the final stage of maturation. The COC was washed 

in a serial transfer through 10 µl drops of BSA/PBS, which removes any contaminating 

follicular cells. Only a good morphology of COCs, which were completely closed by tight 

layers of CCs, were selected for the analysis, and oocytes with clear zona surrounded by 

layers of CCs were processed.  

 

2.4.1.!Oocyte isolation 

Each cell type was processed separately. As follow: the oocytes were denuded from the 

cumulus cells by drawing them into fine glass capillary tubes (Hershmann® microcapillary 

pipette, Sigma-Aldrich, UK) using mouth pipetting. The 20 µl capillaries were pulled to 

achieve a smaller diameter fitting the COC and to avoid overloading the media. Each oocyte 

was washed sequentially in PBS to ensure that it was free of CCs. Since any CC that 

remained attached could contaminate the oocyte transcriptome. If this had occurred, an 
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overlap between the two cells’ transcriptomes would have led to inaccurate sequencing 

results. 

Each oocyte was treated individually in a 5 µl drop of acid Tyrode’s solution (Cat. no. T1788 

Sigma-Aldrich, UK) for less than 30 seconds until the zona pellucida disappeared. The 

oocyte was then sequentially washed in three tiny drops of PBS/BSA. It was transferred in 

a negligible amount of PBS/BSA media (the lowest possible amount [0.3 µl of PBS/BSA] 

is preferable, which a microcapillary pipette makes possible) and immediately placed in 4.45 

µl of 0.4% lysis buffer (contained RNase inhibitor, lysis buffer preparation is described in 

section 2.4.2). It was then vortexed and centrifuged for 30 seconds at 2000g to ensure that 

the oocyte was immersed and lysed by the lysis buffer. 

!

2.4.2.! CCs Preparation  

For the CCs, the establishment of optimisation protocol is detailed in section 3.3. Briefly, 

each matched CC were placed in 5 µl PBS/BSA, centrifuged at 120g. Supernatant was 

discarded and 0.5 µl of the cells pellet was transferred and immersed in a lysis buffer, as 

indicated by the Smart-Seq2 protocol. Cumulus cell samples were collected in the same way 

throughout this project.  Normlising CCs samples to cell number per sample was unfeasible 

because CCs preparation necessitated lengthier procedures than used for the oocytes 

especially in single oocyte experiment. As retrieving a single follicle followed by separating 

the oocyte and CCs, processing them individually at the same time was the most important 

criteria for conducting this study. 
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Figure 2.1 Single oocyte preparation steps: (A) an ovary containing large follicles 

(white circles), (B) a COC, and (C) a stripped oocyte at the GV stage. 
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2.5.! Smart-Seq2 Approach 

For single-cell work, a single tube approach was used for rapid cell lysis (including RNA 

priming), followed RT and PCR. Using the single tube approach is highly critical in terms 

of eliminating the possible loss of RNA during repeated transfers between tubes, as occurs 

in other RNA preparation methods.  

The switching mechanism at 5’ end of RNA template (Smart-Seq2; developed by Picelle et 

al (2014) approach was adopted for use in preparing cDNA libraries from single oocytes 

and their CCs. In brief, the RNA was primed using Oligo(dT) primers added to the lysis 

buffer (Thermo Fisher, UK; Figure 2.2). This permitted the selection of RNA with poly 

adenylated tails during reverse transcription. This strategy enabled the efficient capturing of 

the informative mRNA, while the rRNA and tRNA were removed (118). The distinct 

element of this approach is the template switching mechanism (template switching 

oligonucleotide [TSO]) for the second strand synthesis, which insures improved transcript 

coverage. Using TSO primer (added in the PCR reaction) enabled coverage of more 

transcripts at the 5’ end and consequently maximised the cDNA yield (118)  comparison to 

the poly tail priming, such as that used in the Tang protocol and QuartzSeq where a bias in 

the 3’ end is apparent in the sequencing data (119)’(120), as the chapter 3 later addresses.  
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Figure 2.2 Smart-Seq2 protocol, developed by Ramskold et al 2012, Nature 

protocol.  
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2.5.1.!Cell lysis buffer set-up 

Lysis buffer was prepared using the quantities and reagents indicated in Table 2.2. The lysis 

buffer was prepared around an hour prior to the collection time and kept frozen until use. 

During samples processing, the lysis buffer was kept in fresh ice until the sample was loaded. 

The lysate buffer tube was then immediately placed in dry ice (keeping the samples on dry 

ice should not exceed two hours) or kept at -80°C for long-term storage. 

 

Table 2.2: Reagents used for lysis buffer preparation 

Reagent Volume 

Triton (0.4%) 19 µl 

RNase inhibitor 1 µl 

Total 20 µl 

0.4% Triton + 1ul X RNase inhibitor 2.4 µl 

dNTPS(10 mM) 1 µl 

Oligo dt (10uM), 1 µl 

ERCC Spike in (-80C) 0.06 µl 

Total 4.45 µl 

 

 

 

2.5.2.!Reverse transcription (RT) 

All the lysates of the oocytes and cumulus cells were converted into single-strand cDNA by 

reverse transcription. As 0.5 µl of sample, either oocyte or CCs sample was loaded onto 4.45 
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µl of lysis buffer.  About 5 µl of this lysate (template) was added to 10 µl of reaction mixture, 

which included 2 µl SuperScript II first strand buffer (5X, Invitrogen, cat.no 18064-014), 

0.05 µl DTT (100mM Invitrogen, cat.no 18064), 2 µl Betaine, 0.01 ul MgCl2 (1M), 0.25 µl 

l RNaese inhibiter (40U/ µl), 0.01 µl TSO (100uM) and 0.025 µl Superscript II RT (200U/ 

µl) (Table 2.3). 

 

2.5.3.! Reverse Transcription reaction 

The protocol consisted of incubating the samples at 42°C for 90 minutes, followed by 10 

repeated cycles of 2 minutes at 50°C, followed by 2 minutes at 42°C. The reaction 

temperature was then raised to 70°C for 15 minutes. 

 

Table 2.3: Reverse transcription mix 

Reagent Volume (µl per 

reaction) 

Final 

Concentration 

SuperScript II first strand buffer (5x) 2 µl 1x 

DTT (100mM) (freezer C.R -20) 0.5 µl 5mM 

Betaine (5M) (C.R.4) 2 µl 1M 

MgCl2 (1M) (C.R.4) 0.1 µl 0.01M 

RNase inhibitor (40U/ul) (C.R.-20) 0.25 µl 1U/ µl  

TSO (100 µlM) (-80) 0.1 µl 1 µlM 

Water (RT-PCR grade) 0.79 µl - 

Superscript II RT (200U/µl) 
 

0.25 50U 

Total  5.9965  
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2.6.! PCR-based Amplification 

Following cDNA synthesis, the samples were amplified in reaction volumes of 15 µl of PCR 

mix, which is added to each sample as indicated in Table 2.4: 

 

Table 2.4: Reagents used for PCR mix reaction 

Reagent Volume 

KAPA HIFI HS Ready Mix (2X) 12.5 µl  

ISPCR primers (10uM) 0.0125 µl  

Water 2.375 µl  

Total 15 µl  

 

 

2.6.1.!Primer sequences 

1.!TSO (5′-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′) At the 5′ end 

2.!Oligo-dT30VN (5′–AAGCAGTGGTATCAACGCAGAGTACT30VN-3′). 

3.! ISPCR oligo (5′-AAGCAGTGGTATCAACGCAGAGT-3′). This oligo acts as PCR 

primer in the amplification step after RT 

 

2.6.2.!Amplification protocol  

Samples were run into a protocol that consisted of 3 minutes at 98°C for denaturation 

followed by steps aimed at annealing at 67˚C for 15 seconds and extension at 72˚C for 15 

minutes.   
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2.6.3.!PCR clean-up 

The PCR products were cleaned using Ampure SPRI beads (Beackman Coulter, cat.no. A 

63881). Briefly, 22 µl of PCR products were incubated with 22 µl of Ampure beads for 8 

minutes, and then supernatants were removed without touching the beads. 200 µl of 80% 

ethanol was added to each PCR tube and removed immediately; this step was repeated twice. 

Samples were left to air dry for 8 minutes. The beads were then resuspended in 17.5 µl of 

an elution buffer and left for 5 minutes. Finally, 17.5 µl of the supernatant was collected and 

transferred into fresh 0.2 ml thin-walled PCR tubes (Thermo-Fisher, UK).  

 

2.7.! Quality control 

The quantity and integrity of the amplified cDNA were determined by a combination of the 

following assays: a quantity assessment assay and a quality assessment assay. 

2.7.1.!Qubit® 2.0 flourometric assay (ThermoFisher, UK) 

The Qubit fluorometer rely on using fluorescent dyes to determine the concentration of 

nucleic acids in a sample. The more DNA, RNA in the sample, the more light is absorbed at 

specific wavelength. The Qubit assay, fluorometric quantification was used to measure the 

concentration of cDNA samples using a Qubit dsDNA HS Assay kit (Cat. no. Q32851, 

ThermoFisher, UK). To prepare the samples, a working solution (200X concentrate in 

DMSO) was diluted 1:200 in a Qubit® dsDNA HS buffer 2 µl of each cDNA sample was 

added to the tube containing 198 µl of a diluted working solution. Similarly, 10 µl of Qubit® 

dsDNA HS Standard 1 (0ng/ µl in TE buffer) and Standard 2 (known DNA, 10 ng/ µl in TE 
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buffer) were added to tubes containing 190 µl  of diluted working solutions. Samples and 

standards tubes were then vortexed for 2-3 seconds and incubated for 2 minutes.  

cDNA concentrations were read using a Qubit® flouromertic instrument. Standard 1 and 

Standard 2 values were measured prior to the sample measurement to calibrate the 

instrument. The concentration values were calculated and calibrated automatically by the 

instrument according to the two standard values. Finally, to calculate the actual cDNA 

concentrations in the samples (before dilution), the values were calculated manually using 

this equation: cDNA sample= QF value × 200/X, where the QV value is the value given by 

the Qubit® 2.0 Fluorometer, and x is the number of microlitres of the sample added to the 

assay tube (2 µl). 

 

2.7.2.!2100 Bioanalyser assessment (Agilent Technology, UK).  

The Agilent Bioanalyzer is based on microfluidics technology that is capable of performing 

electrophoretic separations of DNA fragments. The electrophoretic assays on the Agilent 

Bioanalyzer are similar to those in the traditional gel electrophoresis principles but in a chip 

format. The chip format has significant advantages that allow automated sizing and 

quantitation information in a digital format. By that, it saves the samples consumption as 

well as the time needed for the separation of DNA fragments. 

Using the Agilent High Sensitivity DNA kit (Agilent, cat. no. 352095), cDNA samples were 

loaded into a high sensitivity chip (Figure 2.3) as follows.  
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First, the chip was vortexed with an IKA vortex mixer for 1 minute at 2400rpm. 9 µl of the 

marker was dispensed into the well marked G, 5 µl  of dye-gel mix was loaded slowly (due 

to its high viscosity) into each sample well and 1 µl of yellow ladder was dispensed into the 

ladder well. Finally, 1 µl of each cDNA sample was loaded into each well (1-11 well), and 

the loaded chip was vortexed using an IKA Vortex mixer for 1 minute at 2400rpm. The chip 

was then run in the Bioanalyser machine.  

 

2.7.3.!PicoGreen measurement  

PicoGreen is an analytical assay for the DNA quantitation that based on the use of a 

PicoGreen probe which interact with nuclci acid. When the PicoGreen fluorescent probe 

binds dsDNA, it forms a luminescent complex that assessed in comparison to the free dye 

in the sample solution. The PicoGreen method (Quant-it PicoGreen Kit, ThermoFisher, cat. 

no. P7589) was used to quantify cDNA concentrations of the CC samples. First, an aqueous 

working solution of Quant-iT was prepared by making 200-fold dilutions of the concentrated 

DMSO (Quant-iT PicoGreen dye) in 1X TE (the 20x TE buffer was diluted to a 1x TE buffer 

with nuclease free water). Preparation was performed using a plastic container, and it should 

be stored in the dark at room temperature.  

Figure 2.3 High-sensitivity 

DNA nano chip, Agilent 

Technologies 
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2.7.3.1.! PicoGreen assay set-up  

About 29 µl of 1X TE was dispensed into each well in a multiwell plate, and 1 µl of each 

cDNA sample was added to each well, mixed properly and incubated for 3-5 minutes. Then, 

30 µl of the aqueous solution was added to each well and was mixed.  

The standard curve was made by serially diluting the Quant-iT reagent. About 8 

concentrations were considered a good range for a Smart-Seq2 cDNA yield. Therefore, it 

was prepared in the last row of the multiwall plate as follows: 30 µl of 1X TE was dispensed 

in each well from well 2 until well 9. Then, 6 µl l of Lambda DNA standard (100µg/mL in 

TE) was dispensed into well 1 and serially diluted from well 2 until well 8, for which 30 µl 

was discarded. For instance, 30 µl was transferred from well 1 into the second well and 

mixed up and down, and then 30 µl was transferred into well 3. Thus, well 9 was DNA-free.  

After that, 30 µl of the PicoGreen diluted solution was added to each well (from 1 to 9), and 

the plate was covered from light and centrifuged in a plate shaker and then incubated for 2-

5 minutes. The plate was then read using a fluorescent plate reader. The cDNA value was 

calculated using the standard curve equation, where X is the sample, and Y is the fluorescent 

value (intensity read): Y=111091x+1358.5.  

 

2.7.4.!TapeStation assay (Agilent, UK) 

The Agilent TapeStation system is an automated electrophoresis tool for DNA and RNA 

sample assessment. The Agilent TapeStation was used to assess and analyse the quality of 

cDNA samples using High-Sensitivity D5000 reagents (Cat. no.5067-5593) and High-
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Sensitivity D5000 screen tape (Cat. no. 5067-5592). The method was applied as follows. 

The ladder was prepared by mixing a 2 µl High-Sensitivity D5000 sample buffer with a 2 

µl High-Sensitivity D5000 ladder in an optical tube strip (8X). Then, 2 µl from each cDNA 

sample was mixed with a 2 µl High-Sensitivity D5000 Sample Buffer in the same tube strip. 

Tube strip was then spun down and vortexed using an IKA mixer for 1 minute at 2000rpm. 

Samples were run in a 2200 TapeStation instrument. Using the 2200 TapeStation Controller 

Software, cDNA profiles were generated and analysed. (Figure 2.4). 

 
 
 

 
 
 
 
 

2.8.! Sequencing Library 

2.8.1.!Nextera XT construction 

The samples were sent to Welcome Trust for Human Genetics for the Nextera XT library 

preparation (Illumina, UK). This project was the first to analyse a single oocyte, and it was 

thought that the cDNA concentration of a single oocyte was too high to process using 

standard input for the single cell Nextera reaction protocol, making the process of preparing 

Figure 2.4 High-sensitivity tape screen, Agilent Technologies 
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and running the oocytes a bit challenging as may lose the library complexity leading to weak 

coverage of the transcriptome. Therefore, it has been suggested that each oocyte should be 

run in triplicate, which allows for the preparation of three Nextera libraries for each single 

oocyte. Although, technically, the complexity of oocyte library was more likely to be 

determined during Smart-Seq2 reaction at the early stages of preparation; however, caution 

was taken to avoid loosing deep coverage. 

 

All samples were tagmented using indices, and the indices were added using the Nextera 

XT DNA sample preparation kit from Illumina (Cat. no. FC-131-1096). The protocol 

developed by Illumina was used as follows. For the tagmentation reaction, 1.25 µl of a 

diluted cDNA sample was added to a 2.5 µl tagmented DNA buffer (1x) and 1.25 µl of an 

amplicon tagmented mix (1X), making up 5 µl of a volume reaction for each sample. The 

reaction mixture was incubated at 55°C for 5 minutes. Then, samples were indices by adding 

3.75 µl of a Nextera PCR master mix and 1.25 µl each from an index 1 primer (N7xx) and 

an index 2 primer. The PCR was then run for these samples.    

 

2.8.2.!Pooling and multiplexing 

72 libraries of the 24 oocytes were pooled into a 72-plex and run in a single lane using 

Illumina HighSeq 4000 instrument (the standard minimum reads output generated is 270-

300 reads for each lane). Similarly, 24 CCs samples were pooled into a 24-plex and run in 

a separate lane. After the reads of the first two lanes (oocytes and CCs) were generated, the 

quality of data was assessed. The parentage of duplication and the GC content were scored 

using FastQC to monitor the sequencing errors. Multiplexing samples in one lane reduced 

the batch effect that creates technical variations between samples.  
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Because the data from the first two lanes passed the quality score, both oocytes and CCs 

were run in the second two lanes to obtain deeper sequencing. A small amount of starting 

material of RNA and the PCR amplification may limit the depth to which single-cell libraries 

can be sequenced productively (121).  

 

2.9.! Bioinformatics analysis  

2.9.1.!Sample analysis 

The Bioinormatics analysis was performed by the computational group at Weatherall 

Institute of Molecular Medicine, University of Oxford. Each sample successfully generated 

an average of 30 million 75-bp paired end reads. Following the QC analysis with the FastQC 

package (http://www.bioinformatics.babraham.ac.uk/projects/fastqc), the reads were 

aligned against the mouse genome assembly using STAR (122) (GRCm38 [mm10] UCSC 

transcripts). Non-uniquely mapped reads and reads that were identified as PCR duplicates 

using Samtools (123) were discarded. The gene expression levels were quantified as read 

counts using the featureCounts function (124) from the Subread package (125) with default 

parameters. The read counts were used for the identification of a global differential gene 

expression between specified populations using the edgeR package (126). 

 

2.9.2.!Normalisation method  

To normalise for sequence depth (library size) and transcript length (gene size), the reads 

counted per kilobase of exon per million (RPKM) method was applied (86). RPKM values 
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were also generated using the edgeR package. Genes were retained if they expressed a 

threshold of 1 count-per-million (cpm) for any given sample.  

 

2.9.3.!Differential gene expression 

The EdgeR package was used for differential gene expression. Genes were considered 

differentially expressed between populations if they had an adjusted p-value, named false 

discovery rate (FDR) of less than 0.05.  
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Figure 2.5 Illustration of bioinformatics steps. The schematic diagram illustrates the 

step of transcriptomic analysis carried in this study. Once the cDNA sequenced, short 

reads are generated.  Then the quality of raw reads is checked for assessing the sequence 

quality score using FastQ tool. This quality score involves: G-C content, number of 

duplicate reads, the percentages of adaptors and reads length.  The reads were then gone 

through Sam tool where the raw reads were filtered according to these criteria. Then, 

short reads were mapped to reference mouse genome using STAR. The aggregated reads 

were quantified according to RPKM scale using Feature count. Finally, the edge R was 

used for analysing differential gene expressions.   
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2.10.!Bioinformatics visualisation method  

2.10.1.!Principle component analysis (PCA) 

To investigate the gene expression pattern variations between oocytes at three age points, 

PCA was used to identify single cell global gene expression patterns with a similar global 

gene expression in different oocytes. Therefore, sample clustering based on the global gene 

expressions was performed as a quality assessment for the sequencing data, which is 

described in detail in chapters 4 and 5.  

 

2.10.2.!Functional analysis: Ingenuity Pathways Analysis (IPA) 

To identify the pathways and functions associated with significantly changed transcripts, 

Ingenuity Pathway Analysis (IPA) was used. Transcript gene identifiers were mapped to 

their corresponding gene objects in the IPA knowledge database 

(http://www.ingenuity.com). The significant values for the canonical pathways were 

calculated based on a right-tailed Fisher's exact test which calculates the probability of 

association between transcripts.  

Differentially expressed genes were enriched for a pathway analysis using Metacore 

software (Thompson router). An FDR <0.05 was considered the threshold for a significant 

enrichment of the genes, and the pathways were deemed to be enriched if the enrichment 

over background was at least 2-fold. 
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2.11.!OpenArray real-time PCR validation 

The differentially expressed genes were validated using the OpenArray Taqman Real-Time 

PCR. This new method used for analysing high throughput data because it provides 

multiplexing, which means it is capable of accommodating more than 3000 reactions per 

array. Assays panels were designed by ranking differential genes (DG), considering FDR 

and fold changes as the main metrics for ranking differential genes based on the sequencing 

results. All details of validation are explained separately in a chapter 8.  
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Chapter 3 

Optimising a Preparation Protocol  
for 

Single-Cell RNA Sequencing Libraries. 
!

!

!

!

!

!

!

!

!
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3.1.  Introduction 

The advent of high-throughput approaches has revolutionised transcriptome analysis 

studies. These methods have the potential to examine and uncover the entire transcriptome 

such that that every single molecule is surveyed and quantified (127). Indeed, high-

throughput techniques reveal the functional elements of the genome and provide essential 

insights into the molecular components constituting a specific development stage or other 

physiological condition. In turn, knowledge of changes in transcript expression levels 

facilitates the process of interpreting the factors that lead to a defect or disease. 

Single cell-RNA-sequencing (sc-RNA-seq) has become a powerful method for high-

throughput transcriptomic analyses of cell dynamics, providing rapid, straightforward, and 

more importantly, cost-effective technology (128,129). sc-RNA-seq has made substantial 

contributions to the understanding of transcriptome complexity and transcription regulation. 

However, this method must become even more sensitive, if the goal is to detect rare 

transcripts in single cells, particularly in technical and bioinformatic aspects which are still 

undergoing on-going improvements. Sc-RNA-seq is expected to replace most 

transcriptomic technologies whilst the cost declines. 

The main objective of this chapter is to present the process of optimising a preparation 

protocol of single-cell cDNA libraries that allows conducting sc-RNA-seq. These cDNA 

libraries were optimised to enable the investigation of the impact of age on the 

transcriptomic profiles of the cells of interest, single mouse oocytes and their companion 

cumulus cells. The main purpose of the amplification strategy was to identify the minimum 

number of PCR cycles required to generate a sufficient quantity of cDNA. The goal was to 

avoid biases associated with high numbers of PCR cycles.!!
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3.2.! Method 

The initial step in obtaining the transcriptome of a single oocyte is to successfully isolate 

the individual oocyte from surrounding CCs and process them separately. Then, recovered 

RNA from each oocyte and CCs has to be sufficient in order to generate an adequate amount 

of cDNA library. This is known to be the greatest technical challenge, particularly at the 

single-cell level, as most transcriptomes studies are still conducted on a population of 

oocytes.  

 
 

3.2.1.!Oocyte and CCs Preparation  

Ovaries were collected as described in section 2.2 Briefly, cumulus-oocyte complexes 

(COCs) were collected from pre-ovulatory follicles about to ovulate, since these follicles are 

assumed to contain an egg at the last stage of maturation (GV).  

Each COC was washed in 10 µl of PBS droplets, and the oocyte was then stripped from the 

CCs by pipetting up and down until complete denudation was achieved. To obtain a 

complete, clean CCs transcriptome using a new capillary; a 10ul drop of PBS containing 

cumulus cells was then transferred into a 0.2 ml into a thin-walled PCR tube (RNAase free, 

Thermo Fisher, UK). The CCs were centrifuged at 120g for 3 minutes and the supernatant 

was discarded. Then, 0.5 µl of CCs pellet was transferred into 4.45 µl of lysis buffer. The 

samples were!vortexed and centrifuged at 2000g (Figure 3.1). The lysates were then frozen 

and kept at -80°C. it was necessary to achieve rapid processing of the samples to maintain 

good physiological conditions within the ovaries. A lengthy procedure could have resulted 
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in the loss of a portion of the cell population (such as in CCs), thereby altering the gene 

expression or causing cell death. 

Although, isolating single oocyte and CCS methods were optimised at this stage, the 

efficiency of the two methods could not be determined until samples were converted to 

cDNA and amplified. Below, these steps are described. 

 

!

3.2.2.!PCR-based Amplification 

The oocyte and cumulus cell samples were therefore segregated based on the number of 

cycles that had been applied. The number of cycles is given for each pilot study. 

3.2.3.!cDNA Assessments 

First, the quality of the cDNA was assessed using the Agilent Bioanalyser 2100 DNA high-

sensitivity chip (Agilent Technologies, UK). An ideal amplification profile has a sharp 

Figure 3.1 Flowchart of CCs preparation steps.!
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amplification peak with a distribution size of 1.5 to 2kb lying between lower marker and 

upper markers, with the ideal size between 50 to 200pb. Second, the quantity (concentration) 

of the cDNA was measured using the Qubit® flourmetric assay 2.0 (Thermo Fisher, UK). 

!

3.3.! PCR Amplification protocol!

3.3.1 Pilot 1: cDNA yield generated from a single oocyte and its 

companion CCs 

The success of an RNA experiment depends on the quality and integrity of the recovered 

RNA. In particular, when starting with low quantities of RNA, obtaining sufficient RNA to 

analyse entire gene expressions for single cells is challenging. The sensitivity, accuracy and 

precision of transcript quantification strongly depend on how the mRNA is converted into 

the cDNA that is eventually sequenced. Therefore, it is extremely crucial to use an efficient 

RNA extraction protocol with high sensitivity in order to capture the minutes’ amount of 

RNA. The aim is to optimise an efficient non-biased amplification strategy that would allow 

generating adequate quantities of cDNA yield from single oocyte and their companion CCs. 

 3.3.2. Aim 

To identify whether individual mouse oocytes and CCs can generate sufficient material for 

a cDNA library for RNA sequencing.!

3.3.3.  Method 

Seven oocytes and 11 CCs samples were collected from 4-week-old female C57B/6 mice 

and prepared separately, as described earlier. A range of cycles were applied to determine 
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the best amplification condition for each cell. The oocytes were amplified with 18, 20, 22 

and 24 cycles, whereas 16,18, 20, and 22 cycles were selected for cumulus cell 

amplification. The samples were grouped according to the number of PCR cycles chosen. 

 

3.3.4. Pilot 1 result 

3.3.4.1. The Optimal amplification for single mouse oocytes 

The quality of the amplified cDNA was assessed with the Agilent 2100 Bioanalyser DNA 

high-sensitivity chip (Thermo Fisher, UK). Different cycle numbers were applied to the 

oocytes to amplify the cDNA. As expected, the single oocytes generated varying quantities 

of cDNA, and the volume increased with the number of cycles (Figure 3.2). Of the cDNA 

profiles of the 7 oocytes, oocyte 6 (Figure 3.3) appeared to have the ideal amplification peak. 

This oocyte generated a sharp, broad peak with a distribution size of 1,555bp lying between 

the upper and lower markers, both of which were clearly defined (approximately 100bp). 

Although some background noise (short fragments) existed which potentially are a result of 

an excess of primer dimer, when 18 cycles were used the single oocyte generated high-

quality cDNA. This finding thus supported a recent study conducted by Reyes, in which the 

oocyte amplified at 18 cycles (130). 
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!

Figure 3.2 Bioanalyser illustrating the amplification profiles of four single oocytes: (A) 

a good amplification profile, except that the low molecular weight cDNA is partially 

degraded (black square), (B) cDNA peak is over-amplified with degradation of the low 

molecular weight cDNA (black square), (C) cDNA profile displays over-amplification 

with the two markers not detectable, and (D & E) examples of over-amplification in 

single oocytes amplified by 22 and 24 cycles. 
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!

!
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!

!

!

Figure 3.3 Electropherogram of oocyte 6 amplified with 18 cycles. cDNA. The 

generated peak was sharp and free of fragments.  
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3.3.4.2. The Optimal amplification for the CCs 

Figure 3.4 displays an electropherogram of the cumulus cells amplified with different 

numbers of PCR cycles. Of these CCs amplification profiles, the CC samples indicated in 

Figure 3.5 displayed an optimal amplification profile. The broad cDNA peak with a 

distribution size of 1,280bp and well-defined markers indicated that 16 cycles of PCR 

seemed to yield the best result over the rest. 

 

Cumulus cells samples amplified with 20 PCR cycles generated an over-amplified cDNA, 

the peak of which was highly digested and for which only the upper marker was defined 

(Figure 3.4A). Also, CCs samples amplified with 20 and 22 cycles (Figure 3.4B and D) 

revealed over-amplification and high levels of technical noise. Since all CCs samples were 

processed similarly, it was concluded that 20 and 22 cycles of PCR resulted in extensive 

amplification. 

 

Short fragments were widely distributed in samples amplified with 18 cycles, which 

indicated completely degraded RNA of the CCs samples (Figure 3.4C). The two CCs 

samples (Figure 3.4A and C) are examples of heavily digested RNA regardless of the 

amplification, which can potentially be attributed to lengthy sample processing. 

 

The critical goal of this project was to isolate the oocytes from their cumulus cells and 

process each of these separately, and this task was highly technically challenging because 

certain points had to be considered. First of all, it needed to be ensured that the CCs (only 

the layers that surround the oocyte) were free of other ovarian cells. This required careful 

and gentle washing by pipetting in and out using a micro capillary with a wide diameter to 
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keep COC intact as aggressive wash dissociates CCs and results in unwanted mixing of the 

layers of CCs with other follicle cells. The second point that had to be considered was 

separating the oocyte from CCs, quickly, and keeping each in separate PBS drops. It was 

suggested that this long preparation procedure might have resulted in RNA degradation, 

which existed in some CCs samples but was not seen in oocytes samples. Therefore, some 

modification for processing time was required to maintain RNA integrity in CCs samples. 

 

 

 

 

 

 

 

!
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!

Figure 3.4 Bioanalyser electropherograms of the pre-amplified cDNA of the CCs. 

(A) the profile reveals over-amplified and digested cDNA, with the upper marker 

undefined; (B) a highly concentrated cDNA profile with partial degradation of low 

molecular weight cDNA; (C) a wide distribution of fragments dominated by primer 

dimer, indicating RNA degradation; and (D) a large quantity of cDNA generated by 

22 cycles. 

!
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Figure 3.5 Bioanalyser analysis of the cDNA generated by the cumulus cells 

amplified with 16 PCR cycles 

!

!

!

!

!

!

!

!

!

!
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3.4.2. Pilot 2: cDNA Yield of Aged Oocytes and Cumulus Cells (1-year-

old Mice) 

3.4.2.1. Aim 

The oocytes from the aged mouse had fewer cumulus cells that apparently surrounding the 

aged oocyte. The aim of this study is to determine whether these aged cumulus cells had 

similar cDNA yields as the young mice. 

3.4.2.2 Method 

The following samples were collected from female C57BL/6 mice: 14 oocytes and their CCs 

(14 samples) from a 1-year-old mouse (aged mice);8 oocytes and their CCs (8 samples) from 

9-week-old mouse (mature mice). 

Oocytes and CCs were prepared in a similar method as applied in Pilot 1. Samples were then 

reverse transcribed followed by cDNA amplification. However, some additional 

amendments were considered for the preparation method of CCs to improve the quality of 

the cDNA yield: 

1. The task of handling the samples was challenging in the previous experiment 

because cells stuck to the glass capillaries’ walls, leading to the loss of some oocytes 

during the collection. Therefore, Bovine Serum Albumin (BSA; Sigma-Aldrich, UK) 

was added to the PBS to avoid cell stickiness. BSA has been used in other studies 

and does not appear to affect the amplification efficacy (131).!
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2. An additional washing step was added to the cumulus cell preparation process to 

improve the quality of the CCs cDNA yield. This addition was necessary because 

the cDNA profiles had demonstrated a moderate level of noise (Figure 3.6). 

Therefore, an additional 10 µl of PBS/BSA was added to the cumulus cell suspension 

(10 µl) comprising a total of 20 µl of CCs suspension, which was then transferred to 

a 0.2 ml thin-walled PCR tube and centrifuged for 3 minutes at 120g. Finally, the 

supernatant was removed, and only 0.5 µl of the residual cells was transferred and 

placed in the lysis buffer. 

 

3.4.3.  Pilot 2 result 

3.4.3.1.  Amplification result of old oocytes 

 
Two oocytes, one oocyte representing each age group, were selected for analysis with the 

Agilent 2100 Bioanalyser. The oocyte from the 1-year-old mouse yielded a similar amount 

of cDNA as the oocyte from the 9-week-old mouse (Figure 3.6). Both samples resulted in 

comparable amplification peaks, indicating that oocytes of both ages yield analogous 

quantities of RNA. 
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Figure 3.6 Amplification profiles of (A) one-year oocyte and (B) nine weeks 

oocyte. Both oocytes were amplified with 18 PCR cycles.  Oocyte from the 1-year-

old mouse yielded a similar amount of cDNA as the oocyte from the 9-week-old 

mouse. !
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3.4.3.2.!  Cumulus cells amplification 

All of the CCs cDNA yielded outcomes that were dramatically lower than those from the 

previous pilot study, implying that the insufficient amount of RNA led to amplification 

failure (Figure 3.7). 
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1"year!CCs 

9"week!CCs 

1"year!CCs 

1"year!CCs 

9!weeks!CCs 

9"week!CCs 

1"year!CCs 

9!weeks!CCs 

Figure 3.7 Representative examples of samples in which cumulus cell 

amplification was inefficient. Most of the samples failed to generate cDNA. Results 

were assessed by the 2100 Agilent Bioanalyser. 
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3.5.! Pilot 3: different cumulus cell preparation methods 

3.5.1.  Aim 

Due to the inconsistent results of the second pilot, Further optimisation was necessary before 

collecting samples for the actual RNA experiment. The goal was to determine which 

preparation method produced both higher quality, and sufficient cDNA yield.  

3.5.2.!Method 

The previously mentioned preparation methods (pilot 1 and pilot 2) were applied using 10 

cumulus cell samples (Table 3.1). The lysate samples were then reverse transcribed followed 

with PCR amplification. cDNA samples were then assessed by the Agilent bioanalyser DNA 

sensitivity chip (Agilent technologies, UK) 

!

!

!

!

!

!

!
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Table 3.1: Summary of the Cumulus Cells Preparation Methods 

 Pilot 1 method  Similar to Pilot 1 with 
additional wash step  

PBS only 
  

CCs 1 CCs2 CCs3 CCs4 CCs5 CCs6 CCs7 

Wash step No wash No wash  No wash  No 
wash 

√ √ √ 

 Similar to Pilot 2 without additional 
wash step 

 Pilot 2 preparation method 

BSA/PBS CCs8 CCs29 CCs10 CCs1
1 

CCs12 CCs13 CCs14 

Wash step  No wash No wash No wash No 
wash 

√ √ √ 

When oocyte is stripped from CCs, CCs are kept in 10ul media drop (PBS or BSA/PBS). 

This 10 µl CCs suspension were transferred into 0.2 ml PCR tube, centrifuged at 120g 

for 3 minutes. If washing step is added: 10 µl  of PBS is added to the 10 µl  of CCs 

suspension (total is 20 µl ), centrifuged at 120g for 3 minutes, supernatant is then 

discarded, then 0.5 µl  of pellet is transferred into lysis buffer. 

!

3.5.3.!Results of pilot 3 

The bioanalyser traces did not reveal any substantial differences between the cumulus cell 

samples prepared with and without BSA. The samples prepared with BSA actually had 

better amplification profiles, although with slightly degraded RNA. This demonstrates that 

using BSA improved the cDNA yield (Figure 3.8). Figure 3.8B illustrates suboptimal 

amplification in which the upper and lower markers are difficult to detect. Although this 

amplification is not ideal, it confirmed that the addition of the BSA was not the reason for 

the suboptimal cDNA profiles of the cumulus cells in Pilot 2 (Figure 3.7). Therefore, it can 

be surmised that the washing step affected the cell concentrations, potentially!explaining the 
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failure of the CCs in Pilot 2. It is possible that the cell suspension was highly diluted. In 

other words, in the second pilot, the CCs were suspended in 20 µl of PBS/ BSA and only 

0.5 µl of the volume was used for the RT-PCR, whereas 0.5 µl of 10ul was used in Pilot 3. 

 

Figure 3.8 Sample electropherograms representing the cDNA generated from CCs prepared 

in PBS without BSA (A and B) and with BSA/PBS (C and D): (A) sample profile reveals a 

digested cDNA peak shifted to the right; (B) bioanalyser result showed over-amplified 

cDNA, and markers could not be detected; (C) the cDNA profile shows a suitable amount 

of cDNA but suffers from RNA degradation; and (D) representative successful cDNA 

amplification, with few fragment distributions.!

 

+BSA 
20!cycles! 
Additional!wash! 

A B 

C D 
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3.6.! Pilot 4: The effect of the collection time on RNA integrity 

3.6.1.!Aim 

The aim of this pilot was to investigate whether the time of collection and processing 

influenced RNA integrity. 

3.6.2.! Method 

Ten cumulus cell samples were used: four CC samples from a 1-year-old mouse, and six CC 

samples from a 3-week-old mouse. The selected samples were the last samples processed 

on each collection date. The purpose of this pilot was to ascertain if these samples had any 

RNA degradation. 

As the cumulus cell preparation method was adjusted multiple times, the final iteration was 

as follows: Each COC was placed in 5 µl of PBS/BSA and then the oocyte was processed 

separately, as previously described. A 5 µl drop of the PBS/ BSA containing the cumulus 

cells was transferred into 0.2ul tube (RNAase free, Life Technologies). It was centrifuged 

at 120g, and the supernatant was then discarded. Finally, 0.5 µl of the cell residue was 

transferred into 4.45 µl of lysate buffer. These samples were then reverse transcribed, 

followed by PCR amplification, cycles are indicated in Table 3.2. The cDNA concentrations 

were measured with the Qubit®2.0 fluorometer and the quality was assessed using the 

Agilent 2100 Bioanalyser. 

!

!

!
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3.6.3.!Pilot 4 Results 

cDNA Concentrations from the CCs Samples were measured using the Qubit 2.0 

fluorometer method (Table 3.2). Most of samples have generated enough amount of 

cDNA; All samples generated a concentration range of cDNA between 0.23 and 2.2 ng/µl 

which is within the required concentration for generating Illumina sequencing library 

(discussed in Chapter 4) 

The bioanalyser results demonstrated that most of the CC samples produced successful 

cDNA profiles showing good quality peaks. The exception was sample 1, which failed to 

generate cDNA (Figure 3.9). Although the cDNA concentration measurements in Table 

3.2 agreed with the cDNA profiles, a very low concentration was detected in sample 8. 

Although the cDNA peak was broad and reflected a high concentration, this might have 

been due to a pipetting error when loading the samples into the bioanalyser chip.  
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Table 3.2: cDNA Concentration from the cumulus cells samples measured using Qubit 

2.0 Flurometer. 

!

 

!

Sample 
number 

Age PCR tube 
number 

Cycle number cDNA 
concentration 

CC1 1 year  1 15 0.23ng/  µl  

CC2 1 year  2 15 0.848ng/  µl  

CC3 1 year 3 16 0.572ng/  µl  

CC4 1 year  4 15 0.641ng/  µl  

CC5 3 weeks 5 14 0.634ng/  µl  

CC6 3 weeks 6 14 0.691ng/ µl  

CC7 3 weeks 7 15 0.582ng/ µl  

CC8 3 weeks 8 15 0.083ng/ µl  

CC9 3 weeks 9 16 0.541ng/ µl  

CC10 3 weeks 10 16 2.2ng/ µl  

Negative 
control 

3 weeks 11 16 0ng/ µl  
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!

!

Figure 3.9 The cDNA yields from the cumulus cells assessed via the 2100 Agilent 

Bioanalyser. 

 In Sample 1, the bioanalyser failed to show amplification. Sample 2 displays a 

good cDNA profile, with the exception of the mechanical spike attributable to the 

PCR artefact. In Samples 3 and 4, heat denaturation was needed to improve the 

yield. Samples 5, 6 produced sufficient cDNA. 
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Figure 3.10 The cDNA yields from the CCs.  

Sufficient cDNA from sample 7,8 and 9, although there were mechanical spikes due to 

the PCR artefacts. Sample 10 demonstrates an overabundance of amplified cDNA 

displaying degradation. 
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3.7.!  Discussion 

The advent of RNA sequencing has allowed transcriptomic studies to thrive with 

unprecedented sensitivity and resolution, leading to a deepening understanding of the 

transcriptome’s complexity and the discovery of new, small RNA species, such as 

microRNA and short-interfering RNA (132). RNA sequencing has played a role in revealing 

these hidden factors in the cellular RNA pool because these small RNAs are very short to 

be captured by the microarray approach. Rather, they were discovered using NGS platforms 

with higher throughputs as part of a genome-wide survey (133,134). 

The first potential reason for the failed amplification in pilot1 was thought to be the addition 

of the BSA to the PBS. The PBS/ BSA was used to prepare both the oocytes and the cumulus 

cells, and so the high-quality cDNA yield that the oocytes efficiently generated was not 

affected by the addition of BSA. In contrast, it improved the oocyte processing (avoiding 

mechanical cell damage) and prevented potential RNA degradation that results from long 

procedures. The CCs samples were more likely to be highly diluted when prepared in a total 

of 20 µl compared to the 10 µl CCS suspension used in Pilot 1. The result was the loss of 

RNA and amplification failure. 

Another potential possibility was the centrifugation speed was not optimal for the volume 

of the CCs suspension used in pilot 2. When centrifugation was optimised for the protocol, 

different speeds were tested to choose the optimal speed for pelleting the cells down without 

harming the integrity of the cells’ RNA. Therefore, it might that the cells did not pellet down. 

Minor technical issues seemed significant, and have serious impact on cell preparation. 
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Pilot 3, which compared modification steps of the preparation method, demonstrated that 

the cumulus cells could generate cDNA if they remained in adequate concentrations. This 

finding confirmed that the BSA had not interfered with the reverse transcription or PCR 

reaction. Therefore, the more likely explanation is that the cells were not concentrated 

sufficiently in order to obtain adequate quantities of RNA, as it is well known that a low 

quantity of starting materiel (estimated at 0.1pg of mRNA in each cell) leads to insufficient 

cDNA volumes. Based on that, adding BSA to the PBS (1mg/ml) does not appear to inhibit 

the RT-PCR. Rather, this method maintains the samples’ integrity, as it prevents undesired 

delays. In addition, it protects the cells from mechanical damage. This is particularly true 

for older mice; samples from such mice are valuable and difficult to source. Therefore, 

scaling the volume of the cumulus suspension down and assessing if this improves yield is 

suggested for the next pilot experiment. 

The consistent results achieved in pilot 4 indicated that the final preparation was efficient 

and resulted in desired quality and quantity. The small differences in number of 

amplification cycles (15 or 16 cycles) did not influence the amplification outcome as much 

as the concentration of starting material. This was evident when CCs were concentrated in 

5 µl of BSA/PBS in Pilot 4 and 0.5 µl of CC pellet (added to 4.5 µl lysis buffer) was used. 

The amplification of these samples generated the desired quality and quantity needed for the 

subsequent step, Nextera XT reaction, which is a standard method that requires only 0.2 

ng/µl. The cumulus cell results from all four experiments illustrate a variety of amplification 

profiles. These variances stemmed from the various preparation protocols  
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Library preparation, which begins with template preparation, is a key step for successful 

RNA sequencing. Its importance lies in the fact that it reflects how closely the cDNA 

sequencing outcome reflects the original RNA population. The most critical issue is to 

obtain unbiased cDNA. Although existing RNA protocols only comprise a few steps, several 

manipulations are necessary when producing cDNA libraries. Each step of library 

construction (RNA extraction, cDNA synthesis, pre-amplification, library fragmentation) 

can create a bias in the final sequencing library. Such biases can affect the quality of both 

the data and the final analysis, leading to decreased sensitivity of transcript quantification. 

Significant effort has been put into improving library preparation strategies to avoid 

potential biases in transcriptome coverage. Therefore, as a first step, recovering high-quality 

RNA is an essential element for the success of library construction. Recently developed 

approaches allow for the selection of the RNA type before an RNA sequencing experiment, 

and these techniques have permitted transcriptomic studies with more focused aims. One of 

the main aspects of experimental design is the RNA extraction protocol used for selecting 

the RNA type. Most standard protocols rely on selecting polyadenylated mRNA and 

depleting ribosomal RNA, which constitute approximately 90% of all cellular RNA (135). 

It is estimated that each mammalian cell contains 10-20 pg, of which approximately 0.1 pg 

is mRNA (136). For this reason, dealing with a negligible quantity of RNA has been always 

a source of concern in single-cell gene expression profiling studies, because material loss and 

low biochemical reaction efficiency (mRNA capture, RT reaction, PCR) are major challenges 

for single-cell analysis (137). At the time of optimising this protocol (the beginning of this 

experiment), most transcriptomics studies were carried out on pooled oocytes in which the 

RNA extraction kits used were designed for microgram quantities that are not sensitive 

enough for recovering pictogram quantities in single cell  
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The objective of this chapter was to establish a method for preparing cDNA libraries for 

high-throughput sequencing that require very minute amounts of cellular material, and in 

such a way that the library represents the full length of all cDNA molecules—in other words, 

the full-length sequence of the expressed mRNAs in the cell. This was achieved in two 

subsequent stages: first, a preparation protocol for isolating and preparing single mouse 

oocytes and their companion cumulus cells was optimised; second, an amplification strategy 

was then optimised for generating sufficient cDNA using the Smart-Seq2 approach with 

some modification. Yet, existing protocols have either 3′ biased or uneven transcript 

representations. Back dated to the early era of RNA seq when the first sc-RNA-seq was 

developed by Tang in 2009. He modified a single cell microarrays protocol to be applied in 

individual mouse oocytes. This method overcame the bias created by microarrays as 

thousands of genes were expressed (131). Nevertheless, this protocol suffers from 

pronounced 3’ end bias as well as failing to detect transcripts longer than 1 kb, which 

consequently limits the transcript coverage (118). 

Smart-Seq2 strategy, developed by Picelle et al, 2014, has successfully expanded the 

transcript coverage by achieving nearly 40% coverage through the 5’ end of transcripts. It 

relies on a template switching mechanism using the Moloney murine leukaemia virus 

(MMLV) reverse transcriptase enzyme and the use of a unique TSO. 

This strategy possesses two features: template switching and terminal transferee activity. 

During first-strand synthesis, when reaching the 5’ end of the RNA template, the terminal 

transferase activity of the MMLV reverse transcriptase adds a few additional (non-

templated) cytosine residue to the 3' end of the newly synthesised cDNA strand. These bases 

function as a TS oligo-anchoring site. Upon base pairing between the TSO and the added 
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deoxycytidine, the reverse transcriptase switches templates, from cellular RNA to the TSO, 

and is transcribed to the 5' end of the TSO. This mechanism enriched transcripts with an 

intact 5’ end, resulting in cDNA containing the complete 5' end of the transcript. Along with 

tagging the cDNA 3' end with oligo (dT) primers, this protocol enables efficient 

amplification of the entire full-length transcript pool (138). 

 

 

Blakely et al. (2015) conducted an sc-RNA-seq study to investigate the three cell lineages 

of human blastocysts and used the SMARTer Ultra Low RNA kit for Illumina Sequencing 

(Clontech Laboratories) for preparing the sequencing libraries. Similarly, Reyes used the 

Figure 3.11 Template switching mechanism (TSO) used in Smart-Seq2 protocol, Picture 

adopted from Picelle et al, 2014 (149) .  
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same kit in 2015 to prepare bovine oocyte libraries for sc-RNA sequencing (139). Although 

both studies successfully generated approximately 30 million reads and achieved their 

objectives, the SMARTer kit could potentially be incompatible with the single mouse 

oocytes since a mouse oocyte is about half the size of those in bovines and humans (140). 

Smart-Seq2 seemed more efficient for recovering the minute amount of RNA in single cells, 

as it has been utilized successfully in cancer cell analysis showing a significant sensitivity 

and having half the cost of commercial kits. 

Using the Smart-Seq2 strategy for the cells of interest (oocytes and CCs) enabled the 

recovery of sufficient RNA from a single oocyte. Moreover, the quantity of cDNA achieved 

was adequate for the standard Nextera Library construction (details in the Chapter 2). 

 

Although it may seem trivial, harvesting cells rapidly and accurately with high efficiency is 

one of the main challenges in single cell work. Proper sample preparation is therefore crucial 

when preparing viable sc-RNA-seq libraries. Considering the importance of these technical 

issues when it comes to sample quality and integrity, micromanipulation techniques were 

used in isolating single oocyte and CCs from single follicles. Aside from the fact that the 

use of sterile micro-capillaries (made each day of collection) for cell collection was time 

consuming, it enabled microscopic supervision of cell isolation, thereby ensuring that the 

COC was captured during each isolation attempt. Furthermore, it allowed the isolation of 

each oocyte from its cumulus cells and the processing of each before moving to the next 

follicle. This method ensured that the oocytes were matched with their cumulus cells and 

kept in order. 
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The most common sources of error in downstream steps are the degradation and 

contamination of input material. Therefore, minimising the time spent in processing the cells 

during collection was highly prioritised. The use of a single tube approach that kept the RNA 

material in the same tube until the cDNA synthesised helped to prevent the loss of minute 

quantities of RNA during pipetting as had occurred in other studies (141). In addition, it 

saved time spent on sample processing. Also, to avoid technical bias, master mix of reagent 

was used whenever applicable. 

 

Standard RNA extraction approaches involve using a lysis buffer followed with a stop 

solution to deactivate its lytic activity before subsequent steps. Employing the SMART-

Seq2 protocol allowed for the preparation and use of a hypotonic lysis buffer with small 

amounts of RNase inhibitor and surfactant. This lysis buffer circumvented the need for post-

lysis clean up or the addition of a stop solution prior to reverse transcription, which is often 

used for single cell RT-PCR. Indeed, keeping the recovered RNA in a minimum volume had 

significant effect in maintaining RNA. 

Cross contamination was also a significant concern throughout this protocol. It is vitally 

important to keep all workspaces, equipment and reagents RNase free by using products 

such as RNase ZAP and RNase inhibitors. Avoiding sharing tip and capillaries between the 

oocytes and the CC samples was taken into account, since clear isolation is necessary to 

ensure a clean transcriptome profile for each cell type. Additionally, samples were covered 

to prevent airborne contamination. Collecting and preparing CCs necessitated lengthier 

procedures than used for the oocytes; CCs tubes were processed in fresh ice, and the lysate 

tubes were frozen immediately using dry ice. 
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Preparing the oocytes and CCs required multiple modifications to attain high quality and 

adequate cDNA yield. A low amount of input material for conducting sc RNA sequencing 

leads to a high level of technical noise, which complicates data analysis and could mask 

underlying biological variations (142) The more input starting material, the higher coverage 

achieved as a result of the increased library complexity. Ideally, larger cells, such as oocytes 

or embryos, should allow adequate coverage to be obtained for high deep sequencing where 

a similar level of coverage cannot be achieved in single somatic cell (143). 

The main technical challenge encountered when applying this protocol was cDNA pre-

amplification (144). As is well known, pre-amplification is a mandatory step when preparing 

a library for low-input samples, and particularly those similar to this study’s single oocytes 

and cumulus cells. Based on the fact that minor differences in replication efficiency build 

on each other with every cycle added, it was vital to prepare a library in such away that there 

was a balance between generating cDNA yield to maximise complexity with the minimum 

number of enrichment amplification cycles for both the oocytes and cumulus cells. The PCR 

is reportedly the primary source of systemic bias that amplifies a sequence unequally due to 

the stability of guanine-cytosine content (G-C) (145). These G-C-rich reigns are actually 

recalcitrant to this technology, thus, over-amplification of the template will lead to under-

presented or reduced quality reads of the transcript rich in G-C region. Thus, a percentage 

of these sequences will be duplicates, resulting in an uneven distribution of the read coverage 

across the targeted sequencing regions. 

Attempts have been made to avoid this technical issue, with researchers proposing 

alternative, amplification-free approaches for Illumina sequencing libraries. These new 

approaches have indeed improved the read distribution. However, these approaches are not 
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applicable to very minute samples (e.g., single cells) since a large amount of starting material 

is required (146). 

The complexity of a library can reflect the amount of bias generated by experimental design 

and such bias is a severe issue in data analysis. Libraries and can actually be assessed by the 

number of genes detected, which demonstrates the depth of coverage achieved (142). 

However, before this analysis taken, a library can be evaluated by measuring the rate of 

duplication while sequencing is in process. The higher the duplicate rate, the less complex 

the library, and the more uneven the coverage of the transcriptome (147). Therefore, when 

increasing cDNA yield for the purpose of improving library complexity and coverage depth, 

PCR duplicates should be accounted for, as these are associated with extensive amplification 

(148).  

The present study’s amplification protocol involved using the PCR enzyme Kapa HiFi 

(Kapa Biosystems, UK), which proved to have an advantage in terms of reducing the 

amplification bias caused by the GC content, as indicated previously (149). This resulted in 

improved coverage and sensitivity, particularly for GC-rich transcripts. Furthermore, adding 

betaine and additional magnesium chloride to the mixture improved the performance of 

reverse transcription. Together, these improvements maximised the Smart-Seq2 cDNA yield 

as compared to that of the SMARTer technique. This finding supported this study’s choice 

of the Smart-Seq2 method for use in the cells. 

3.8.!Summary  

In summary, the Smart-Seq2 protocol is an efficient approach for preparing single mouse 

oocytes and their accompanying cumulus cells. This chapter has described how the study 
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obtained a sufficient amount of high-quality cDNA with the fewest number of manipulation 

steps, demonstrating why Smart-Seq2 is a highly attractive method for preparing single-cell 

libraries for Illumina sequencing. In addition to the increased sensitivity of the Smart-Seq2 

approach relative to that of other kits, Smart-Seq2 uses standard reagents in minimal 

volumes, and its cost is half that of its competitors (143). As Smart-Seq2 has shown to be 

better suited for low volumes of starting material, this protocol was employed to prepare and 

collect the samples for the whole project. The next step in library construction is the Nextera 

XT reaction (Illumina, UK), which is detailed in the materials and methods chapter. 
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Chapter 4 

Experimental Design 
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4.1.! Introduction  

A fundamental prerequisite for a successful RNA study is that the data have the potential to 

answer the biological question of interest. An efficient experimental design incorporates 

biological replicates, as they improve the measurement of variations and detect outliers and 

increase the precision of the measurement. Selecting the appropriate number of biological 

replicates is a trade-off between cost and precision. It has been shown that low replicate 

experiments often have an insufficient statistical power to detect differential gene expression 

(DGE) correctly, and consequently, obtaining an accurate measurement of the biological 

variability is not feasible (150). Therefore. This chapter demonstrates the steps for designing 

single cell-RNA sequencing (sc-RNA-seq) experiment, taken into account these specific 

criteria set for selecting samples, which is crucial for an accurate data analysis.  

 

4.2.! Method 

4.2.1.!cDNA synthesis  

The lysate samples of oocytes and their corresponding CCs were reverse transcribed to 

cDNA (described in Chapter 2, section 2.5.2). The cDNA was amplified using 18 and 16 

PCR cycles for oocyte and CCs amplification, respectively. Although not all samples were 

used for RNA sequencing, it is preferred to covert all lysate samples to cDNA as they are 

more stable for long-term use than cell lysates. As many criteria were set to select sample 

(discussed below in figure 4.1), it was necessary to collect more COCs than required for use. 

The samples were collected and stored. Two additional CCs suspensions were aliquted in 
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two thin wall PCR tubes and kept frozen at -80°C, i.e. for each oocyte lysate tube, three 

aliquots of the matched CCs (0.5 µl :4.5 µl, CCs pellet: Lysis buffer) were stored at -80°C.  

!

Table 4.1: Number of oocyte cumulus complexes (COCs) collected and converted to 

cDNA. 

Age category  Oocyte CCs Number of Mice 

3-weeks-old 36 36 5 mice 

9-weeks-old 36 36 5 mice 

1-year-old 46 46 8 mice 

!

!

4.2.2.! Samples number  

From the total collected samples shown in Table 4.1, the sample number was reduced to the 

number indicated below based on selecting an equal number of samples from each mouse. " 

o! 20 oocytes and their 20 matched CCs from 1-year-old mice (mice number =8) 

o! 16 oocytes and their matched 16 CCs from from 9-week-old mice (mice number =5).  

o! 16 oocytes and their matched 16 CCs from 3-week-old mice (mice number =5).  

!

4.2.3.! Sample selection criteria 

A total of 108 samples of oocytes and their matched CCs (Table 4.2, 4.3 and 4.4) were 

measured using PicoGreen and Qubit.2, respectively. The quality of cDNA for both oocyte 
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and CCs samples was assessed using TapeStation (methods are described in chapter 2, 

section 2.7.3 and 2.7.4.). Then, by looking to both criteria:  concentration measurement and 

amplification profile (Figure 4.1), cDNA concentration must be above 0.2 ng/ µl, which is 

the minimum concentration required for the subsequent reaction: Nextera reaction, as well 

as each sample should have a high quality amplification profile.  In addition, oocytes and 

CCs must be selected from the same COC. 

 

!

!

!
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Figure 4.1 Experimental design for RNA-seq.  

!

!

!
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!

!Figure 4.2 Sequencing design for RNA experiment. 
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4.3.! Results: cDNA measurement  

The concentrations of cDNA oocyte sample were measured by PicoGreen (Agilent 

Technologies) wherase CCs samples were measured by Qubit.2 (ThermoFisher). Table 4.2, 

Table 4.3 and Table 4.4. Samples chosen from the same mouse were highlighted by the same 

colour.  

 
4.3.1.!One-year-old oocytes and their CCs 

Table 4.2:  cDNA concentration of 1-year-old oocytes and CCs.  

Oocyte
1 

Oocyte
2 

Oocyte
3 

Oocyte
4 

Oocyte
5 

Oocyte
6 

Oocyte
7 

Oocyte
8 

Oocyte
9 

Oocyt
e 10 

12.59 
ng/ µl 

5.4 ng/ 
µl 

9.1ng/ 
µl 

2.7 
ng/ µl 

0.23 
ng/ µl 

4.4 ng/ 
µl 

9.9 ng/ 
µl 

0.03 
ng/ µl 

10.7 
ng/ µl 

12.5 
ng/ µl 

Oocyte 
11 

Oocyte 
12 

Oocyte 
13 

Oocyte 
14 

Oocyte 
15 

Oocyte 
16 

Oocyte 
17 

Oocyte 
18 

Oocyte 
19 

Oocyt
e 20 

20.8 
ng/ µl   

5.6 ng/ 
µl 

6.69 
ng/ µl 

8.32 
ng/ µl 

6.6 ng/ 
µl 

4 ng/ 
µl 

19.4 
ng/ µl 

21.4 
ng/ µl 

5.9 ng/ 
µl 

0.2 
ng/ µl 

!

CCs1 CCs2 CCs3 CCs4 CCs5 CCs6 CCs7 CCs8 CCs9 CCs 
10 

0.27 
ng/ µl 

0.11 
ng/ µl 

0.26  
ng/ µl 

0.18 
ng/ µl 

22.3 
 
 ng/ µl 

0.23 
ng/ µl 

1.9 ng/ 
µl 

4.3 ng/ 
µl 

0.44 
ng/ µl 

2.9 
ng/ µl 

CCs11 CCs12 CCs13 CCs14 CCs15 CCs16 CCs17 CCs18 CCs19 CCs 
20 

0.15 
ng/ µl 

1.1 ng/ 
µl 

0.13 
ng/ µl 

0.15 
ng/ µl 

0.57 
ng/ µl 

1.3 ng/ 
µl 

1.1 ng/ 
µl 

0.46 
ng/ µl 

2.3 ng/ 
µl 

6.3 
ng/ µl 
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4.3.2.!Nine-week-old (young adult) samples   

The cDNA of oocytes and CCs measurements are shown in Tale 4.3 

 
Table 4.3: cDNA concentrations of 9-week oocytes and CCs. 

Oocyte1 Oocyte2 Oocyte3 Oocyte4 Oocyte5 Oocyte6 Oocyte7 
Oocyt
e8 

17.9 ng/ 
µl 

19.1 ng/ 
µl 

17.9 ng/ 
µl 15.6ng/ µl 22.3 ng/ 

µl 
13.7 ng/ 
µl 

20.37 ng/ 
µl 

0.29 
ng/ µl 

Oocyte 9 Oocyte 
10 

Oocyte 
11 

Oocyte 
12 

Oocyte 
13 

Oocyte 
14 

Oocyte 
15 

Oocyt
e 16 

10.8 ng/ 
µl 

0.923 ng/ 
µl 9.7 ng/ µl 11.3 ng/ 

µl 9.7 ng/ µl 5.9 ng/ µl 4 ng/ µl -0.33 
ng/ µl 

 
 
 

CCs1 CCs2 CCs3 CCs4 CCs5 CCs6 CCs7 

CCs

8 

0.68 ng/ 

µl 

0.0.6ng/ 

µl 1.3 ng/ µl 

3.3 ng/ 

µl 0.4 ng/ µl  0 

0.19 ng/ 

µl 

0.18 ng/ 

µl 

CCs9 CCs 10 CCs 11 CCs 12 CCs 13 CCs 14 CCs 15 CCs 16 

0.5 ng/ µl 
0.15 ng/ 

µl 

0.06 ng/ 

µl 

8.19 ng/ 

µl 
0 

0.32 ng/ 

µl 

0.05 ng/ 

µl 

0.4 ng/ 

µl 
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4.3.3.! Three-week-old (Pre-pubertal)  

The cDNA measurements for three-weeks-old oocyte are shown in Table 4.4 

Table 4.4: cDNA concentrations of 3-week oocytes and CCs. 

Oocyte1 Oocyte2 Oocyte3 Oocyte4 Oocyte5 Oocyte6 Oocyte7 Oocyte8 

2.1 ng/ µl 7.7 ng/ µl 9.2 ng/ µl 13 ng/ µl 11.4 ng/ µl 
18.5 ng/ 

µl 

16.8 ng/ 

µl 

9.6 ng/ 

µl 

Oocyte 9 Oocyte 10 Oocyte 11 Oocyte 12 Oocyte 13 
Oocyte 

14 

Oocyte 

15 

Oocyte 

16 

11.5 ng/ 

µl 
6.1 ng/ µl 9.8 ng/ µl 14.5 ng/ µl 5.1 ng/ µl 1.2 ng/ µl 

14.1ng/ 

µl 

0.1 ng/ 

µl 

 
 
 
 

CCs1 CCs2 CCs3 CCs4 CCs5  CCs6 CCs7 CCs8 

0.68 

 ng/ µl 

0.06 

 ng/ µl 
0 

0.34 

 ng/ µl 

1.55  

ng/ µl 

 0.73  

ng/ µl 

0.71 

 ng/ µl 

6.5   

ng/ µl 

CCs9 CCs 10 CCs 11 CCs 12 CCs 13 CCs 14 CCs 15 CCs 16 

0.25 

 ng/ µl 

0.25  

ng/ µl 

0.7  

ng/ µl 

0.8   

ng/ µl 

0.89 

 ng/ µl 

0.53 

ng/ µl 

0.44 

 ng/ µl 

0.26 

 ng/ µl 

 
!

!

!

!
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4.4.! Sample selected for the subsequent step: Nextera XT library  

By applying the criteria indicated in Figure 4.1, eight oocyte samples were selected from 

each age group in addition to their matched CCs where two samples are from same mother. 

Each cDNA sample was more than 0.2 ng/µl, and each two pairs were taken from one mouse. 

The final selection of samples for the Nextera XT library is shown in Table 4.5.  

 

4.4.1.!cDNA quality assessment  

The quality of cDNA amplification was assessed using TapeStation (Agilent, UK). The 

selection of sample was firstly based on cDNA concentration then, cDNA quality. 

Therefore, 48 amplification profiles are listed as follow:  

One-year old oocyte (Figure 4.3 [A], [B]) 

9-weeks-old oocytes (Figure 4.4 [A], [B]) 

3-weeks-old oocytes (Figure 4.5 [A], [B]) 

One-year old CCs (Figure 4.6 [A], [B]) 

 9-weeks-old CCs (Figure 4.7 [A], [B])  

3-weeks-old CCs (Figure 4.8 [A], [B]) 
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Table 4.5: Final selection of cDNA samples of oocytes (Yellow) matched with their companion 

CCs. * indicates that for the 9-weeks samples, only one pair (oocyte and its CCs) from mouse 2 

was chosen according to the selection criteria. 

One-year-old 

1 2 3 4 5 6 7 8 

Mouse1 Mouse2 Mouse3 Mouse4 

12.6 ng/ µl 9.2 ng/ µl 
10.8 ng/ 

µl 
12.5 ng/ µl 6.7 ng/ µl 

4.7 ng/ 

µl 

19.5 ng/ 

µl 

21.5 ng/ 

µl 

0.23 ng/ µl 0.26 ng/ µl 
0.44 ng/ 

µl 
0.29 ng/ µl 0.57 ng/ µl 

1.3 ng/ 

µl 

1.2 ng/ 

µl 

0.46 

ng/µl 

9-week-old 

1 2 3 4 5 6 7 8 

Mouse1 Mouse2* Mouse3 Mouse4 

18 ng/ µl 18 ng/ µl 
15.6 ng/ 

µl 
22.3 ng/ µl 20.4 ng/ µl 

10.9 ng/ 

µl 

11.3 ng/ 

µl 

5.9 ng/ 

µl 

0.7ng/ µl 1.3 ng/ µl 
3.4 ng/ 

µl 
0.4 ng/ µl 0.19 ng/ µl 

0.5 ng/ 

µl 
8.2 ng/ µl 

0.3 ng/ 

µl  

3-weeks-old  

1 2 3 4 5 6 7 8 

Mouse1 Mouse2 Mouse3 Mouse4 

2.1 ng/ µl 
13.04 ng/ 

µl 

11.4 ng/ 

µl 
18.5 ng/ µl 16.7 ng/ µl 

9.7 ng/ 

µl 
9.8 ng/ µl 

5.1 ng/ 

µl 

0.68 ng/ µl 0.34 ng/ µl 
1.6 ng/ 

µl 
0.73 ng/ µl 0.71 ng/ µl 

6.5 ng/ 

µl 
0.7 ng/ µl 

0.9 ng/ 

µl 
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4.5.!  Final quality assessment 

4.5.1.!TapeStation profiles for 1-year-old oocytes 

 

Figure 4.3 (A) TapeStation Profiles for 1-year-old. A quality assessment of 

amplification profiles for: 1) Oocyte1, 2) oocyte2, 3) Oocyte3, 4) Oocyte4, 5) 

Oocyte5 and 6) Oocyte 6.  

!
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Figure 4.3 (B).  TapeStation Profiles for 1-year-old oocytes: 7) Oocyte7 and 8) Oocyte8.  

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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4.5.2.!TapeStation profiles for 9-weeks-old oocytes 

 
Figure 4.4 (A) TapeStation Profiles for 9-weeks-old. A quality assessment of 

amplification profiles for: 1) Oocyte1, 2) oocyte2, 3) Oocyte3, 4) Oocyte4, 5) Oocyte5 

and 6) Oocyte 6.  

 

§!
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!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Figure 4.4 (B) TapeStation Profiles for 9-weeks-old. A quality assessment of 

amplification profiles for: 5) Oocyte5 and 6) Oocyte6. 
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4.5.3.!TapeStation profiles for 3-weeks-old oocytes 

!
!

Figure 4.5 (A) TapeStation Profiles for 3-weeks-old. A Qulaity assessment of 

amplification profiles for: 1) Oocyte1, 2) oocyte2, 3) Oocyte4, 4) Oocyte5 and 6) 

Oocyte 6.  
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Figure 4.5 (B) TapeStation Profiles for 3-weeks-old. A quality assessment of amplification 

profiles for: 7) Oocyte7 and 8) Oocyte8. 
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4.5.4.!TapeStation profiles for 1-year--old CCs 

 

Figure 4.6 (A) TapeStation Profiles for 1-year-old Cumulus cells. A quality 

assessment of amplification profiles for: 1) CCs1, 2) CCs2, 3) CCs3, 4) CCs4 and 

5) CCs5 and 6) CCs 6.  
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Figure 4.6 (B) TapeStation Profiles for 1-year-old Cumulus cells. A quality 

assessment of amplification profiles for: 7) CCs7 and 8) CCs8 
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4.5.5.!TapeStation profiles for 9-weeks-old CCs 

 

Figure 4.7 (A) TapeStation Profiles for 9-weeks-old CCs. A quality assessment of 

amplification profiles for: 1) CCs1, 2) CCs2, 3) CCs3, 4) CCs4, 5) CCs5 and 6) CCs 

6. 
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Figure 4.7 (B) TapeStation Profiles for 9-weeks-old CCs. A quality assessment of 

amplification profiles for: 7) CCs7 and 8) CCs8. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

!
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4.5.6.!TapeStation profiles for 3-weeks-old CCs 

 

Figure 4.8 (A) TapeStation Profiles for 3-weeks-old CCs. A quality assessment of 

amplification profiles for: 1) CCs1, 2) CCs2, 3) CCs3, 4) CCs4, 5) CCs5 and 6) CCs 6. 
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Figure 4.8 (B) TapeStation Profiles for 9-weeks-old CCs. A quality assessment of 

amplification profiles for: 7) CCs7 and 8) CCs 8. 
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4.6.! Discussion 

Although three replicates are the minimum requirement for estimating an accurate P-value 

and false discovery rate, it has been demonstrated that increasing the number of biological 

replicates from 2 to 5 improved the ability to detect differential expression (151). The power 

statics and the total number of differential expressed genes (DEG) increase when additional 

replicates or sequences are added (152); however, whether sacrificing sequencing depth for 

additional replications is beneficial was a concern while planning this project because it is 

not possible to estimate the amount of sequencing depth required to obtain DE genes.  

 

As the aim was to apply a cost-effective strategy that guaranteed achieving the maximum 

power for detecting DEG, additional biological replicates with a decreased sequencing depth 

became an attractive strategy. A previous study compared the number of DE genes produced 

when two biological replicates were increased to three biological replicates at a 10 M depth, 

which yielded a 34,7% increase in the number of DE genes; however, an increase from six 

replicates to seven replicates yielded 26,3% more DE genes at this sequencing depth (152).  

Therefore, eight oocytes and their corresponding eight CCs were selected from each age 

group. The eight biological replicates were carefully selected for each age group considering 

that each two pairs of each COC are collected from one mouse. It could be argued that 

replicates number should be the number of mice used in this study, which is four female 

mice in each age group.  However, in fact,  it is well known that each oocyte has a different 

fate even those retrieved from the same mother. In our biroinformatic analysis;  despite of 

being used 8 as the n number, it was still useful to have multiple animals as this can establish 

the robustness of the changes, allowing us to assess how the differences vary across animals, 

and makes generalisation to other animals possible. 
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It seems that additional replicates increase the number of DE genes, although a deeper 

sequencing may not affect the accuracy estimation of highly expressed genes. Low gene 

expression has been shown to have an approved estimation accuracy when there is deeper 

sequencing. Therefore, eight biological replicates were planned to be run for each age group 

and for both oocytes and CCs. 

 

Sequencing depth, or coverage, is estimated as the number of total mapped sequences. 

Deeper sequencing for sc-RNA-seq improves the quantification of transcripts. Because 

genes are expressed at different levels in the transcriptome, a large number of sequences is 

required to measure the transcripts that are expressed at low levels (153). Therefore, 

increasing the sequencing depth is essential for an accurate measure of low gene expression. 

To achieve this, the aim was for the sequencing strategy to generate 30 million reads per 

single oocyte and per CCs sample.  

Illumina sequencing was set to sequence at 75-bp paired read ends per sample. The longer 

the read, the more precise the mapping rate. Paired ends were chosen over single ends, as 

the sequencing of both ends of RNA fragments yields more information, especially for the 

detection of alternative splicing and chimeric transcripts. Paired-end sequencing is more 

efficient strategy for characterising and quantifying transcriptomes, and it increases the 

sensitivity and specificity of the detection of alternative splicing. 

4.7.! Summary 

Overall, the success of sc-RNS-seq is relied on experimental design. Several factors need to 

be considered when planning a sc-RNA-seq experiment.  Sequencing depth, library type, 

and number of replicates are important factors to determine. !
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Chapter 5 

Transcriptomic Analysis 

of Pre-Pubertal Oocyte 

!

!
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5.1.!Introduction 

At birth, oocytes are arrested at prophase of the first meiotic division. Oocytes are either 

naked or surrounded with a thin layer of few granulosa cells (154). Follicles then begin to 

grow during the first week of mouse life. It takes about 10 to 12 days until medium follicles 

are formed and the number of growing follicles increases until large follicles are found in 

the ovary of a juvenile mouse (during the third week). Between birth and early onset of 

maturity around week 5, the total number of oocytes decreases. At this point, follicle 

differentiation at different stages of development has already occurred. Follicle development 

does not proceed beyond this antral stage until the mouse reaches sexual maturation (3).  

 

Oocytes remain in the diplotene stage during oocyte growth until shortly before ovulation 

(8), when they respond to the pre-ovulatory surge of Luteinising hormone (LH). Oocytes 

undergo important changes that determine their quality.  Oocyte quality is mainly dedicated 

by both nuclear and cytoplasmic maturation which acquired during oocyte growth (155). 

While nuclear maturation includes Germinal vesicle breakdown (GVBD) and progression 

to meiosis 1 represented with the extrusion of the first polar body, cytoplasmic maturation 

refers to complicated events that result in acquisition of developmental competence. An 

oocyte’s capability to attain successful fertilisation and undergo normal embryonic 

development is referred to developmental competence (156).  

 

It is well documented that oocytes have limited developmental competence at a pre-pubertal 

age. A pre-pubertal oocyte is less capable than an adult oocyte of sustaining fertilisation and 

undergoing normal embryonic development (157). In vitro maturation studies of pre-

pubertal oocytes have resulted in lower cleavage and lower blastocyst formation rates 
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(30,31). Many studies have addressed factors that are thought to be correlated with the 

competence of a pre-pubertal oocyte (140,158). Oocytes from large follicles have been 

found to have higher developmental potential than those from small follicles. Romaguera et 

al showed that blastocyst yield can increase from 5.45% to 18.07% when oocytes are 

recovered from large follicles. It is believed that oocyte competence is correlated with  

increasing oocyte diameter that expected to be fully grown oocyte (159). 

 

Moreover, Previous study using nuclear transfer have confirmed that cytoplasmic 

maturation of pre-pubertal oocytes is comprised, which has led to conclude that nuclear and 

cytoplasmic maturation occur in a synchronised manner necessary for successful 

fertilization (160). This reduced competence is mainly attributed to inadequate cytoplasmic 

maturation (161). Oocytes build up the store of the essential factors including mRNA, 

organelles, proteins, which support meiotic maturation.  They rely on stored transcripts to 

both complete meiosis and continue initial cleavage divisions after fertilisation, until the 

maternal zygotic transition (162). Thus, oocytes develop competence progressively as they 

approach puberty (163). However, it remains unclear at which period specifically 

development is completely acquired.  

 

Despite the clinical demand of the using the pre-pubertal oocytes in infertility treatment, 

there has been limited progress in improving the maturation of pre-pubertal oocyte. The 

need for transcriptomic analyses in this area is essential to improve our understanding of the 

mechanisms underlying the developmental competence of immature oocyte. Single cell 

transcriptomics is a powerful method that allows to closely examine the transcriptional 
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activity of an oocyte at pre-pubertal age, and this investigation has the potential to develop 

ways in which oocyte quality can be manipulated and improved. 

 

The aim of this chapter is to investigate the transcriptome differences between single 

oocytes from pre-pubertal female mice at 3 weeks of age and sexually mature mice age 9 

weeks and gain insights into the regulatory pathways that contribute to the limited 

developmental competence of a pre-pubertal oocyte.   

 

5.2.! Method 

5.2.1.! Sample preparation 

 Individual COCs were recovered from 3 weeks old (pre-pubertal oocyte) and 9 weeks old 

(adult oocyte). Mice were stimulated with PMSG 48 hours prior to the collection of ovaries. 

Oocytes were from surrounding CCs, washed in PBS/BSA and kept in lysate buffer at -

80°C. Ployadenylated RNA was isolated, amplified and processed for Illumina sequencing 

using Smart-seq2 approach  (preparation details in section 2.4 and 2.5) 

  

5.2.2.! Bioinformatics analysis 

The RNA sequencing data were processed using FastQC format. Duplicates and adaptors 

were removed. Then, only uniquely mapped reads were retained using STAR software. 

Differential gene expression was carried out using edgeR, the data were then enriched for 

pathways analysis using IPA, web based software, and Metacore Thompson (detailed in 

section 2.9). 
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5.2.3.!  Functional analysis  

Pathway analysis and network identification were carried out using two software: Ingenuity 

Pathways Analysis (IPA) and Metacore. A total of 2912 differential expressed (DE) 

transcripts with their corresponding P values, and fold changes were imported into 

Ingenuity Pathways Analysis (IPA) (Ingenuity® Systems, http://www.ingenuity.com) to 

identify canonical pathways. The second software was Metacore Software used to analyse 

the molecular function and to determine the biological relevance.  

!

5.3.! Results 

The result of 3 weeks oocyte transcriptomics is divided into four sections as follow: 

 

1.! Sequencing quality 

2.!  Principle component analysis (PCA) 

3.! Differential genes expression 

4.! Functional analysis 

Note: This chapter discusses the comparison of 3-week-old oocytes relative to 9-

week-old oocytes. However, since the sequencing data of the three ages (including 

1-year-old transcriptome results in Chapter 6) were processed and generated!

together for technical purposes, the sequencing quality and PCA results show the 

three ages together 

!
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5.3.1.!Sequencing quality 

5.3.1.1.!  Mapping rate  

Illumina sequencing resulted in 30 million reads per oocyte (n=24; 8 oocytes from each age: 

3 weeks, 9 weeks and 1 year). As indicated in Figure 5.1, a total of three columns represent 

the mapping rate for each oocyte. From about ~ 30 million reads that were generated from 

each single oocyte, an average of 28 million reads were mapped, and about 23 million reads 

were mapped uniquely. About 70% of reads were uniquely mapped to mouse genome. The 

high mapping rate indicates to the high quality of sequencing data.  
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!

Figure 5.2 Mapping rate graph.  Each oocyte (n=8) at 3 weeks, 9 weeks and 1 year 

of age generated around 30 million reads, around 28 million of which were mapped, 

and around 23 million of which mapped uniquely. 

Number of fragments  
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5.3.1.2.  Oocyte-specific genes expression 

To evaluate the validity of the generated sequencing data, a number of genes that are known 

to associated with oocyte function have been assessed to ensure that a high quality of 

sequencing was achieved.  These genes include: 

 H1 Histone Family Member O Oocyte Specific (H1foo) (164), which is an oocyte-specific 

gene and is known to be essential in oocyte maturation. Growth differentiation factor-9 

(Gdf9), is a member of the transforming growth factor-beta (TGFβ) and is known to be 

expressed in oocytes for ovarian folliculogenesis (165). Superfamily zona pellucida 

receptors (Zp2 and Zp3), which both mediate the initial  interaction with sperm (166). 

Zygote arrest1 (Zar1) which is a novel maternal-effect gene critical for the oocyte-to-

embryo transition (167). Bone marrow Protein (Bmp 15), an oocyte-derived growth and 

differentiation factor, is a critical regulator of folliculogenesis and granulosa cells C 

activities (168). Wee1 homolog 2 (Wee2), acts as a key regulator of meiosis during both 

prophase I and metaphase II (169). Aurora kinase A (Aurka), which is a centrosome-

localised serine/threonine kinase crucial for cell cycle control, is critically involved in 

centrosome maturation and spindle assembly (170). Enhancer of zeste homolog 2 (Ezh2), 

required for mouse oocyte meiotic maturation (171). Maternal embryonic leucine zipper 

kinase (Melk), it plays an important role in oocyte maturation and early embryonic 

development. F-box 43 (Fbxo43) protein coding gene is required to establish and maintain 

the arrest of oocytes at the second meiotic metaphase until fertilization (172). Cell division 

cycle family (Cdc25a, CDc25b and CDc25c) are members of the CDC25 family of 

phosphatases. Cdc25a, which is required for progression from the G1 phase to the S phase 

of the cell cycle CDC25A/B/C, are dual-specificity phosphatases and activate cyclin- 

dependent kinases (CDKs) that are essential for resumption of meiotic cell cycle (173). Sex 
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Comb On Midleg Like 2 (Scmi2) involved in DNA methylation. Phosphodiesterase Type 

3A (Pde3a), which is essential for oocyte maturation and subsequent fertilisation (174). 

DNA (cytosine-5-)-methyltransferase 3 beta (Dnmt3b), is an enzyme required for DNA 

methylation (175). 

 

The boxplot of the genes demonstrates the average gene expressions in the samples of each 

group (Figure 5.2). One example is the average of bmp15 expression in the eight 1-year-old 

oocytes. The range of expression, which is measured by Read Per Kilobase per Million 

(RPKM), for each gene indicates the consistency of the gene expression values in all samples 

at each age.  

 

 

 

 

 

 

 

 

 

 

 

 

!

!
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Figure 5.3 depicts a boxplot demonstrating the average expression of the gene-

specific  oocyte in the sequencing data. Boxes correspond the the first and third 

quartile; whiskers extend to 1.5 times the interquartile, and the dot indicates an 

outlier. Genes are sorted based from the highest to the lowest expression in each 

group. 
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5.3.1.3. Number of expressed genes (quality assessment) 

Using the criteria that a gene is retained if expressed with a threshold of one count-per-

million (cpm) for any given sample at each age group (Figure 5.3). The number of expressed 

genes is an important factor in assessing the complexity of sequencing library as a higher 

number indicates a deep sequencing depth was achieved. This is assessed by the number of 

sequenced reads for a given sample (Figure 5.3). 

 
 

!

 
 Figure 5.3 depicts a boxplot of the count per million (cpm), showing the 

number of genes expressed in oocytes in each age group. A threshold of 1 count-

per-million (cpm) was used to deem a gene as expressed for any given sample. 

Boxes correspond to the first and third quartile. The horizontal line represents 

the median; whiskers extend to 1.5 times the interquartile range.   
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5.3.2. Principle Component Principle (PCA) 

To investigate the gene expression pattern variations between oocytes within a given age, 

sample data were plotted along the first and second PCA to identify a single-cell sample 

with similar global gene expressions across different ages (Figure 5.4)  

 

The generated sample clusters enable the evaluation of the similarity and the variability of 

the global transcriptome profiles between and within the age groups by revealing how 

principle components (each dot represents a sample) of all three ages relate to one another.  

The majority of oocytes clustered according to their developmental age: 3 weeks, 9 weeks 

and 1 year. Principle Component Analysis reveals that oocytes of a similar age have a 

distinct transcription pattern that separates them from the oocytes of the other two age 

groups. Clear transcriptomic differences were revealed between the oocytes collected from 

the different age groups. A large proportion of the variation of principal components is taken 

from two samples of the 9-week-old oocytes. These two oocytes are from the same mouse.  

 

Although that each two oocytes were retrieved from the same mother, they do not seem to 

have a significant cluster apart from other samples in the same age group. This could support 

the assumption that each oocyte has a binary fate independent of other oocytes from the 

same mother. The oocytes from the same mother could be still sharing some features in 

comparison to other oocytes from different mice. But, samples in this PCA were scattered 

based on the most variable gene expressions that dominate the PCA, which apparently was 

age-related changes.  

!
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!

!

!

Figure 5.4 depicts the PCA of a mouse sc-RNA-seq transcriptome. Each 

point represents a single oocyte sample and is labelled according to age. 

Sample data were plotted along with first and second principle components.  
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5.3.2.1. Pre-pubertal versus adult oocytes (3 weeks vs 9weeks) 

 Oocytes at 3 weeks have clustered distinctly and closely together from those at the age of 9 

weeks (Figure 5.5). The compact cluster of all the components of this group (the 3-week-

old oocytes) that are not seen in other two clusters (9 weeks and 1 year) suggest that the 

oocytes have very similar transcription patterns before maturation takes place (before 

puberty). On the other hand, the variation in global gene patterns of oocytes become slightly 

obvious when oocytes reach 9 weeks and when the oocytes are completely mature, as shown 

in Figure 5.5. 

!

!

!

!

 Figure 5.5 depicts the PCA of oocytes at 3 weeks of age (pre-pubertal) versus 

9 weeks (adult). Oocytes from the immature 3-week-old mice cluster fairly 

separately to the oocytes of the 9-week-old mice.!
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5.3.3. Differential genes expression 

A total of 2912 genes were identified as differentially expressed in the 3-week-old oocytes 

as compared to the oocytes from the 9-week-old mice. In the scatter plot, the x-axis is the 

average value of normalised counts (measured in cpm), and the y-axis shows the log2-fold 

change in expression. The significant differentially expressed genes (P < 0.05) are indicated 

in red in Figure 5.6. The range of the fold change is quite broad, showing many genes with 

log2-fold change up to 5 and several genes with a fold change greater than 5. Negative fold 

change values demonstrate downregulated genes. Additionally, the overlapping 

differentially expressed genes in both ages are colored in green (Figure 5.6).  

!

!

!

!

!

!

!
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Figure 5.6 depicts a scatter plot of average counts (cpm) versus Log2 -fold 

changes for genes generated by DEseq. Genes were retained if they expressed 

a threshold of 1 count-per-million (cpm) for any given sample. 
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5.3.4. Overlapping genes between the three ages 

About 1271 genes were commonly differentially expressed in both 3-week-old and 1-year-

old oocytes, in comparison to a 9-week-old oocyte, in which 679 genes were upregulated 

and 592 were down-regulated. On the other hand, 893 and 136 upregulated genes were 

exclusive to 3-week-old and 1-year-old oocytes, and 748, 235 downregulated genes were 

exclusive to 3-week-old and 1-year-old oocytes, respectively (Figure 5.7)  

!

 

 

 Figure 5.7 depicts a Venn diagram showing the number of genes differently 

 regulated between the two comparisons.!
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5.3.5. Functional analysis 

Ingenuity Pathway Analysis (IPA) was used to identify the canonical pathways and the 

regulatory network potentially involved in the regulation of immature oocyte development 

at a pre-puberty age. Using oocytes from 9-week-old mice as a baseline for conducting this 

comparison, differentially expressed genes were involved in 20 pathways at a P value 0.05. 

The canonical pathways were categorised based on the number of genes present from the 

dataset.   

!

5.3.5.1. Canonical Pathways 

 Significant canonical pathways are shown in Figure 5.8. Activated metabolic pathways in 

the pre-pubertal oocyte indicate that oocyte transcriptome is undergoing global changes, 

which led to a different metabolism and gene expression pattern. This data represents a 

distinct transcriptional activity that is ongoing to acquire meiotic competence. Thus, changes 

are associated with the incomplete developmental competence of these oocytes in 

comparison with the adult oocytes at 9 weeks (Figure 5.8) 

 

Additionally, a stacked bar chart was also generated to demonstrate the upregulated genes 

and downregulated genes in each pathway, along with the ratio (orange line) of the number 

of genes in a given pathway that met the cut-off criteria to the total number of the molecules 

involved in each pathway in the reference gene set (Figure 5.9).  
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A total of 579 differentially expressed genes with fold change more or less than 2. To give 

a clearer picture of the upregulated or downregulated genes in a specific canonical 

pathway, a list of DE genes and the top 20 canonical pathways are provided in Table 5.1. 
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Table 5.2: demonstrates genes involved in signaling by Rho of GTPases, generated by IPA 

Symbol Entrez Gene Name Expression 
Log Ratio 

 False 
Discovery Rate 
 (q-value) 

ACTA2 actin, alpha 2, smooth muscle, aorta 6.633 0.000182 
CDH17 cadherin 17 -2.197 0.00248 
ELK1 ELK1, ETS transcription factor 2.085 0.0224 
EZR Ezrin 2.174 0.00185 
FNBP1 formin binding protein 1 -2.331 0.0489 
IRS1 insulin receptor substrate 1 4.18 0.0101 
MAP3K10 mitogen-activated protein kinase 

kinase kinase 10 
3.327 0.000807 

MAP3K11 mitogen-activated protein kinase 
kinase kinase 11 

2.211 0.00000932 

MAP3K21 mitogen-activated protein kinase 
kinase kinase 21 

-2.822 0.0112 

MAPK10 mitogen-activated protein kinase 10 -2.143 0.0275 

MYL9 myosin light chain 9 9.163 0.000123 
MYLK myosin light chain kinase 4.277 0.00227 
PIP5KL1 phosphatidylinositol-4-phosphate 5-

kinase like 1 
-4.089 0.0362 

PPP1R12C protein phosphatase 1 regulatory 
subunit 12C 

4.428 0.0126 

PTK2B protein tyrosine kinase 2 beta 2.183 0.0225 
RHOU ras homolog family member U 3.294 0.0164 
SEPT9 septin 9 4.189 0.0108 
TLR9 toll like receptor 9 2.095 0.00851 
VIM Vimentin 6.043 0.000353 

 
 
 
 
 
 
 
 
 
 
 
 



 

 148 

 Table 5.3: demonstrates genes involved in ILK signaling pathway. 

Symbol Entrez Gene Name Expressio
n Log 
Ratio 

False 
Discovery 
Rate (q-
value) 

ACTA2 actin, alpha 2, smooth muscle, aorta 6.633 0.000182 
DSP Desmoplakin 3.597 0.0000558 
FLNA filamin A 2.323 0.0444 
FNBP1 formin binding protein 1 -2.331 0.0489 
GSK3A glycogen synthase kinase 3 alpha 2.596 0.000654 
IRS1 insulin receptor substrate 1 4.18 0.0101 
MAP2K6 mitogen-activated protein kinase kinase 6 -2.139 0.0287 
MAPK10 mitogen-activated protein kinase 10 -2.143 0.0275 
MYL9 myosin light chain 9 9.163 0.000123 
PARVA parvin alpha 4.567 0.0096 
PARVB parvin beta 3.715 0.00667 
PPP2R1B protein phosphatase 2 scaffold subunit Abeta -2.125 0.000364 
PPP2R5B protein phosphatase 2 regulatory subunit 

B'beta 
2.121 0.00305 

RHOU ras homolog family member U 3.294 0.0164 
TLR9 toll like receptor 9 2.095 0.00851 
VIM Vimentin 6.043 0.000353 

 

 Table 5.4: demonstrates genes involved in PXR/RXR Activation signaling pathway. 

Symbol Entrez Gene Name Expression 
 Log Ratio 

False 
Discover
y Rate (q-
value) 

ALDH1A1 Aldhyde dehydrogenase  2.063 0.00243 

CPT1A Cartnitine  3.588 0.0048 
CYP7A1 Cytochrome P450 family 7 -4.272 0.0002 

GSM1 Glutathione S-transferase  2.557 0.0031 

HMGC2 3-hydoxy-3- 2.861 0.0026 
PCK2 Phoshoenolpyruvate 7.894 0.0001 

RXRA Retinoid X receptor alpha 2.404 0.0001 
SCD Stearoyl-CoA desaturase  4.077 0.0002 
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Figure 5.8 depicts a stacked bar chart of the top 20 canonical pathways in a pre-

pubertal oocyte, compared to an adult oocyte. The upregulated genes (red colour) 

and downregulated genes in each pathway are demonstrated, along with the ratio 

(orange line), which is the number of genes in a given pathway that meet the cut-

off criteria in proportion to the total number of molecules involved in each 

pathway in the reference gene set. 

!Log(P!value)-
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Figure 5.9 The 20 top significant pathways activated in a pre-pubertal oocyte, 

as compared to an adult oocyte 
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Figure 5.10 Overlapping of the top ten canonical pathways generated by IPA. P values and 

the number of common genes between the two pathways. This represents the 

interconnectivity among activated signaling pathways. 

. 
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5.3.6. Upstream regulators  

Based on the functional analysis of the general data set, IPA was used to predict the 

upregulator effect of the activated pathways. Transforming growth factor beta family (TGF-

β) is the candidate regulator, of which the most significant expressed genes are upregulated 

(red colour) or downregulated (green).  Figure 5.11 shows the direction of the relationship 

between gene and the TGFβ . 
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Figure 5.11 TGFβ family is predicted as the upregulator effect in pre-pubertal 

oocyte.!
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5.3.7.  Networks identification 

Using IPA, differential genes were grouped based on their molecule connectivity and 

cellular functions. The top five networks were identified as shown in Table 5.2. 
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 Table 5.5: Top five networks involved in pre-pubertal oocyte 

 

!

Network Score Node Molecules 

 
Developmental 
Disorder, Organismal 
Injury and 
Abnormalities, 
Reproductive System 
Disease 

 
44 

  
28 

 
AMHR2,ATP4A,CAPN2,CEBPB,CENPI,Cg,CHS
T8,COLEC12,CTDNEP1,CUEDC1,CYP11A1,Eif4
g, 
FAM189B,FHL1,FOXL2,FSH,FSTL3,HSD3B2,K
CNT2,Lh,LIMCH1,Mitochondrial complex 
1,MNT,NDUFAF1,NR5A1,Pka,PTPase,SMARCA
1,SMARCD3,SOX4,STEAP1,SUN2,TENM4,TME
M255A, Tmsb4x (includes others) 
 

Cellular Assembly and 
Organisation, 
Cardiovascular 
System Development 
and Function 

26 39 ARHGAP11A,BASP1,CD72,CDK5R2,Cr3,CTTN
BP2,ERK,FLNA,FXR2,GK,Glycogen 
synthase,H1FX,Hist1h1b,Hist1h1e,Histone 
H1,KIF1A,LGALS1,MYO5C,PTEFb,PFKFB1,PP2
A,PPP1R9B,Ppp2c,PPP2R1B,PPP2R5B,PURB,Rnr
,RPSA,Rsk,SEPT9,SPSB1,SYNPO,USF2,ZFP36L1
,ZNF358 
 

Inflammatory Disease, 
Skeletal and Muscular 
Disorders, Cellular 
Development 

25 37 Akt,ALDH1A1,Ap2 alpha,ATP1B2,Atrial 
Natriuretic 
Peptide,Collagen,Alpha1,COMP,CPT1,CPT1A,CY
P19,DDAH1,DDAH2,DIP2A,EIF4EBP2,GRB14,Ig
f,Igfbp,IGFBP2,IGFBP5,INSM1,Marcks,METRNL
,NDRG2,PBXIP1,PHLDB1,PLAC1,POSTN,PRKA
A,PTGDS,RBP1,SCD,SCGB3A1,Smad2/3-
Smad4,TNC,VCAN 
 

Cell Cycle, Dental 
Disease, 
Developmental 
Disorder 

24 35 143,CaMKII,Creb,CRIM1,DLG2,DYNC1H1,EGL
N,EID1,FOSL2,IRF2BP1,JUND,KLC2,Mapk,MA
Z,MED16,mediator,Mlc,MLLT1,MLLT6,MYL9,M
YLK,NHS,Notch,PDE5A,Pka catalytic subunit,PP1 
protein complex 
group,PTGR2,SIRPB1,SOX12,SYNCRIP,TJAP1,tr
ypsin,VARS,ZBED6,ZC3H10 
 

Cell Death and 
Survival, Cellular 
Assembly and 
Organization, Cellular 
Compromise 

19 25 ARHGDIG, atypical protein kinase C,BCR 
(complex),Caspase 
3/7,CD69,CDKL4,DEPDC1B,EFNA1,Filamin,ISG
20L2,Jnk,KIF26A,LARS2,MAP3K10,MAP3K11,
MAP3K21,MAPK10,ME3,MLK,Mt1,Mt2,NCK,Pa
k,PLC gamma,Ptk,RAP2C,Rho 
gdi,RHOU,S100A6,Sapk,Sos,SYDE1,SYK/ZAP,T
CF,VAV 
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Figure 5.12 Network 1: Development Disorder, organismal injury and 

abnormalities, reproductive system disease. One of the  networks involved in 

pre-pubertal oocyte!
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Figure 5.13 Second network involved in pre-pubertal oocyte: Cellular 

assembly and organisation, cardiovascular system development and function. 
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 Figure 5.14 Third network involved in pre-pubertal oocyte: Inflammatory Disease, 

skeletal and muscular disorders, cellular development network. 
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Figure 5.15 Fourth network involved in pre-pubertal oocyte:: Cell cycle, dental disease, 

developmental disorder.!

!



 

 160 

 

Figure 5.16 Fifth network involved in pre-pubertal oocyte: Cell death and survival, 

cellular assembly and organisation, cellular compromise. 
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5.4. Discussion 

Single-cell RNA –seq was performed to characterise the transcriptome profiling of the pre-

pubertal oocytes recovered from mice at 3 weeks of age and compared with oocytes of 

sexual mature mice at 9 weeks old. Single-cell transcriptomics was used for the first time to 

shed light on the molecular pathways and the cellular mechanisms that determine the 

competence of pre-pubertal oocyte. Knowing the molecular mechanisms underlying oocyte 

competence enables potential improvement of assisted reproductive technologies. 

 

A limited focus on the ongoing transcriptional activity during the oocyte at pre-meiotic 

stages (before puberty) has led to slow progress in improving the competence of the pre-

pubertal oocyte. Previous studies have investigated transcript abundance in oocytes derived 

from pre-pubertal goats, pigs and cattle and made comparisons to their adult counterparts 

(40,176). While these studies have revealed a number of candidate genes related to 

developmental competence, it is implausible to evaluate the gene expressions as the in vitro 

maturation environment could be deleterious to the level of gene expressions. Oocytes 

acquire cytoplasmic maturation after a long and complex process that involves the 

transcription and translation of genes during maturation, which is followed with a massive 

destruction of transcripts after maturation. Therefore, gene expression could have been 

altered.  

  

The developmental competence of oocytes from the pubertal mice is inferior to that of the 

sexually mature mice (30,31,34,157,161). Using 9-week-old oocytes, which are at their 

prime reproductive age, as models of high developmental competence has allowed 

comparison the quantities of metabolites between the two ages. Single cell transcriptomics 
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combined with bioinformatics analysis was able to reveal new intracellular pathways that 

appear to be determinant for the cytoplasmic maturation and involved in the the developmental 

potential of the oocytes. 

 

The findings showed that deep RNA sequencing of single mouse oocytes is achievable. 

Approximately 30 million 75 bp reads were generated per oocyte, of which 70% uniquely 

mapped to the mouse genome reference. The high mapping rate, the number of reads 

achieved and the number of expressed genes that were detected with the analysis 

demonstrate the ability to successfully produce an Illumina library from a single mouse 

oocyte.  

 

The high number of differential genes expression of immature oocytes revealed that an 

oocyte at the age of 3 weeks has a distinct transcriptome profile as compared to oocyte from 

adult mouse.  The PCA plot illustrated a distinguished cluster of the pre-pubertal oocytes 

from the 9-week age group, indicating substantial differences in gene expression before and 

after puberty. More importantly, PCA has allowed the assessment of the global quality of 

the RNA-seq dataset, as it enables one to examine the reproducibility among replicates 

(eight samples from each age) as well as the possible batch effects of the sequencing lane.  

 

Single cell-RNA- sequencing revealed novel regulatory molecules associated with the 

maturation of oocytes at the pre-puberty stage. Canonical pathways analyses with IPA 

identified pathways that were significantly associated with the maturation of pre-pubertal 

oocytes. The top ten significant signalling pathways were mainly involved in: Rho Family 

GTPases pathway, Integrin Linked Kinase (ILK) pathways, Pregnane X receptor /Retinoid 
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X receptor (PXP/RXR) pathway, Xenobiotic Metabolism Signaling pathway, RANK 

Signaling in Osteoclasts pathway, Type II Diabetes Mellitus Signaling pathway, LPS/IL-1 

Mediated Inhibition of RXR Function pathway, Germ Cell-Sertoli Cell Junction Signaling 

pathway, GP6 signalling pathway, Interlukin-8 signalling pathway. Most of these are 

relevant to oocyte development (Figure 5.8, 5.9). 

 

Interestingly, most of the canonical pathways are closely related (overlapping pathways 

in Figure 5.10). Many of the differentially expressed genes are present in multiple 

pathways, which also relate to network processes (Table 5.1). Some pathways have 

actually included similar overlapped genes. For instance, the Rho Family by GTPases 

signalling pathway includes all the genes that associated with RANK Signaling in 

Osteoclasts pathways as well as its own genes. Therefore, the pathways that are biologically 

relevant to ovarian development were selected for analysis. 

 

The most activated canonical pathway was signalling by Rho family GTPases family, which 

includes 19 transcripts (FC>2 or <2) as shown in Table 5.2. The genes present in this 

pathway dominate the data with the highest expression (together with ILK signaling 

pathway) and are involved mainly with cytoskeleton organisation.  

The Rho of GTPases family are well-known regulators of the actin cytoskeleton, which is 

involved in many important processes, such as cell adhesion, regulation of cell shape and 

intracellular processes (177). The Ras homolog family (Rhou), is a member of the GTPases 

family and plays multiple roles in many aspects of cell function, was highly expressed in 

pre-pubertal oocyte (Table 5.2) Rhou was recently revealed to regulates cytoskeleton 

dynamics by affecting actin filament assembling and spindle formatting (177). Interestingly, 
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Rhou was recently reported as upstream for the Mitogen activated protein kinase10 

(Mapk10), a cytoplasmic factor that has a fundamental role in initiating meiosis resumption. 

Mapk10 was diminished two fold in pre-pubertal oocyte relative to the 9 weeks oocyte 

(Mapk10, FC= -2). Mapk10 is a serine/threonine-protein kinase involved in various 

processes such as cell proliferation, differentiation and programmed cell death. Cytoplasmic 

maturation is regulated by kinase involved in the initiation and progression of meiosis. Since 

Mapk10 plays a crucial role in the resumption of oocyte maturation (178). The reduced 

expression level of Mapk10 in a pre-pubertal oocyte indicates that activity of Mapk10  has 

not been triggered yet, negatively influencing the initiation of meiosis resumption. The 

lower Mapk10 is consistent with previous observations that demonstrated the lower activity 

of Mapk10 in an immature calf oocyte, which correlated with the incomplete cytoplasmic 

maturation that led to poor results (37). 

 

Interestingly, Mapk10 is found to be an upstream regulator for myosin light kinase (Mylk) 

that phosphorylate Myosin light chain 9 (Myl9)(179). Both genes were highly expressed 

with FC= 9.16, 4.2, respectively.   Both enables myosin-II organisation into bipolar thick 

filaments that stabilise spindle. Additionally, Vimentin  (Vim) with FC more than 6.04, 

has been identified in different species, but not detected in mice, and is reported to be 

required for successful nuclear reprogramming in porcine oocytes (160,180) 

 VIM is one type of intermediate filament distributed throughout the cytoplasm and 

functionally connected to the nuclear matrix. Vim has a vital function in the maintenance of 

cellular integrity and acting as a network that binds and regulates the activity of several 

effector proteins. Together with the higher expression of Acta, Alpha-actin-2 (Acta2, FC= 

6.63) indicates that these cytoskeleton molecules accumulate in large quantities in the 
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cytoplasm of pre-pubertal oocyte to prepare the oocyte for meiosis because transition in 

the meiotic cycle has to be coordinated with the function of the spindle and cortical 

cytoskeleton. The increased expression of Septin (Sep9), which regulates spindle 

assembly and microtubule, indicating that Sep9 is key player in cytoskeletion remodeling 

that taking place during this stage of oocyte development. This supports the fact that 

cytoplasmic maturation involves the organelles reorganisation during oocyte maturation.  

Collectively, the actomyosin cytoskeleton undergoes significant changes to prepare 

oocyte for meiosis I. The actin-cytoskeleton family seemed to crucially participate in 

supporting the onset of maturation during week 3 of oocyte age. This is based on the fact 

that oocytes rely on the storage of essential factors that oocytes accumulate during the 

period before GVBD (161). At this point, it seems that oocytes at this age have not 

reached enough cytoplasmic maturation required for gaining competence.  

 

Integrin-linked Kinase pathway was the the second canonical pathway (Table 5.3). Integrins 

are adhesion receptors that allow cells to interact to micro-environmental signals encoded 

by the extracellular matrix. Integrin pathways have been reported as contributing during 

oocyte fertilisation at adhesion and are mainly involved in cell cycle regulation (181,182). 

Integrin-mediated signals allow cells to progress from G1 to S phase, and are important as 

temporal growth factor signals. The genes included eight that also act across the Rho family 

of GTPases pathway (Acta2, Mapk10, Myl9, Rhou, im, Tlr9, Irs1, Ppp2rib), with large 

overlap between the two pathways indicating that these genes have intersected functions that 

govern mechanisms in the cytoplasm of pre-pubertal oocyte. This data reveals the strong 

communication between Rho family of GTPases and the Integrin signaling pathway, of 
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which both support oocyte  communication with the extracellular matrix and allow receiving 

growth factors  from the microenvironment.  

 

 A toll-like receptor (Tlr9), which is shown to be participated with most of significant 

pathways, was reported as expressed in cumulus oocyte complex (COC) expansion, acting 

as a receptor during ovulation (183).  A recent study demonstrated that TLR is not specific 

for cumulus cells, but it is also expressed during embryonic development (184). It could 

therefore be suggested that Tlr9 has a novel regulatory role in mediating the interaction with 

the extracellular matrix (ECM) during the maturation at the pre-pubertal stage. Also, since 

TLR is one of the most important elements required for the induction of insulin resistance 

in different organs, it is therefore expected that the Insulin growth substrate (IGFS) has been 

affected by Tlr9, which seems to have a novel role in oocyte maturation.  

 

The integrin receptor allows the transduction of a signal via cytoskeletal proteins that 

involve Actin, Tubulin, Lamin B, all encoded by genes that have been expressed at high 

levels in pre-pubertal oocytes. This confirms the significant role of ILK signaling pathways 

in regulating the mechanisms that potentially associated with the development of 

competence. 

 

Ingenuity Pathway Analysis has highlighted that PXR/RXR activation as a novel pathway 

seems to be implicated in the transcriptome dynamics of the pre-pubertal oocyte. Retinoic 

Acid (RA), the active metabolite of vitamin A, mediates many physiological functions, 

including embryogenesis and reproduction (185). Retinoic acid  acts through RA receptors 

(RARs) and retinoid X receptors (RXRs), where the later was upregulated two fold in pre-
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pubertal oocytes (Table 5.4). The data additionally demonstrated that Aldehyde 

dehydrogenase (ALdh1a1), which is the principle enzyme in in the final step of RA 

synthesis, was highly expressed along with the RXR receptor (Table 5.4). A recent study 

detected the expression of RA in early foetal ovarian development, and it is suggested that 

germ cells differentiation is induced by RA to express the pre-meiotic marker, Steroidgenic 

acute regulatory protein (Star), indicating that meiosis was triggered by Aldh1a1 (186).  This 

is evidenced by the study that showed that germ cells in foetal- deficient vitamin A were 

unable to initiate meiosis (187). It is therefore clear that activation of the RXR pathways 

drives the initiation of meiosis, which indicates that RA is necessary for the support of 

oocytes to gain the competence. 

Since Aldh1 induces the expression of Star,This may also indicate the important role of RA 

in mediating other vital functions, such as steroidogenesis. The critical observation that RA 

influenced Star gene, provides en explanation for the activation of Cholesterol side-chain 

cleavage enzyme (Cyp11a1) in pre-pubertal oocyte, an enzyme involved in steroid hormone 

metabolism, which is part of lipid metabolism 

 Moreover, the level of Cholesterol 7 -hydroxylase (Cyp7A1) was diminished. Cyp1171 has 

been previously observed be repressed by RA in hepatocyte.  Cyp1171 is an enzyme which 

plays a key role in maintaining lipid metabolism and cholesterol synthesis that are important 

for the formation of membranes required for repeated cell division to form an embryo. Other 

molecules associated with fatty acid metabolism, such as Carnitine (Cpt1a), shuttle of the 

long chain fatty acid oxidation mediated in mitochondrial matrix and Stearoyl-CoA 

desaturase (Scd1), are rate-limiting enzymes in the biosynthesis of fatty acids and are 

involved in the regulation of reproduction by maintaining (influencing) energy homeostasis 

(188). Both were significantly upregulated in pre-pubertal oocytes. The higher expression 
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of these Cpta1 and Scd1 indicate that oocytes at this stage contain a large lipid reserve for 

energy production that is required for subsequent fertilisation.  Scd1 expression was found 

to be regulated by retinoic acid (189). This finding demonstrates the RA  serve as critical 

regulators in a wide range of physiological processes which include lipid metabolism and  

steroidogenesis.  

In line with previous findings, the results showed that PXR/RXR pathway is regulatory 

pathway that have impacted the activation in wide range of cellular functions and modulate 

oocyte metabolism. 

 

Ingenuity Pathways Analysis was used to predict the upstream regulatory molecules and 

associated mechanisms underlying the causes of the gene expression pattern. An upstream 

regulator is an analytic tool that provides biological insight into the observed expression 

changes of the pre-pubertal oocyte. It identified the TGFβ signaling pathway as the upstream 

regulator of most of the differential genes in the dataset. TGFβ family is very well known 

for its central role in follicle development by mediating signal transduction of the essential 

growth factors required for oocyte growth. IPA enabled the prediction of the direction of 

TGFβ (Figure 5.11), suggesting that the TGF beta family is a potent indirect regulator of the 

meiotic competence of pre-pubertal oocytes.  

 

To further confirm the molecular functions of the differential genes in our data, network 

analysis agrees with the function of the canonical pathways. With regard to organism 

development and reproductive system network was identified as consistent with Rho family 

of GTPases and ILK signaling, which were both implicated in oocyte development. This 

network includes many genes associated with steroidogenesis and ovarian development. 
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However, it may be more advantageous to focus on the canonical pathways, rather than 

focusing on a single gene as the aim of this study is to gain insight into what regulates 

developmental competence during pre-puberty. Apart from this, the high interconnectivity 

between genes and correlated genes in other pathways may imply the biological significance 

of these genes. 

 

The study demonstrated that a high proportion of genes expressed in a 3-week-old oocyte 

decreased in abundance in a 9-week-old oocyte. The decreased level of abundance in mature 

oocytes is consistent with global reduction of total RNA while the oocyte proceeds to 

maturation. Synthesis and storage of maternal transcripts prior to the onset of transcriptional 

silencing, at the time of GVBD, are essential for the oocyte to reach developmental 

competence.  

 

The activated pathways represented suggest that a pre-pubertal oocyte recovered from pre-

ovulatory follicle is still undergoing a series of changes while approaching puberty. More 

importantly, it can be claimed that signalling pathways were manipulated as a response to 

the PMSG used to stimulate ovaries. Hormonal stimulation was used, aiming to synchronise 

follicle development. A previous study compared blastocyst formation rate from primed and 

non-primed pre-pubertal goats and showed that gonadotropins’ treatment has not improved 

the competency of the resulting embryo from the primed goats but has only increased the 

number of oocytes (190). In addition, some studies have claimed that the exogenous 

hormone (ecG) could have increased the level of some metabolites  in immature porcine 

oocytes. This assertion can be ruled out as the transcriptome data revealed a profound 

alteration of these gene levels in the pre-pubertal oocytes as compared with mature oocytes,  
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despite the use of same  dose of  PMSG. This confirmed these global changes are a 

consequence of alteration in transcriptional activity of the immature oocyte, independent of 

external hormonal stimulation.  

Single cell-RNA analysis has elucidated the molecular mechanisms that govern gradual 

cytoplasmic maturation. The sc-RNA-seq approach used in this study enabled the 

identification of novel pathways that were clearly activated during the period shortly before 

maturity. Key genes were also identified as having major roles in equipping the oocyte with 

the essential functions necessary to develop competence. An oocyte actually is not quiescent 

as at this stage. On the contrary, GV transcriptome is undergoing dynamic changes that take 

place during oocyte growth, which is potentially associated with the acquisition of 

competence.  

5.5. Conclusion 

Single cell-RNA sequencing analysis was successfully performed in a single mouse oocyte. 

The use of high throughput sequencing of a single oocyte, combined with bioinformatics, 

provided insights into the regulatory signalling pathways that contributed to the 

developmental competence of pre-pubertal oocytes 

 Pre-pubertal oocytes seem to have different metabolisms, which are potentially associated 

with the acquisition of developmental competence. Identifying oocytes with the greatest 

potential for producing viable embryo would be of great benefit to pre-pubertal patients who 

undergo chemotherapy where the in vitro maturation of the pre-pubertal oocyte is a 

promising treatment.   

 
.  
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Chapter 6 

Transcriptome Analysis 

of Aged Oocyte 
! !
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6.1. Introduction 

It is well recognized that female fertility declines with advanced age. Ovarian function 

deteriorates with ageing as the ovary exhibits a faster rate of ageing than other organs (191). 

A gradual depletion in the number of ovarian follicles coincides with diminished quality of 

oocytes. Poor oocyte quality is principally attributed to reduced developmental competence 

as the aged oocytes have less capacity to sustain fertilisation and continue development 

(192). Therefore, oocyte quality determines the embryo’s developmental potential and the 

success of in vitro fertilisation (IVF) treatment (41). 

 

Indeed, successful completion of fertilisation is deeply rooted in two components: nuclear 

and cytoplasmic maturation (155). Most studies on ageing have emphasised the importance 

of chromosomal abnormalities, recombination errors and spindle assembly as leading causes 

of compromised oocyte competence (116,193–195). While these issues address nuclear 

maturation in aged oocytes that can be in a part assessed and visualized by the extrusion of 

the polar body, unfortunately, poor oocyte quality is intrinsically related to cytoplasmic 

maturation (155). Events related to oocyte cytoplasmic maturation are less well defined than 

those of nuclear maturation. Due to the fact that aged oocytes have a normal morphological 

appearance indistinguishable from  young oocytes, fertilisation failure and cell division 

arrest in developing embryos from aged oocytes remains idiopathic, which is most likely 

related to compromised cytoplasmic factors. 

 

Previous ageing studies have conducted transcriptome analysis on pooled oocytes, which 

are likely to be heterogeneous in terms of competence (52,53). The oocytes appear to vary 

in their ability to develop into a healthy embryo, thus, analysing them as a group masks 
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individual variability between oocytes. Aside from this, previous studies were conducted on 

oocyte at metaphase II stage, which is an oocyte’s fully mature stage (196). It is known that 

the transcriptome undergoes changes during oocyte maturation, beside that in vitro culture 

period may have altered gene expression (197). Therefore, a clear understanding of when 

and how age-related molecular alterations arise in oocyte senescence remains elusive. 

 

Recent developments in single cell transcriptomics now allow the precise, deep coverage of 

the transcriptome, which enhances the ability to explore the regulatory mechanism of oocyte 

ageing more deeply. The single oocyte transcriptome has not previously been studied using 

a high throughput technique, which involves the entire transcriptional activity being 

examined on a single oocyte. This chapter demonstrates the first use of single cell-RNA 

sequencing (sc-RNA-seq) to investigate the transcriptional activity of a single aged oocyte 

at germinal vesicle stage (GV), providing novel insight into the molecular pathways 

implicated in oocyte senescence. Here, we use a one-year-old mouse as a model of ageing 

that resembles pre-menopausal women. 

 

The aim of this chapter is: To analyse the sc-RNA-seq data of a single aged oocyte, isolated 

from a one-year-old mouse and compare it with the transcriptomic profile of a young adult 

mouse at nine weeks old, aiming to uncover new molecular pathways that cause impaired 

quality of aged oocytes. 
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6.2. Method 

To get a better understanding of the age associated molecular changes, Ingenuity Principle 

Analysis (IPA) was used to identify canonical pathways and the top regulatory network 

involved in one-year oocyte using an oocyte from a nine-week-old mouse as a baseline in 

conducting this comparison. Differential expressed genes were imported into IPA with their 

fold changes and P value. Metacore was used to further analyses the molecular functions of 

the genes.  

 

6.3. Results 

The analysis of the one-year-old oocyte transcriptomics are divided into four sections: 

A.! Sequencing quality: The sequencing data of the one-year-old oocyte were processed 

with those of the nine- and three-week-old oocytes, as discussed in Chapter 5, section 

5.3 

B.! Principle component analysis (PCA) 

C.! Differential gene expression; 

D.! Functional analysis. 

 

6.3.1. Principle Component Analysis 

Principle component analysis plotting revealed that oocytes from one-year-old mice (green 

squares in Figure 6.1) exhibit a distinguished cluster from the oocytes taken from nine-week-

old mice (yellow circles in Figure 6.1). Principle Component Analysis demonstrated that the 
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transcription patterns of aged oocytes are affected by advancing age. Interestingly, the 

distance between the object sample clusters of the nine-week-old and one-year-old oocytes 

are not separated as completely as they are in comparisons of pre-pubertal oocytes and 

mature oocytes (Chapter 5, Figure 5.4 and Figure 5.5). This could perhaps be expected, as 

oocytes from both young adult and older adult samples should not exhibit the level of 

variation in gene expression as seen between pre-pubertal and adult oocytes. It is notable, 

however, that although aged oocytes have spread within the same direction in the PCA, there 

was a heterogeneity seen within this group in the level of gene expression between 

individual oocytes (aged oocyte samples are more scattered). This may reflect individual 

differences in the global gene expression distinguished by sc-RNA-seq analysis. This 

individual variability of aged oocytes may support the conclusion that each oocyte, even 

those from the same ovary, have their own binary fate. 

 

 



 

 176 

 

 

 

 

 

 

 

 

 

Figure 6.1 Principle component analysis of oocytes at one year of age (aged) 

versus nine weeks of age (young adult). Oocytes from the aged mice cluster fairly 

separately from the oocytes of the young adult mice. 
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6.3.2. Differential Gene Expression 

The scatter plot of the comparison between the one-year-old oocyte and the nine-week-old 

oocyte depicts differentially expressed genes in red (Figure 6.2, adjusted P value<0.05). 

sc-RNA-seq detected a total of 1,642 genes found to be differentially expressed in the one-

year-old oocyte compared to the nine-week-old oocyte. The pronounced difference in gene 

expression indicates an aberrant transcriptome profile of the aged oocytes, demonstrating a 

major alteration caused by age. The range of the fold change is quite broad, showing many 

genes with a log2-fold change of up to five and several genes with a fold change of greater 

than five. Negative fold change values represent downregulated genes. 

 

Figure 6.2 Scatter plot of the differentially expressed genes in 1-year-old oocyte 

compared to 9 weeks’ oocyte.  A scatter plot illustrates the average counts (cpm) 

versus Log2 -fold changes for genes generated by DEseq. Genes were retained if 

they expressed a threshold of 1 count-per-million (cpm) for any given sample. 
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6.3.3. Functional Analysis 

6.6.3.1. Canonical Pathways 

 
Core analysis was carried out using Ingenuity Pathways Analysis (IPA), which revealed 

pathways. Significant canonical pathways with their log (-P value) are shown in Table 6.1.  

Activated metabolic pathways in the aged oocyte indicate that the oocyte transcriptome is 

undergoing global changes, which lead to a different metabolism and gene expression 

pattern. These data represent a distinct transcriptional activity that is on-going at GV stage 

confirming that aging-related molecular changes arise before maturation. In turn, altered 

cytoplasmic maturation resulted in the declined developmental competence of these oocytes 

in comparison with the adult oocytes at nine weeks of age (Figure 6.3). 

 

Additionally, a stacked bar chart was also generated to demonstrate the upregulated genes 

and downregulated genes in each pathway, along with the ratio (orange line) between the 

number of genes in a given pathway that met the cut-off criteria and the total number of 

molecules involved in each pathway in the reference gene set (Figure 6.4). 

 

To give a clearer picture of the upregulated or downregulated genes in a specific canonical 

pathway, a list of differentially expressed genes and the top canonical pathways are 

provided in Table 6.1. Of the 1642 differentially expressed genes, a total of 179 with a fold 

changes of more or less than two is listed in Table 6.2. The top significant signalling 

pathways including the differential genes and their fold change are detailed as follow: 

retinoic acid receptors activation (RAR) pathway (Table 6.3), mitochondrial L-carnitine 

shuttle pathway (Table 6.4), biosynthesis, type II diabetes mellitus signalling pathway 
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(Table 6.5), sertoli cell-sertoli cell junction signalling pathway (Table 6.6),signalling by rho 

family GTPases pathway (Table 6.7), GP6 signalling pathway (Table 6.8). 
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Figure 6.3 Enriched significant pathways in an aged oocyte, as compared to an 

adult young oocyte. The bar colours indicate prediction of the Z score, where 

orange represents activation and grey indicates that inhibition is implicated. 

Ratio&
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Figure 6.4 A stacked bar chart of the top enriched canonical pathways in an 

aged oocyte compared to a young adult oocyte. The upregulated genes (red) 

and downregulated genes in each pathway are demonstrated, along with the 

ratio (orange line). 

'log&(P&value)&
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Table 6.2: List of differential expressed genes in a aged oocyte (one-year-old) relative to 

young oocyte (9 weeks old), generated by IPA 

Gene ID  Entrez Gene Name Log 
Ratio FDR  

1110038B12Rik  RIKEN cDNA 1110038B12 gene 2.706 0.0171   
2510002D24Rik  RIKEN cDNA 2510002D24 gene 5.397 0.017   
2900060B14Rik  RIKEN cDNA 2900060B14 gene 2.099 0.0478   

4932416H05Rik  RIKEN cDNA 4932416H05 gene 3.287 0.021   
4933405O20Rik  RIKEN cDNA 4933405O20 gene -5.699 0.0323   

Acsbg1  
acyl-CoA synthetase bubblegum family 
member 1 3.706 0.0103   

Acta2  actin, alpha 2, smooth muscle, aorta 6.361 0.000782   

Adh1  
alcohol dehydrogenase 1C (class I), 
gamma polypeptide 4.497 0.0277   

Ankrd52  ankyrin repeat domain 52 2.226 0.0191  

Anp32a  
acidic (leucine-rich) nuclear 
phosphoprotein 32 family, member A 2.245 0.00249   

Armcx2  armadillo repeat containing, X-linked 2 7.469 0.00003   
Btnl1  butyrophilin-like 1 -2.909 0.00327   
2310022B05Rik  chromosome 1 open reading frame 198 2.141 0.000501   
E330014E10Rik  expressed sequence C87414 -2.714 0.0499   
Cald1  caldesmon 1 5.146 0.0014   

Camk2n2  
calcium/calmodulin dependent protein 
kinase II inhibitor 2 4.441 0.00854   

Casc3  cancer susceptibility 3 2.266 0.01   
Ccny  cyclin Y 2.066 0.0019   
Cdh8  cadherin 8 -4.296 0.000461   

Cebpb  CCAAT/enhancer binding protein beta 2.454 0.00127  
Cenpb  centromere protein B 3.375 0.00328   
Chmp4b  charged multivesicular body protein 4B 2.717 0.0421   
Chpf  chondroitin polymerizing factor 2.129 0.00111   
Chst5  carbohydrate sulfotransferase 6 -2.358 0.01   
Col1a1  collagen type I alpha 1 chain 5.7 0.0219   
Col1a2  collagen type I alpha 2 chain 5.197 0.0151   
Col3a1  collagen type III alpha 1 chain 6.87 0.00941   
Cpt1a  carnitine palmitoyltransferase 1A 4.64 0.0117   
Crip1  cysteine rich protein 1 3.248 0.0447   
Ctsz  cathepsin Z 2.558 0.0329   
Cttnbp2  cortactin binding protein 2 -3.386 0.0259   

Cyp11a1  
cytochrome P450 family 11 subfamily 
A member 1 6.038 0.000984   

Dazap1  DAZ associated protein 1 2.363 0.000811   
Ddx60  DExD/H-box helicase 60 -2.727 0.00812   
Defb41  defensin beta 41 2.684 0.0386   
Dhrs3  dehydrogenase/reductase 3 -2.043 0.00404   

Dnajc27  
DnaJ heat shock protein family (Hsp40) 
member C27 6.063 0.0000761   

Dsp  Desmoplakin 2.037 0.0371   
Dync1h1  dynein cytoplasmic 1 heavy chain 1 2.156 0.00354   
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Gene ID  Entrez Gene Name Log 
Ratio FDR  

Dync1i1  
dynein cytoplasmic 1 intermediate chain 
1 -3.476 0.0188   

      

Ehmt2  
euchromatic histone lysine 
methyltransferase 2 2.674 0.0269  

Eid1  
EP300 interacting inhibitor of 
differentiation 1 3.262 0.0255  

Enpp2  
ectonucleotide 
pyrophosphatase/phosphodiesterase 2 -2.6 0.0014   

Epm2aip1  EPM2A interacting protein 1 3.381 0.0331   
Epn1  epsin 1 2.476 0.0196   
Evc  EvC ciliary complex subunit 1 3.936 0.0406   
Fbxo32  F-box protein 32 2.935 0.013   
Flt3  fms related tyrosine kinase 3 6.603 0.0173   
Fndc4  fibronectin type III domain containing 4 5.375 0.0227   
Foxl2  forkhead box L2 2.706 0.0459  
Gca  Grancalcin -2.847 0.0353   
Gm10280  predicted gene 10280 -2.082 0.0149   
Gm14085  predicted gene 14085 -2.272 0.0167   
Gm19276  predicted gene, 19276 -2.092 0.0469   
Gm4224  predicted gene 4224 -2.115 0.0421   
Gm8221  apolipoprotein L 7c pseudogene -2.13 0.00325   
Gm8817  predicted gene 8817 -7.436 0.0329   
Gsk3a  glycogen synthase kinase 3 alpha 2.152 0.00948   
H1fx  H1 histone family member X 2.666 0.0037   

H6pd  

hexose-6-phosphate 
dehydrogenase/glucose 1-
dehydrogenase 2.814 0.00501   

Hars2  
histidyl-tRNA synthetase 2, 
mitochondrial 5.117 0.0442   

Hist1h1b  histone cluster 1, H1b 4.14 0.0000877   
Hist1h1e  histone cluster 1, H1e 2.712 0.0202   

Hnrnpul1  
heterogeneous nuclear 
ribonucleoprotein U like 1 2.019 0.00826   

Hsd3b1  
hydroxy-delta-5-steroid dehydrogenase, 
3 beta- and steroid delta-isomerase 2 3.827 0.00513   

Isl1  ISL LIM homeobox 1 -2.657 0.0191  

Kcnh5  
potassium voltage-gated channel 
subfamily H member 5 -2.339 0.0109   

Kctd17  
potassium channel tetramerization 
domain containing 17 2.26 0.00265   

Kif26a  kinesin family member 26A 3.854 0.00076   
Lbh  limb bud and heart development 4.46 0.00752  
Lgals1  galectin 1 3.327 0.00152   
Limch1  LIM and calponin homology domains 1 3.631 0.0476   

Lingo2  
leucine rich repeat and Ig domain 
containing 2 -2.027 0.00003   

Lmnb1  lamin B1 2.531 0.00071   

Map3k10  
mitogen-activated protein kinase kinase 
kinase 10 2.818 0.00849   



 

 185 

Gene ID  Entrez Gene Name Log 
Ratio FDR  

Mapk10  mitogen-activated protein kinase 10 -2.178 0.0389   

Mapkapk2  
mitogen-activated protein kinase-
activated protein kinase 2 2.194 0.031   

Marcksl1  MARCKS like 1 3.154 0.0417   

Mdga2  
MAM domain containing 
glycosylphosphatidylinositol anchor 2 -3.43 0.00152   

Mertk  MER proto-oncogene, tyrosine kinase -2.113 0.00964   
Mettl7a2  methyltransferase like 7A3 -2.017 0.000246   
Mgp  matrix Gla protein 4.922 0.00961   
Mill1  MHC I like leukocyte 1 -2.076 0.014   
Mpo  Myeloperoxidase 3.08 0.0172   
Mt1  metallothionein 1 2.668 0.0008   
Mt2  metallothionein 2 3.175 0.0493   
Myl9  myosin light chain 9 7.291 0.00388   
Myocd  Myocardin 3.41 0.0396  

Mypop  
Myb related transcription factor, partner 
of profiling 2.29 0.00637  

Naf1  
nuclear assembly factor 1 
ribonucleoprotein 2.069 0.0284   

Ncor2  nuclear recept§or corepressor 2 2.536 0.00883  
Ndst2  N-deacetylase and N-sulfotransferase 2 4.224 0.0496   
Nrtn  Neurturin 2.98 0.021   
Ntn1  netrin 1 2.279 0.0166   
Ntn4  netrin 4 7.017 0.00869   
Nudt17  nudix hydrolase 17 -3.006 0.0464   
Olfr1164  olfactory receptor 1164 -3.118 0.0376  

Olfr111  
olfactory receptor family 5 subfamily V 
member 1 -2.727 0.0395  

Olfr1104  
olfactory receptor family 8 subfamily I 
member 2 -3.39 0.0077  

Ostm1  
osteopetrosis associated transmembrane 
protein 1 -2.379 0.0376   

Otud7a  OTU deubiquitinase 7A 6.699 0.0112   
Pank1  pantothenate kinase 1 7.52 0.000213   
Pbxip1  PBX homeobox interacting protein 1 4.169 0.0274  

Pck2  
phosphoenolpyruvate carboxykinase 2, 
mitochondrial 6.603 0.0119   

Pcolce  procollagen C-endopeptidase enhancer 4.283 0.031   
Phf2  PHD finger protein 2 2.125 0.0014   

Phldb3  
pleckstrin homology like domain family 
B member 3 3.874 0.0122   

Pim1  
Pim-1 proto-oncogene, serine/threonine 
kinase 2.297 0.025   

Ppp1r14a  
protein phosphatase 1 regulatory 
inhibitor subunit 14A 5.213 0.0442   

Ppp1r9b  
protein phosphatase 1 regulatory subunit 
9B 2.022 0.000984   

Prkcb  protein kinase C beta 2.589 0.0414   
Prr7  proline rich 7, synaptic 2.409 0.0028   
Psg17  pregnancy specific glycoprotein 18 -2.53 0.000813   
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Gene ID  Entrez Gene Name Log 
Ratio FDR  

Psme1  proteasome activator subunit 1 2.035 0.0423   
Pycard  PYD and CARD domain containing 6.147 0.0176  

R3hcc1  
R3H domain and coiled-coil containing 
1 2.88 0.0432   

Rab24  RAB24, member RAS oncogene family 2.693 0.00748   
Ralyl  RALY RNA binding protein-like -2.243 0.00061   
Rarb  retinoic acid receptor beta -2.371 0.0103  
Rasl10a  RAS like family 10 member A 4.391 0.00998   

Rbms1  
RNA binding motif single stranded 
interacting protein 1 -2.192 0.0151   

Rbp1  retinol binding protein 1 5.656 0.0118   
Renbp  renin binding protein 5.295 0.00513   
Rmdn2  regulator of microtubule dynamics 2 -2.666 0.0277   
Rnf144b  ring finger protein 144B 3.587 0.0147   
Rnf149  ring finger protein 149 2.454 0.016   
Runx1  runt related transcription factor 1 3.717 0.0299  
S100a1  S100 calcium binding protein A1 2.957 0.0206   
S100a10  S100 calcium binding protein A10 3.098 0.00824   
S100a6  S100 calcium binding protein A6 6.306 0.00228   
Sbk1  SH3 domain binding kinase 1 2.108 0.000213   
Scrib  scribbled planar cell polarity protein 3.151 0.0327   
Sdsl  serine dehydratase like 7.462 0.00276   
Sema3e  semaphorin 3E -2.537 0.0183   
Sept9  septin 9 5.046 0.00383   
Serpinb3a  serpin family B member 4 -2.657 0.00286   
LOC100038947  signal regulatory protein beta 1 -3.386 0.0499   
Slc27a2  solute carrier family 27 member 2 3.575 0.0308   
Slc4a10  solute carrier family 4 member 10 -2.095 0.0392   
Snora81  small nucleolar RNA, H/ACA box 81 2.971 0.0181   
Sox4  SRY-box 4 3.723 0.0174  
Sparc  secreted protein acidic and cysteine rich 2.622 0.0187   

St6galnac3  
ST6 N-acetylgalactosaminide alpha-2,6-
sialyltransferase 3 -2.412 0.0014   

Sympk  Symplekin 2.397 0.00193   
Synpo2l  synaptopodin 2 like 4.547 0.0484   

Taf10  
TATA-box binding protein associated 
factor 10 2.291 0.00000409  

Taf1c  
TATA-box binding protein associated 
factor, RNA polymerase I subunit C 6.698 0.00965  

Tcf19  transcription factor 19 6.008 0.0171  
Tmc3  transmembrane channel like 3 3.385 0.0433   

Tmeff2  
transmembrane protein with EGF like 
and two follistatin like domains 2 -6.559 0.00263   

Tmem176a  transmembrane protein 176A 3.779 0.0326   
Tmem69  transmembrane protein 69 -6.102 0.0265   

Tmppe  
transmembrane protein with 
metallophosphoesterase domain 2.404 0.0254   

Tmsb4x  thymosin, beta 4, X chromosome 5.985 0.000777   
Trmt61a  tRNA methyltransferase 61A 3.467 0.0165   
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Gene ID  Entrez Gene Name Log 
Ratio FDR  

Trpc5  
transient receptor potential cation 
channel subfamily C member 5 -2.975 0.0461   

Tubgcp4  
tubulin gamma complex associated 
protein 4 -3.821 0.00824   

Uap1l1  
UDP-N-acetylglucosamine 
pyrophosphorylase 1 like 1 3.135 0.0152   

Ubqln2  ubiquilin 2 2.104 0.00003   
Ust  uronyl 2-sulfotransferase 2.819 0.00381   
Vars  valyl-tRNA synthetase 2.753 0.00558   
Vim  Vimentin 5.123 0.00388   
Vmn2r26  vomeronasal 2, receptor 26 -3.846 0.0014   
Zbed6  zinc finger BED-type containing 6 2.546 0.0488   
Zcchc24  zinc finger CCHC-type containing 24 2.922 0.0114   
Zfp119a  zinc finger protein 119a -2.905 0.0441   
Zfp871  zinc finger protein 871 4.772 0.00404   
Zfp113  zinc finger protein 3 -2.007 0.00874  
Zfp317  zinc finger protein 317 -2.703 0.0487   
Zfp418  zinc finger protein 416 -2.078 0.0101   
Zfp579  zinc finger protein 579 3.532 0.0462   
Zfp580  zinc finger protein 580 2.135 0.0279   
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The top 10 canonical pathways were connected into a single network showing the interaction 

between these pathways and the number of genes that overlapped between each of two 

pathways, as shown in the figure below. 

 

 

 
 
 

 Figure 6.5 Overlapping of the top 10 canonical pathways generated by IPA. 

P values and the number of common genes between the two pathways. This 

represents the interconnectivity among activated signalling pathways. 
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6.3.2. Network Identification 

Using IPA, differential expressed genes were grouped based on their molecular connectivity 

and cellular functions. The top four networks were identified and listed below (Red color 

represents up-regulated genes; green color represents down- regulated genes) 

 

A)!Embryonic Development, Organismal Development (Figure 6.6). 

B)! Cell Death and Survival, cellular Assembly and organization (Figure 6.7). 

C)! Organismal injury and and abnormalities (Figure 6.8). 

D)!Lipid Metabolism, small molecules chemistry, infectious disease (Figure 6.9). 
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Figure 6.6: Network 1: Embryonic Development, Organismal Development. One of the 

top network affected in 1-year oocyte.  
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Figure 6.7 Network 2: Organismal injury and abnormalities. 
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 Figure 6.8 Network 3: Cell Death and Survival, Cancer. 
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    Figure 6.9 Network 4: Lipid metabolism, small molecule Biochemistry. 

 

 

!
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6.4.  Discussion 

Ovarian aging is believed to be dominated by a gradual decrease in the number of ovarian 

follicles, accompanied by diminished quality of oocytes. Characterization of changes to the 

transcriptome related to age has seldom been determined using high throughput 

technologies. This study employed sc-RNA-seq for the first time to characterize the 

transcriptome profile of aged oocytes, aiming to uncover novel pathways and regulatory 

transcripts that underlie the the compromised competence of aged oocytes. 

 

Using one-year-old female mice as a model for ageing, sc-RNA seq detected an average of 

12,500 to 13,000 expressed genes in a single oocyte, of which 1,642 genes were 

differentially expressed in a single aged oocyte compared to a young oocyte. Thus, sc-RNA- 

seq provided a deep investigation on the single cell level. The amplification strategy 

employed in this study has generated highly reproducible results that exhibit a high degree 

of accuracy and concordance between samples. The Smart seq2 approach has greater 

sensitivity and coverage compared with previous microarrays studies. Pan et al. (2008) have 

found 904 genes that differentially expressed between young and aged mice oocytes. Of 

these differential genes, only 47 changed more than 2 folds (52) Furthermore, Hamatani et 

al. (2004) conducted a microarray study on a group of mice oocytes at the metaphase II stage 

(MII). This study found 530 genes to be differentially expressed in aged oocytes relative to 

young oocytes (113) Using sc-RNA-seq has revealed much more pronounced differences, 

through which 1,670 differentially expressed genes were revealed. It is also important to 

emphasize that although microarray studies revealed age-related alteration in aged 

oocytes(113), these differences in fold changes for several genes do not reflect the actual 
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expression of transcripts in each oocyte. Because microarrays were conducted on pooled 

oocytes, it rather demonstrates the average of the changes that may not be well represented 

when analysing one oocyte.  

 

sc-RNA seq combined with bioinformatics analysis using IPA revealed that oocyte ageing 

involves dysregulation of multiple interrelated biological functions. Canonical pathway 

analyses with IPA identified pathways that were significantly associated with the maturation 

of aged oocytes. The top 10 significant signalling pathways were: retinoic acid receptors 

activation (RAR) pathway, mitochondrial L-carnitine shuttle pathway, sertoli cell-sertoli 

cell junction signalling pathway, retinoid biosynthesis, type II diabetes mellitus signalling 

pathway, signalling by rho family GTPases pathway, GP6 signalling pathway and integrin 

linked kinase (ILK) pathways. Most of these pathways are relevant to oocyte development 

(Figures 6.3 and 6.4). 

The most activated canonical pathway was RAR activation, including eight genes that are 

all involved in retinoid metabolism (Table 6.3). Retinoid has a vital role in cell growth and 

differentiation, oocyte maturation and embryo development (198,199). Retinoid activity 

during embryo development is reliant on the presence of two nuclear retinoic acid receptors: 

RAR isotypes (α, β, and γ) and RXR isotypes (α, β, and γ). Rarβ, which encodes retinoic 

acid receptor beta and localizes to the cytoplasm close to subnuclear compartments, was 

found to be decreased in one-year-old oocytes (Table 6.3). Given that Rarβ expression was 

detected during pre-implantation (200), it is highly likely that the decreased abundance of 

Rarβ leads to depletion in retinoid activity in aged oocytes, which may be related to the 

cleavage arrest seen in embryos from aged oocytes. 
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Additionally, it is important to highlight the contribution of retinoid signalling in meiosis 

resumption in oocytes (201,202). As the data show a decreased Mapk10 (FC= -2.18) level, 

which is a key factor for initiating meiosis, this finding supports a previous observation of 

decreased Mapk10 activity in aged oocytes (203). This suggests a relationship between 

retinoic acid activity and Mapk10, which may be reduced accordingly. 

Therefore, retinoid levels must be continuously regulated in order to maintain normal 

oocyte and embryo development. Retinoid Acid (RA) synthesis is mainly controlled by two 

sequential steps: alcohol dehydrogenase (Adh1) or short-chain dehydrogenase/reductase 

(SDR)-mediated oxidation, which produce retinaldehyde (RAL). Retinaldehyde is 

subsequently oxidized into RA, which is mediated by an enzyme called aldehyde 

dehydrogenases (Aldha1) (189). 

Alcohol dehydrogenase exhibits a four fold increased in aged oocytes (Table 6.3). Alcohol 

dehydrogenase is an essential component that acts on the excess amount of retinol by 

degrading it (204). Excess of all-trans retinoic acid (ATRA), which is one of the derivatives 

of retinoic acid, was reported to be accumulated in an Adh1-knockout mouse (205). Based 

on the increased Adh1 in aged oocytes, it can be proposed that Adh1 has not been 

metabolized due to the decreased uptake of retinol in the aged oocyte.  Potentially supporting 

this hypothesis is that data showed a diminished level of retinaldehyde reductase (Dhrs, 

Table 6.3), which acts as negative feedback regulating the level of RA (206). In a Dhrs3 

deficient mouse model, lack of Dhrs3 led to a 40% increase in the levels of ATRA and a 

60% decrease in the levels of retinol, with the result that Dhrs3−/− embryos die late in 

gestation and display severe developmental defects and malformation (207). In aged 

oocytes, the decreased level of Dhrs appears to adversely contribute to unbalanced retinoid 
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concentration. The highly critical role of retinol and its precursors in post-implantation 

embryo development constitutes strong evidence that oocytes are extremely sensitive to 

alteration in retinol concentration. 

 
Retinol-binding protein 4 (Rbp4), a fat-derived adipokine, is a carrier protein responsible 

for retinol transport to tissues (200). Retinol-binding protein 4 is elevated in the serum of 

polycystic ovaries, and is positively correlated with type II diabetes and obesity (208). More 

interestingly, is it also elevated in menopausal women. Apparently, Rbp4 concentration is 

increased in endocrine disorders where insulin resistance, glucose tolerance, and lipid 

metabolism are impaired (209), all of which have shown to be altered in aged oocytes 

(Figure 6.3 and 6.4). Thus, the increasing indications that this binding protein is correlated 

with impaired metabolic functions in aged oocytes suggest that raised levels of Rbp4 in aged 

oocytes could be a key marker for oocyte quality. 

 

Taken together, as RA signalling is a key determent in embryogenesis, and deviation from 

normal levels results in multiple, sometimes severe developmental malformations (185) 

This single oocyte RNA-seq analysis has revealed a new role of endogenous retinoid 

metabolism in oocyte competence. Evidently, one-year oocyte lacks retinoid that composes 

essential maternal factors required to support further embryonic development prior to 

activation of the embryonic genome. Dysregulation of the RAR activation pathway could 

be a major source of poor quality in aged oocytes. Consistent with this conclusion, in vitro 

maturation studies have demonstrated that using a Retinoid supplement have a positive 

impact on oocyte maturation and enhance embryonic survival (210–212). In light of these 
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results, dysregulation of RAR activation pathway can be, in part, result in  a compromised 

oocyte quality. 

 

The mitochondrial L-carnitine shuttle pathway was the second pathway involving three 

genes (Table 6.4) that is primarily involved in fatty acid oxidation. Fatty acid is considered 

to be a major source for energy production required during oocyte maturation (24). Oocytes 

store lipids in droplet organelles in the cytoplasm that re-localize during maturation; these 

droplets are closed to mitochondria (213). The fatty acids are metabolized by ß-oxidation in 

the mitochondria for the production of Adenosine triphosphate (ATP). Acyl-CoA synthetase 

(Acsbg1) is an enzyme that converts fatty acid to Fatty-CoA which is transported into the 

outer mitochondrial membrane through Carnitine (cpt1). Fatty acyl-carnitine is then 

transported to the mitochondria matrix by diffusion, where free cpt1 is then transferred back 

to be used for the next cycle. 

 

Carnitine is therefore the rate-limiting step in fatty acid oxidation in the mitochondria. 

Changes in the lipid metabolism profile may be a result of disruption of mitochondrial 

functions in aged oocytes. The high expression of both enzyme Acsbg1 and cpt1 in aged 

oocytes (Table 6.4) may indicate excessive ß-oxidation, which leads to excessive cleavage 

of fatty acid utilized to generate ATP. It is very important to maintain the balance between 

the uptake and oxidation of fatty acid. 

 

Excessive ß-oxidation could be indicating a higher activity of mitochondria, which is 

deleterious to oocyte quality especially as the need for ATP production becomes more 

necessary towards maturation. Particularly, at the blastocyst stage, where the growing 
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embryo needs more ATP for implantation and further development. It therefore could be 

hypothesized that an aged oocyte has excessively overused its energy, meaning that a 

fertilised oocyte would have inadequate lipid reserves and low ATP levels that consequently 

lead to developmental arrest or abnormal cell division within blastomers (214). 

 

Hamatani et al. (2004) indicated that mitochondrial dysfunction was the most prominent 

functional group altered in aged mouse oocytes. Genes related to energy pathway showed 

decreased expression, suggesting a decline in ATP level and reduced mitochondria activity 

in aged oocytes (113). While these findings agree with the results of this study to some 

extent in that mitochondrial function and energy production were impaired, with regard to 

whether ATP is elevated or not, the Hamatani study used microarrays on a group of 500 MII 

oocytes, whereas a single oocyte at GV stage was used in this study. The stage of maturation 

may explain the conflicting findings regarding energy levels in aged mouse oocytes, as ATP 

production decreases after maturation. Another possibility is that ß-oxidation might have 

been inhibited, blocking the fatty acid from entering the mitochondria. As a result, the aged 

oocyte might have failed to utilize both enzymes Cpt1 and Acsbg1, resulting in the 

accumulation of both enzymes in the aged oocyte’s mitochondria. 

 

There is emerging evidence for a relationship between insulin resistance and beta-oxidation 

(215). Studies have suggested that insulin inhibits fatty acid oxidation by blocking lipolysis 

in adipose tissue and stimulates lipogenesis (216). This is likely to be occurred in aged 

oocytes as well. Supporting this hypothesis is the high expression of Solute carrier family 

27 (Slc27a2) in aged oocytes (FC= 3.58), which is a long chain fatty acid. Clinical studies 

suggest that this gene is potentially a key marker for insulin resistant syndrome. This may 



 

 205 

be apparent, as Slc27a2 was indeed involved in activation of diabetes mellitus signalling 

pathways in aged oocytes (Table 6.5). In addition, CCAAT/enhancer binding (Cebpb), a 

transcription factor involved in the diabetes mellitus pathway (Table 6.5), was reported to 

be a key regulator  in fat metabolism. Cebpb was found to control total body fat content by 

governing fatty acid mitochondrial β-oxidation in C. elegans. as Cebpb deficiency has 

resulted in reduced lipid accumulations (217). Moreover, accumulation of Cebpb  has 

induced fatty acid synthesis and triggered insulin resistance pathways. One study has shown 

that overexpression of Cebpb has induced Mapk10 and Protein Kinase C beta (Pkcb) in 

adipose mouse tissue (218). Both of these genes were altered in the aged oocyte in this study. 

Further evidence that enhanced activity of Pkcb is linked with activation of insulin resistance 

pathway. Free fatty acid-induced insulin resistance is associated with activation of protein 

kinase C and alterations in the insulin signalling cascade. Therefore, these mechanisms must 

be well coordinated. They are altered in oocyte ageing and consequently disturb oocyte 

biological processes.  

 

Collectively, it is evident that the dysregulation of the diabetes mellitus pathway potentially 

contributes to the mechanism of impaired lipid metabolism. Whether increased fatty acid 

beta-oxidation prevents cytoplasmic lipid accumulation and decreases insulin resistance is 

still controversial.  What could be ultimately concluded from both assumptions is that 

impaired lipid synthesis in aged oocytes is linked with insufficient ATP levels required for 

subsequent normal development.  

 

sc-RNA-seq revealed that age-related changes in mitochondria function primarily contribute 

to alterations in oocyte energy. A balanced lipid haemostasis and ATP level are crucial to 
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meet the demands for successful maturation, fertilisation and subsequent embryo 

development. Data showed that three pathways, mitochondrial L-carnitine, fatty acid 

activation, and Linolenate Biosynthesis (all of which are involved in fatty acid metabolism) 

were dysregulated in the GV of the aged oocyte, which was not seen in the 9-week-old 

oocyte. Thereby, mitochondrial dysfunction is mainly contributed to oocyte senescence. 

These age-associated deteriorations play a main role in the depletion of the intracellular 

metabolic process. 

 

Three canonical pathways, signalling by Rho family GTPases, sertoli cell-sertoli cell gab 

junction and integrin linked pathway were altered (Table 6.6 and 6.7). All of these primarily 

function in cytoskeleton organization, microtubule and spindle formation, as well as in 

oocyte communication with the microenvironment. There is a high expression of the 

cytoskeleton molecules such as Acta2, myl9, Vim, spindle formation and Sept9, and a 

decreased level of cadherin, which related to cellular adhesion and gap junctions, control 

ion and molecule flow through adjacent cells. This revealed the abnormal global alteration 

in the cytoskeleton of the aged oocyte compared with the young adult GV. Interestingly, 

most of the genes involved in these pathways were expressed in similar patterns in pre-

pubertal oocytes (discussed in Chapter 5) known as having poor developmental competence. 

This cytoskeleton alteration may consequence in chromosomal abnormalities, inhibition of 

the extrusion of first polar body, increased cellular fragmentation. Based on the fact that 

ATP is crucial for driving meiosis, it may be indicated that mitochondria have not generated 

sufficient energy required for completing functions properly. 

 

The Gp6 pathway involves:  collagen alpha 1(Colla1), collagen type alpha 2 (Colla2) and 

collagen typeIII alpha1 (Cola3a1). Collagen I and Collagen III were found to be the most 



 

 207 

expressed ECM molecules in mouse ovary (219). The three collagen transcripts had the 

highest fold change in the differential genes expressed in aged oocyte (Table 6.8). Changes 

in Collagen level are also linked with tissue fibrosis. For example: collagen accumulates in 

heart with age, leading to cardiovascular dysfunction (220) . Therefore, the elevated level of 

collagen primarily reflects the ovary’s advanced age. It has been documented that ovaries 

form older mice are more rigid compared to those from younger mice (221) Also, a recent 

observation confirmed that fibrosis increases in ovarian stroma with advanced age (222).  

Thus, the ovarian microenvironment may promotes the accumulation of collagen in the one-

year-old oocyte, thus, compromising oocyte quality.  

 

Changes in the melatonin degradation pathway was one interesting finding that correlated 

with the nitric acid and reactive oxygen species (ROS) pathway. Myeloperoxidase (MPO) 

is a peroxidase enzyme that is encoded by the MPO gene, derived from leukocytes (223).  

Myeloperoxidase is released from activated leukocytes at inflammatory sites, and uses 

hydrogen peroxide to generate a wide array of ROS (224). Reactive oxygen and nitrogen 

species are a family of antimicrobial molecules derived from nitric oxide and superoxide 

anions generated during normal metabolic reactions. However, if these molecules and their 

metabolites are not adequately neutralized, they may pose a serious threat to cellular 

viability. Therefore, a balanced level between ROS and antioxidants are detrimental for the 

developing oocyte health and to maintain a normal ovarian physiology (225). 

 

Myeloperoxidase (MPO) was reported as a key marker for oxidative stress in ovarian cancer 

and premature ovarian failure (226). High levels of ROS deteriorate oocyte quality by 

inducing apoptosis (227). therefore the accumulation of MPO promotes oxidative damage 
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in aged oocytes. More interestingly, one study has shown that the MPO serum level was 

found to be elevated in PCOS patients, in particular those who suffer from insulin resistance 

(228). A further observation supporting the association between MPO and insulin resistance 

is that mice deficient in MPO exhibit an improved insulin resistance, elevating energy 

consumption (229). Taken together, our sc-RNA-seq revealed a novel mechanism of MPO 

in age-related deterioration in aged oocytes. The implication of MPO in the dysregulation 

of nitric oxide and ROS pathways emphasises the contribution of MPO in modulating oocyte 

functions. ndeed, oxidative stress is one of the primary factors that have a direct negative 

impact on oocyte quality. Oxidative stress is believed to be a consequence of mitochondrial 

dysfunction (230). 

 

To further understand the main biological functions represented in the GV of aged oocyte, 

transcripts were grouped according to their molecular functions. The characterization of the 

networks shown in Figure 6.6 and 6.7 is an agreement with the dysregulation of canonical 

pathways. For instance:  RAR activation pathways, Sertoli cell to Sertoli cell pathway, 

signalling by Rho GTPase family, ILK pathway are implicated in growth and development 

functions. The second and third network were cell death and organismal injuries and 

abnormalities included genes involved in apoptosis, inflammation that related with 

mitochondrial dysfunction. Finally, lipid metabolism is potentially the most altered 

metabolite in aged oocyte.  

 

Based on these data, this study proposes that mitochondrial dysfunction appears to be the 

main factor and the first to be altered at the earliest stage of oocyte senescence. Despite the 

fact that the oocyte is compromised on multiple levels, ATP supply is reported to be altered 
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early in 8 months oocyte (51).. Therefore, it could be assumed that energy dramatically 

declines, which is then followed by a cascade of disrupted intracellular functions. Most 

biological functions are dependent on mitochondrial activity to obtain the necessary energy 

for accomplishing and achieving oocyte maturation events, including cell cycles and 

organelle reorganization (16). Therefore, mitochondrial dysfunction triggers the dramatic 

dysregulation of several pathways, thereby leading to declined developmental competence 

for an aged oocyte. Further experiments are necessary to confirm this speculation. 

 

6.5. Conclusion  

Oocyte ageing can be summarized as progressive failure in the maintenance of oocyte 

haemostasis, leading to impaired developmental competence. Single cell transcriptomics 

have enabled the investigation of novel pathways that are involved in oocyte ageing. 

Mitochondrial dysfunction, lipid metabolism and retinoic acid metabolism play a major role 

in age-related deterioration in oocytes.  

 

Elucidation of aberrant transcriptome profile in aged oocytes could lead the development of 

potent, non-invasive markers that can be used for selecting the oocytes with the highest 

competence. Furthermore, preventing lipid accumulation or balance retinoic acid could be 

potential methods to restore the normal levels of these metabolites in aged oocytes, hence 

reversing the ageing process and ultimately enhancing the outcomes of assisted reproduction 

for older women.  
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Chapter 7 
Transcriptome Analysis  

of the  
Cumulus Cells Derived from Single Oocyte 
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7.1. Introduction 

Oocyte development is coordinated by bidirectional interaction between the oocyte and the 

surrounding cumulus cells (CCs). The CCs are in physical contact with the oocyte; together 

they form the cumulus-oocyte complex (COC) (231,232). Cumulus cells are a key player in 

transmitting signals to and from the oocyte via cytoplasmic projection and the gap junction 

at the oocyte surface (233). The signalling between the oocytes and their CCs is vital for 

producing a viable and competent oocyte (234).  

 

The oocyte is the central regulator of follicle growth, regulating a broad range of follicular 

CCs’ differentiation, proliferation and luteinisation. In turn, CCs are responsible for the 

external follicle’s metabolism of the glucose and pyruvate used for energy production in the 

oocyte. Intimate communication between the oocyte and its CCs is especially crucial in 

terms of the nuclear and cytoplasmic maturation of the oocyte. Hence, both oocytes and CCs 

grow in a synchronised manner (57,235). 

 

Since oocytes and CCs share the same environment, it is believed that CCs are able to 

disclose relevant information concerning an oocyte. Numerous studies have proposed using 

CCs as a non-invasive approach of predicting an oocyte’s quality and developmental 

potential. Previous studies have demonstrated that CC apoptotic rates are linked with 

abnormal oocyte morphology, incomplete oocyte maturation, and impaired fertilisation 

(67,236,237). Intriguingly, CCs associated with chromosomally abnormal oocytes were 

found to exhibit a characteristic gene pattern. This observation indicates that a suboptimal 

follicular microenvironment potentially contributes to meiotic chromosomal abnormalities 

in oocytes. Thereby, aneuploidy oocytes are correlated with abnormal gene expression in 



 

 212 

CCs (69). These studies collectively suggest that changes in the microenvironment mediated 

by CCs are linked with reduced oocyte quality. Both intrinsic (oocyte) and/or extrinsic 

(follicular) factors may be involved in the oocyte’s decline in quality (55,238). However, it 

is not clear whether companion abnormal CCs induce the oocyte abnormality or whether 

poor oocyte lead to the apoptotic CCs.  

 

Although the developmental potential of a pre-pubertal oocyte and an adult oocyte clearly 

differ, the role of CCs associated with pre-pubertal oocytes is poorly understood. Since CCs 

support pre-pubertal oocyte maturation in vitro, it is doubtable whether incomplete pre-

pubertal oocyte competence is brought about by the companion CCs. What may support this 

hypothesis is a study demonstrating that follicular development occurs via two waves of 

folliculogenesis in the mouse ovary. The first primordial follicles begin to appear before 

puberty and are then gradually replaced by the second follicle wave, which supports adult 

fertility (239). 

 

In addition, an aged follicular microenvironment could impact oocytes by retaining a 

characteristic transcriptional footprint in the surrounding CCs. A better understanding of the 

transcriptomic mechanism that governs the CCs associated with oocytes of different ages 

may result in new insights regarding CCs’ contribution to the production of competent 

oocytes. No high-throughput study based on gene expression profiling has been conducted 

on pre-pubertal CCs, and little is known about age-related dysfunction in CCs. This chapter 

sheds light on the key genes implicated in CC development.  
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The aim of this chapter is to use RNA sequencing to analyse the transcriptomic differences 

among CCs at 3 weeks (pre-pubertal), 9 weeks (mature), and 1 year (aged) isolated from 

single oocytes to identify age-related changes potentially reflecting diminished oocyte 

development potential.  

 

7.2. Methods 

24 individual COCs were recovered from three different ages of female C57BL/6 mice: 3 

weeks old (pre-pubertal oocyte), 9 weeks old (adult oocyte) and one-year-old (aged oocyte). 

Mice were stimulated with PMSG 48 hours prior to the collection of ovaries. Cumulus cells 

were mechanically separated from each individual COC in which the oocyte is at GV stage, 

washed in PBS/BSA and kept in lysate buffer at -80°C. Ployadenylated RNA was isolated, 

amplified and processed for Illumina sequencing using Smart-seq2 approach (149) 

(preparation details in section 2.4 and 2.5). 

 

The CC sequencing data were processed using FastQC format. Duplicates and adaptors were 

removed.  However, generated reads from CC sample were re-mapped twice in order to 

remove the duplicates sequences. Then, only uniquely mapped reads were retained using 

STAR software. Differential gene expression was carried out using edgeR, the data were 

then enriched for pathways analysis using IPA, web based software, and Metacore 

Thompson (detailed in section 2.9) 

!

!
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7.3. Results 

The analysis of CC transcriptomics is divided into four sections: 

•! Sequencing quality 

•! Principle component analysis (PCA) 

•! Differential gene expression  

•! Functional analysis 

!

7.3.1. Sequencing Quality  

7.3.1.1 Mapping Rate  

Illumina sequencing resulted in 24 million reads per CC (n=24; 8 CCs of each age [3 weeks, 

9 weeks and 1 year]). In Figure 7.1, the three columns represent the mapping rate for each 

CCs sample. Of the approximately 24 million reads generated from each CC, an average of 

18 million reads were mapped, and about 13.5 million were mapped uniquely. Roughly 

54.5% of the reads were uniquely mapped to the mouse genome. The mapping rate differed 

among the samples (Figure 7.1), with certain samples featuring a lower mapping rate than 

others.  

!

!

!

!
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7.3.1.2.  Cumulus cell-specific gene expression 

To evaluate the validity of the generated sequencing data, a number of CC-specific genes 

were assessed to ensure high-quality sequencing. A boxplot was generated to demonstrate 

the average gene expression in each of the 8 samples from each of the 3 age groups. The 

genes in each group were sorted based on the level of expression from highest to lowest. 

These genes were selected from previous mice CCs studies showing that these genes found 

to be higher in cumulus cells than other follicular cells such as mural granulosa cells. 

Because this is the first sc-RNA-seq for mouse CCs, it was fundamental to relay on previous 

finding (Table 7.1, Figure 7.1) 
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Figure 7.1 Mapping rate graph for CC samples. Each cumulus cells derived from a 

single oocyte (n=8) at 3 weeks, 9 weeks, and 1 year of age generated approximately 24 

million reads. Of these CCs, roughly 18 million reads were mapped, and about 14 

million reads were mapped uniquely. 
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Figure 7.2 Boxplot demonstrating the average expression of the CC-specific 

genes in the sequencing data. Boxes correspond to the first and third quartiles; 

whiskers extend to 1.5 times the interquartile, and the dots indicate outliers. The 

genes in each group are sorted from the highest to lowest level of expression. 
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7.3.1.3.  Number of expressed genes (quality assessment) 

The study stipulated that a gene was retained if it expresses a threshold of 1 count-per-

million (cpm) for any given sample from each age group. The number of expressed genes 

averaged 12,000 at 3 weeks, 11,600 at 9 weeks, and 11,300 at 1 year. Identifying the number 

of genes expressed in each sample was vital for ensuring that the sequencing data were 

reliable. The 3-week-old CCs demonstrated a smaller black box, indicating the consistent 

value of the expressed genes of the CC samples whereas variable values of the global 

expressed genes of the CCs samples in both 9-weeks and 1-year old (Figure 7.3). 

 

 

 Figure 7.3 A Villon plot of the number of genes expressed in the CCs from 

each age group. A threshold of 1 cpm was used to deem a gene expressed for 

any given sample. The larger the black box is, the more variable the number of 

expressed genes in the associated with the most consistent gene expression 

figures.  
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7.3.2.  Principal component analysis  

To investigate gene expression pattern variations among the CCs within a given age group, 

the sample data were plotted along the first and second PCAs to identify age-related 

differences (Figure 7.4). The generated sample clusters enabled an evaluation of similarities 

and differences regarding global transcriptome profiles between the age groups. The clusters 

did so by revealing how the principal components (each dot represents a sample in Figure 

4) of all three ages were correlated with one another.  

 

Surprisingly, CCs have not clustered clearly. Principal component analysis revealed that the 

1-year-old oocytes featured a distinct transcription pattern that distinguished them from the 

oocytes belonging to the other two age groups. Thus, transcriptomic profiling seemed to 

likewise differentiate the 1-year-old CCs from those CCs from the 9-week and 3-week old 

groups.  

!

!

!

!

!

!

!

!

!

!
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Figure 7.4 Principle component analysis (PCA) plot based on the 500 most 

variable genes; each point represents a sample deriving from CCs stripped 

from the individual mouse oocytes. The data reveal how the samples from the 

three age groups are related to each other. Most of the 1-year-old mouse 

samples separated well, whereas the 3-week-old samples did not separate 

from the 9-week-old samples as clearly. 
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7.3.2.1. Pre-pubertal versus adult cumulus cells (3 weeks versus 9 weeks) 

At 3 weeks, the CCs had not distinctly clustered from those at 9 weeks (Figure 7.5), 

indicating that all components of the two groups (the 3-week and 9-weeks oocytes) 

possessed comparable global gene expression patterns. Six pre-pubertal CCs sample were 

plotted into the PCA where two samples from the pre-pubertal CC group, marked by low 

sequencing quality, were excluded from this PCA. This is because the suspicion that they 

might have adversely impacted the sample clustering during the PCA. However, even after 

plotting the high-quality CC samples, they failed to separate from each other, suggesting 

that the 3-week-old and 9-week-old CCs featured comparable transcription patterns. 

 

7.3.2.2. Aged versus young-adult cumulus cells (1 year versus 9 weeks) 

Principal component analysis plotting revealed that the oocytes from the 1-year-old mice 

(green squares in Figure 7.6) were highly correlated with each other, as they clustered 

separately from the oocytes taken from the 9-week-old mice (orange circle in Figure 7.6). 

Moreover, PCA demonstrated that the transcription patterns of the aged CCs were 

influenced by advancing age.  

!

!

!

!

!
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Figure 7.5 Principle component analysis (PCA) revealed that the CCs belonging 

to the pre-pubertal mice (3 weeks) and the 9-week-old mice did not have highly 

pronounced differences. 
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Figure 7.6 Principle component analysis (PCA) of oocytes at 1 year (aged) 

versus 9 weeks (young adult). Oocytes from the aged mouse cluster were fairly 

separately from those of the young adult mice. 
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7.3.3. Differential gene expression 

7.3.3.1 Pre-pubertal versus young-adult cumulus cells 

Surprisingly, no genes were identified as differentially expressed in the 3-week-old CCs as 

compared to the 9-week-old CCs. This finding suggests possible similarities between pre-

pubertal and young-adult CCs in terms of transcriptional activity.  

 

7.3.3.2 1-year-old versus 9-week-old cumulus cells 

The scatterplot comparing the 1-year-old CCs and the 9-week-old CCS depicts the 

differentially expressed genes in red (Figure 7.7; adjusted P value <0.05). The RNA-seq 

detected a total of 20 genes that were differentially expressed in the 1-year-old oocyte versus 

the 9-week-old oocyte. The difference in gene expression indicates changes in the CC 

transcriptome profiles of the oocytes of various ages, demonstrating an alteration caused by 

age. Interestingly, all of the differential genes had a fold change as low as negative 10.  

!

!

!

!

!

!

!

!
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Figure 7.7 Scatterplot of average counts (cpm) versus log2-fold changes for 

genes generated by DEseq. Genes were retained if 1 count-per-million (cpm 

for any given sample.  
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 7.3.4. Functional network analysis 

To assess the transcriptomic differences in a comprehensive manner, the False Discovery 

Rate (FDR) cutoff was increased to 0.1, and consequently, the number of genes included 

in the analysis also increased. Using this approach, 57 genes were differentially expressed 

in aged CCs, 54 genes were downregulated in the aged CCs, and only 3 genes were 

upregulated. A list of DE genes is provided in Table 7.2 

! !
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The biological networks of the differentially expressed genes were generated using IPA 

software. Table 7.3 illustrates the networks potentially involved in the CCs’ senescence and 

the genes involved in each network.  

1.! First Network: Endocrine system, development and function, organ Morphology, tissue 

morphology (Figure 7.8). 

2.! Second Network: Cell death and survival, DNA replication, recombination and repair, 

Organismal injury and abnormalities (Figure 7.9). 

3.! Third Network: Cancer, Organismal injury and abnormalities, Haematological disease 

!
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 Figure 7.8 The top IPA-generated network enriched in the differentially 

expressed CC genes was that denoted as ‘endocrine system and cell 

development’ (enrichment score: 33). The network includes Fdps and Abcbg1 

(upregulated in aged CCs) in central positions, and genes encoding proteins 

involved in the extracellular matrix and adhesion (a) and with proliferation and 

differentiation, are in the same location.  
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Figure 7.9 The second network affected in the aged CCs was cell death and 

survival, organismal injuries, and abnormalities.  
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7.4. Discussion 

Oocyte maturation is complex event which is tightly regulated by the coordinated interaction 

between the developing oocyte and its companion CCs. While the oocyte is directly 

connected to the surrounding CCs via a network of gap junctions facilitating communication 

and the exchange of low molecular weight molecules, it is also influenced by the greater 

follicular environment, which facilitates both metabolic and oocyte meiosis regulation. The 

oocyte is arrested at the prophase I at by arresting factors transmitted from granulosa cells 

to the oocyte. Furthermore, the resumption of meiosis is mediated by transmitting a signal 

via the same mechanism.  

 

This chapter aimed to define the transcriptomic characteristics of the CCs in each age group: 

pre-pubertal oocyte (3 weeks), young adult (9 weeks) and aged (1 year). Transcriptome 

profiling analysis was therefore conducted to evaluate the CCs’ effect on the production of 

viable oocytes at each age. Thus, this investigation was intended to reveal whether intrinsic 

oocyte characteristics or extrinsic factors mediated by the surrounding CCs are responsible 

for impaired oocyte quality.   

 

The strength of this study is that both oocytes and CCs were sampled from the same COC. 

It was highly important to ensure that both cell types faced similar experimental conditions 

and that they were at the exact same developmental stage. Since all samples were subjected 

to the same conditions, the differences observed across groups should reflect actual 

variability among them.  
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The variations in CC sequencing data illustrated in Figure 7.1 are partially attributed to the 

low number of recovered cells in some samples. This has resulted in low amount of starting 

RNA. The CCs were intended to be isolated from each of the oocytes and then processed 

very quickly to avoid RNA degradation. There was no ideal way to achieve perfectly equal 

CCs numbers, taking into accounting that both the CCs and oocyte had to be from the same 

complex and processed separately due to the technical challenges related to the sample 

processing time; additional time could have possibly altered gene expression.  

 

As pre-pubertal oocytes are known to be less competent than adult oocytes, the 

transcriptomic profile of the pre-pubertal oocyte was investigated earlier in this study and 

found to be distinct from that of young-adult mice (9 weeks). The differences are potentially 

associated with the incomplete developmental competence of the oocyte at the pre-pubertal 

stage. It was therefore crucial to determine whether CCs participated in the impaired 

acquisition of oocyte competence at pre-puberty. It is unclear whether the CCs associated 

with pre-pubertal oocyte likewise demonstrate transcriptional activity that is different from 

that of CCs derived from young-adult mice. In short, whether the CCs and the oocytes are 

similar in this regard requires further research.  

 

Tracing follicular development revealed two waves of folliculogenesis in mice: the first 

wave generates primordial follicles that subsequently begin to grow pre-pubertally, with the 

second, cortical population, supporting adult fertility (239). For that reason, Zhang et al. 

(2014) claimed that the reason that pre-pubertal oocytes are less competent is that when 

oocytes are collected from pre-pubertal mice, they likely derive from the first wave of 

primordial follicles, which may not possess the same genetic features of adult primordial 
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follicles. Supporting this hypothesis is a study that labelled somatic cells using 

autoradiographs of the embryonic gonad. Hrishfield et al. observed two populations of 

primordial follicles in post-natal rat ovaries, each with different developmental dynamics 

(108). More recently, Zheng et al. employed another tracing technique to demonstrate the 

existence of two waves of follicles: The first primordial follicle were activated until 45–50 

days and then gradually replaced by the adult primordial follicles (109).  

 

The RNA sequencing conducted as part of this study was able to answer this assertion at the 

molecular level. The CC samples from both 3-week-old and 9-week-old mice were plotted 

via PCA (Figure 7.4) to determine whether they exhibited similar gene expression patterns. 

Interestingly, PCA did not reveal any marked differences in the global gene expression of 

the CC samples from the two age groups. The CC samples had not been separated (Figure 

7.5), demonstrating that the CCs associated with pre-pubertal and young-adult oocytes 

display similar transcriptional activity. Confirming this finding, when a differential 

expression comparison was conducted, no differential gene expression was detected 

between the 3-week-old CCs and the 9-week-old CCs.  

 

Despite the 3-week-old and 9-week-old oocytes differing in terms of gene expression, no 

similar difference was found between the 3-week-old CCs and the 9-week-old CCs. While 

this finding might suggest that the 3-week-old oocyte transcriptome is independent of CCs, 

further evidence is required. The pre-pubertal mice were stimulated with gonadotropin 

(PMSG), which influences the maturation of both the oocyte and CC, which might indicate 

that CCs respond better to hormonal stimulation. Although with the notion of synchronised 

maturation between oocyte and CCs, the CCs seemingly underwent a molecular maturation 
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process. An in vitro maturation study has reported that CC proliferation was promoted in 

response to FSH in vitro, even when the CCs were separated from the oocyte. Cumulus cells 

further acquired the ability to undergo differentiation and to express transcripts related to 

expansion (57).  

 

Thus, the similarities between the CCs of both ages could be explained by the affect of 

PMSG used to stimulate the mice ovaries promoting CC development during the transition 

from antral to pre-ovulatory follicle. In light of this explanation, a study has investigated the 

CC transcriptome in relation to the stages of oocyte nuclear maturation: GV, MI, and MII. 

That analysis found that CC transcriptomic profiles were similar during the GV and MI 

stages, only becoming differentially expressed in the MII oocyte (72). 

 

On the other hand, in this study,  RNA-seq has successfully identified transcriptomic 

changes between CCs derived from 1-year-old oocytes and 9-week-old CCs. A total of 57 

genes were found to be differentially expressed in aged CCs, mainly involved in 

cholesterol biosynthesis, angiogenesis, cell apoptosis. Interestingly, of these 57 genes, 

only three genes were upregulated, which are mainly associated with mitochondrial 

function.  

Aged human CCs have been investigated to compare the transcriptome profiles of young 

patients less that 30-years old and aged CCs from patients older than 37 years old. Aged 

CCs were found to be enriched with genes related to angiogenesis suggesting that CCs 

ageing is mainly associated with hypoxia(76).  

The network analysis conducted via IPA revealed that endocrine function and organ 

development is the most biological functions affected (Table 7.3). Cumulus cells play a 
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central role in transmitting endocrine signals to the oocyte, and most of the genes with high 

folds were involved in this network.  

 

The two key genes, farnesyl pyrophosphate (Fdps) and ATP-binding cassette transporter G1 

(Abcbg1), both involved in steroid metabolism, have increased expression in aged CCs 

(Figure 7.7). The first of these, Fdps, is a key intermediate in cholesterol and sterol 

biosynthesis, a substrate for protein farnesylation and geranylgeranylation, and a ligand or 

agonist for certain hormone receptors and growth receptors. It has previously been identified 

as specifically expressed in CCs other than follicular cells (240). The elevated concentration 

of Fdbs indicates the increased synthesis of cholesterol in aged CCs, an outcome not 

normally reported in young CCs. Su et al (2007) has documented that increased Fdps 

expression is correlated with cholesterol-deficient oocytes, suggesting that cholesterol 

biosynthesis is promoted in CCs as a compensatory mechanism (234). That finding might 

suggest a similar mechanism in aged oocytes since the oocyte is reliant on CCs to provide it 

with cholesterol, and oocytes stimulate this activity in CCs via Bone morphogenetic protein 

15 (Bmp15) and Growth differentiation factor-9 (Gdf9). Cholesterol is essential in that it 

supports successful cell cleavage in the developing embryo. Thus, cholesterol synthesis in 

CCs changes for the purpose of reducing the deleterious impact of age on lipid metabolism 

in aged oocytes. This alteration in cholesterol composition alters the microenvironment 

surrounding the oocyte and hence contributes to the deterioration of the quality of the aged 

oocyte.  

 

The second key gene, Abcbg, was significantly highly expressed (FC= 4; Table 7.2) in the 

aged CCs. A member of the ABC transporter superfamily, Abcbg1 mediates the transport 
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of cholesterol, phospholipids, and other lipophilic molecules across cellular membranes and 

removes excess cellular cholesterol from cells. Elevated levels of Abcbg1 may potentially 

enhance cholesterol synthesis in CCs. The dysregulation of the cholesterol balance in the 

aged CCs may have altered their steroidogenesis and lipid profile. 

 

On the other hand, the loss of Abcbg1 in mice leads to a severe developmental defect of the 

placenta, leading to intrauterine growth retardation and neonatal death (241). It is therefore 

believed that Abcbg1 is a key regulator for maintaining a normal level of cholesterol in 

tissue, as Abcbg1 dysregulation is accompanied by unbalanced steroidogenesis (241). 

 

Thus, both Fdbs and Abcbg1 seem to increase the cholesterol level in aged CCs. The high 

expression of Fdbs and Abcbg1 in aged CCs may compensate for aged oocytes, which are 

deficient in ATP, as cholesterol is one of the main sources for energy production in follicles. 

Cholesterol and it derivatives are essential components of cell membranes and are precursors 

of steroid hormone synthesis. Aged CCs are characterised by an altered cholesterol 

composition, which weakens their functioning. 

  

On the other hand, transcripts related to angiogenesis were markedly decreased in the aged 

CCs. Among those transcripts was connective tissue growth factor (Ctgf), which has diverse 

cellular functions (Table 7.2). Its primary role is in normal follicular development, and 

particularly granulosa cell differentiation and proliferation (242). It was also reported to 

contribute to oestrogen formation in rat granulosa cells (243). Therefore, the very low level 

of Ctgf in the aged CCs might have induced apoptosis. 
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A knockout Ctgf in mouse ovary  has significantly resulted in granulosa cell apoptosis, 

which leads to less pre-antral and antral follicles and more atretic pre-antral and antral 

follicles than seen in control ovaries (244). Increased CC apoptosis was also reported in 

oocytes from aged mice (245). Since Ctgf is an important paracrine factor involved in the 

continuous remodelling of the extracellular matrix supporting granulosa cell development, 

it is also considered an angiogenic factor responsible for providing oxygen and nutrients in 

later stages of follicle development (246). It could therefore be indicating that low Ctgf 

levels initiate hypoxia in aged CCs. In agreement with this finding, a recent CCs 

transcriptome study revealed that the link between Ctgf and hypoxia is a major hallmark of 

CC senescence (77). 

Moreover, cytokines and pro-inflammatory molecules, which are important for CCs 

expansion and ovulation, also markedly decreased in the aged CCs. These included receptors 

of interleukins 5 and 7 (l17ra, Il15a) and chemokine (C-X-C motif) ligand 1. Cumulus cells 

expansion is based on the synthesis of a large quantity of extracellular matrix occurring in 

the enlargement of COCs. It takes place in the follicle shortly before ovulation in vivo, as 

well as during meiotic maturation in vitro. Interleukins 7 is believed to be involved in 

steroidogenesis, the ovulation process, and oocyte maturation (247). Substantially high II7r 

expression levels in CCs are known to be a marker for CCs expansion and oocyte 

maturation.(248) Therefore, it is evident that downregulating cytokines has an adverse 

impact on CC expansion, which is essential for oocyte maturation, fertilisation, and 

embryonic development (65). Evidently, decreased cytokine activity alters the normal CC 

expansion process.  
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Furthermore, of those genes involved in the endocrine system and organ development 

network, protein kinase C (Pkc), which has a key role in the regulation of gap junctions, was 

decreased seven fold in the aged CCs. Protein kinase C plays a role in phosphorylating 

connexin 43, which control intracellular communication by opening and closing gap 

junction channels and facilitating ion and growth factor transport within ovarian follicles 

(249). Since normal Pkc levels are required for connexin 43 activity, the diminished level 

of Pkc in aged CCs may reduce the functionality of the gap junctions, ultimately affecting 

oocyte development.  

The only gene with very high expression was involved in the second network (cell death and 

survival, organism injuries, and abnormalities; Table7.3) was NADH dehydrogenase 

(ubiquinone) 1 alpha subcomplex, 4-like 2 (Ndufa4), A subunit of NADH dehydrogenase 

(ubiquinone), Ndufa4 is located in the mitochondrial inner membrane and is the largest of 

the five complexes of the electron transport chain. Steuerwald et al. have demonstrated that 

Ndufa4l2 levels are 1.94 times higher in aged human oocytes than in young human oocytes 

(53). The present study has found that this gene’s expression was eightfold higher in the 

aged CCs than in the young CCs. It is believed to act as an oxidative stress mediator and is 

reportedly highly expressed in placental tissue in pre-eclampsia in pregnant women (250). 

Moreover, Ndufa4l2 is expressed in response to hypoxia. The Ndufa4l2 activation 

mechanism under hypoxic conditions is as follows: Cells activate an anaerobic switch that 

favours glycolysis and that attenuates mitochondrial activity. Thus, Ndufa4l2 helps to 

reduce mitochondrial oxygen consumption and activity, which in turn initiates a shift from 

mitochondrial respiration to anaerobic glycolysis. Since the glycolytic process is 

alternatively used for sourcing ATP (251), a CC transcriptome study reported the enrichment 
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of transcripts involved in hypoxia-related stress, including Ndufa4l2, in aged human CCs 

(252). 

Interestingly, a study has revealed that treating renal cells with Ndufa4l2 induces changes 

in TCA cycle metabolism, suggesting that mitochondrial bioenergetics are improved when 

Ndufa4l2 levels are reduced (253). When examined alongside the altered lipid metabolism 

in the 1-year-old oocytes discussed in Chapter 6, this finding seemingly suggests that the 

altered metabolism of aged CCs is linked to the aged oocyte’s altered lipid profile and energy 

production.  

 

Since Ndufa4L2 was the only gene with very high expression in the aged CCs, CCs hypoxia 

is potentially one of the main characteristics of aged CCs contributing to poor oocyte quality. 

The tight regulation of mitochondrial function is an essential metabolic adaptation to 

fluctuations in oxygen availability. 

 

The detailed CC transcriptome revealed that the CCs’ biological functioning was 

compromised and implicated in oocyte senescence, suggesting a link between oocyte quality 

and CC ageing since oocyte development requires a tightly controlled endocrine, paracrine, 

and autocrine interplay among the oocyte itself and the CCs. The poor quality of the aged 

oocyte is likely influenced by the altered CC activity, as CCs with compromised functioning 

impair the endocrine signals required for successful oocyte maturation and further embryo 

development. 

 

This study has demonstrated the dysregulation of key factors in cholesterol biosynthesis; in 

aged CCs, CC expansion and gap junctions were associated with impaired CC functioning. 
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Moreover, transcripts related to hypoxia were confirmed to be a key characteristic of aged 

CCs. Given that both oocytes and CCs were retrieved from the same COCs, this study 

reveals the molecular mechanism underlying oocyte competence, confirming that an altered 

microenvironment is a major contributor to the poor quality of the aged oocyte.  

 

 

7.5. Conclusion 

Cumulus cells play an essential role in the maturation and competence acquisition of the 

developing oocyte. The fact that these cells are closely associated with the oocyte, share the 

same microenvironment, and can be easily collected during IVF procedures makes them 

attractive targets for basic research and the development of clinically relevant assays. 

Analyses of follicular cells are likely to reveal important information concerning the 

viability and genetic constitution of their associated oocyte; such studies will likely also 

shed light on normal follicular processes and the impact of disorders or medical 

interventions.  
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Chapter 8 

OpenArray Real-Time PCR 

Validation 
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8.1. Introduction 

Quantitative, real-time polymerase chain reaction (RT-qPCR) has been the gold standard 

method in quantitation transcript abundance since its advent (254). Real-time PCR provides 

the opportunity to quantify mRNA in small samples, such as those from oocytes and pre!

implantation embryos at the picogram level (255). 

Real-time PCR has better accuracy, a wider dynamic range and higher sensitivity than other 

transcriptomic methods, such as microarrays, do. Therefore, RT-PCR is known to be a 

superior, alternative method for the calibration and validation of microarrays (256). Most 

studies have used RT-PCR to validate only a small number of genes; screening a list of 

genes using 96 or 384 wells is somewhat undesirable due to its time-consuming nature and 

the need for a large quantity of material and intensive labour (257). The development of 

OpenArray qPCR offers the ability to investigate a panel of genes in a nanolitre volume of 

sample. Moreover, OpenArray qPCR has the potential to provide gene multiplexing, 

allowing several thousand PCRs to be performed in parallel on one platform (258–260). 

The most important element that must be accounted for when performing qPCR on immature 

oocytes is that the RNA content in immature oocytes (germinal vesicle [GV] stage) are 

susceptible to transcriptional changes during the maturation process (261,262). This is 

because oocyte maturation (the transition from GV to meiosis [MII]) undergoes selective 

degradation of the transcripts (197,263). Thus, genes nominated for use as reference genes 

could be a part of the regulation of target genes. As result, this increases the concern about 

the accuracy of gene expression measurement . 

Previous transcriptomic studies relied on qPCR for validating the gene expression generated 
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by microarrays or RNA sequencing (RNA-seq) studies. Although oocyte and cumulus cells 

CCs studies have found relative agreement between the qPCR and microarray results, it 

cannot be ascertained whether both methods exhibit a similar concordance (72,130). 

Because the genes chosen for validation are always standard genes, not novel ones, qPCR 

becomes a routine procedure, without a real consideration of using a second method to 

confirm the data it generates. This chapter begins by explaining the steps of the optimisation 

preparation approach for single oocytes and the surrounding CCs for the use of OpenArray 

qPCR. This is achieved by conducting four pilot studies before the experiment is performed. 

 

The overall aim of this chapter is to employ an OpenArray RT-PCR for validating the RNA-

seq results of the following groups: 

o! Pre-pubertal oocytes relative to young adult oocytes (3-weeks-old vs. 9-weeks-

old);  

o! Aged oocytes relative to young adult oocytes (1-year-old vs. 9-weeks-old); and 

o! Aged CCs relative to young CCs (1-year-old vs. 9 weeks old).  

To achieve the main aim, this chapter is structured to fulfil the requirements described 

below.  

 

A.!Section one: Optimising a preparation protocol 

The optimisation of a preparation protocol underwent many experiments to develop the best 

approach for single oocytes. The main requirement was that the approach would enable 

investigation of a panel of genes in an individual oocyte and its CCs. Three sequential pilot 

experiments were conducted to develop a reliable preparation approach, ensuring the 

validity of each step of the approach. The method of each pilot experiment is explained 
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below, followed by its result. Because the protocol was being developed, each small study 

relied on results from its predecessor until the final preparation protocol was determined. 

The development of this protocol included the following: 

•! Pilot 1: Assessment of RNA recovered from a single oocyte and its CCs;  

•! Pilot 2: RT-PCR of the cumulus–oocyte complex (COC); and  

•! Pilot 3: RT-PCR of a single oocyte and CCs, including a preamplification step.  

 

B. Section two: OpenArray real-time PCR (Section 8.3). 

The actual oocyte and CC samples were run according to the optimised protocol developed 

in section one. However, an experimental OpenArray qPCR plate was run using four 

samples prior to the actual experiment (as explained in section 8.3.2). 

 

8.2.! !Optimising a preparation protocol for RNA recovery from a single 

oocyte and its CCs. 

8.2.1.!Pilot 1: Assessment of RNA recovered from a single oocyte and its 

CCs 

The first fundamental step when optimising an RNA extraction protocol is to ensure that the 

RNA recovery from a single cell is sufficient for the requirements of the gene expression 

experiment. Existing methods are unable to measure the RNA recovered from a single 

oocyte as the RNA.  
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8.2.1.1.!!Aim 

A single-gene RT-qPCR experiment was run to ensure that the RNA was intact and evaluate 

its compatibility with downstream reverse transcription and subsequent PCR using two 

genes, as follows: Glyceraldehyde 3-phosphate dehydrogenase (Gapdh), which is known to 

be a reference gene in many gene expression studies (264,265), was used as a housekeeping 

gene, while Cytochrome P450 family 11 subfamily A member 1(Cyp11a1) was used as the 

gene of interest; Cyp11a1 was one of the differentially expressed genes in both the oocyte 

and CC samples generated in RNA-seq data. Therefore, it was selected to be run in parallel 

with Gapdh. 

 

8.2.1.2.!!RNA recovery 

The TaqMan Gene Expression Cell-to-Ct kit (Cat. No. 4399002, Ambion by Life 

Technologies, UK) was used for the RNA extraction. A single COC was retrieved from a 

mouse ovary, washed in bovine serum albumin (BSA)/phosphate-buffered saline (PBS; 1 

mg/ml) and separated into the oocyte and CCs by mechanical pipetting in and out. Both the 

oocyte and CCs were immediately immersed in 50 µlX lysis solution (1:100, DNase: lysis 

buffer) and mixed five times up and down to ensure complete mixing with the lysis buffer. 

The lysates were then incubated for 5 minutes at room temperature (25°C). After incubation, 

5 µlX Stop solution was added to each lysate tube and mixed five times. 
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8.2.1.3.! !Reverse transcription 

Samples were reverse transcribed to cDNA. To ensure recovery of the maximum RNA 

material from a single oocyte, the protocol provided by the manufacturer’s instructions was 

modified. However, it was not clear which volume would provide the best results, and thus, 

samples were divided into two groups, where each sample group had a different volume of 

lysates to determine the best volume for sufficient RNA amount from a single oocyte. 

 

In the first group, each sample contained 12.5 µl of lysate sample added to 25 µl of 2X 

reverse transcription (RT) buffer, 2.5 µlX Gapdh TaqMan® Gene Expression Assays (Cat. 

no. 4453320, ThermoFisher, UK) and 10 of µl distilled water to make up 50 µl of reaction 

volume. Samples in the second group contained 22.5 µl of lysate sample added to 25 µl and 

2.5 µl of enzyme (no water was added). Two similar groups were prepared in parallel using 

Cyp11a1 TaqMan® Gene Expression Assays (Cat no., 4453320, ThermoFisher) instead of 

Gapdh. 

 

 

 

 

 

 

 

 



 

 252 

Table 8.1: Reverse transcription reagents 

Component  First group Second group 

2X Reverse Transcription 

(RT) Buffer 

25 µl 25 µl 

20X RT enzyme mix 2.5 µl 2.5 µl 

Nuclease-free water 10 µl - 

cDNA sample 12.5 µl 22.5 µl 

Final volume RT Master 

Mix 

50 µl 50 µl 

 

8.2.1.4.!  Reverse transcription programme 

Reactions were run in the thermocycler as follows: Samples were held at 37°C for 60 

minutes, followed by incubation for 5 minutes at 95°C, and then held at 4 °C. Each sample 

was run in three technical replicates. A negative control, containing all the RT reaction 

components except the RT enzymes, was also run. 

 

8.2.1.5.! !Real-time PCR 

Following cDNA synthesis, the cDNA samples were prepared for qPCR reactions. A total 

of 50 µl of PCR reaction was prepared, as indicated in Table 8.2. 

 

 !



 

 253 

Table 8.2: Reagents for PCR mix reaction  

Component  Volume 

TaqMan Gene Expression Master Mix  25 µl 

TaqMan Gene Expression Assay (20X) 2.5 µl 

Nuclease-free water  12.5 µl 

cDNA sample 12.5 µl 

 

 

8.2.1.6.! !Pilot 1 results 

Unfortunately, the amplification of Gapdh and Cyp11a1 presented in Figure 8.1 showed an 

unsuccessful detection of the gene expression in both the oocyte and CC samples (the 

amplification curves were comparable to the minus RT samples), demonstrating the failure 

of the PCR amplification. Although five additional amplification cycles were added (5 

cycles added to 40 PCR cycles), the samples could not be amplified. Amplification curves 

are created when the fluorescent signal from the cDNA sample is plotted against the cycle 

number. Therefore, an amplification curve represents the accumulation of the product over 

the duration of the RT- PCR experiment. The two negative controls, namely minus RT and 

non-template control, were both run with oocyte and CC samples to ensure that the PCR 

reaction was contamination free. The amplification failure was the result of two possible 

scenarios; either the template or the primers contributed to the failure of this amplification. 

To eliminate the primer as the reason for amplification failure, the experiment was repeated 

using other assays. In these tests, the amplification continued to fail. 
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Figure 8.4 First pilot: Gapdh and Cyp11a1 expressions in single oocytes and 

CCs. 

Both genes have not been detected due to failed amplification of all samples: 

single oocyte and cumulus cells samples (samples were run in duplicate). 

Amplification plots are created when the fluorescent signal from each sample is 

plotted against cycle number; therefore, the amplification plots represent the 

accumulation of fluorescent product. Relative fluorescence is given on the y axis 

vs. cycle number on the x axis. 
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8.2.2.!Pilot 2: Real-time PCR of COC 

8.2.2.1.! Aim 

Due to the amplification failure of the single oocytes and CCs in pilot 1, certain factors 

needed to be addressed to determine the reasons for this failure. A low starting quantity of 

RNA material was suspected to be a primary reason for the amplification failure. Therefore, 

pilot 2 was designed to determine whether using a large volume of RNA would improve the 

amplification.  

 

8.2.2.2.! Method 

To obtain a large amount of RNA, COCs were collected for the analysis rather than single 

cells. Each five COCs were placed in a 50-ul lysis buffer tube. The samples were prepared 

reverse transcribed using a similar method to that explained in section 8.2.1.  

 

8.2.2.3.!Pilot 2 results 

Gapdh and Cyp11a1 expressions were detected by real-time qPCR, as shown in Figure 8.2. 

The threshold of the real-time PCR reaction was the level of signal reflecting a significant 

increase over the calculated baseline signal (Ct value, the default was set up). The main 

purpose of this pilot experiment was only to verify whether the detection of Gapdh 

expression and Cyp11a1 level was achievable using this preparation approach. The results 

confirmed that limited RNA material was the main reason for the RT-qPCR failure in pilot 

1. Therefore, RNA must be concentrated when isolating it from a single oocyte and the 
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surrounding CCs. Thus, pilot 3 was designed to address this issue, as described in the next 

section. 

 

Figure 8.5 Pilot 2: Gapdh and Cyp11a1 expression detected by RT-PCR in mouse  

COC samples. 

Each amplification curve represents one sample (each set of two identical curves 

demonstrates the duplicates). Two negative controls are included (straight curves): 

The first is the negative control without RT enzyme, and the second is the no 

template control; they were run together with the samples. The negative control 

showed no amplification. 
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8.2.3.!Pilot 3: Gapdh and Cyp11a1 expression in a single oocyte and its 

CCs 

8.2.3.1.!  Aim 

Based on the findings of pilots 1 and 2, it was concluded that the PCR product could not be 

detected in a single oocyte (pilot 1) due to dilution of the RNA recovered from this oocyte 

and its CCs. This means that the volumes used for preparing the lysates were unsuitable for 

the RNA quantity derived from small cells. This assertion was confirmed when a 

concentrated sample of RNA was used in a sample of five COCs in pilot 2, as this enabled 

the detection of both genes of interest. To increase the quantity of starting material to allow 

for the detection of genes, it was necessary to increase the cDNA yield generated from a 

single oocyte and its CCs. The aim of pilot 3 was to determine whether Gapdh and Cyp11a1 

could be detected in a single oocyte and its CCs using small reagent volumes. 

 

8.2.3.2.! Method 

The reagents used in the previous two pilots were scaled down to a quarter of their volume. 

In addition, a preamplification step was implemented in the preparation protocol just prior 

to the qPCR. Figure 8.3 demonstrates the workflow for pilot 3. Each single oocyte was 

washed in BSA/PBS (1 mg/ml) and immediately immersed in 10 µl of lysis solution 

(DNAase: lysis buffer, 1:100 volume) and mixed five times up and down. The sample was 

then incubated for 5 minutes at room temperature (19–25°C). After incubation, 1 µlX of 
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stop solution was added to the lysate and mixed five times. Using this method, the oocyte’s 

or CCs’ RNA should have been concentrated in small volumes. Then, the samples were 

reverse transcribed in a similar method as described in section 8.2.1.4. Next, the samples 

were prepared for preamplification as described below. 

 

8.2.3.3.! Preamplification step 

Equal volumes of each 20X TaqMan Gene expression assay (Gapdh and Cyp11a1) were 

pooled together and diluted with Tris base, acetic acid and EDTA (TAE) buffer, reaching a 

final concentration of 0.2X for each assay. For instance, 1 µl of Gapdh and 1 µl of Cyp11a1 

were added to the TAE buffer. Then, approximately 12.5 µl of pooled assay mix (0.2X, each 

assay) was added to 25 µl of TaqMan preamplification master mix (2X; Cat. no. 4488593, 

ThermoFisher, UK), and 12 µl of nuclease-free water was added to constitute a total final 

volume of 50 µl. The sample mixtures were centrifuged. A preamplification reaction was 

run in a thermocycler, programmed as follows: samples were held for 10 minutes at 95°C, 

followed by 14 cycles of 95°C for 15 seconds and 60°C for 4 minutes (Table 8.3). 
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Figure 8.6 Workflow of the RT-qPCR, including the sample preparation, reverse 

transcription, preamplification and qPCR reaction. 
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Table 8.3: Reagents used for the preamplification mixture 

Reagent Each reaction 

TaqMan Gene Expression Assay (20) 2.5 µl 

Preamplified cDNA products (diluted to 1:5) 12.5 µl 

TaqMan Gene Expression Master Mix (2X) 25 µl 

Nuclease-free water 10 µl 

Final volume RT Master Mix 50 µl 

 

8.2.3.4.!  Polymerase chain reaction 

The preamplification product was diluted to a ratio of 1:5 with the TAE buffer. The PCR 

reactions were prepared in a similar manner to a previous experiment (Table 8.2). The 

samples were run in RT- PCR instrument according to the following programme: samples 

were held at 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles consisting 

of 15 seconds at 95°C and 4 minutes at 60°C. The experiments were repeated twice to 

confirm the results. 

 

8.2.3.5.! Pilot 3 results 

Successful amplification of the single oocyte and CCs is indicated in Figure 8.4. The Gapdh 

and Cyp11a1 expression were detected in all samples, as follows: (1) single oocyte 1, (2) 

single oocyte 2, (3) companion CCs 1, (4) companion CCs 2, (5) positive control–COC, (6) 

negative control (red line). 
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Figure 8.7 Pilot 3: Successful RT-PCR showing the Gapdh and Cyp11a1 transcripts’ 

expression in the samples: (1) oocyte 1, (2) oocyte 2, (3) CCs 1, (4) CCs 2, (5) positive 

control–COC, (6) negative control (red line).  
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8.3.!OpenArray RT-PCR  

Oocyte and CCs samples were collected based on the optimised preparation method 

determined in pilot 3, as described below. 

 

8.3.1.!Assay panel selection  

8.3.1.1.!  Technical criteria 

Each TaqMan® gene expression assay has a unique assay ID by which the assay placement 

can be assigned. The selected assay IDs were those with probes spanning the exon–exon 

junction of the associated genes that do not detect genomic DNA (this is suffixed by _m1, 

which is mouse, Mus musculus, abbreviated ‘Mm’) and have an amplicon size of 50–100 

bp, as the shorter amplicon size allows better amplification efficiency. It is worth mentioning 

that TaqMan assays consist of a pair of unlabelled PCR primers and a TaqMan probe with 

a dye label (FAM). The selected 224 assays and their corresponding IDs (e.g., assay ID for 

mouse Gapdh: Mm00484668_m1) were organised in OpenArray Excel format (Figure 8.7) 

and ordered from ThermoFisher manufactory. OpenArray qPCR plates (Cat. no. 4471128) 

were configured with the 224 assays selected from the sequencing data and set according to 

the selection criteria described below. 

 

8.3.1.2.!  Gene selection criteria (selected genes from the RNA-seq results) 

Each list of differential genes expressed in each age group was sorted based on the highest 

fold changes in both upregulated and downregulated genes with a set fold change of > 2 or 
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< –2. Genes were sorted in ascending order based on the lowest false discovery rate (FDR). 

Although the initial plan was to select equal numbers of genes from each group, some assays 

did not meet the technical criteria stated in the guidelines from ThermoFisher manufactory 

mentioned in section 8.3.1.1.  

The gene panel consisted of differentially expressed genes from the following groups: 

•! Group A: 3-week-old vs. 9-week-old oocytes:  

o! Upregulated genes;  

o! Downregulated genes; 

•! Group B: 1-year-old vs. 9-week-old oocytes: 

o! Upregulated genes; 

o! Downregulated genes; 

•! Group C: 1-year-old vs. 9-week-old CCs; 

•! Group D: Oocyte-specific genes; and  

•! Group E: CC-specific genes. 

These genes were organised as described below. 

 

A.!Oocyte-expressed genes (130 assays) 

There were 130 gene assays imported from the oocytes’ RNA sequencing data. Of these, 

there were 21 upregulated genes in pre-pubertal oocytes, 20 upregulated genes in aged 

oocytes and 39 genes overlapping for both ages. Regarding the downregulated genes, 11 

downregulated genes overlapped for both ages, 21 genes in pre-pubertal oocytes and 18 

genes only in aged oocytes. 
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B.!Cumulus cell–expressed genes (75 assays) 

Seventy-five genes were selected from the CCs’ RNA-seq data. Twenty genes, which were 

the only differentially expressed genes between aged and young adult CCs, were selected 

for validation, whereas the remaining genes were selected from the genes expressed in 9-

week-old CCs.  

 

C.! Oocyte-specific genes  

Thirteen genes were chosen from the oocyte-specific genes. These were used to test the 

sequencing data quality (Section 5.3.1.2). 

 

D.! Cumulus cell–specific genes  

Thirteen genes were chosen from the CC-specific genes, which were previously used to 

evaluate the CCs sequencing data (Section 7.3.1.2).  
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E.! Housekeeping genes 

Five genes were selected from the literature that are known to be expressed at constant 

levels. These were as follows: Gapdh, which is a housekeeping gene for both oocytes and 

CCs; hypoxanthine guanine phosphoribosyltransferase 1 (Hprt1), a housekeeping gene for 

oocytes; ß-actin (Actb); ribosomal protein L19 (Rpl19); and ß!tubulin (Tubb), which is a 

microtubule component.  

 

 

Figure 8.8 A) Photograph of a stainless-steel plate of OpenArray qPCR, the size 

of a microscope slide, taken during the experiment. Wells are grouped in 48 arrays 

of 64 holes (33 nl reaction volume), in which the primer pairs are immobilised. 

The array loaded with primers is stored in an evacuated Mylar™ bag at –20°C. 

All four plates can be run at once to reduce experiment variation. B) Schematic 

illustration of the holes showing 224 assays organised in four subarrays (squares). 

A 
B 
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Figure 8.6 Illustration of the first column in an OpenArray plate, which is divided into 

four sub-arrays (A, B, C, D) horizontally and eight small columns vertically. Each 

sample was dispensed in one column containing the primers of 224 assays 

(ThermoFisher, UK). 
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8.3.2.!Experimental design 

Six biological replicates were collected from each age group and each cell type, that is, six 

single oocytes, six 9-week-old oocytes and six 1-year-old oocytes, as well as six CC samples 

from each group. In total, there were 18 oocytes and 18 CCs in the total number of biological 

samples. Regarding the technical replicates, each cDNA sample was run in three replicates. 

The total number of oocyte samples, including the technical replicates, was 54 samples, 

which was the same for the CC samples. In total, 108 samples were run in nine OpenArray 

plates. 

 

8.3.2.1.! Mice 

Three female 3-week-old and three female 9-week-old C57BL/6 mice were purchased from 

BMS (South Park, University of Oxford). Five female 1-year-old C57BL/6 mice were 

purchased from Envigo, Netherlands. The mice were sacrificed by cervical dislocation and 

RNAase zap was used to clean the mice to ensure an RNA-free environment. The mice were 

dissected, and their ovaries were retrieved and transferred into tubes containing BSA/PBS. 

 

8.3.2.2.! Sample collection 

Six single oocytes and their six surrounding CCs were collected from the 3-week-old, 9-

week-old and 1-year-old mice and kept separate. In total, 21 single oocyte samples (six 

single oocytes with their six companion CCs from each age group, plus extra samples) were 
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selected for use in the validation experiment. Extra samples were collected to allow for 

replacements if needed. 

8.3.2.3.! Sample preparation 

RNA was prepared using the TaqMan Gene Expression Cell-to-CT kit (Cat. no. 439902, 

Ampion, Life Technologies) as described in pilot 3 (section 8.2.3). Sample collection was 

performed on one mouse per day to avoid late preparations and lengthy collection 

procedures, which have adverse effects on RNA integrity. Samples were kept frozen at –

20ºC until all collections were complete and ready for the RT reaction. 

 

8.3.3.! Preamplification  

To prepare the preamplification mix, approximately 4.2 µl of the preamplification assay’s 

pooled preamplification master mix (Cat. no. 4462159, ThermoFisher) was added to 8.3 µl 

of preamplification master mix (Cat. no. 44262159, ThermoFisher). Then, 4.2 µl of cDNA 

sample was added to the mixture, resulting in a final volume of 16.7 µl. The samples were 

then run in a thermocycler as follows: after 10 minutes of incubation at 95°C, 

preamplification was carried out for 14 cycles of amplification at 95°C for 15 seconds and 

60°C for 4 minutes (Table 8.4). 
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Table 8.4: Reagents for pre-amplification reaction for the OpenArray qPCR  

Component  PCRs in each reaction  

Preamplification master mix  8.3 µl 

Preamplification assays pool 
(224 assays) 

4.2 µl 

cDNA sample 4.2 µl 

Total  16.7µl  

 

8.3.4.!Real-time PCR preparation 

Preamplified cDNA was added to the TaqMan™ Real-Time Master mix (Table 8.5). 
 

Table 8.5: Reagents used for OpenArray qPCR 

Component  Each reaction  
TaqMan™ Real-Time 

Master mix 

16.7 µl 

Preamplified cDNA 5.2 µl 

Total  21.9 µl 

 

 

8.3.5.!Real-time PCR workflow 

The protocol was set definitively in pilot 3, as reflected in the workflow shown in Figure 

8.4. After the preamplification step, the preamplified samples were diluted before running 

them for real-time qPCR. However, this dilution was suitable for single-tube qPCR, as 
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conducted in pilot 3. As for the OpenArray plate, the volumes used for preparing the PCR 

reaction (Table 8.5) were different from those of the single-tube qPCR (Table 8.3); because 

the OpenArray plate is designed for nanolitre volumes, it was unclear how much dilution of 

cDNA was required. Due to this uncertainty, one of the OpenArray plates was sacrificed in 

an experimental run in which a series of diluted preamplified cDNA samples were examined 

before conducting the actual validation experiment. 

 

8.3.6.  Preliminary experiment  

8.3.6.1. Aim 

Although pilot 3 was successful in showing Gapdh and Cyp11a1 transcripts detected in 

single oocytes, it was crucial to translate the preparation approach into small volumes for 

the OpenArray qPCR. The aim of this experiment was to determine the amount of dilution 

required for the preamplification. 

 

8.3.6.2. Method 

Samples were prepared as indicated in section 8.2.2.4. Then, the preamplification step was 

performed as described in section 8.3.3. To determine how much dilution was needed for 

the RT-PCR reaction, three dilutions were applied, as follows: 1:5, 1:10 and 1:15. The PCR 

product was diluted with nuclease-free distilled water. 
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8.3.6.3. Results 

The results showed that no significant difference in the Ct values was generated by the 

three dilutions. This suggests that the preamplification product may be used for real-time 

preparation without prior dilution. 

 

8.4.!OpenArray RT-PCR experiment 

Measuring the RNA quantity from a single oocyte assigned for use in the subsequent 

OpenArray qPCR experiment was found to be infeasible  

 

Each oocyte sample (cDNA sample) was run in three technical replicates. The quantities 

required to run triplicates were calculated and prepared together to avoid the pipetting steps. 

In new PCR-RNA-free tubes, 16.7 µl of real-time master mix was dispensed, and then 5.2 

µl of preamplified cDNA was added. Thus, each cDNA of either a single oocyte or CC 

sample had three tubes of real-time reaction. The sample mixtures were then vortexed and 

spun down. 

 

8.4.1.  Sample loading 

Each OpenArray chip contain 48 subarrays composing 12 wells sufficient for 12 samples. 

Therefore, each oocyte sample was prepared and run in three technical triplicates; CC 

samples were prepared similarly. All 12 samples were loaded onto one chip, as the 

OpenArray chip is divided horizontally into four subarrays (A, B, C and D). From each 
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sample, 5 µl was dispensed into A, B, C and D, resulting in 20 µl from each sample. After 

loading, the chips were covered, sealed, filled with immersion oil and centrifuged for 30 

seconds at high speed. 

 

8.4.2. Real-time PCR instrument 

The customised 224-assay OpenArray real-time PCR plates were run in the Quaintstudio 

12k Flex system. Four plates were run at one time. A standard three-step thermal cycler 

protocol with an annealing temperature of 55°C was followed by a product melt–curve 

analysis consisting of an increase from 70°C to 94°C, with image collection at every 0.25°C. 

 

8.5.!  Data analysis using the comparative Ct method 

The threshold cycle (Ct) values generated from the RT-PCR were analysed using the delta 

delta Ct which is a comparative Ct method, developed by Livak and Schmittgen (2001), and 

defined by the following formula: 2ΔΔCT. The equation is 2ΔCT (Ct calibrator −Ct sample), where 

2 = reaction efficiency of 100%, assuming that the amplification efficiency of both target 

and reference are equal (266). For example, primers with a reaction efficiency of 95% will 

be 1.95−ΔCT (CTsample−CTcalibrator). The relative expression levels for each housekeeping gene 

were calculated in each dataset for each age group, the 3-week-old, 9-week-old and 1-year-

old oocytes. Then, the delta CT (ΔCt) was calculated by subtracting the Ct value of the target 

gene (224 genes in each sample) from the housekeeping genes of the same age group. Using 

this method, the Ct values were normalised to the endogenous control in each run. Then, the 

average of the delta Ct of six samples were calculated in each age group. Using the 9-week-
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old oocytes as a reference, the ΔΔCT values were calculated by relating the delta Ct of the 

3-week-old oocytes to the delta of the control (9-week-old oocytes). This was used to 

transform the CT values into normalised relative expression values by relating the CT values 

of the samples to those of the control/calibrator for each gene (266). 

 

8.6.!OpenArray real-time qPCR result 

8.6.1.! Housekeeping genes  

To evaluate the reference (housekeeping) genes’ stability for the real-time qPCR oocytes, 

the variance in the Ct values of the candidate housekeeping genes (Gapdh, Rpl19, Hprt1, 

Actb and Tubb) were calculated. The results showed that Gapdh was the most stable gene 

for the 9-week-old age group (n = 6), which was the control oocyte group (Figure 8.7). 

Gapdh also had the most constant Ct value among other housekeeping genes for the 3-week-

old age group (Figure 8.7B), although with different Ct values for the 3-week-old, 9-week-

old and 1-year-old age groups (Figure 8.10B). 
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Figure 8.7 Ct value analysis of five candidate housekeeping genes (Gapdh, Rpl19, 

Hprt, Actb and Tubb). 

The mean of Ct values was calculated from three technical replicates. Then, 

variance was analysed across six biological replicates.  

A) The variation of five housekeeping genes in 3-week-old oocytes (n = 6); B) Ct 

value variation in 9-week-old oocytes (n=6); C) Ct variation in 1-year-old 

oocytes (n = 6). 
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Figure 8.8 Variation analysis of Ct values of five housekeeping genes (Gapdh, 

Rpl19, Hprt1, Actb and Tubb) in CCs samples (n = 6). 

A) Actb has the most constant Ct value for 9-week-old CCs whereas Hprt1 

is not expressed in most CC samples; B) Actb shows the least variance in 

Ct value, while Hprt1 is not expressed in 1-year-old CCs (n = 6). 
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8.6.2.!Three-week-old oocytes 

Approximately 73 assays were suspected to be detected by OpenArray qPCR in 3-week-old 

oocytes. Of these, 13 are known to be oocyte-specific genes and 5 are known as 

housekeeping genes. Fifty-five genes were differentially expressed in the 3-week-old oocyte 

data generated by RNA-seq. Of those, oocyte-specific genes were also detected in the 3-

week-old oocytes by the OpenArray real-time qPCR (Figure 8.9). The relative expression 

levels of the expressed genes were calculated using the formula: 2ΔΔCT and relating to the 9-

week-old oocytes, which were used as a calibrator (control group). 

 

About 30 of the 55 genes were expressed in the 3-week-old oocytes by qPCR. All of these 

were upregulated (Figure 8.10). OpenArray qPCR was not able to detect the downregulated 

genes. Gene expressions generated by qPCR were then compared with their corresponding 

values from sc-RNA-seq (Figure 8.11), as the OpenArray qPCR plates contain all the 

selected genes from the RNA-seq data, including those that are CC specific. CC-specific 

genes were not expressed in the 3-week-old oocytes, which confirms the qPCR reaction 

specificity. 
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Figure 8.9 Oocyte-specific genes were detected in 3-week-old oocytes (n = 6), generated 

by OpenArray qPCR. The relative expression levels were calculated using the formula: 

2ΔΔCT. 
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Figure 8.10 Relative expression of the upregulated genes in 3-week-old oocytes 

determined by OpenArray qPCR. The relative expression levels of the genes were 

calculating using 2ΔΔ Ct method. 
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Figure 8.11 Comparison of sc-RNA-seq (green) and OpenArray qPCR (blue) data. The 

expressed genes were detected by both techniques. RNA-seq generated accurate 

measurement of the gene abundance.  
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8.6.3.!One-year-old oocytes 

Seventy-one genes were expressed in the 1-year-old oocytes determined through RNA-seq. 

These were validated by OpenArray qPCR, where 44 of the 71 genes were detected. Of 

those, the 13 oocyte-specific genes expressed in RNA-seq data were also examined in real-

time qPCR, and they were all expressed (Figure 8.12). As determined by OpenArray qPCR, 

approximately 24 genes agreed with the selected genes from the 1-year-old oocytes’ 

sequencing data. The list of genes was compared with the fold change of differentially 

expressed genes generated from RNA-seq in Figure 8.13, whereas downregulated genes 

from the RNA-seq were not expressed by OpenArray qPCR. 
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Figure 8.12 Oocyte-specific genes were detected in 1-year-old oocytes (n = 6). The gene 

expression is relative to that seen in 9-week-old oocytes, generated by OpenArray qPCR. 

The relative expression levels of the expressed genes were calculated using the formula: 

2ΔΔCT. 
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Figure 8.13 Comparison between the expression of upregulated genes generated by sc-

RNA-seq and OpenArray qPCR.  
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8.6.4.!One-year-old CCs versus 9-week-old CCs 

As a part of validating the RNA-seq data for CCs, it was crucial to assess the RT-PCR 

performance in CCs using the positive control genes known to be expressed in CCs. The 

OpenArray qPCR revealed the expression of CC-specific genes (Figure 8.14) that were 

previously generated by RNA-seq (Chapter 7, Figure 7.2). These data confirmed the 

successful RT-PCR reaction in the CC samples. Then, to validate the 20 downregulated 

genes, which were the only differentially expressed genes in aged CCs generated by RNA-

seq, they were examined by qPCR. Surprisingly, none of these downregulated expressed 

genes were detected in OpenArray qPCR except the Ctgf gene, which has the least negative 

fold in RNA-seq data of aged CCs. The remaining CCs genes that were configured in 

OpenArray were designed for the comparison between the 3- and 9-week-old CCs. 

However, since no difference in gene expression was found by the RNA-seq, which is far 

more sensitive then qPCR, these genes were not assessed.!
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Figure 8.14 Cumulus cells-specific genes were detected in aged CCs using OpenArray 

qPCR. These genes are known to be expressed by murine CCs (58). They were also 

detected by RNA-seq in aged CCs. Gene expression was calculated in relation to Actb. 
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Table 8.6: RNA-seq data showing 20 downregulated expressed genes. OpenArray 

qPCR was not able to detect genes with very low expression except for Ctgf, which had 

the least negative fold in aged CCs. 

Geneid LogFC 
Cxx1c –10.87482248 
Asb4 –9.691720932 
2010111I01Rik –9.390542088 
Col9a2 –8.552240981 
Loh12cr1 –7.780678509 
Prkd1 –7.222064898 
Omd –7.050367035 
Pdk4 –7.025715078 
Spon1 –6.881817396 
Tmprss13 –6.46907042 
Emilin2 –6.050495185 
Il17ra –6.040409767 
Gm15800 –5.597793897 
Ccdc157 –5.50881712 
Gpatch4 –5.367285394 
Vps8 –5.312694674 
Klhl31 –4.706772123 
Kazald1 –4.684360739 
Tpd52l1 –4.173442836 
Ctgf –3.776659609 

 

 !
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8.7.!Discussion 

Real time- PCR is known to be a gold standard technology for accurately quantifying 

transcript abundance in biological samples (252). It is a powerful molecular technique that 

enables gene expression studies to be performed on small samples, including those from 

oocytes (255,267). OpenArray real-time PCR is a hybrid approach that possesses the 

accuracy and sensitivity of the qPCR approach coupled with the ability to generate high-

throughput data similar to the hybridisation-based microarrays (256,257). High-throughput 

RT-PCR was recently developed to analyse larger numbers of genes and samples using small 

reaction volumes. The microlitre volumes used in 384-well microplates were scaled down 

to nanolitres in the OpenArray qPCR platform, providing the advantage of eliminating the 

need to use large quantities of biological material (258). 

 

The aim of this chapter was to use an OpenArray RT-PCR for validating the RNA-seq data 

of single oocytes and their CCs in detailed validation analyses, rather than using pooled 

oocytes, which could mislead the interpretation. Traditionally, the first step in gene 

expression experiments is obtaining pure, high-quality RNA. Thus, RNA isolation is the key 

element in accurate gene expression measurement. To apply single-cell gene expression 

profiling using OpenArray RT-PCR, optimising a good preparation strategy is fundamental 

for ensuring the RNA input is sufficient for the OpenArray RT-PCR requirements. 

 

Cell-to-Ct Gene Expression from ThermoFisher (Applied Biosystems, UK) is a two-step 

preparation designed for RNA input from 10–105 cells. However, because the oocyte is a 

large single cell (unlike somatic cells), and at the same time, has limited RNA, it was not 

clear if it would be compatible with the OpenArray plate. Because one plate is equal to eight 
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384-well plates, the amount of RNA (input of cDNA) must span the expression levels of the 

target genes. Therefore, emphasis was placed on reducing the preparation steps and as much 

hands-on manipulation as possible to avoid losing RNA. The cell-to-Ct gene expression 

extraction kit was modified for use for RNA recovery from single oocytes and their CCs, as 

it has the advantage of not requiring RNA purification, a step normally conducted after PCR 

amplification in other RNA extraction methods. It eliminates the need for any washing steps, 

which certainly lead to RNA losses (268). DNase was added to the lysis buffer to eliminate 

the susceptibility of presence of genomic DNA in RNA samples and ensure they were not 

contaminated by DNA, as it is virtually impossible to completely remove genomic DNA 

from RNA preparations. 

 

The first pilot was performed to assess the RNA input in single oocytes and compatibility 

with downstream RT and subsequent PCR. The study was based on the use of Gapdh and 

Cyp11a1 as experimental genes in a single oocyte and its CCs. To ensure that samples were 

genomic DNA free, minus reverse transcriptase control (‘no amplification control’, NAC) 

was run in parallel on all samples tested in the RT-PCR experiments. Typically, minus RT 

is a mock reverse transcription that has all the RT-PCR reagents except the reverse 

transcriptase and another non-template negative control that contains all the PCR content 

expect the template. using this method, each experiment was confirmed to be genomic DNA 

free. However, the data showed failed amplification from all samples. The gene of interest 

was not detected, nor was the housekeeping gene identified. Many reasons for this were 

suspected, including the incompatibility of the RNA extraction kit with a single oocyte. 
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The second pilot was designed to figure out if using a high RNA volume would allow the 

detection of Gapdh and Cyp11a1 expression. Therefore, COCs were not separated, but 

instead, transferred immediately to the lysis buffer and processed. Pilot 2 showed successful 

RT-PCR amplification that enabled the detection of Gapdh and Cyp11a 1 in COC samples. 

This result confirmed that the amount of RNA input recovered from a single oocyte in the 

first pilot study was not compatible with the reagent given by the protocol. Thus, it was 

considered concentrating the cell suspension may result in a better amplification. Based on 

this, in pilot 3, the reagent volumes were scaled down to be compatible with the oocyte size. 

Moreover, a preamplification step was implemented in the preparation protocol to increase 

the cDNA yield. cDNA was preamplified by 14 PCR cycles, after which, the preamplified 

cDNA underwent a RT-PCR reaction that successfully enhanced the cDNA yield from a 

single oocyte. A positive control from pilot 2 was run in parallel with the single oocytes and 

their CC samples.  

 
A proper normalisation strategy must be applied to obtain an accurate measurement of gene 

expression. Real-time PCR experiments should include stable endogenous controls to 

correct the sample-to-sample variation when calculating the qRT-PCR efficiency, as well as 

reducing error in sample quantification (269,270). A measured difference of transcript 

abundance between two samples may result from both true biological and technical 

variations. Technical variations must be removed or minimised. In the study, three technical 

replicates of each single oocyte and CC sample were conducted using similar PCR 

components, and extremely similar Ct values were produced in all three triplicates, which 

were then aggregated into a single measurement (Ct average). These results confirmed the 

high reproducibility of the OpenArray RT-PCR. Conducting technical replicates enhances 
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the precision of the data and allows for a clearer picture of the true biological variation 

related to the transcriptional activity rather than technical artefacts (271,272). 

 

The most common method of data normalisation is using housekeeping genes, which 

presumably remain constantly expressed and should not be affected by the experimental 

treatment or condition (259). Several transcriptome studies have utilised constitutively 

expressed housekeeping genes, such as Gapdh in human and mouse oocytes (139). Other 

studies use Hprt1 and β!actin (Actb) to measure the variation in oocyte or embryo mRNA 

abundance (273–275). Housekeeping genes are often used as reference genes, as they are 

present in all nucleated cell types and required for fundamental cell survival (259,262). 

Despite this, one study revealed that the expression of the traditional housekeeping genes, 

such as β!actin and Gapdh, are significantly regulated in various cell and tissue,  making 

them unreliable. Therefore, five genes – Gapdh, Rpl19, Hprt1, Actb and Tubb – were chosen 

as potential gene references for the oocytes and CCs, as the RT-PCR experiments in most 

ovarian transcriptome studies have used these genes. Initially, it was planned to use more 

genes to conduct a geometric averaging of multiple selected housekeeping genes to achieve 

accurate normalisation. However, the OpenArray RT-PCR data revealed that the reference 

genes’ stability varied in a manner that was not expected. Although oocyte housekeeping 

genes were presumed to be constantly expressed in all developmental stages of the oocyte, 

Hprt1 appeared to be the most variable housekeeping gene among the oocytes in each age 

group (Figure 8.7), whereas the Rpl19 expression level was nearly consistent in most of the 

samples, making it a reliable control. The fluctuation of the reference genes in the oocytes 

could indicate that these genes contributed  in part to the transcriptomic changes during 
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maturation, as the current study revealed that oocytes undergo dynamic transcriptional 

changes associated with age, as described in Chapters 5 and 6.  

 

While the housekeeping genes were found to be relatively variable in both prepubertal and 

aged oocytes, they were more constant in the CC samples (Figure 8.8). The present data are 

consistent with study that found dramatic variations in mRNA levels during oocyte 

development, which in turn, made the normalisation of oocyte and preimplantation stage 

embryo data more challenging (262). Such normalisation cannot be based on the identical 

principles to those used for somatic cells. In fact, oocytes are thought to be different from 

somatic cells, in that mRNA levels fluctuate during oogenesis and early development, and 

thus, normalisation strategies are prone to mistakes (276).  

 

Based on the findings, only one gene of each cell type was selected to be used in normalising 

the gene expression data. Gapdh and Actb were selected for the oocyte and CCs samples, 

respectively. Some papers have suggested using two genes to generate more accurate results 

(270,271); however, when this strategy was applied to the present data, no differences were 

found. 

 

To assess the performance of OpenArray qPCR reactions, genes known to be oocyte-

specific, which were detected by the sc-RNA seq quality (chapter 5, Figure 5.4), were also 

implemented in the OpenArray RT-PCR plate. These oocyte-specific genes were 

successfully detected in the 3-week-old, 9-week-old and 1-year-old oocytes. The oocyte-

specific genes were initially selected from the literature (130). These genes were found to 
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be upregulated in 3-week-old and 1-year-old in comparison with 9-week-old oocytes, in 

agreement with the RNA sequencing of single oocytes generated in this study.  

Real-time PCR revealed about 40 genes in the 1-year-old oocytes; however, the genes 

detected by qPCR were compared with those that met the criteria (fold change > 2, FDR < 

0.05). Of these, 24 upregulated genes were consistent with the sequencing data, while 

downregulated genes (from sc-RNA-seq data) were not detected. From a technical point of 

view, as most of downregulated genes selected from RNA seq data had very low expression, 

it seems that low levels of gene expression are not easily measured. Perhaps downregulated 

genes with different ranges of negative fold expression (from RNA-seq data) should be 

chosen to be examined by OpenArray RT-PCR. 

The present study revealed that RT-PCR has limited accuracy when it comes to measuring 

transcripts expressed in very high or low abundance. This was seen in both 3-week-old and 

1-year-old oocytes. In addition, it seems that RT-PCR has a limited dynamics range 

compared with RNA-seq. This was evidenced by the CCs’ qPCR data, as 20 genes selected 

from RNA-seq data were not validated, since they were not detected by OpenArray RT-

PCR. The only gene that was found was Ctgf, which had the least negative fold (Table 8.6). 

CC-specific data were detected in aged CC samples and showed a high level of expression 

(Figure 8.9).  

The ideal design of the validation experiment should use the same samples employed for the 

main technique, and the RNA from a biological sample must be divided and run in both sc-

RNA-seq and RT-PCR. This is crucial when it comes to comparing the gene expression 

levels generated by the two different approaches. However, applying this method was 
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infeasible due to the extremely limited RNA material isolated from a single oocyte. Another 

alternative method used in other publications is using an exact amount of RNA input in both 

transcriptomic methods (RNA-seq and RT-PCR) (261,268); however, measuring the RNA 

quantity from a single cell is still infeasible with the existing methods. Therefore, the 

problem faced here is that each experiment has a specific RNA extraction protocol and 

procedure representing different levels of potential and ability.  

 

One possible reason for the inconsistent gene expression is the priming strategy used in sc-

RNA-seq compared with that used in qPCR. In sc-RNA-seq, the Smart seq2 approach is 

based on using the oligo-dT primers, which bind to the poly(A) RNA, whereas RT-PCR 

uses random hexamers that randomly bind to the RNA. In turn, the RNA regions are not 

represented similarly by both priming strategies (277). A previous study found that the 

expression levels of reference genes, such as TUBB and  Succinate Dehydrogenase Complex 

Flavoprotein Subunit A (SDHA), were affected by using different priming strategies during 

RNA preparation (276). 

 

One of the main differences between RNA-seq and qPCR is that level of downregulated 

genes expression could not be detected with qPCR. However, this was expected to some 

extent, as the genes chosen from the RNA-seq data exhibited very low expression. This 

could be the result of two potential scenarios. The first possibility is that it is extremely 

likely that the expression of these genes is outside the dynamic range of the chosen designed 

assay in RT-PCR. The other possibility is that the cDNA input was not sufficient for all 

assays in one subarray; that is, when the cDNA sample was dispensed (5 µl), the cDNA was 

distributed to all the assays (64 assays) in one subarray. Multiplexing many assays in one 
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well, it appears that the target primer competes with others to obtain the cDNA. Thus, 

moderately expressed genes had the most cDNA, whereas low and highly expressed genes 

could not obtain enough cDNA to present a clear result.  

Overall, the data generated are considerably biased toward moderately expressed genes. In 

general, RNA-seq exhibited much better performance than qPCR did. The data confirmed 

that the coverage of 30 million reads was powerful in revealing novel genes that cannot be 

detected in RT-PCR.  

 

Different variables inherent to the RT-qPCR workflow must be controlled to minimise 

technical variation. This includes the amount and quality of starting material, enzymatic 

efficiencies and overall transcriptional activity. During the configuring of the qPCR, some 

of the primers were inventoried for first time use, as they had not been tested before. 

TaqMan assays were designed using a proprietary algorithm developed by ThermoFisher 

Scientific. The primers were a set of oligonucleotides, and the algorithm evaluated a set of 

optimal assays, considering criteria like the melting temperature and nucleotide composition 

of primer-pair combinations. The algorithm selected the assays with the highest specificity 

based on nucleic acid sequence comparisons of assay primers and probes with genomic 

sequences from other closely related species. From the sequence comparison, the assay with 

the highest mismatch score with other organisms was chosen, thereby minimising the 

possibility of the generation of false-positive results during testing. 

 
Several studies have compared microarray results with qPCR data, and they have found an 

excellent correlation between the results from the two assays. As for RNA-seq and RT-PCR, 

the discrepancies existing in this qPCR study are most likely due to bias in the RT-PCR 
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experiment rather than the RNA-seq data. sc-RNA-seq appears to be the most reliable 

technique, since normalisation to a reference gene is avoided. In addition, RNA-seq does 

not require predesigned probes; rather, it can detect and quantify entire transcripts, 

including unknown transcripts. Thus, it avoids the major technical issues of RT-PCR and 

microarrays.  

 

Most RNA-seq publications run qPCR for a few genes (77,130,278–280). In these RNA seq 

studies, the genes from RNA-seq data selected for validation by RT-PCR were standard 

genes, for which all the above technical challenges are avoided, whereas novel genes were 

not validated. Thus, the RT-PCR results do not necessarily resemble the RNA-seq data in 

these previous findings. Furthermore, from a technical perspective, single-tube RT-PCR was 

used, which relied on using the whole sample for one gene whereas the present study was 

designed to investigate 224 genes in one sample.  

 

The most important factor that must be addressed for improving –RT-PCR performance is 

determining how much cDNA input OpenArray RT-PCR requires to detect the transcripts 

with high or low expression. This study demonstrated that high throughput qPCR requires 

more cDNA to achieve the level of accuracy expected from this technology. Another 

suggestion is organising the assay in the OpenArray plate in a manner that allows the high-

expression genes to be placed in different subarrays (in validation experiments) rather than 

organising them ascendingly according to the highest fold expression level, as in the design 

of the OpenArray plate in this study. In addition, when choosing the TaqMan assays, it is 

fundamental that the dynamic range of an assay is tested in advance and compared with 

the reference genes’ dynamic range.  
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Overall, the results showed high reproducibility across the technical replicates and 

acceptable data quality but moderate agreement with the expression measurements of the 

RNA-seq data. High-throughput qPCR revealed the expression of more than 30 genes for 

each prepubertal and aged oocyte at the single-cell level. However, OpenArray RT-PCR 

may require extensive optimisation and troubleshooting to obtain reliable data. If the 

technical issues are addressed, OpenArray could have the potential to be used as a rapid 

molecular tool for multiple clinical applications, including assessing embryo and oocyte 

quality.  

 

8.8.!Conclusion 

OpenArray qPCR is a promising technique for analysing gene expression in single oocytes 

and CCs, provided that the technical issues are addressed. Although RT-PCR appears to 

inherit some technical limitations of the hybridisation-based microarrays in terms of 

designing probes and primer characteristics, it has the advantage that minute quantities of 

material can be used – a crucial factor in single-cell gene expression profiling studies. Real-

time PCR is still superior to microarrays and RNA-seq in terms of cost efficiency, simplicity 

of the protocols and quick turnout technique; improving cDNA amplification would provide 

a first step toward the goal of adapting OpenArray RT-PCR for clinical screening of 

potential markers for oocyte competence. 
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Chapter 9 

General Discussion 
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The advent of single-cell RNA sequencing (sc-RNA-seq) has principally overcome the 

obstacles presented by previous transcriptomic analysis techniques. It solves the problem of 

a shortage of material required for the analysis and avoids the technical artefacts associated 

with hybridisation-based technologies (138). This study presented the successful application 

of sc-RNA-seq on individual oocytes and their surrounding cumulus cells (CCs). The overall 

aim was to investigate the changes in the transcriptome of a single oocyte and its companion 

CCs in relation to age. sc-RNA-seq has provided a unique view of alterations concerning 

the transcriptional activity in oocytes and CCs at the pre-pubertal, prime and advanced ages 

of reproductive life.  

!

At the start of this project, no publications had addressed single-oocyte RNA 

transcriptomics. It was therefore necessary to optimise a preparation protocol for the sc-

RNA-seq library. The Smart-seq2 approach was optimised to enable the generation of high-

quality RNA from single oocytes and their CCs. Despite the technical challenges faced 

during the development of the preparation protocol, Smart-seq2 proved to be an efficient, 

reliable approach, allowing us to achieve high sequencing depth and high library complexity 

from a single oocyte. This was proven by the detection of 12 000–13 000 expressed genes 

in an individual oocyte and about 1642 differentially expressed genes in an aged oocyte; this 

high number of differentially expressed genes was not achieved in previous transcriptomic 

research, where 500 pooled oocyte samples were used and only 530 significantly differential 

genes were detected (52,53,113). 

!

The present sc-RNA-seq study was distinct in that it revealed profound differences between 

pre-pubertal and young adult oocytes. About 2912 genes were differentially expressed in 
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pre-pubertal oocytes relative to 9-week-old oocytes. Three-week-old oocyte transcriptomics 

data revealed that several pathways associated with cytoplasmic functions continued to be 

expressed in an immature manner. The dysregulation of the Rho family GTPases signalling 

pathway, together with the integrin-linked kinase (ILK) signalling pathway, which both 

compose the cytoskeleton remodelling, indicated the immature characteristics of the 

cytoplasm. The changes in the levels of genes responsible for regulating the cytoskeleton 

dynamics (e.g. Mapk10, Vim, Sep9) indeed affected the spindle and microtubule formation, 

and consequently, the competence in achieving proper meiotic division.  

Previous findings showed that in vitro maturation for MI (IVM) oocytes closely resembles 

that of in vivo MII oocytes in terms of cellular pathways related to nuclear maturity, but this 

is not evident in pathways associated with cytoplasmic maturity (281). The current study 

revealed that  retinoic acid metabolism (PXR/RXR pathway) had a novel role in the 

cytoplasmic maturation of the pre-pubertal oocyte, and evidence was accumulated that RA 

and its derivatives have a major impact on diverse cellular functions, including regulating 

meiotic resumption, controlling lipid metabolism and steroidogenesis (282–284). Thus, this 

significant role of RA should be considered for implementation in the culture media 

composition for the IVM of pre-pubertal oocytes.  

The pre-pubertal oocyte data demonstrated that the transcriptional activity is still undergoing 

global changes at this age, and it seemed that cytoplasmic maturation was not achieved. The 

increased accumulation of several metabolites in 3-week-old oocytes demonstrated that the 

cytoplasmic function remains underdeveloped. Successful fertilisation depends highly on 

the inherent qualities of the oocytes, and thus, it relies on oocyte maturation. The 

developmental competence seems to be gradual and sequential, which explains why the pre-



 

 299 

pubertal oocyte can be fertilised but has limited ability to develop into a healthy embryo. 

The molecular mechanisms that underlie competence acquisition were demonstrated, 

confirming that cytoplasmic competence, like meiotic competence, correlates closely with 

approaching puberty. 

The present study provides baseline data for the pre-pubertal transcriptome, which has not 

been discussed before in the literature. Despite the increased clinical demand for using pre-

pubertal oocytes for pre-pubertal cancer survivors who lost their fertility after cancer 

treatment, the transcriptomes of the pre-pubertal oocytes are barely discussed, and extremely 

limited research has been done, even in mammalians. Therefore, the differentially expressed 

genes and enriched pathways provide clues for the optimisation of IVM techniques, 

especially for infertile, pre-pubertal patients for whom IVM is the only available option so 

far.  

In contrast to other methods, sc-RNA-seq provides a clear picture of the upregulated and 

downregulated genes in aged oocytes in relation to oocytes at a young adult age (9 weeks). 

The present data identified new regulatory genes that govern the ageing process, confirming 

that changes are obscured when oocytes are pooled.!!

The unbalanced lipid metabolism evidently has a major influence on the oocyte ageing 

process. The dysregulation of genes involved in ß oxidation, such as Cpt1a and Scd1, 

indicate the deterioration of mitochondrial function, which has adverse consequences in 

energy production. An interesting finding from 2016 demonstrated that several classes of 

phospholipids are affected in aged oocytes (285). The study used CellMask Deep Red 

staining to compare mouse oocytes aged 45–50 weeks with some as young as 4 weeks old; 

the results showed partial disruption of the oocyte zona and suggested that the integrity of 
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the plasma membrane was intact in aged oocytes. Because lipid is the structural backbone 

in oocytes, as well as their source of energy, its alteration is associated with a decreased 

quality of mouse oocytes (285). 

Interestingly, when H2O2 was used as an exogenous agent to induce the oxidative stress in 

a group of 4-week-old oocytes as an attempt to partially mimic the oxidative stress 

originating from the mitochondria in aged oocytes, by comparing the lipid profiles among 

the young oocytes, aged oocytes and oocytes treated with H2O2, the aged and H2O2-treated 

oocytes were found to have abnormal lipid profiles. This finding shows an evident 

association between oxidative stress and lipid dysregulation (285). While lipid dysregulation 

seems to be a major hallmark of the ageing process in oocyte senescence, oxidative stress 

has also been labelled as a major characteristic of aged oocytes; however, it is difficult to 

ascertain which changes in mitochondria induce the cascade of oocyte deterioration. 

Elevated reactive oxygen species (ROS) production is linked with the increased lipid 

oxidation observed in several age-related diseases (286). Both lipid dysregulation and 

oxidative stress were noticed in both oocytes and aged CCs. Oocyte ageing involves the 

dysregulation of several interconnected biological processes.  

It was surprising to observe that the atypical expression of some pathways was common in 

both pre-pubertal and aged oocytes (Figure 9.1). The examples include the retinoic acid 

metabolism (PXR/RXR pathway); many genes in this pathway are dysregulated in both 

prepubertal and aged oocytes. The patterns of gene expression were different in some 

differential genes, but this generated a new hypothesis that atypical transcriptional activity 

of the retinoic acid pathway has a strong link with poor oocyte quality, regardless of age. 

Retinoic acid seems to be a key regulator in oocyte development that should be given more 
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attention. Lipid metabolism and steroidogenesis have been found to be controlled by RA; 

therefore, the RA level must be tightly regulated to improve the oocyte quality (287). 

Nevertheless, this assertion requires further investigation. 

Overall, the involvement of the four pathways in the dysregulation of the transcriptional 

activity in both ages revealed a strong association of these pathways with decreased oocyte 

competence, regardless of the oocyte’s age. The comparison of gene expression between 

oocytes with poor competence, such as prepubertal and aged oocytes, and those with full 

developmental competence, indicated that the malfunctioning of these certain pathways may 

govern the transcriptome and have a major influence in compromising oocyte maturation. It 

would be of great benefit if these genes were to be researched extensively to used them as 

markers for oocyte quality.  

 



 

 302 

 

 

 

Figure 9.1: Common pathways between the pre-pubertal and aged oocytes relative to 

young adult oocytes. 

The dysregulation of four pathways, namely GTPases by the Rho signalling family, 

lLk pathway, PXR/RXR activation pathway, and type II diabetes mellitus, indicate 

certain molecular mechanisms underlying the poor quality of oocytes.  
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Evidently, genes fluctuate in response to the oocyte’s needs. In addition, changes in the 

ovarian microenvironmental conditions could induce changes in the genes’ expression in 

oocytes. Cumulus cells seem to provide the oocyte with factors that rescue the deteriorated 

functions in aged oocytes. The changes in aged CCs are presumably an adaptation 

mechanism; thus, unbalanced CC factors come into concordance with the altered metabolic 

requirements of the aged oocyte. The current study showed that changes in lipid metabolism 

were found in both aged oocytes and CCs. Because many lipid classes have common 

structural features, and they are often regulated by the same enzymes in class-specific 

manners, a high degree of co-regulation is presumed in the lipid profiles of oocytes and their 

CCs. It is evident that the surrounding CCs play a role in supporting oocyte lipid 

homeostasis, as a large part of the beta oxidation process occurs in CCs (288,289). The fatty 

acid metabolism in CCs was recently analysed via a microarray study demonstrating that a 

significant enrichment of lipid metabolism-related genes was detected in CCs from in vitro  

mature oocytes, suggesting that it is one of the most important functions of CCs during 

oocyte maturation (188,290,291). 

Taking the results together, the altered levels of lipid metabolism-related genes in aged CCs 

at 1-year-old shown in the present study illustrated that the CCs’ lipid was clearly is 

important for keeping a normal oocyte development. Moreover, the findings highlighted 

how alteration in CCs lipids affects the early stage of embryo development at an advanced 

age.  

It was mentioned above that retrieving the oocyte and CCs from the same complex 

represents a strength of this study, as most publications have contradictory findings; for 

instance, an increase in apoptotic CCs was correlated with poor-quality oocytes in one study, 
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whereas a later study showed that poor oocytes have increased CC proliferation (67,68). 

Therefore, conducting the analysis of both cells taken from the same follicle rules out this 

suspicion; more importantly, it correlated the relationship between the oocyte and CCs in an 

aged ovary.  

The oocyte is largely responsible for regulating events in fertilisation and embryonic 

development through the maternal genome, which drives the oocyte growth until embryonic 

activation (13,292). Therefore, most aberrations are a consequence of inherent defects in the 

oocyte (47). The main concern is that oocytes with diminished developmental competence 

have non-visualised abnormalities, as the event compromising cytoplasmic maturation 

cannot be identified. Atypical cytoplasmic maturation may cause failure at any step of a 

fertilisation event, without any morphological indicator, such as the extrusion of the first 

polar body in the oocyte or pronucleus formation, which are indicators of nuclear – but not 

cytoplasmic – maturation (155,293). 

Developing a molecular-based assay could represent a new, reliable way to assess the 

oocyte’s competence, as the judgment of oocyte quality is still infeasible in clinical practice, 

and this is mainly due to the lack of knowledge of what oocyte competence entails (294). 

This further supports the necessity of performing deeper investigation of maturation 

regulation before pursuing an explanation for fertilisation failure. 

The OpenArray qPCR demonstrated the capacity to measure a panel of more than a hundred 

genes in one sample. However, comparing the results of gene expression generated by sc-

RNA-seq and OpenArray qPCR indicated that sc-RNA-seq exhibits better performance than 

OpenArray qPCR does in terms of being more powerful in the quantitation of gene 

expression. Unfortunately, the highly expressed genes detected by the RNA-seq experiment 
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were not detected in OpenArray qPCR; similarly, qPCR was unable to detect the genes with 

low expression. This is because sc-RNA-seq relies on direct access to the sequencing of 

mRNA rather than needing a designed probe like qPCR does. Accordingly, sc-RNA-seq 

allows a larger dynamic range of gene expression compared with qPCR.  

Improving ART treatment will mainly rely on improving oocyte health by understanding 

the oocyte’s biological process. There are multiple ways of improving the quality if the 

causes of any problems are defined. Culture media can be modified and developed in a way 

that meets the requirements to remediate poor oocyte quality. 

Overall, this thesis has added a database of the transcriptomic differences in pre-pubertal, 

adult and aged oocytes, as well as their companion CCs, proposing new insights into the 

influence of age on the oocyte and surrounding CCs. sc-RNA-seq shows great promise for 

revealing deeper insights into ovarian function. It offers deep coverage and throughput, 

making single-oocyte transcriptomics applicable to studies of deep differences at the 

molecular level.  
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