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Abstract 

Histone acetylation is a critical epigenetic modification that changes chromatin architecture 

and regulates gene expression by opening or closing the chromatin structure. It plays an 

essential role in cell cycle progression and differentiation. The human endometrium goes 

through cycles of proliferation, differentiation, and degradation each month requiring strict 

epigenetic regulation for the proper functioning of the endometrium. Histone acetylation is 

generally associated with gene activation. It is regulated by histone acetyl transferases (HATs) 

and histone deacetylases (HDACs), which include sirtuins (SIRTs). Previous study from our 

lab has demonstrated that global histone acetylation changes in the endometrium correlate with 

the expected transcriptional activity during the menstrual cycle. However, the expression and 

regulation of HDACs in the endometrium have not been elucidated. The aim of this master’s 

project is to characterize the gene and protein expressions, and hormonal regulation of HDACs 

in human endometrium during the menstrual cycle. Normal endometrial tissues were obtained 

from cycling pre-menopausal women. Gene and protein expression patterns for the 18 HDACs 

were determined across the menstrual cycle stages. The analysis established the profile for 

HDAC expression in human endometrium during the menstrual cycle. In addition, effects of 

steroid hormone and HDAC inhibitor TSA were studied in three endometrial cell lines. The 

AN3 cells were used as a model for non-receptive endometrium epithelium, while RL95- 2 

cells were used as a model for receptive epithelium. Human endometrial stromal cells (HESCs) 

were used as stromal cell models. 

The mRNA data showed that many of the HDACs were upregulated during the early secretory 

and mid secretory stages. The protein expression profiles matched the 

gene expression patterns in the endometrial tissues. The steroid hormone treatment showed 

that the gene expression of HDACs vary widely in the different cell lines in response to 

hormones. The effects of TSA on different HDACs also produced cell line specific 

effects. The results imply that there is temporal regulation of HDACs in endometrium during 

the menstrual cycle and is influenced by steroid hormones. Further functional studies to 

investigate the roles of specific HDACs will lead to better understanding of the regulation of 

histone acetylation in endometrium.  



 

iii 

Acknowledgments 

I would like to express my deep and sincere gratitude to my supervisor Dr. Anna P. 

Ponnampalam, whose unending guidance and support helped me throughout this project. I can't 

thank you enough for the invaluable knowledge you have provided me.  

A special thanks to my co-supervisor Dr. Jo Kate Perry, for being there whenever I had doubts 

about my future.  

I am deeply grateful for the help and support provided by Ms. Hui Hui Phua, for teaching me 

the techniques and providing her invaluable tips to get better results.  

I would like to thank Ms. Vishakha Mahajan for always being there for me and answering all 

my silly questions.  

My thanks also go to the administrative staff Mrs. Jean Leonard for help throughout my project.  

I would also like to thank Dr. Sue R McGlashan without whose help I would not have been 

here.  

I express my sincere thanks to my husband for always encouraging me and giving wings to my 

dreams. And a special thanks to my parents and in-laws for supporting me through this journey.  



 

iv 

Table of Contents 

Abstract .................................................................................................................................................. ii 

Acknowledgments ................................................................................................................................ iii 

Table of Contents ................................................................................................................................. iv 

List of Figures ....................................................................................................................................... vi 

List of Tables ...................................................................................................................................... viii 

List of Abbreviations ........................................................................................................................... ix 

Publications .......................................................................................................................................... xi 

Histone acetylation and the role of histone deacetylases in normal cyclic endometrium .............. xi 

1 Introduction ................................................................................................................................... 1 

1.1 The Uterus ............................................................................................................................... 1 

1.2 The Endometrium ................................................................................................................... 2 

1.2.1 Hypothalamic-Pituitary-Gonadal (HPG) Axis ................................................................ 3 

1.3 The Menstrual Cycle ............................................................................................................... 4 

1.3.1 Proliferative Phase .......................................................................................................... 5 

1.3.2 Secretory phase ............................................................................................................... 6 

1.3.3 Menstruation ................................................................................................................... 9 

1.4 Steroidal Control in the Endometrium .................................................................................. 10 

1.4.1 Estrogen ........................................................................................................................ 10 

1.4.2 Progesterone .................................................................................................................. 11 

1.4.3 Steroid Receptors .......................................................................................................... 11 

1.5 Epigenetics ............................................................................................................................ 13 

1.5.1 DNA Methylation ......................................................................................................... 14 

1.5.2 Histone Modifications ................................................................................................... 14 

1.5.3 Histone Acetylation....................................................................................................... 15 

1.5.4 Histone Acetyltransferases (HATs) .............................................................................. 15 

1.5.5 Histone Deacetylases (HDACs) .................................................................................... 16 

1.5.6 Histone Deacetylase Inhibitors (HDACi) ..................................................................... 21 

1.5.7 Histone Acetylation in the Endometrium ...................................................................... 23 

1.5.8 HDACs and Endometrial Pathologies ........................................................................... 29 

1.5.9 Conclusion .................................................................................................................... 31 

1.6 Aim ....................................................................................................................................... 33 

2 Materials and Methods ............................................................................................................... 34 

2.1 Charcoal stripping Fetal Bovine Serum (FBS) ..................................................................... 34 



 

v 

2.2 Cell culture ............................................................................................................................ 34 

2.3 Hormone Treatment of Cells................................................................................................. 36 

2.4 Cell harvesting ...................................................................................................................... 37 

2.5 Tissue Samples ...................................................................................................................... 37 

2.6 RNA Extraction .................................................................................................................... 37 

2.7 RNA Integrity ....................................................................................................................... 39 

2.8 Reverse Transcription ........................................................................................................... 39 

2.9 Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR) .... 40 

2.10 Standards and Standard Curves............................................................................................. 43 

2.11 Statistical Analysis of qRT-PCR ........................................................................................... 45 

2.12 Protein Extraction ................................................................................................................. 46 

2.13 SDS-PAGE ........................................................................................................................... 47 

2.14 Western Blot ......................................................................................................................... 47 

2.15 Protein Expression Analysis ................................................................................................. 49 

3 Results .......................................................................................................................................... 50 

3.1 HDAC Gene expression changes during menstrual cycle .................................................... 50 

3.2 Protein expression in endometrial tissue ............................................................................... 57 

3.3 Characterisation and Regulation of HDAC gene expression in endometrial cell lines ......... 65 

3.3.1 HDAC gene expression in response to steroid hormones and TSA treatments in AN3 
cells 66 

3.3.2 HDAC gene expression in response to steroid hormones and TSA treatments in RL95-
2 cells 72 

3.3.3 HDAC gene expression in response to steroid hormones and TSA treatments in HESC 
cells 76 

4 Discussion..................................................................................................................................... 79 

4.1 HDAC expression and histone acetylation during the menstrual cycle ................................ 80 

4.2 HDAC gene expression changes in response to steroid hormones in vitro .......................... 83 

4.2.1 HDAC expressions in epithelial cells ........................................................................... 84 

4.3 HESC HDAC expression ...................................................................................................... 85 

4.4 Limitations ............................................................................................................................ 86 

4.5 Future directions ................................................................................................................... 87 

4.6 Conclusion ............................................................................................................................ 87 

5 References .................................................................................................................................... 88 

 



 

vi 

List of Figures 

Figure 1: Uterus *Created using BioRender.com ................................................................................... 2 
Figure 2: Hypothalamic-Pituitary-Gonadal (HPG) Axis in females *Created using BioRender ............ 3 
Figure 3: The ovarian cycle and uterine cycle events controlled by gonadotropic and steroidal 
hormones *Created using BioRender.com .............................................................................................. 5 
Figure 4: Epigenetic regulation throughout menstrual cycle. *Created using BioRender.com ............ 23 
Figure 5: Plate Layout for hormone treatment ...................................................................................... 36 
Figure 6: Standard curves for housekeeping genes in endometrial tissue samples ............................... 44 
Figure 7: Relative mRNA expression of class 1 HDACs during menstrual cycle ................................ 52 
Figure 8: Relative mRNA expression of class 2a HDACs during menstrual cycle .............................. 53 
Figure 9: Relative mRNA expression of class 2b HDACs during menstrual cycle .............................. 54 
Figure 10: Relative mRNA expression of class 3 HDACs during menstrual cycle .............................. 55 
Figure 11: Relative mRNA expression of class 4 HDAC during menstrual cycle ............................... 56 
Figure 12: Changes in HDAC1 protein expression between proliferative and secretory phase ........... 58 
Figure 13: Changes in HDAC2 protein expression between proliferative and secretory phase ........... 59 
Figure 14: Changes in HDAC3 protein expression between proliferative and secretory phase ........... 60 
Figure 15: Changes in HDAC8 protein expression between proliferative and secretory phase ........... 61 
Figure 16: Changes in HDAC4 protein expression between proliferative and secretory phase ........... 62 
Figure 17: Changes in HDAC5 protein expression between proliferative and secretory phase ........... 63 
Figure 18: Changes in HDAC7 protein expression between proliferative and secretory phase ........... 64 
Figure 19: Changes in HDAC9 protein expression between proliferative and secretory phase ........... 65 
Figure 20: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment 
and TSA in AN3 ................................................................................................................................... 68 
Figure 21: Relative mRNA expression of class 2a HDACs in response to steroid hormone treatment 
and TSA in AN3 ................................................................................................................................... 69 
Figure 22: Relative mRNA expression of class 2b HDACs in response to steroid hormone treatment 
and TSA in AN3 ................................................................................................................................... 69 
Figure 23: Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment 
and TSA in AN3 ................................................................................................................................... 70 
Figure 24: Relative mRNA expression of class 4 HDAC in response to steroid hormone treatment and 
TSA in AN3 .......................................................................................................................................... 71 
Figure 25: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment 
and TSA in RL95-2 ............................................................................................................................... 73 
Figure 26: Relative mRNA expression of class 2a HDACs in response to steroid hormone treatment 
and TSA in RL95-2 ............................................................................................................................... 74 
Figure 27: Relative mRNA expression of class 2b HDACs in response to steroid hormone treatment 
and TSA in RL95-2 ............................................................................................................................... 74 
Figure 28: Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment 
and TSA in RL95-2 ............................................................................................................................... 75 
Figure 29: Relative mRNA expression of class 4 HDACs in response to steroid hormone treatment 
and TSA in RL95-2 ............................................................................................................................... 76 
Figure 30: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment 
and TSA in HESC ................................................................................................................................. 77 
Figure 31:Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment and 
TSA in HESC ........................................................................................................................................ 78 

https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972664
https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972665
https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972667
https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972672
https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972673
https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972674


 

vii 

Figure 32: HDAC gene expression throughout the menstrual cycle ..................................................... 82 
 

https://uoa-my.sharepoint.com/personal/pguj522_uoa_auckland_ac_nz/Documents/Thesis%20Final%2011th%20sep%202020PG_AP_PG.docx#_Toc50972695


 

viii 

List of Tables 

Table 1. Histone Deacetylase inhibitors (172) ...................................................................................... 22 
Table 2. Cell Lines ................................................................................................................................ 35 
Table 3. Primer Pairs ............................................................................................................................. 42 
Table 4. Primary Antibodies ................................................................................................................. 48 
Table 5.  Secondary Antibodies ............................................................................................................ 48 



 

ix 

 List of Abbreviations 

AN3 Acanthosis Nigricans 3rd Attempt  
BRAP2 Brca1 Associated Protein 2 

CBHA M-Carboxycinnamic Acid Bishydroxamide  

COL1 Collagenase 

DMSO Dimethyl Sulfoxide  

DNMT DNA Methyltransferases  

EC Endometrial Carcinomas  

ECM Extracellular Matrix  

eMSC Endometrial Mscs  

EP Estradiol And Progestrone 

ER Estrogen Receptors  

ES Early Secretory  

ESC Endometrial Stromal Cells  

ESS Endometrial Stromal Sarcoma  

FBS Fetal Bovine Serum  

FSH Follicular Stimulating Hormones  

GNAT Gcn5-Related N-Acetyltransferase  
HAT Histone Acetyl Transferases  
HBO1 Human Acetylase Binding To ORC1  

HDAC Histone Deacetylases  

HESC Human Endometrial Stromal Cells  

HMOF Human Males-Absent-On-The-First  

HPG Hypothalamic-Pituitary-Gonadal  

HPO Hypothalamic-Pituitary-Ovarian  

HPT Hypothalamic-Pituitary-Testis  

IGFBP Insulin-Like Growth Factor Binding Protein-1  

iPSC Induced Pluripotent Stem Cells 



 

x 

KO Knockout  

MMP Matrix Metalloproteinases  

MORF MOZ-Related Factor  

MOZ Monocytic Leukemic Zinc Finger  

MS Mid Secretory  

MSC Mesenchymal Stem Cells 

MW Molecular Weight 

NAD Nicotinamide-Adenine Dinucleotide  

NES Nuclear Export Signal  

NLS Nuclear Localization Signal 

PCAF P300/CBP-Associated Factor 

PCR Polymerase Chain Reaction 

PR Progesterone Receptor  

PTM Post-Translational Modifications 

SAHA Suberoylanilide Hydroxamic Acid  

SIRT Sirtuins   

TBS Tris-Buffered Saline 

TIMP Tissue Inhibitors Of Mmps  

TSA Trichostatin A  

uNK Uterine Natural Killer Cells 

USP Ubiquitin-Specific Proteases  

VEGF Vascular Endothelial Growth Factor  

VPA Valproic Acid  

 

  



 

xi 

Publications 

Part of the literature review has been published as the following review article (1): 

Histone acetylation and the role of histone deacetylases in normal 

cyclic endometrium 

Palak Gujral, Vishakha Mahajan, Abbey C. Lissaman & Anna P. Ponnampalam



Introduction 

1 

1 Introduction 

The human uterus, also is known as the womb, is a hormone-responsive reproductive organ 

situated in the female pelvis. It provides a nourishing and protective environment to the foetus 

throughout gestation (2). The innermost lining of the uterine cavity is called the endometrium. 

The endometrium goes through cyclic changes every month called the uterine cycle or 

menstrual cycle. The events of the uterine cycle are parallel to those of the ovarian cycle, which 

is in turn, regulated by the pituitary glands (3). The cycles of proliferation, differentiation, 

menstruation, and regeneration are highly regulated processes.  

1.1 The Uterus 

The uterus is a pear-shaped female secondary sex organ. Its primary functions are to maintain 

and transport female sex gametes, “ova,” facilitate fertilization, and maintain pregnancy. It has 

three major parts: the fundus is the top part which connects fallopian tubes to the body; the 

body is the uterine cavity where implantation takes place; There is a narrow constriction 

between the body and the cervix of the uterus called the isthmus (4), which leads to  cervix the 

lower part of the uterus which opens to vagina (2, 5, 6)  

The uterus is made up of three tissue layers (2): 

• Endometrium: This is the innermost mucous lining of the uterus; it sheds every month 

during menstrual bleeding.  

• Myometrium: This layer lies beneath the endometrium and is made up of smooth 

muscle. 
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• Peritoneum: It is the outermost lining and is continuous with the abdominal peritoneum.  

 

1.2 The Endometrium  

The human endometrium is the innermost lining of the uterus. It originates from the urogenital 

ridge in early development (7). Its fundamental function is to provide an immunoprivileged 

site for embryo implantation and a nurturing environment for fetal development (8). 

The endometrium is characterized by distinct cell types: luminal epithelium, glandular 

epithelium, and stromal cells (7-10). It is made up of three layers: the stratum compactum and 

stratum spongiosum make up the stratum functionalis, which breaks up during menstruation 

and is subject to hormonal changes; the stratum basalis is nearest to the myometrium and 

contains the cells from which the functionalis layer regenerates after menstruation (11, 12). 

The functionalis layer goes through cyclic morphological and functional changes, called the 

menstrual cycle, under the influence of ovarian steroid hormones. These changes are divided 

into three phases: The proliferative phase, the secretory phase, and menstruation (8, 13). The 

Hypothalamic-Pituitary-Gonadal (HPG) Axis coordinates these endometrial phases.  

Figure 1: Uterus *Created using BioRender.com 
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1.2.1 Hypothalamic-Pituitary-Gonadal (HPG) Axis  

Hypothalamic-Pituitary-Gonadal (HPG) Axis is the co-function of the hypothalamus, pituitary, 

and gonadal glands as a single entity. It is critical for human reproduction in both males and 

females (14). In females, it regulates the ovarian and menstrual cycle. The hypothalamus 

secretes gonadotropin-releasing hormone (GnRH) which is responsible for puberty onset and 

hormone regulation in females. It stimulates the pituitary glands to secrete gonadotropins, 

luteinizing hormone (LH) and follicular stimulating hormones (FSH) (15). The gonadotropins 

stimulate the production of steroid hormones estrogen and progesterone in females, and 

testosterone in males (16). The HPG axis is called the Hypothalamic-Pituitary-Ovarian (HPO) 

Axis in females and Hypothalamic-Pituitary-Testis (HPT) Axis in males. The estrogen 

produced by ovaries acts in a negative feedback loop and inhibits the production of GnRH (17). 

The GnRH is produced in a pulsating manner from the hypothalamus; the male and female 

axes are different due to the presence of a gonadotropin surge in mid ovarian cycle in females, 

which triggers ovulation. This occurs due to high estrogen levels secreted from a dominant 

Figure 2: Hypothalamic-Pituitary-Gonadal (HPG) Axis in females 
*Created using BioRender 
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follicle (18). During the midcycle gonadotropin surge, estrogen acts in a positive feedback loop 

on the HPG-Axis and encourages the production of GnRH (17). 

1.3 The Menstrual Cycle 

Each month the endometrium goes through cycles of proliferation, differentiation, 

menstruation, and regeneration up to 400 times in a lifetime; this is called the menstrual cycle 

(19). Menarche, which is the start of the first menstrual period, generally occurs between 11 

and 15 years of age, while menopause, which is the end of the last menstrual period in a 

woman’s life, occurs between 45 and 55 years of age (20). The menstrual cycle starts on the 

first day of menstrual bleeding and will last for an average of 28 days (21). 

The endometrial changes during the menstrual cycle are controlled by, and synchronized with, 

the ovarian cycle events, involving the development of an ovarian follicle and production of 

steroid hormones (22). The ovarian cycle, controlled by pituitary hormones FSH and LH(23), 

is divided into three phases: the follicular phase, ovulation and luteal phase. The ovarian or 

gonadotropic hormones estrogen and progesterone (23) are secreted during these phases to 

regulate the uterine cycle, also known as the endometrial cycle. 

The endometrial cycle is divided into three major phases: the proliferative phase, the secretory 

phase, and menstruation (Figure 3). 
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 Figure 3: The ovarian cycle and uterine cycle events controlled by gonadotropic and steroidal hormones 
*Created using BioRender.com 

1.3.1 Proliferative Phase 

The proliferative phase starts from approximately day 5 of the menstrual cycle and ends on the 

14th day, although it varies between individuals (24). The proliferative phase of the 

endometrium runs parallel to the ovarian follicular cycle, and it is regulated by estrogen 

secreted from developing ovarian follicle. The rising levels of estrogen help in restoring the 

functionalis layer of the endometrium (25), cell proliferation leading to the thickening of the 

endometrium, growth of endometrial glands, and emergence of spiral arteries. The blood-flow 

through the endometrial vessels increases throughout this phase, keeping pace with the tissue 

growth, and it reaches its peak 48 hrs before ovulation (3).  

This phase is further subdivided into three stages: early proliferative, mid proliferative, and late 

proliferative. The early proliferative stage is characterized by a thin epithelium and narrow 

glands embedded in the stroma of cells. In general, the early proliferative stage starts from day 
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5 and ends on day 7 of the menstrual cycle. The endometrium is usually 2mm thick during this 

phase. The stroma is compact with spindle-shaped cells, with dense nuclei and minimal 

cytoplasm (26, 27). Days 8 to 10 of the menstrual cycle are usually considered the mid 

proliferative stage (26), characterised by columnar epithelium and longer glands. The 

epithelium increases in height, and a variable amount of stromal edema is seen during this 

phase (26, 27). Days 11 to 14 of the menstrual cycle marks the late proliferative stage (26).  In 

the late proliferative stage, the glands continue to grow and become more convoluted [3], 

and pseudo stratification of columnar epithelial cells can be seen (26, 27).  

1.3.2 Secretory phase 

The secretory phase starts after ovulation when the endometrium undergoes differentiation. It 

lasts up to 14 days in most women [31] and occurs in response to the increased serum 

progesterone secreted by the corpus luteum [32]. Both estrogen and progesterone act together 

during this phase, facilitated by luteinizing hormone (LH). Glandular epithelial cells 

accumulate glycogen rich vacuoles and display large mitochondria with cristae and a 

considerable amount of endoplasmic reticulum during this phase [33]. The stromal 

proliferation slows down, and secretory transformations are seen in glands as they start to 

secrete more mucus [34].  

The secretory phase is further subdivided into three stages: early secretory, mid secretory, and 

late secretory.  

The early secretory stage generally dates post-ovulatory day 1-5, and is characterized by glands 

with abundant endoplasmic reticulum, accumulation of glycogen-rich vacuoles, and nuclei 

displacement [34]. The glandular epithelial cells and stromal cells develop nuclear 

heterochromatin (8). During this phase, there is an increase in stromal edema, which results in 

endometrial thickening (8, 28).  
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During the mid secretory phase, generally dated post-ovulatory days 6-8, increased coiling and 

lengthening of spiral arteries can be seen [35]. The endometrial glands are tortuous during this 

phase, and the secretory activity reaches its peak about six days after ovulation; this can be 

observed by the loss of vacuoles from the cytoplasm of the epithelial cells (8, 28).  

Late secretory phase, generally dated post-ovulatory days 9-12, is characterized by 

predecidualized cells, which are stromal cells with increased size and volume, and spiral 

arterioles [8]. Some stromal cells develop into granular stromal cells, which have a dense 

kidney-shaped nucleus and granules in their cytoplasm (28). All the stromal cells have 

differentiated towards the end of this stage, and surface epithelial cells become cuboidal with 

rounded nuclei (28). The endometrium thickens and prepares itself for implantation. Any 

fluctuations in the duration of this phase can lead to infertile cycles in women [28]. 

1.3.2.1 Decidualization 

Decidualization is the process of non-reversible morphological and functional differentiation 

of the human endometrial stromal cells in preparation for pregnancy (29, 30). It is initiated 

during the mid secretory phase at the presumed window of implantation, approximately six 

days after ovulation (8, 31, 32), in response to increased progesterone levels during the 

menstrual cycle (30). The decidual changes are crucial for embryo implantation and 

maintenance of pregnancy (33). Decidualization begins in the absence of conception in humans 

and therefore is a probable reason for menstruation (34). The decidualization process starts 

with the stromal cells surrounding the arteries present in the stratum functionalis (30), and with 

morphological changes occurring in the endometrial stromal cells (ESCs). It is followed by the 

transformation of uterine glands, the influx of uterine natural killer cells, and the development 

of blood vessels to support the developing fetus (35, 36). A build-up of glycogen and lipids is 

seen in decidualised stromal cells, giving them a bulky epithelial cell-like characterization in 
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contrast to their spindle-shaped appearance during the proliferative phase. Cells are enlarged, 

with a rounded nucleus and enlarged Golgi bodies and rough endoplasmic reticulum (37). The 

process is marked by the transformation of endometrial fibroblasts into secretory cells. 

Decidualized ESCs provide nutrition for the implanting blastocyst (38). Decidualized stromal 

cells are essential for the development of uterine trophoblastic, hematopoietic, and 

mesenchymal cells (39). The decidualization process also plays an integral part in maintaining 

the immune response during pregnancy, by facilitating the influx of leukocytes such as uterine 

Natural Killer cells (uNKs) (37).  

1.3.2.2 Leukocyte Infiltration 

Leukocyte infiltration is a massive influx of leukocytes that triggers an inflammatory reaction. 

The leukocyte numbers are low during the proliferative stage. During the late secretory phase, 

in the absence of pregnancy, the progesterone and estrogen levels in the uterus fall, which 

triggers the production of chemokines and cytokines by decidualized stromal cells (29, 40, 41). 

The leukocytes invade the tissues and become activated, producing enzymes such as matrix 

metalloproteinases (MMPs), which facilitate the degradation of the endometrium. Half of the 

premenstrual endometrial cell composition consists of inflammatory cells, which go through 

an array of events causing tissue degradation and menstruation (34). The CD45+ leukocyte 

composition has been demonstrated by Starkey et al. to be at peak levels just before menstrual 

bleeding commences (42). Uterine Natural Killer cells (uNKs) are the primary leukocytes 

involved in menstruation (43), accompanied by macrophages and granulocytes (34, 43).  

Aside from menstruation, inflammation is a critical part of other endometrial stages like 

ovulation, implantation, and pregnancy as well. Implantation of the embryo can induce an 

immunological response characterised by leukocyte infiltration (43). 70% of the cells at the 

implantation site are uNKs, which control placental invasion (44, 45).   
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Leukocytes have both direct and indirect functions in menstruation. Some of their secretions 

are directly responsible for tissue degradation, while some activate enzymes secreted by other 

cells (46).  

1.3.2.3 Uterine Natural Killer cells (uNK) 

Uterine natural killer cells (uNKs) are present in small numbers during the proliferative and 

early secretory phases, and increase in number during the late secretory phase (45). They are 

the most abundant lymphocytes in the endometrium during early pregnancy (47). 

CD56++/CD16- are the uNKs found in human endometrium; they have a highly granulated 

appearance compared to CD56++/CD16- in blood (48). They have been associated with 

trophoblast invasion, vascular development, and angiogenesis. The primary function of uNK 

cells is the secretion of cytokines, growth factors and angiogenic factors (49, 50). They are 

known to produce metallomatrix proteases (MMPs), which are associated with the degradation 

of the endometrium during menstruation (49).  

1.3.3 Menstruation 

Menstruation is a highly controlled inflammatory process. It occurs in the absence of pregnancy 

and is due to the withdrawal of steroidal control of the endometrium and subsequent events 

leading to endometrial breakdown (40). The endometrium sheds itself at the end of every non-

conception menstrual cycle. Menstruation in most women normally lasts up to 4-5 days (51). 

The first day of bleeding is considered to be the first day of the menstrual cycle (34). The 

average amount of blood lost during menstruation is about 30 to 40 ml, though it can be as low 

as 15 or up to 80 ml. 80% of the blood lost during menstruation occurs during the first 2 days 

(52). The endometrium goes through rapid degeneration and regeneration during this period 

(51), in response to the rapid fall in progesterone and estradiol-17β (estrogen steroid hormone) 

levels and degeneration of the corpus luteum. The endometrial stroma undergoes 



Introduction 

10 

decidualization during the secretory phase, even in the absence of an embryo (53). As 

decidualization is irreversible, the endometrium has to be shed and replaced to provide an 

opportunity for implantation every month. While shedding occurs, the surface is rapidly re-

epithelialized (34). At the end of menstruation, the primordial follicles start developing, 

marking the starting of the proliferative stage (54).  

1.4 Steroidal Control in the Endometrium 

The female reproductive system includes the gonads (ovaries), which have an important 

endocrine function. The gonadotrophin releasing hormone (GnRH) from the hypothalamus 

stimulates the production of luteinizing hormone (LH) and follicular stimulating hormone 

(FSH) from the pituitary glands, which in turn regulate the production of steroidal hormones 

estrogen and progesterone from the ovaries (18).  

The changes in the endometrium depend on the steroid hormones acting through specific down-

stream mechanisms involving complex molecular signalling (8). The steroidal hormones 

estrogen and progesterone are major regulators of the menstrual cycle and are highly involved 

in the development of the endometrium (11). In fact, the drop in levels of steroidal hormones 

leads to the breakdown of the endometrium, resulting in menstruation (40).  

1.4.1 Estrogen 

Estrogen is a reproductive hormone secreted by the ovaries. It regulates the ovulation process 

in the menstrual cycle and promotes the thickening of the endometrial wall. Estrogen is also 

produced by the placenta in pregnant women. There are three types of naturally occurring 

estrogen: estrone (E1), estradiol (E2), and estriol (E3) (55). Estradiol (E2) is the primary form 

of estrogen in reproduction (56).  
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1.4.1.1 The Function of Estrogen in the Menstrual Cycle (18):  

1. Increases size and height of epithelial cells, facilitating proliferation. 

2. Acts in increasing blood flow to the oviducts, production of glycoprotein, and promotes 

the production of cilia throughout the oviduct.  

3. Promotes thick mucus production in the isthmus.  

1.4.2 Progesterone  

Progesterone is a reproductive hormone produced by the corpus luteum. It prepares the 

endometrial lining for the reception of the fertilized egg.  

1.4.2.1 The Function of Progesterone in the Menstrual Cycle (18): 

1. Maintenance of the endometrium lining.  

2. Promotes removal of cilia.   

3. Decreases mucus production in the isthmus.  

1.4.3 Steroid Receptors  

Steroid hormones bind to steroid hormone receptors, initiating signal transduction, and the 

control of changes in gene expression (57, 58). In the endometrium, the steroidal response 

depends on the number of hormones available. Estrogen receptors (ER) and progesterone 

receptors (PR) are two nuclear receptors involved in endometrial regulation (8).  

1.4.3.1 Estrogen Receptors 

The endometrium is the primary target for estrogen and responds to the estrogen stimulation 

via estrogen receptor signalling (59-61). There are two kinds of estrogen receptors, ERα and 

ERβ, which belong to the steroid hormone superfamily of nuclear receptors (62). The estrogen 

effects in the uterus are primarily mediated by ERα which was first sequenced in the year 1986 



Introduction 

12 

(8, 63), while ERβ was discovered later in the year 1996 (64). The expression of ERα is 

consistent throughout the basal layer, but varies in the functional layer with expression at its 

peak during the proliferative stage and decreased during the secretory stage (65, 66). Studies 

in knockout mice have shown that ERα and ERβ deficiencies can lead to infertility in female 

mice (67). ERα is highly expressed in the epithelium, promoting the proliferation of epithelial 

cells through estradiol signalling. ERα and ERβ counteract each other. It has been found that 

ERβ modulates ERα-mediated transcription of genes in the uterus, and is responsible for the 

downregulation progesterone receptors (PR) in the luminal epithelium (67). Uterine growth 

and differentiation is regulated by estradiol-17β, known as E2, which also acts on estrogen 

receptors (68). 

ERβ is not shown to have a direct effect on the reproductive system, but it appears to regulate 

the response of ERα (69). The ERβ mRNA expression is very low throughout the menstrual 

cycle, while the protein is abundantly expressed, especially in epithelial cells (69, 70). Studies 

on ERβ in knockout mice have shown that it regulates the effects of ERα and maintains 

dormancy in the immature uterus (59, 71).    

1.4.3.2 Progesterone Receptors 

Progesterone is another female sex hormone, and its main function is the maintenance of 

endometrium. Progesterone receptors have two isoforms: PR-A and PR-B; which are both 

generated from a single gene. The PRs are a part of the ligand-activated transcription factor 

family and are comprised of a regulatory region, a DNA binding domain, and a ligand-binding 

domain (72). The PR-B receptor is comprised of an additional 164 amino acids at the N-

terminus compared to PR-A (73). 

Estrogen stimulates endometrial cell proliferation, while progesterone inhibits it. PR-A and 

PR-B have different functions (74, 75). PR-A is essential to mediate the decidualization of 
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stromal cells through the action of progesterone (76). Knockout studies have shown that PR-A 

is vital for the inhibition of proliferation stimulated by estrogen and PR-B signalling (77), while 

PR-B functions as an activator of progesterone target genes (78, 79). PR-A and PR-B both have 

elevated protein expression during the proliferative phase and reach their peak in the late 

proliferative phase (80). PR levels fall during the mid-secretory phase, allowing a change from 

regulation by ovarian steroids to paracrine regulation by stromal factors, while PR-A levels fall 

during the secretory phase (81). PR-B expression remains constant in the epithelial cells, 

corresponding to its involvement in glandular functions, however PR-A is continuously 

expressed throughout the menstrual cycle in stromal cells (82).  

The progesterone response is regulated by the combined activity of PR-A and PR-B. Both 

isoforms are differentially expressed, and the maintenance of their ratio is vital to maintain the 

normal endometrium state (82). Disruption of the ratio of PR-A and PR-B can lead to many 

endometrial conditions such as endometriosis (79).  

1.5 Epigenetics 

As defined by C.T. Wu and J.R. Morris, epigenetics is the study of heritable changes in gene 

function without changes to the DNA sequence (83). These changes are reversible and include 

DNA methylation, histone modification, chromatin remodelling and regulation using non-

coding RNAs like microRNAs. Cell differentiation, genomic imprinting, and X-chromosome 

inactivation are some of the cellular phenomenons that are epigenetically regulated (84). 

Epigenetic regulations are being studied as potential diagnostic and therapeutic methods for 

conditions such as cancer, endometriosis, chromosomal instabilities and neurodevelopmental 

disorders (85, 86).  
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1.5.1 DNA Methylation 

DNA methylation is the most commonly studied epigenetic phenomenon in the human genome. 

The methylation of promoters results in repression of transcription, while gene methylation is 

linked to gene expression. DNA methylation patterns can be affected by external factors such 

as age, diet, parenting, and lifestyle (87). More than 98% of DNA methylation is observed at 

CpG dinucleotides in somatic cells (88). Changes in DNA methylation have been seen to affect 

immune responses and the extracellular matrix pathway in the endometrium (89). Inhibition of 

DNA methylation by 5-aza-2′-deoxycytidine has been involved in downregulating stromal cell 

proliferation and decidualization in the endometrium (90). DNA methylation marks are 

established by various DNA methyltransferases (DNMTs) The DNMTs are categorized into 

the following subcategories: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L (88).  

1.5.2 Histone Modifications 

Approximately 2 meters of DNA is packaged inside a nucleus with the help of proteins called 

histones, forming a DNA-protein complex known as chromatin. The fundamental unit of 

chromatin is called the nucleosome, which consists of two sets of the four core histones: H2A, 

H2B, H3, and H4 (91). Histone H1 links the nucleosomes together to form a chromosome (92). 

Each of these nucleosomes are separated by linker DNA, resulting in a nucleosome array 

structured like beads on string, which further condenses to form a chromatin fiber. The globular 

domains of histones mediate histone–histone interactions, and amino acid terminals extend 

from the surface to control the folding and unfolding of the chromatin structure, aiding in the 

silencing and activating genes (93). 

Histones have a protruding tail at the amino-terminal, which is subject to post-translational 

modifications (PTMs), such as acetylation, phosphorylation, lysine methylation, arginine 

methylation, deamination, ADP ribosylation, proline isomerization, β-N-acetylglucosamine, 
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ubiquitylation, and sumoylation (94). Histone modifications regulate chromatin structure; 

facilitate remodelling; and affect DNA processes such as replication, repair, and recombination 

(94). Most of these histone modifications are reversible, and provide scope for developing 

novel therapeutic methods.  

1.5.3 Histone Acetylation 

Histone acetylation is the addition of an acetyl group to lysine residues on the protruding 

histone tails (94, 95). It is the most common epigenetic marker and strongly affects gene 

expression (96). It affects various cellular functions like DNA recombination, cellular 

proliferation, cellular differentiation, apoptosis, and DNA repair (97). While histone 

acetylation is usually associated with transcriptional activation, histone deacetylation is 

associated with gene silencing (98). Histone acetylation patterns are maintained by two 

opposing groups of enzymes: the histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) (99).  HATs are responsible for the addition of an acetyl group, and HDACs remove 

them (94). 

1.5.4 Histone Acetyltransferases (HATs) 

HATs add an acetyl group to the ε-amino group of lysine using acetyl CoA as a cofactor, which 

neutralizes the positive charge on lysine, weakens the histone-DNA interaction, and makes 

genes accessible (94).  

HATs are a diverse set of proteins. So far, about 30 HATs have been identified in humans. 

HATs are primarily classified into two classes based on their subcellular localization: Type A 

and Type B. Type A HATs are localized in the nucleus, while Type B is found in the cytoplasm. 

The Type A HATs function in transcription-related histone acetylation in chromatin, while 
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Type B HATs acetylate newly synthesized histones and influence the structure of the 

nucleosome (100, 101).  

Type A HATs are further grouped into five families based on their catalytic domain (102, 103). 

The Gcn5-related N-acetyltransferase (GNAT) family includes P300/CBP-associated factor 

(PCAF), Gnc5, and ELP3; the MYST family includes Tip60, monocytic leukemic zinc finger 

(MOZ), MOZ-related factor (MORF), human acetylase binding to ORC1 (HBO1), and human 

males-absent-on-the-first (HMOF) (103, 104); the CBP/p300 family includes CBP and p300 

(103, 105), and the transcription factor related family includes TAF1 and TIFIIIC90. Besides 

these, HATs also include many steroid receptor co-activators (103, 106, 107). 

Deregulation of HATs is associated with cancer formation (108). CBP/p300 is essential for the 

transition from G1 to S stage in the cell cycle and can function as either a tumor suppressor or 

an oncogene depending on its localization (109, 110). Selective inhibition of p300 inhibits the 

cell cycle and induces apoptosis. It inhibits the response to DNA damage in melanoma cells 

(111). MYST family HATs have various roles in stem cell function and development (104). 

Because HATs are reversible regulators and are involved in cell cycle progression, they are 

being studied as targets for tumor growth management (112).  

1.5.5 Histone Deacetylases (HDACs)  

The name histone deacetylase is a misnomer in itself as HDACs are post transcriptional 

modulators which deacetylase both histone and also non-histone proteins, removing acetyl 

groups from lysine residuce (113). In humans, 18 HDACs have been identified and grouped 

into four classes based on their sequence homology to yeast (113, 114): class I (HDAC 1, 2, 3, 

and 8); class II (HDAC 4, 5, 6, 7, 9 and 10); class III (SIRT 1, 2, 3, 4, 5, 6 and 7); and class IV 

(HDAC 11). Class I, II, and IV HDACs are Zn2+ dependent enzymes and have similar 

functional mechanisms, whereas class III HDACs are nicotinamide-adenine dinucleotide 
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(NAD+) dependent deacetylases. HDACs have relatively low substrate specificity; one HDAC 

can act on multiple substrates, or multiple HDACs can act on the same substrate (113). 

Additionally, they work in the form of complexes with other HDACs and enzymes. These 

complications make it difficult to interpret the individual functions of HDACs (94). There is 

strong evidence of cross-talk between HDACs and other epigenetic factors in the regulation of 

cancer tumorigenesis (115). They can act as both tumor suppressors and cancer-causing agents 

depending upon their site and time of action. 

HDACs have proven to be powerful enzymes that can modify a variety of proteins. The 

involvement of HDACs in regulating fundamental cellular functions such as proliferation, cell 

cycle, regeneration, apoptosis, and differentiation makes them an important target of study for 

disorders (114). 

1.5.5.1 Class I HDACs  

Class I HDACs include HDACs 1, 2, 3, and 8. This class is homologous to yeast reduced 

potassium dependency 3 (Rpd3) (113, 116). Class I HDACs are 350–500 amino acids in length 

and are expressed in all tissues, primarily localized to the nucleus (113, 117). While HDAC3 

is found both in the nucleus and cytoplasm (118), some studies show that HDAC3 can be 

restricted to specific tissues (113). This class of HDACs is most widely studied and is plays a 

critical role in human biological functions. HDAC 1 and 2 have been involved in cellular 

functions such as proliferation and apoptosis, while HDAC 3 is involved in the DNA damage 

response (114, 119). Class I HDACs play a critical role in steroid hormone-dependent gene 

expression (120). HDACs 1 and 2 can form complexes with each other, which allows them to 

function both together or individually and complementary (121-123).  

Many knockout (KO) studies have recognized the functional importance of individual HDACs 

in development (124). Growth defects have been observed in HDAC 1 KO mice, restricting 
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their survival to embryonic day 10.5 (125), while HDAC 2 KO mice die due to cardiovascular 

disorders shortly after birth (126). Class I HDACs have also been found to be elevated in 

several ovarian and endometrial cancers (127, 128).  

1.5.5.2 Class IIa and IIb HDACs 

HDACs 4, 5, 7, and 9 constitute the class IIa HDACs, while class IIb consists of HDACs 6 and 

10. These classes are homologous to yeast histone deacetylases 1 and 3 (129, 130).  

Class IIa HDACs can readily travel between nuclear and cytoplasmic compartments in 

response to post-translational modifications (131). The presence of both nuclear localization 

signal (NLS) and a nuclear export signal (NES) helps them to compartmentalize themselves 

[127] properly. Since the location of HDACs in the nucleus is considered critical for their gene 

silencing activities, cellular localization of this class can determine deacetylation ability (132). 

An extended N-terminal domain is present in addition to a C-terminal catalytic domain in the 

class IIa HDACs, which differentiates them from other HDAC families (133). Their N-terminal 

domain consists of highly conserved serine residues, which undergo signal-dependent 

phosphorylation, aiding in migration from the nucleus to cytoplasm (133). Due to the 

substitution of histidine in place of a tyrosine residue in the catalytic site of this class of 

HDACs, they have minimal deacetylase activity (134, 135). Instead, they act as corepressors, 

functioning as multiprotein complexes to influence transcription factors and other epigenetic 

regulators (133, 134, 136).  

Class IIa HDACs are expressed in specific tissues and are associated with cell differentiation 

and development (119, 133). HDACs 4, 5, and 9 are expressed mainly in the heart, brain, and 

skeletal muscles, whereas HDAC 7 is expressed in endothelial cells in the heart, vascular 

system, skeletal muscle, and lungs and controls angiogenesis (137, 138). HDAC 4 KO mice 

display premature bone ossification, HDAC 5 or 9 KO mice show increased cardiac 
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hypertrophy in response to stress, and HDAC 7 KO mice exhibit a failure to form circulatory 

junctions during embryonic development (133). It is also seen that HDAC 5, 6, and 7 are only 

weakly expressed in endometrial carcinomas, suggesting they may not have a role in increasing 

cell proliferation (139).  

In contrast to class IIa HDACs, class IIb HDACs contain two catalytic domains (132). Human 

HDAC 6 has 1255 amino acids and possesses an additional zinc finger motif, similar to BRAP2 

(BRCA1 associated protein 2) and ubiquitin-specific proteases (USPs) (140, 141). HDAC 6 

shuttles between the cytoplasm and nucleus with the help of its two leucine-rich nuclear export 

sequences (NES1, NES2) present at the N-terminal (141, 142). Aside from deacetylating 

histones, HDAC 6 also deacetylates non-histone proteins such as α-tubulin, cortactin, HSP90, 

β-catenin, peroxiredoxin, surviving, ubiquitin, tau, IIp45 and  EGFR (141, 143). Deacetylation 

of α-tubulin by HDAC 6 triggers cell motility and determines microtubule stability and 

function (141, 144-146). HDAC 6 functions in complexes with other proteins and regulates 

cell migration and spreading, viral infections, misfolded protein degradation, and immune 

synapse formation, and are studied in several neurodegenerative diseases and cancers (142, 

147, 148). The first domain of HDAC 6 shares a similarity with the N-terminal of HDAC 10. 

While HDAC 6 is localized primarily in the cytoplasm, HDAC 10 is localized in both the 

cytoplasm and nucleus (138, 149). Only one of two catalytic domains present in HDAC 10 is 

considered functional (150). Recent KO studies on HDAC 10 have shown its effect on 

chaperon-mediated autophagy (151, 152). HDAC 10 is also known to regulate DNA mismatch 

repair and cancer (153-155).  

1.5.5.3 Class III HDACs (Sirtuins) 

Class III HDACs comprise of sirtuins and are NAD+ dependent deacetylases. Their deacetylase 

activity is regulated by the NAD+/NADH ratio (156). They belong to the Sir2 family of 
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proteins and are known to be involved in cellular proliferation, migration, and angiogenesis 

(157). Apart from deacetylating histones, they deacetylate several non-histone proteins such as 

NF-κB, FOXOs, PPAR⋎, PGC1-α, acetyl coenzyme-A, and α-tubulin (157). Sirtuins are linked 

to cellular metabolism; they sense energy levels and protect cells from metabolic stress (158). 

SIRT1, 6, and 7 are localized in the nucleus (159); SIRT2 is present in both cytoplasm and 

nucleus; SIRT3, 4, and 5 are localized in the mitochondria (158, 159). SIRTs 1 and 3 shuttle 

between the cytoplasm and nucleus (157). Sirtuins are involved in several critical biological 

functions. SIRT1 increases cell survival and life span and inhibits apoptosis (156). It has also 

been seen that SIRT1, 2, and 3 are involved in fat metabolism (156, 160, 161). Loss of SIRT1 

is observed in obese humans and mice, leading to several metabolic disorders (159). An 

increase in SIRT2 levels is seen with age and may be associated with Parkinsons' Disease (162).  

SIRT3 also regulates oxidative stress, mitochondrial biogenesis, and aging (161). SIRT4 is a 

mitochondrial sirtuin that regulates cellular metabolism and the DNA damage response (163). 

SIRT5 is involved in various metabolic processes as well, such as glycolysis, TCA cycle, fatty 

acid oxidation, electron transport chain and ketone body formation (164). SIRT6 plays a critical 

role in sensing DNA double-strand breaks and activates processes to facilitate repair (165). 

SIRT7 expression is associated with cell proliferation, differentiation and the stress response. 

High levels of SIRT7 are associated with tumorigenesis and poor prognosis of cancers (166). 

1.5.5.4 Class IV HDACs 

HDAC 11 is the only member of this family and is most closely related to class I HDACs, 

however, the sequence similarity is too low for it to be included in the same family (167). 

HDAC 11 is primarily localized in the nucleus with tissue-specific expression. It is also the 

smallest of all the HDACs with 39kDa molecular weight (168-170). HDAC11 is also linked to 

immune function and tumorigenesis (170).  
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1.5.6 Histone Deacetylase Inhibitors (HDACi) 

HDAC inhibitors, or HDACi, are compounds that have both epigenetic and non-epigenetic 

roles in the cell cycle (171). They inhibit HDAC activity and lead to hyperacetylation of 

histones. Most HDACis cause apoptosis and cell cycle arrest, playing a vital role in anti-cancer 

drug development. HDACis can act on specific HDACs but can also inhibit a wider array of 

HDACs by acting as pan-inhibitors. They can be classified into five classes depending on their 

chemical Zn2+-binding group to the HDACs: hydroxamic acids (hydroxamates), short-chain 

fatty (aliphatic) acids, benzamides, cyclic tetrapeptides, and sirtuin inhibitors (171, 172). An 

overview of selected HDACis and their classes are given in Table 1. (172). SAHA also known 

as Vorinostat, Romidepsin, Panabinostat, and Belinostat has been approved by the FDA for 

clinical applications (173).  
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Table 1. Histone Deacetylase inhibitors (172) 

Class HDAC inhibitor Target HDACs 

Hydroxamic acids Trichostatin A pan-inhibitors 

SAHA pan-inhibitors 

Belinostat pan-inhibitors 

Panabinostat pan-inhibitors 

Givinostat pan-inhibitors 

Resminostat pan-inhibitors 

Abexinostat pan-inhibitors 

Quisinostat pan-inhibitors 

 Rocilinostat II 

Practinostat I, II and IV 

CHR-3996 I 

Short-chain fatty acids

  

Valproic acid  I, IIa 

Butyric acid  I, II 

Phenylbutyric acid I, II 

Benzamides Entinostat I 

 Tacedinaline I 

4SC202 I 

Mocetinostat I, IV 

Cyclic tetrapeptides  Romidepsin I 

Sirtuins inhibitors  Nicotinamide III 

Sirtinol SIRT1 and 2 

Cambinol SIRT1 and 2 

EX-527 SIRT1 and 2 
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1.5.7 Histone Acetylation in the Endometrium  

The menstrual cycle is the cumulative actions of various morphological and functional changes 

in the endometrium, which are regulated in a timely fashion by estrogen and progesterone. 

These changes include regeneration, proliferation, differentiation, and degradation of the 

endometrial tissue. These necessary cellular activities involve histone acetylation and HDAC 

activity. A previous study has shown changes in global histone acetylation levels throughout 

the menstrual cycle, suggesting the regulation of these cyclic changes involves histone 

acetylation and hence HAT and HDAC activity (21). 

1.5.7.1 Regeneration of the Endometrium 

After each menstrual cycle, the endometrial functionalis layer regenerates from the stratum 

basalis. It grows from an initial thickness of 0.5-1.0 mm to up to 7.0–8.0 mm in the secretory 

phase (28). It not only regenerates during the menstrual cycle, but also after parturition, almost 

complete resection, and in postmenopausal women taking hormone replacement therapy (174, 

175). Endometrial re-epithelialization in humans occurs rapidly and is scar-free (34). For 

several years, epigenetic regulation has been linked to regeneration processes (176). HDAC 

inhibitors or histone acetylating agents are capable of inducing scar-free wound healing by 

stimulating cytokines or growth factors, which are crucial for rapid re-epithelialization (177).  

Figure 4: Epigenetic regulation throughout menstrual cycle. *Created using BioRender.com 



Introduction 

24 

The remarkable regenerative capacity of the endometrium is due to the presence of adult 

progenitor stem cells (178). These cells are found throughout the body and play a crucial role 

in the regeneration and repair of damaged tissues and the maintenance of organs. Epithelial 

progenitor cells and mesenchymal stem/stromal cells play an essential role in the regeneration 

and repair of endometrial epithelium and stroma (174). A small population of mesenchymal 

stem cells (MSC), a subpopulation of adult progenitor stem cells, can be found in the 

endometrium and are called endometrial MSCs (eMSC) (179, 180). They are highly 

regenerative stem cells that have similar properties to bone marrow MSCs (174). Menstrual 

blood also contains clonogenic, multipotent MSCs, which have a broad differentiation capacity 

(181).  

Over the past decade, several studies have shown that epigenetics are a crucial regulator of 

stem cell functioning (182). Histone modification changes chromatin architecture and regulates 

gene expression. Since histone acetylation is an essential post-transcription modulator, it is a 

basic requirement in stem cell functioning and works in coordination with DNA methylation 

activity. The fate determination of MSCs is controlled by a complex network of transcription 

factors and histone-modifying enzymes (183). HDAC 1 silencing improves the efficiency of 

human umbilical cord MSCs in mouse models with traumatic brain injury (184); while HDAC 

6 deficiency, causing acetylation of p53 K120, can induce apoptosis in MSCs (185). Global 

H3K9Ac level decreases, and H3K9Me2 increases during osteogenic differentiation of MSCs 

(186). These studies indicate the involvement of histone acetylation in the regulation of MSC 

function.  

The endometrium has become a popular source of stem cells for reprogramming into induced 

pluripotent stem cells (iPSCs) (174). The MSCs derived from the endometrium and umbilical 

cord are being used as iPSCs in regenerative medicine, exploiting the epigenetic regulation of 

these cells (187, 188). HDAC inhibitors such as valproic acid (VPA), trichostatin A (TSA), 
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suberoylanilide hydroxamic acid (SAHA), and butyrate have been known to enhance 

reprogramming in iPSCs (189).  

Aberrant epigenetic regulation in eMSCs has been associated with endometriosis pathogenesis 

(190). eMSCs are being targeted for the development of novel therapies for the treatment of 

endometriosis via epigenetic reprogramming (191). 

Up-regulation of the global acetylation levels of H2AK5, H3K9, and H4K8 during the early 

proliferative phase in the adult endometrium correlates with transcription activation of several 

regenerative pathways (21). Although changes in histone acetylation levels and HDACs in 

normal to diseased conditions have been discussed and known evidence of epigenetic 

involvement in endometrial regeneration is available, the target genes and level of HDAC 

expression throughout the menstrual cycle have not yet been identified.  

Histone acetylation and DNA-methylation work in a coordinated manner, decide stem cell fate 

and influence cancer pathogenesis (192).   

1.5.7.2 Proliferation 

After endometrium regeneration, estrogen from the developing follicle stimulates the 

proliferation of stromal and epithelial cells during the proliferative phase of the menstrual cycle 

(51, 174). Estrogen and progesterone surface receptors increase in number, and the rapid 

formation of new blood vessels, called angiogenesis, occurs to support the nutritional 

requirements of the growing tissue (193).  

Cancer studies provide us with great insight into the epigenetic regulation of cell proliferation. 

HDACs can act as both suppressors and inducers of cell proliferation, depending on the gene 

they regulate. Inhibition of HDAC 1 reduces cell proliferation, and inhibition of HDAC 3 is 

associated with decreased migration of ovarian cancer cells (194).  
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Class I HDACs (1, 2, 3, and 8) are critical for modulating cell survival and proliferation, and 

HDACs 1, 2, and 3 play an important role in steroid hormone-dependent gene expression in 

the human endometrium (128, 195).  A previous study on human cyclic endometrial tissues has 

demonstrated that the global acetylation levels of H2AK5, H3K9, and H4K8 are elevated in 

the early proliferative phase, and are associated with the transcriptional activation of 

proliferative and regenerative pathways (21). HDAC expression is upregulated in most 

endometrial cancers compared to normal cyclic endometrium (196). It is also seen that HDAC 

1, 2, and 3 are strongly expressed in Ishikawa cells, whereas HDAC5, 6, and 7 are weakly 

expressed (139). A study on endometrial stromal sarcoma (ESS) showed that expression of 

HDACs 1 and 2 is higher in ESS compared to non-neoplastic stem cells, with HDAC 2 

expression being slightly higher than HDAC 1. Studies also show that inhibition of HDAC 2 

can lead to cell differentiation and inhibition of proliferation (197, 198). HDAC inhibitors can 

induce expression of p21 and p27 (endogenous cyclin-dependent kinase inhibitors), which 

cause cell cycle arrest and inhibit proliferation (199). Several studies have used HDAC 

inhibitors as anti-cancer agents to normalize cell proliferation in endometrial carcinomas (127, 

128, 196, 200, 201). SAHA, m-carboxycinnamic acid Bishydroxamide (CBHA), Scriptaid, 

Oxamflatin, VPA, Sodium Butyrate, M344, Apicidine, Psammaplin A (PsA) and MS-275 are 

HDAC inhibitors that have been successfully studied in endometrial cancers and are found to 

induce cell cycle arrest and regulate proliferation (196).  

Studies using HDAC inhibitors VPA and SAHA have also shown the association between 

HDACs and angiogenesis in vitro. The study showed that treatment with HDAC inhibitors 

VPA and SAHA, in combination with vascular endothelial growth factor (VEGF), increased 

endothelial cell sprouting (202), suggesting an association between histone acetylation and 

angiogenesis. Because angiogenesis is crucial for endometrial repair and re-epithelialization 

(203), the role of histone acetylation in angiogenesis is critical for menstrual cycle regulation.  
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1.5.7.3 Decidualization and Implantation 

The rise in progesterone level post ovulation gives rise to morphological and functional 

changes in the human endometrium, a process called decidualization. These changes include 

the differentiation of fibroblastoid endometrial stromal cells (ESC) into decidual cells, the 

presence of decidual white blood cells, and vascular modifications in maternal arteries (30, 

204). Decidualization initiates a cascade of events that allow the embryo to attach to the 

endometrium and coordinates trophoblast invasion (37). Invasion of trophoblast into the 

endometrial decidua requires tissue remodelling enzymes (205). Matrix metalloproteinases 

(MMPs) are a group of enzymes required for tissue remodelling and degrading extracellular 

matrix (ECM) (206, 207). During implantation and trophoblast invasion, MMP-2, and MMP-

3 are expressed and secreted by the human endometrium. In contrast, the decidual stromal cells 

express tissue inhibitors of MMPs (TIMPs) that limit the degradation of ECM by MMPs, thus 

hindering trophoblast invasion. A balance between MMPs and TIMPs in the endometrium is 

required for the successful implantation of the blastocyst (206, 208, 209).   

Decidualization, being a complicated process, requires dramatic gene expression changes in 

ESCs (204). These changes are associated with histone modifications, and several studies from 

the past two decades have shown a correlation between decidualization and histone 

modifications. In a previous study by Munro et al., on human endometrial tissue biopsies, a 

statistically significant increase in H4K8 expression was seen during the mid-secretory phase, 

and H3K9 and H4K14/18 followed a similar trend (21). These findings correlate well with 

another study on ESCs cultured with estrogen and progesterone, which showed a significant 

increase in the acetylation of H4K8 and H3K9/14 (210). In a genome-wide analysis of histone 

modifications in human ESCs, H3K27ac and H3K4me3 levels were high during 
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decidualization. Genes with increased H3K27ac and H3K4me3 levels were found to be 

involved in insulin signaling pathways, crucial for the decidualization process (204).    

Trichostatin A (TSA) is an inhibitor of HDAC;  involved in the inhibition of HDACs Class I, 

II, and IV; and does not inhibit Class III HDACs (Sirtuins) (171). A comparative study between 

cultured ESCs and glandular cells isolated from human endometrium showed that the addition 

of TSA enhances the up-regulation of decidualization markers such as insulin-like growth 

factor binding protein-1 (IGFBP-1) and prolactin, as regulated by 17β-estradiol (E2) plus 

progesterone (P4) (210). This study showed the involvement of histone acetylation and the 

connection of HDACs to the decidualization of the endometrium, suggesting that TSA acts as 

an enhancer of the decidualization process. In contrast, a decade later, another study showed 

that treatment of human ESCs with TSA had an inhibitory effect on trophoblast invasion. The 

ESCs treated with TSA showed increased TIMP-1 and TIMP-3 expression, while the 

expression of MMPs was decreased. This study associated histone acetylation with the 

disruption of trophoblast invasion and suggested that HDACs are critical for implantation 

(206). A recently published study on mice demonstrated that loss of HDAC 3 in the uterus of 

mice leads to implantation failures. Interestingly, HDAC 3 is usually the least frequently 

expressed HDAC in the endometrial tissue (128, 211). In the study, HDAC 3 was shown to be 

involved in transcription activation of COL1A1 and COL1A2 (collagenase) genes in humans 

and col1a1 and col1a2 genes in mice (211). Collagenases are involved in endometrial 

remodelling and trophoblast invasion during implantation (206). The cumulative findings of 

these studies suggest that HDAC 3 could be crucial for the implantation process, but in a limited 

capacity. A tightly controlled relationship between HATs and HDACs is essential for proper 

decidualization and successful implantation.  
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1.5.8 HDACs and Endometrial Pathologies  

The highly timed molecular events discussed above, if not appropriately regulated, lead to a 

spectrum of endometrial pathologies such as endometriosis, endometrial cancers, abnormal 

uterine bleeding, and infertility.  

Studies have found the involvement of histone acetylation, in conjunction with other epigenetic 

modulators, in several human malignancies (114, 154, 155, 212). High expression of class I 

HDACs in some tumors has been linked to unfavorable prognosis, with the exception of breast 

cancer in which it has a favorable prognosis. On the other hand, the upregulation of class II 

HDACs is associated with a favorable prognosis in human tumors (213). One of the earliest 

studies on endometrial stromal sarcoma (ESS) showed that HDAC 2 expression is upregulated 

in ESS compared to the non-neoplastic endometrial stroma (197). They also showed that 

HDAC 1 expression is generally lower than HDAC 2, and inhibition of HDAC 2 using 

valproate affects cell differentiation by increasing the expression of cell cycle regulators (197). 

Later, a study on endometrial adenocarcinomas showed a decrease or complete loss of 

epithelial HDAC 1 protein expression compared to normal endometrium (128). Alternatively, 

a study on endometrial carcinomas (EC) showed that HDAC 1, 2 and 3 expression levels are 

increased in ECs compared to healthy endometrial tissues (127). Although this study did not 

account for the cycle stages of the endometrium in analysis, it still showed similarity with 

earlier studies, in that HDAC 2 is the most expressed in the endometrium, while HDAC 3 is 

the least expressed (127, 128). An immunohistochemical study on endometrial carcinomas 

showed that HDAC 1, HDAC 2, and Ki-67 (a cellular marker of proliferation) are higher in 

endometrial carcinomas than in normal endometrium. The treatment of endometrial carcinoma 

cell lines with HDAC inhibitors TSA and apicidin reduces cell proliferation and increases p21 

expression. Apicidin also reduces cyclin D1 and CDK4 expression (198, 214). HDAC 
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inhibitors Vorinostat, Romidepsin (FK228), and LBH589 help induce cell cycle arrest in 

endometrial carcinomas (214-216). Progesterone induces differentiation in endometrial cells 

and inhibits proliferation through the action of progesterone receptors (PR). Therefore, the loss 

of PR also leads to endometrial carcinomas. Treatment of ECC-1 and Ishikawa H cells with 

the HDAC inhibitor LBH589 has been shown to increase the number of  PRs, which in turn 

regulates cell differentiation and induces cell cycle arrest (217, 218). While most HDACs are 

upregulated in ECs, recent studies have shown that SIRT 6 induces apoptosis and inhibits 

proliferation in endometrial cancer cells by repressing survivin (219). Expression levels of 

SIRT 1, SIRT 2, SIRT 4, and SIRT 5 are seen to be downregulated, while SIRT 7 is 

significantly upregulated in ECs compared to non-neoplastic cells. Interestingly, this study 

showed no significant difference in SIRT 6 and SIRT 3 levels between ECs and non-neoplastic 

cells (220).  

Histone acetylation and aberrant levels of HDACs are also associated with endometriosis. 

HDAC 1 expression is seen to be significantly elevated during endometriosis compared to 

normal endometrium, and the level also correlates with low acetylation levels of H3 and H4 

(195, 221). It was seen again in a later study that HDAC 1 and 2 expression levels were high 

in endometriotic stromal cells compared to healthy endometrial stromal cells. Differential 

expression of HDAC 1 and 2 was observed based on lesion type and localization in 

endometrioid cells (222). A comparative study between ectopic and eutopic endometrial 

samples taken from women who have endometriosis showed that HDAC 1 gene expression 

was high in ectopic tissues while HDAC 2 expression levels were high in eutopic tissue 

samples. Expression of HATs P300 and CREBBP did not change significantly in endometriosis 

tissue samples compared to standard samples, while PCAF expression was high in the ectopic 

tissue (223). It should be noted that this study used total tissue samples with minimal sample 

size, and the total sample contained varied cell populations from various endometrial cycle 
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stages. The anti-inflammatory effects of SIRT1 have also been investigated in endometriosis. 

This study compared the action of SIRT1 and its activator resveratrol in endometriotic stromal 

cells and healthy endometrial stromal cells. They found that the activation of SIRT1 suppresses 

inflammatory responses in endometriotic stromal cells, while inhibition of SIRT1 can trigger 

inflammatory responses, suggesting its crucial role in maintaining healthy endometrial stromal 

cells (224).  

HDACs also play a crucial role in implantation and decidualization. Loss of HDAC 3 is linked 

to decidualization defects and implantation failure in mice (225). HDAC inhibitor TSA in 

endometrial stromal cells promotes extracellular matrix invasion and helps with embryo 

implantation (206).  

 Since most studies on endometriosis and other endometrial pathologies compare healthy and 

diseased tissue samples, it is hard to tell if the epigenetic aberrations are the cause or effect of 

various endometrial pathologies.  

1.5.9 Conclusion 

Histone acetylation is a fundamental regulator of chromatin structure and gene expression. 

Many studies on endometrial tissues and cell lines have shown the involvement of aberrant 

levels of histone acetylation and HDAC activity in endometrial pathologies, especially 

endometrial carcinomas and endometriosis. The majority of HDACs studied seem to be 

elevated in endometrial carcinomas compared to the normal endometrium (127, 222). High 

levels of HDACs are also associated with endometriosis in many women. Evidence suggests 

that histone acetylation and HDACs are involved in various endometrial pathologies (195, 200, 

222, 225, 226). However, most of these studies have not given any regard to the cyclic nature 

of the endometrium. HDACs are being studied as potential therapeutic targets for endometrial 

carcinomas and endometriosis; their effect reversed using HDAC inhibitors (200, 226). Global 
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histone acetylation levels of H2AK5, H3K9, and H4K8 are found to be elevated in the early 

proliferative phase of the endometrium, then decline until ovulation. The acetylation levels in 

H4K8 rise significantly post ovulation, and a similar trend is observed in H3K9 as well as 

H4K14 and 18. This study suggests that histone acetylation trends seem to follow a cyclic 

pattern in coordination with menstrual cycle events that require transcriptional activation and 

silencing (21). HDACs function in conjunction with other epigenetic modulators, regulating 

molecular modifications in the endometrium (223). Studying the general levels of HDACs and 

histone acetylation in normal cyclic endometrium will give us insight into individual functions 

and targets of individual HDACs. Because histone acetylation is a reversible epigenetic mark, 

studying its regulation will eventually help us to develop targeted therapies to improve the 

menstrual health of women.  
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1.6 Aim 

Hypothesis: Epigenetic modifications play a vital role in regulating the endometrial cycle. 

Histone acetylation, which is generally associated with gene activation, is a common epigenetic 

mark and is regulated by HATs and HDACs, which include SIRTs. Temporal global histone 

acetylation levels have been observed throughout the menstrual cycle in a previous study in 

our lab (227). HDAC inhibitors have also been studied in various endometrial pathologies such 

as endometrial cancer and endometriosis.  

We hypothesis that histone modifications are essential regulators of cyclic changes in the 

endometrium and that steroid hormones temporally regulate HDACs. 

Aims 

1. To examine the mRNA profile of histone deacetylases (HDACs) in human 

endometrium during the menstrual cycle  

2. To determine the localization and protein profile HDACs in human endometrium 

during the menstrual cycle  

3. To investigate changes in the mRNA and protein expression of HDACs in response to 

ovarian steroids, in in vitro endometrial epithelial and stromal cells. 
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2 Materials and Methods  

2.1 Charcoal stripping Fetal Bovine Serum (FBS) 

Gibco FBS (Thermo Fisher Scientific, Waltham, Massachusetts, United States) was charcoal 

stripped to prepare for hormone treatment. 2.5gm of activated charcoal (Sigma -Aldrich, USA), 

0.25gm of Dextran from Leuconostoc mesenteroides (Sigma -Aldrich, USA), and 2.5ml 1M 

TRIS pH7.4 was mixed with MilliQ water to make up 250mL. The solution was stirred for at 

least 30 minutes at 4°C before use. The solution was divided and centrifuged in 50mL falcon 

tubes at 3500 rpm at room temperature for 10 minutes. The supernatant was aspirated and 

500mL FBS was added (divided equally in the falcon tubes). The solution was incubated in a 

pre-heated water bath at 55°C for 30 minutes and periodically swirled. The solution was 

centrifuged at 3500 rpm at room temperature for 10 minutes. FBS was pipetted and filter 

sterilized using Corning(R) bottle-top vacuum filters, polyethersulfone membrane, pore size 

0.22 μm, membrane size 63x63 mm, funnel capacity 500mL (Sigma-Aldrich, USA). The 

charcoal-stripped FBS was divided into 50 mL aliquots and stored at -20°C.  

2.2 Cell culture  

Three cell lines were used for the experiments: Human Endometrial Stromal Cells 

(HESC)(228) and Acanthosis Nigricans 3rd attempt (AN3) and RL95-2 were purchased from 

ATCC® (Old Town Manassas, Virginia, United States). Details about the cell lines are 

mentioned in Table 2. The cells were grown in Gibco Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (1:1) phenol-free (Thermo Fisher Scientific, Waltham, 

Massachusetts, United States). It was supplemented with 10% Charcoal stripped FBS and 1% 

antibiotic Penstrep, including penicillin and streptomycin (Thermo Fisher Scientific, Waltham, 

Massachusetts, United States). The frozen cells were thawed and grown in T175 (Falcon™ 
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Tissue Culture Treated Flasks) (Thermo Fisher Scientific, Waltham, Massachusetts, United 

States) with 18 mL medium. The cells were incubated in humidified cell culture incubators at 

37°C and 5% CO2. The media was changed the next day to clear the Dimethyl Sulfoxide 

(DMSO) present in the freezing medium. Once confluent to 90-100%, the cells were split four 

ways in T175 flasks. The media was changed on alternate days, and the cells were washed with 

sterile 1XPBS every time. All cell culture work was performed in cell culture hoods following 

aseptic culture techniques.  

Table 2. Cell Lines 

Cell Line    

HESC Cell Type:  Fibroblast immortalized with hTERT 

Origin:  The cell line was obtained from an adult female with myomas and 
was immortalized by infection with supernatant from the 
packaging cell line pA317-hTERT (Geron Corp.; Menlo Park, 
CA) 

Subculture:  Cells with confluency 80-90% were split at 1:4 ratio using 
1X 0.25% Trypsin (Thermo Fisher Scientific, Waltham, 
Massachusetts, United States) into T175 flasks.  

References: T HESCs ATCC® CRL4003™ 

AN3 Cell Type:   Human endometrial adenocarcinoma  

Origin:  The cell line was derived from a metastatic lesion in the lymph 
node of a patient with endometrial carcinoma by C. J Dawe and 
associates (229).  

Subculture:  Cells with confluency 80-90% were split at 1:4 ratio using 
1X 0.25% Trypsin (Thermo Fisher Scientific, Waltham, 
Massachusetts, United States) into T175 flasks. 

References: ATCC® HTB-111™ , (229) 

RL95-2 Cell Type:  Human endometrial carcinoma  

Origin:  Derived from Grade 2 moderately differentiated adenosquamous 
carcinoma of the endometrium by D. L. Way and associates (230).  

Subculture:  Cells with confluency 80-90% were split at 1:4 ratio using 
1X 0.25% Trypsin (Thermo Fisher Scientific, Waltham, 
Massachusetts, United States) into T175 flasks.  

References: (ATCC® CRL-1671™) (230) 
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2.3 Hormone Treatment of Cells 

250000 cells were plated in each well of 6 well plates. Once cells were 70% confluent, they 

were treated with β- estradiol (E2) final concentration of 0.01µM in each well, and 

progesterone (P4) final concentration of 1µM in each well. The cells were treated in triplicates 

first with E2 for 24 hours and then with E2+P4 for 24 hours, 48 hours, and 72 hours. For each 

triplicate, treatment cells were also exposed to 1µM Trichostatin A (TSA) (Sigma-Aldrich, 

USA). Untreated controls were included for each treatment interval. Hormone stocks were 

prepared in analytical grade ethanol using hormone powders (Sigma -Aldrich, USA). TSA was 

prepared in DMSO as per manufacturers' instructions. For control cells, ethanol and DMSO 

alone were used the same amounts as in hormone stocks. The stocks were diluted in PBS to 

prepare working solutions before diluting in media to the final required concentration. 2mL of 

media was added to each well. Each treatment was performed three independent times. The 

plate layout for the hormone treatment is given in the figure below.  

Figure 5: Plate Layout for hormone treatment 
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2.4 Cell harvesting  

Cells were collected according to the timed intervals of E2 (24 hours), E2+P4 (24 hours), 

E2+P4 (48 Hours) and E2+P4 (72 hours). 1mL media was collected for further experiments 

and the rest was discarded. The cells were washed with ice-cold 1XPBS and treated with 

Trizol® LS reagent (Life Technologies, Carlsbad, California, United States) or RIPA lysis 

buffer (Thermo Fisher Scientific, Waltham, Massachusetts, United States) as required. The 

cells were scraped off using plastic cell scrapers and collected in Eppendorf tubes. Separate 

scapers and tips were used for each well.  

2.5 Tissue Samples 

Endometrial tissue biopsies collected at different stages of the menstrual cycle from 

premenopausal healthy women were used for the experiment. Women with any known 

endometrial pathology or undergoing hormonal contraception within three months of sample 

collection were excluded from the study. The samples with any histopathological evidence of 

abnormality were excluded as well. These tissue samples were provided by Dr. Anna 

Ponnampalam at the Liggins Institute. The stages were pre-determined using histological 

techniques.   

2.6 RNA Extraction 

RNA was extracted from frozen endometrial tissue samples using Trizol® LS reagent (Life 

Technologies, Carlsbad, California, United States) according to manufacturers' instructions. 

The frozen tissue samples were crushed using a mortar and pestle and powdered tissue was 

added to Eppendorf tubes containing 1ml trizol. Tissue was kept frozen using liquid nitrogen 

to avoid degradation. A ball bearing was added and samples were lysed using a tissue lyser at 
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30 frequency for 30 seconds using pre-cooled tissuelyser adapters. The mixture was then 

transferred to separate tubes.   

RNA extraction from cell cultures was also done using Trizol® LS reagent (Life Technologies, 

Carlsbad, California, United States). The media was pipetted and stored for further 

experiments, cells were washed once with ice-cold PBS (1mL), and 1mL trizol was added to 

each well in 6-well culture plates. Plates were scraped briefly and trizol was pipetted up and 

down to homogenize cells which were then collected in Eppendorf tubes. Both the tissue and 

cell lysates were treated in the same manner from this point onwards 

The samples were left at room temperature (15-30°C) for 5 minutes to allow complete 

dissociation. 0.2mL of chloroform (Sigma-Aldrich, USA) was added per 1mL of trizol, tubes 

were vortexed vigorously for 15 secs and then incubated at room temperature for 2-3 minutes. 

The samples were centrifuged at 12000g for 15 mins at 4°C.  The aqueous phase (top layer) 

was transferred to a fresh Eppendorf tube without disturbing the organic phase. Isopropanol 

was added (50% of the total solution) to the tubes and they were incubated at 4°C for 20 mins. 

Samples were centrifuged again at 12000g for 15 mins at 4°C. The supernatant was discarded, 

and pellets were washed twice using 1 mL of 75% ethanol per mL of trizol and centrifuged at 

10000 g for 5 minutes at 4°C in each wash. The pellets were spun at maximum speed for 30 

seconds at 4°C to remove ethanol. The pellets were then air-dried at room temperature until all 

remaining ethanol had evaporated. The RNA pellets were resuspended in approximately 10µL 

of nuclease-free water, depending on pellet size. The concentration of samples was determined 

using the NanoPhotometer® N60 (Implen, Munich, Germany), and RNA integrity was 

assessed using Agilent 2100 bioanalyzer (Agilent Technologies, New Zealand).   
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2.7 RNA Integrity  

The RNA integrity was determined using Agilent 2100 bioanalyzer (Agilent Technologies, 

New Zealand) according to manufacturer protocol. The electrodes were cleaned using 

RNaseZap™ (Thermo Fisher Scientific, Waltham, Massachusetts, United States) and Nuclease 

free water. The dye, pre-prepared aliquotes of gel, and marker brought to room temperature. 

The dye was spun down and 1µL was added to the gel. The mixture was vortexed and then 

centrifuged at 13000g at room temperature for 10 minutes. The gel-dye mix was stored in the 

dark at room temperature until needed. 1.2µL aliquots of 1:10 diluted RNA were taken in 

1.5mL tubes and heat-denatured at 70°C for 2 minutes. Samples were centrifuged briefly before 

use. RNA nanochip was set up on the chip priming station and the syringe plunger was pulled 

up till 1mL. 9µL of the gel-dye mix was added to the well marked G (third row, fourth column) 

and the chip priming station was closed. The plunger was pressed until held by the clip. After 

30 seconds, the clip was released and the plunger was slowly pulled up to 1mL. 9µL of the gel-

dye mix was added to each of the other two wells marked G. 5µL of RNA 6000 Nano marker 

(green) (Agilent Technologies, New Zealand) was added to all remaining wells. One 1µL 

ladder was added to the ladder well and 1 µL samples were added to each of the remaining 

wells. The chip was vortexed at 2400 rpm for 1 minute in Ika MS3 vortexer (Sigma-Aldrich, 

USA). The chip was then placed in the Agilent 2100 bioanalyzer and analyzed using an assay 

for eukaryote RNA. RNA integrity number (RIN) seven and above were considered a good 

quality for experiments.  

2.8 Reverse Transcription  

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher 

Scientific, Waltham, Massachusetts, United States) was used to perform reverse transcription 

of RNA into cDNA. 2µg of RNA was used as a starting material. 1µL each of DNase 1 and 
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10X DNase 1 buffer from the DNase I Amplification Grade kit (Thermo Fisher Scientific, 

Waltham, Massachusetts, United States) were added to each sample tube and the quantity was 

made up to 9µL using nuclease-free water (Thermo Fisher Scientific, Waltham, Massachusetts, 

United States). The samples were incubated at room temperature for 15 minutes to allow for 

DNase activity. 1µL of EDTA was added to each sample and tubes were incubated at 65°C for 

10 minutes to inactivate the DNase. 2µL of 10X reverse transcriptase buffer, 0.8µL of 25X 

dNTP Mix, 2µL of 10X random primers, and 1µL of Multiscribe Reverse transcriptase were 

added to each tube. The volume was made up to 20µLwith nuclease free water. One extra 

sample tube was used in which all the reagents were added except reverse transcriptase as a 

negative control. The reaction was run in BioRad DNA engine Perrier thermal cycler (BioRad 

Laboratories, Hercules, California, United States) at 25° C for 10 minutes, 37°C for 120 

minutes, 85°C for 5 minutes, and then held at 4°C until stored. The cDNA was stored at -20°C 

until used for a quantitative reverse transcription-polymerase chain reaction.  

2.9 Quantitative Real-Time Reverse Transcription Polymerase Chain 

Reaction (qRT-PCR) 

qRT-PCR was conducted on cDNA samples to quantify RNA expression levels. 

QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems™, Thermo Fisher 

Scientific, Waltham, Massachusetts, United States),  MicroAmp™ Optical 384-Well Reaction 

plate (Thermo Fisher Scientific, Waltham, Massachusetts, United States) and SYBR™ Select 

Master Mix (Applied Biosystems™, Thermo Fisher Scientific, Waltham, Massachusetts, 

United States) was used according to manufacturer protocol. 2µL of each cDNA sample was 

added to one tube and diluted to 1:10, 1:100, and 1:1000 for use as standards for the experiment. 

The primer pairs were taken from the primer bank (details described in the table below). For 

each reaction, 0.5µL of each forward and reverse primer was used with 5µL of SYBR™ Select 
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Master Mix, 1µL of nuclease-free water and 3µL of 1:20 diluted cDNA sample. The samples 

were pipetted in the PCR plate using epMotion® 5070 (Eppendorf, Hamburg, Germany), with 

the settings for the master mix liquid type was changed to glycerol. The reaction was run under 

the following settings: QuantStudio™ 6 Flex System, 384-well, relative standard curve, SYBR, 

standard. The reaction was set up with the activation stage at 95°C for 2 minutes, followed by 

45 cycles of amplification, denaturation at 95°C for 15 seconds, and annealing/extension at 

60°C for 30 seconds. All samples were analyzed in triplicates with standards for each gene.  

Primers for HDACs and SIRTs designed by Dr. Sheryl Kirsty Munro were used from her work 

on HDACs (227), except for HDAC 2 primers which were obtained from the primer bank (231) 

(ID#293336690c1). Primers for housekeeping genes were already available with the lab. 

Primer pairs used are summarized in the table below.  
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Table 3. Primer Pairs 

Primers Forward 5´-3´ Reverse 3´-5´ Amplicon 
size (bp) 

Source 

HDAC1 GGAAATCTATCGCCC
TCACA 

TTGCCACAGAACCAC
CAGTA 

206 (227) 

HDAC2 ATGGCGTACAGTCAA
GGAGG 

TGCGGATTCTATGAGG
CTTCA 

112 (231) 

HDAC3 TGGCTTCTGCTATGTC
AACG 

TTGATAACCGGCTGG
AAAAG 

297 (227) 

HDAC4 CCTCTACACATCGCCA
TCCT 

GGCTGCTCCAGTAAG
ACCAT 

237 (227) 

HDAC5 GTAGCCATCACCGCA
AAACT 

GTCCTCCACCAACCTC
TTCA 

199 (227) 

HDAC6 TATCTGCCCCAGTACC
TTCG 

GGACATCCCAATCCA
CAATC 

242 (227) 

HDAC7 GGCTGCTTTCAGGAT
AGTCG 

TTCATCAGTTGCTGCG
TCAT 

162 (227) 

HDAC8 TTATGACTGCCCAGCC
ACTG 

TTCCCAGGACAGCATC
ATTG 

188 (227) 

HDAC9 GACTCACTCTTCCCCT
GCTG 

CCAGTTTCTTGCAGTC
GTGA 

192 (227) 

HDAC10 CTTCTCCTGGCACCGC
TATG 

CCGATGGCTGAGTCA
AATCC 

234 (227) 

HDAC11 ATCACGCTCGCCATC
AAGTT 

TCATCCTCTGTGCCCC
ACTC 

224 (227) 

SIRT1 GCTGATGAACCGCTT
GCTAT 

ATGGGGTATGGAACT
TGGAA 

174 (227) 

SIRT2 GACTTTCGCTCTCCAT
CCAC 

GAGTAGCCCCTTGTCC
TTCA 

201 (227) 

SIRT3 AGCAACCTCCAGCAG
TACGA 

CGACACTCTCTCAAGC
CCATC 

216 (227) 

SIRT4 ACCTGGGAGAAACTC
GGAAA 

TCAGGACTTGGAAAC
GCTCT 

178 (227) 

SIRT5 ATGCGACCTCTCCAG
ATTGT 

GTCGGAACACCACTTT
CTGC 

206 (227) 

SIRT6 GCAGTCTTCCAGTGTG
GTGTTC 

CGCTCTCAAAGGTGGT
GTCG 

140 (227) 

SIRT7 CCATTTTCTCACTGGC
GACT 

CCTTTTTGTGCGTTTT
GTGC 

173 (227) 

YWHAZ CCGTTACTTGGCTGAG
GTTG 

CAGGCTTTCTCTGGGG
AGTT 

189 (227) 

RPLO AGAAACTGCTGCCTC
ATATCCG 

CCCCTGGAGATTTTA 
GTGGTGA 

223 (227) 

RPL13A GCCCTACGACAAGAA
AAAGCG 

TACTTCCAGCCAACCT
CGTGA 

117 (227) 
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2.10 Standards and Standard Curves 

2µL of each endometrial cDNA samples were combined to create standards of 1:10, 1:100, and 

1:1000 dilutions. The standards were tested using qRT-PCR against housekeeping genes 

YWHAZ, RPLO, and RPL13A, as well as for each of the other genes. Standard curves were 

generated, and R2 values were determined using excel. R2 values above 0.99 were considered 

suitable for the experiment.  
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Figure 6: Standard curves for housekeeping genes in endometrial tissue samples 
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2.11 Statistical Analysis of qRT-PCR 

The ΔΔCT method was used for statistical analysis of gene expression. Average CT values of 

the sample triplicates of cDNA samples from tissue biopsies were normalized against the 

geometric mean of the three housekeeping genes (YWHAZ, RPLO, and RPL13a), while for 

cell samples two housekeeping genes (YWHAZ and RPL13A) were used. The samples were 

divided according to the tissue uterine cycle stage and the treatment type Estradiol 24hrs (E24), 

Estradiol+ Progesterone 24hrs (EP24), Estradiol+ Progesterone 48hrs (EP48) and Estradiol+ 

Progesterone 72hrs (EP72), respectively. ΔCT value was calculated using the following 

formula: 

∆CT = CT target - Geomean 

CT target is the mean CT value of the sample under investigation. The geomean of the 

housekeeping genes was subtracted from this to determine ΔCT. One of the samples was 

taken as reference, and ΔΔCT was calculated using the following formula:  

ΔΔCT = ΔCT target – ΔCT reference sample 

The range for the target gene expression relative to the reference sample was calculated as 2-

ΔΔCT. 

The 2- ΔΔCT values of samples were plotted against the endometrial cycle stage. Graphpad Prism 

version 8.2.1. (San Diego, CA, USA) was used for statistical analysis. To determine the 

temporal expression of HDACs during the menstrual cycle in endometrial, One-way non-

parametric ANOVA, followed by unpaired t-tests was done to determine statistical 

significance. To determine the effects of steroid hormones on HDAC expression in cells in 

vitro, two-way ANOVA was performed, and further significance was determined within each 

treatment group, and intervals using multiple comparisons uncorrected Fisher’s LSD.  
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2.12 Protein Extraction  

The protein extraction from frozen tissue samples was done using RIPA buffer (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States) according to manufacturer protocol. Tissue 

samples were powdered using a sterile mortar and pestle, added to Eppendorf tubes, and 

weighed. The tissue was kept frozen using liquid nitrogen. 20µL of Halt™ Protease Inhibitor 

Cocktail (EDTA-Free (100X)) (Thermo Fisher Scientific, Waltham, Massachusetts, United 

States) was added per 1mL of RIPA lysis buffer. Approximately 20µL of RIPA lysis buffer 

and Halt™ solution were added per microgram of tissue. A ball bearing was added to the 

samples which were lysed using a tissue lyser at 30 frequency for 10 minutes using pre-cooled 

tissue lyser adapters.   

RIPA-Lysis buffer was also used for extracting protein to use in cell cultures. The media was 

pipetted and stored for further experiments, and cells were washed once with ice-cold PBS 

(1mL). 1mL of RIPA and Halt™ mix was added to each well. Plates were scraped briefly, and 

cell lysate was pipetted up and down to homogenize cells, which were then collected in 

Eppendorf tubes. Both the tissue and cell lysates were treated in the same manner from this 

point onwards. 

The samples were incubated at 4°C on an orbital shaker for 2 hours and then centrifuged for 

20 minutes at 12000 rpm at 4°C. The supernatant was collected in fresh tubes, and the 

concentration of samples was determined using Direct Detect® Infrared Spectrometer 

(MilliporeSigma, Burlington, Massachusetts, United States). The lysis buffer was used as a 

blank. The measurement was done using analysis method 2.  
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2.13 SDS-PAGE 

Nu-Page 4-12% Bis-tris 15 lane mini gels were used to perform SDS-Page according to 

manufacturer protocol. 10ug of each sample was loaded in each lane with 5uL of NuPAGE™ 

LDS Sample Buffer (4X), 2µL of NuPAGE™ Reducing Agent (10X) (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States) and enough autoclaved MiliQ water to 

make up the total volume of 20µL. The sample mix was denatured for 10 minutes at 70°C. 

NuPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific, Waltham, Massachusetts, 

United States) was used to run the samples on PowerPac™ (BioRad Laboratories, Hercules, 

California, United States) at 200V for 1 hour. 5µL of MagicMark™ XP Western Protein 

Standard (Thermo Fisher Scientific, Waltham, Massachusetts, United States) was used to 

determine the protein bands. NuPAGE™ Transfer Buffer (Thermo Fisher Scientific, Waltham, 

Massachusetts, United States) was used to transfer the proteins to Immobilon-FL PVDF 

Membrane (MilliporeSigma, Burlington, Massachusetts, United States) using PowerPac™  

(BioRad Laboratories, Hercules, California, United States) at 50V for 1 hour. Membranes were 

then stained with Revert™ 700 Total Protein Stain (LI-COR Biosciences, Lincoln, Nebraska, 

United States) for 5 minutes using the single color western blot protocol. The membranes were 

rinsed twice with Revert™ 700 Wash Solution (LI-COR Biosciences, Lincoln, Nebraska, 

United States) and then with MiliQ water to remove the excess staining. The membranes were 

dried and then visualized in the 700 nm channel with an Odyssey® imaging system, Classic Fc 

(LI-COR Biosciences, Lincoln, Nebraska, United States).  

2.14 Western Blot 

The HDAC protein expression was detected using western blot. Following total protein 

imaging, the membranes were placed in 100% methanol and then rinsed with MiliQ water until 

the methanol was washed off. The non-specific binding was blocked using Intercept Tris-
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buffered saline (TBS) Blocking Buffer (LI-COR Biosciences, Lincoln, Nebraska, United 

States) for 1 hour at room temperature. Following blocking, the membranes were incubated in 

primary antibody dilutions prepared in the blocking buffer on a rocking platform overnight at 

4°C. The membranes were then washed four times with 1X TBST for 5 minutes, and incubated 

in secondary antibody diluted in blocking buffer for 1 hour at room temperature on a rocking 

platform, protected from light using aluminium foil. The membranes were then washed again 

with 1X TBST four times for 5 minutes and rinsed with 1X TBS before imaging. Membranes 

were protected from light at all times following secondary antibody incubation. Antibodies 

were optimized using two endometrial protein samples and a placental villous protein sample 

according to the dilutions used previously by Dr. Sheryl Munro and manufacturers' 

recommendations. All the antibodies and dilutions used are summarized in the tables below.  

Table 4. Primary Antibodies 

Target Antibody Supplier Species Band Size Concentration 

HDAC1 Ab19845 Abcam Rabbit 55 kDa 1:2000 

HDAC2 Ab51832 Abcam Mouse 55 kDa 1:1000 

HDAC3 Ab16047 Abcam Rabbit 50 kDa 1:3000 

HDAC4 Ab32534 Abcam Rabbit 119 kDa 1:5000 

HDAC5 Ab55403 Abcam Rabbit 122 kDa 1:500 

HDAC7 Ab53101 Abcam Rabbit 103 kDa 1:500 

HDAC8 Ab187139 Abcam Rabbit 42 kDa 1:500 

HDAC9 Ab109446 Abcam Rabbit 111 kDa 1:15000 

 

Table 5.  Secondary Antibodies 

Antibody Supplier Species Concentration 

IRDye® 800CW Donkey anti-Mouse IgG LI-COR Donkey 1:15000 

IRDye® 800CW Donkey anti-Rabbit IgG LI-COR Donkey 1:15000 
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2.15 Protein Expression Analysis 

Normalization was performed separately for each blot using Revert™ 700 Total Protein Stain. 

The target protein bands were normalized against the total amount of sample protein per lane. 

The target and total protein in each lane were quantified, and the normalization factor was 

calculated for each sample using total protein signal (TPS) with the formula below.  

Lane Normalization Factor =                   TPS for Each Lane 
 

 TPS from the lane with the highest TPS 
 

The normalized signal was calculated for each sample to be used for relative quantitative 

comparison.  

Normalization Signal =          Target band signal 
 

 Lane Normalization Factor 
 

The normalized signal was plotted against the cycle stage for each sample and analysed using 

GraphPad Prism version 8.0. A one-way nonparametric ANOVA test was performed to 

determine the statistical significance. 
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3 Results 

3.1 HDAC Gene expression changes during menstrual cycle 

The relative gene expression was studied across four cycle stages: proliferative (P) (n=10), 

early secretory (ES) (n=3), mid secretory (MS) (n=2) and late secretory (LS) (n=6). The mRNA 

expression levels of HDACs were normalized against three housekeeping genes YWHAZ, 

RPLO, and RPL13A and plotted as Mean±SEM against the menstrual cycle stages. The 

statistical significance was determined using one-way ANOVA followed by unpaired t-tests 

on GraphPad Prism 8.2.1.  Most of the HDACs were significantly upregulated during the early 

secretory phase.  

In class 1 HDACs, HDAC1 and HDAC8 were significantly upregulated during the early 

secretory phase compared to proliferative (*P<0.05) and late secretory (**P<0.01) phases 

(Figure 7 a and c), while HDAC2 was significantly upregulated during mid secretory phase. 

HDAC3 had little or no expression in the endometrial tissues across the cycle. 

Class 2a HDACs 5 and 7 were significantly upregulated during the early secretory phase 

(Figure 8 b and c), while HDAC9 was upregulated during the mid-secretory phase (Figure 9 

d), compared to other cycle stages. No significant differences were observed in HDAC4 mRNA 

expression during the cycle.  

In class 2b a significant upregulation in HDAC10 expression level was observed in the mid 

secretory phase compared to proliferative and early secretory stages, while there was a trend 

towards upregulation against the above phases in the late secretory stage (Figure 9 b).  

In class 3 HDACs SIRT2, 3, 4 and 7 showed significant changes within the menstrual cycle.  

SIRT 2 was significantly upregulated in early (*P<0.05) and mid secretory phase (**<0.01) 
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(Figure 10 b). SIRT3 and 4 were significantly upregulated in the early secretory phase 

(*P<0.05) (Figure 10 c-d). SIRT5 (P=0.054) and SIRT6 (P=0.084) followed the similar treat 

with near significant increase in expression during the early and mid secretory phases 

respectively (Figure10 e-f). SIRT7 was significantly upregulated as well during the early 

secretory phase (*P<0.05)  

Class 4 HDAC 11 was significantly upregulated as well during the early secretory phase 

(*P<0.05).  
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Figure 7: Relative mRNA expression of class 1 HDACs during menstrual cycle 

Real time qPCR results for class 1 HDACs in human endometrium during the menstrual cycle. The Y-axis shows 
the relative mRNA expression normalized against three housekeeping genes YWHAZ, RPLO and RPL13A 
represented as Mean ± SEM. The X-axis shows the different menstrual cycle stages. Statistical significance 
determined using one-way ANOVA followed by unpaired t test and represented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 
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Figure 8: Relative mRNA expression of class 2a HDACs during menstrual cycle 

Real time qPCR results for class 2a HDACs in human endometrium during the menstrual cycle. The Y-axis shows 
the relative mRNA expression normalized against three housekeeping genes YWHAZ, RPLO and RPL13A 
represented as Mean ± SEM. The X-axis shows the different menstrual cycle stages. Statistical significance 
determined using one-way ANOVA followed by unpaired t test and represented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 
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Figure 9: Relative mRNA expression of class 2b HDACs during menstrual cycle 

Real time qPCR results for class 2b HDACs in human endometrium during the menstrual cycle. The Y-axis shows 
the relative mRNA expression normalized against three housekeeping genes YWHAZ, RPLO and RPL13A 
represented as Mean ± SEM. The X-axis shows the different menstrual cycle stages. Statistical significance 
determined using one-way ANOVA followed by unpaired t test and represented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 

 

 



Results 

55 

          

Figure 10: Relative mRNA expression of class 3 HDACs during menstrual cycle 

Real time qPCR results for sirtuins in human endometrium during the menstrual cycle. The Y-axis shows 
the relative mRNA expression normalized against three housekeeping genes YWHAZ, RPLO and RPL13A 
represented as Mean ± SEM. The X-axis shows the different menstrual cycle stages. Statistical significance 
determined using one-way ANOVA followed by unpaired t test and represented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 
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Figure 11: Relative mRNA expression of class 4 HDAC during menstrual cycle 

Real time qPCR results for HDAC11 in human endometrium during the menstrual cycle. The Y-axis shows 
the relative mRNA expression normalized against three housekeeping genes YWHAZ, RPLO and RPL13A 
represented as Mean ± SEM. The X-axis shows the different menstrual cycle stages. Statistical significance 
determined using one-way ANOVA followed by unpaired t test and represented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 
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3.2 Protein expression in endometrial tissue  

HDAC protein expression was studied in endometrial tissue samples using fluorescent western-

blot analysis. The samples were normalized against total protein stain. The results were 

analyzed using unpaired t-tests and plotted as Mean±SEM against the two menstrual cycle 

stages proliferative (n=7) and secretory phase (n=7). HDAC1, 2, and 3 proteins were 

constitutively expressed in both the proliferative and secretory phases. HDAC2 protein 

expression showed higher expression during proliferative phase nearing significance (P=0.097) 

(Figure 13). A similar trend was observed in HDAC3, with nearing significant increase in the 

proliferative phase (P=0.77) (Figure 14). HDAC8 and 4 displayed elevated protein expression 

during the secretory phase, but the difference was not significant (Figure 15 and 16). HDAC5 

was significantly upregulated during the secretory phase with hardly any expression during the 

proliferative phase (*P<0.05)(Figure 17). It should also be noted that HDAC5 protein bands 

were observed slightly below 100 kDa, with consecutive bands observed below it. HDAC5 has 

three isoforms reported while 2 of the isoforms have 122kDa molecular weight one has a 

molecular weight of 112kDa, it is a possibility that isoform 2 of molecular weight 112kDa is 

observed during the experiment or a capsized version of protein was observed, either way, there 

is no proof yet to identify this. HDAC7 had no significant difference in protein expression 

between the two stages, but the band was observed slightly above 60kDa, the molecular weight 

of protein in 103kDa, but there are multiple isoforms of HDAC7, and the antibody used can 

detect multiple isoforms. The band size is possibly indicative that the isoform 10 (MW=66kDa) 

of HDAC7 was observed (Figure 18). HDAC9 was significantly upregulated during the 

secretory phase (**P<0.05) (Figure 19).  It should be noted that the HDAC9 band was observed 

at 60kDa; according to Abcam, the antibody used can detect all the isoforms of HDAC9 except 

isoform 10 and 11. The isoform observed here may be either isoform 6 (MW=65kDa), 8 

(MW=65kDa), or 9 (MW=60kDa). 
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Figure 12: Changes in HDAC1 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 13: Changes in HDAC2 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 14: Changes in HDAC3 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 15: Changes in HDAC8 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 16: Changes in HDAC4 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 17: Changes in HDAC5 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 18: Changes in HDAC7 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 
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Figure 19: Changes in HDAC9 protein expression between proliferative and secretory phase 

Relative protein expression levels normalized against total protein stain were plotted as Mean ± SEM against two 
cycle stages proliferative (n=7) and secretory phase (n=7). Statistical significance is given as * p≤0.05, ** p ≤0.01, 
***p ≤0.001. The fluorescent bands indicate from left to right proliferative (n=7) and secretory (n=7). 

3.3 Characterisation and Regulation of HDAC gene expression in 

endometrial cell lines 

The effect of hormone treatment and HDAC inhibition by TSA on HDAC gene expression 

were   studied in three different endometrial cell lines. AN3 and RL95-2 were used as a model 

for epithelial cells in the endometrium, while Human Endometrial Stromal cells (HESC) were 

used to observed changes in stromal cells. All the cell culture treatments were performed 

independently three times and analysed using 2-way ANOVA, and further significance was 

determined within each treatment group, and intervals using multiple comparisons uncorrected 
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Fisher’s LSD, all tests were performed in GraphPad Prism 8.2.1 and SPSS. It should be noted 

that overall HDAC expression in HESCs was much lower than AN3 and RL95-2 cells with 

few HDACs having little or no expression.  

3.3.1 HDAC gene expression in response to steroid hormones and TSA treatments in 

AN3 cells  

AN3 cells showed significant differences in four HDAC genes within treatment groups 

(Figures 20-24). While there were no significant differences between treatment groups in gene 

expressions of HDACs 2, 3, and 8 (Figure 20 b-d), there was an overall significant difference 

seen in HDAC 1 mRNA expression throughout different time intervals (*P<0.05) and 

treatments (**P<0.01) and significant interaction between time and treatments were observed 

(**P<0.01). A significant increase in HDAC1 expression was seen in TSA+hormone treated 

cells after 24hrs as compared to the controls (**P<0.01) and cells treated with only estradiol 

(*P<0.05) (Figure 20 a).  

In class 2a, HDAC3 showed a trend towards increased expression in response to estrogen and 

progesterone (E2+P4) between 24hrs to 72hrs (P=0.078) (Figure 21 b). There was a significant 

increase in HDAC3 expression of E2+P4 treated cells between 24hrs to 48hrs (*P<0.05) while 

a significant decline was observed in E2+P4 treated cells after 48 hrs (*P<0.05) (Figure 21 c). 

Little to no HDAC9 gene expression was observed in AN3 cells.  

HDAC6 gene expression reduced significantly after 24hrs of treatment with E2+P4 in 

conjunction with TSA compared to the control (*P<0.05) (Figure 22 a). HDAC 6 also shared 

a similar expression trend with HDAC7, showing a significant increase in E2+P4 treated cells 

from 24hrs to 48hrs and then subsequent significant decline in expression after 48hrs (Figure 

22 a).   HDAC10 showed no significant changes in response to any treatments (Figure 22 b).  
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Only expressions of SIRT2 and 7 showed significant changes in response to treatment among 

the seven sirtuins. SIRT2 showed a significant increase in gene expression in TSA + steroid 

hormone treated group after 24hrs, compared to controls (*P<0.05), as well as E2 treated cells 

(*P<0.05) (Figure 23 b). A subsequent decline was observed in TSA + steroid hormone treated 

cells in each 24hr interval after that (Figure 16 b). SIRT5 gene expression was significantly 

high in E2+P4 treated cells at 72hrs compared to its TSA + steroid hormone treated 

counterparts (*P<0.05) (Figure 23 e).  SIRT7 showed increased expression after 48hrs of 

treatment with E2+P4 as compared to controls (*P<0.05), it also showed the significantly 

highest expression at this interval compared to 24hrs and 72hrs of E2+P4 treatment (*P<0.05) 

(Figure 23 g). HDAC11 showed a trend toward an increase in E2+P4 treated cells at 72hrs as 

compared to E2 treated cells for 24hrs(P=0.076) (Figure 24). 
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Figure 20: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment and 
TSA in AN3 

Real time qPCR results for class 1 HDACs (1, 2, 3 and 8) in AN3 control, hormone treatment and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  
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Figure 21: Relative mRNA expression of class 2a HDACs in response to steroid hormone treatment and 
TSA in AN3 

Real time qPCR results for class 2a HDACs (4, 5, and 7) in AN3 control, hormone treatment, and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
two housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.

 

Figure 22: Relative mRNA expression of class 2b HDACs in response to steroid hormone treatment and 
TSA in AN3 

Real time qPCR results for class 2b HDACs (6 and 10) in AN3 control, hormone treatment, and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
two housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs).  Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001. 
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Figure 23: Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment and 
TSA in AN3 

Real time qPCR results for sirtuins (1 to 7) in AN3 control, hormone treatment, and hormone with TSA treated 
cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against two 
housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the different 
treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 24hrs 
(EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and progesterone 
(1µM)  for 72hrs (EP72hrs).  Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001. 
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Figure 24: Relative mRNA expression of class 4 HDAC in response to steroid hormone treatment and 
TSA in AN3 

Real time qPCR results for HDAC11 in AN3 control, hormone treatment, and hormone with TSA treated cells 
harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against two 
housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the different 
treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 24hrs 
(EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and progesterone 
(1µM)  for 72hrs (EP72hrs).  Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001. 
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3.3.2  HDAC gene expression in response to steroid hormones and TSA 

treatments in RL95-2 cells  

A significant increase in HDAC1 expression level was seen in TSA+ E2 + P4 treated cells from 

24hrs to 72hrs (*P<0.05) (Figure 25 a), while HDAC2 expression levels were significantly 

high at initial E2 treatment of 24hrs compared to 72hrs of treatment with E2+P4 (*P<0.05) 

(Figure 25 b). HDAC8 showed an increase in expression trend between cells treated with E2 

for 24hrs and cells treated with E2+P4 after 72hrs, but the p-value was not significant 

(P=0.060). HDAC3 expression was very low in RL95-2 cells in response to all treatments.  

Significant changes were observed in class 2a HDACs 5, 7, and 9. A trend toward an increased 

expression was observed in HDAC4 from E2+P4 treated cells for 24hrs to the E2+P4 cells at 

72hrs, but the p-value was not significant (P=0.084) (Figure 26). A significant increase in 

HDAC5 expression levels was observed in E2+P4 treated cells after 48hrs compared to cells 

treated with E2 for 24hrs and E2+P4 for 24hrs (*P<0.05), there was also an overall significant 

expression change over different time intervals (*P<0.05) (Figure 26 b). HDAC7 expression 

was significantly increased after treatment with TSA and estrogen for 24hrs as compared to its 

controls and cells treated with estrogen (*P<0.05), while a trend towards an increase was seen 

in cells treated with steroid hormones over time but it was not significant (Figure 26 c). HDAC9 

levels were really low in the RL95-2 cells and an even further significant reduction in 

expression was seen in E2+P4 treated cells at 72hrs interval as compared to their controls 

(*P<0.05).   

HDAC6 showed an overall significant change over time (*P<0.05), while a significant increase 

was seen in expression of HDAC6 in cells with time in response to TSA+ E2 +P4 at 24hrs to 

cells treated with TSA+ E2 +P4 at 72hrs (*P<0.05) (Figure 27 a).  A similar trend was observed 

in HDAC10 expression levels with a significant upregulation observed in cells treated with 

TSA +E2 over 24hrs in comparison to controls (*P<0.05). A trend towards reduction in 

expression level was observed in TSA+ E2+P4 treated cells after 24hrs of treatment with a 

subsequent increase every 24hr interval, but the p-values were not significant (Figure 27 b).  

Sirtuins showed varied expressions in response to steroid hormone treatments, with significant 

changes observed in SIRT4, 5 and 6. A significant reduction in SIRT4 was observed in cells 

treated with TSA+E2 as compared to controls (*P<0.05) (Figure 28 d). An overall significant 

difference was observed in SIRT5 (*P<0.05) expression levels throughout the treatment with 

respect to time, with a trend towards an increased expression observed after 48 hrs of treatment 
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with E2+P4 but there were no significant changes within groups (Figure 28 e). An increase in 

SIRT6 expression was seen in cells treated with TSA+E2 after 24hrs in comparison to control 

(*P<0.05), whereas significant reduction seen in treatment with TSA+E2+P4 after 48hrs of 

treatment compared to TSA+E2+P4 after 24hrs (*P<0.05) (Figure 28 f). A trend towards a 

reduced expression was seen after 24hrs of TSA+E2+P4 treatment from the initial peak after 

24hrs of treatment with TSA+E2 (P=0.066) (Figure 21 g).  

An overall significant change was observed in HDAC11 with time (**P<0.01) and treatment 

(***P<0.001), a significant increase was seen in controls for EP48 hrs as compared to initial 

control of E24 (*P<0.05) (Figure 29).  

 

 

Figure 25: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment and 
TSA in RL95-2 

Real time qPCR results for class 1 HDACs (1, 2, and 8) in RL95-2 control, hormone treatment, and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  
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Figure 26: Relative mRNA expression of class 2a HDACs in response to steroid hormone treatment and 
TSA in RL95-2 

Real time qPCR results for class 2a HDACs (4, 5, 7, and 9) in RL95-2 control, hormone treatment, and hormone 
with TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized 
against tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  

 

Figure 27: Relative mRNA expression of class 2b HDACs in response to steroid hormone treatment and 
TSA in RL95-2 

Real time qPCR results for class 2b HDACs (6 and 10) in RL95-2 control, hormone treatment, and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  
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Figure 28: Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment and 
TSA in RL95-2 

Real time qPCR results for sirtuins (1, 2, 3, 4, 5, 6 and 7) in RL95-2 control, hormone treatment, and hormone 
with TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized 
against tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  
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Figure 29: Relative mRNA expression of class 4 HDACs in response to steroid hormone treatment and 
TSA in RL95-2 

Real time qPCR results for HDAC11 in RL95-2 control, hormone treatment, and hormone with TSA treated cells 
harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against tow 
housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the different 
treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 24hrs 
(EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and progesterone 
(1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  

 

3.3.3 HDAC gene expression in response to steroid hormones and TSA 

treatments in HESC cells 

HESC had low amounts of all HDAC expressions throughout the treatment groups except HDAC1 and 

HDAC2. HDAC3, class 2 HDACs (4, 5, 6, 7, 9, and 10), SIRTs (4, 5, and 7), and HDAC10 showed 

very little to no expression in all three replicates, many ct values were observed beyond 35 hence was 

not reliable to analyse. HDAC 1 showed a significant reduction in expression levels after 48hrs of 

treatment with E2+P4 as compared to cells treated with E2+P4 for 24hrs (*P<0.05). HDACs 2 and 8 

did not observe any significant changes throughout the menstrual cycle (Figure 30 a-c).  

Out of all the sirtuins, SIRT 1 was most stably expressed in the HESC cells, although no significant 

differences are observed in any of the sirtuin expression levels (Figure 31). It should be noted that 
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overall HDAC expression in HESCs was much lower than AN3 and RL95-2 cells with few HDACs 

having little or no expression. 

 

Figure 30: Relative mRNA expression of class 1 HDACs in response to steroid hormone treatment and 
TSA in HESC 

Real time qPCR results for class 1 HDACs (1, 2 and 8) in HESC control, hormone treatment, and hormone with 
TSA treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against 
tow housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the 
different treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 
24hrs (EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and 
progesterone (1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001.  
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Figure 31:Relative mRNA expression of class 3 HDACs in response to steroid hormone treatment and 
TSA in HESC 

Real time qPCR results for sirtuins (1,2, 3, 5 and 6) in HESC control, hormone treatment, and hormone with TSA 
treated cells harvested at 24hr intervals. The Y-axis shows the relative mRNA expression normalized against tow 
housekeeping genes YWHAZ and RPL13A represented as Mean ± SEM (n=3). The X-axis shows the different 
treatment intervals: estradiol (0.01µM) for 24hrs (E24), estradiol (0.01µM) and progesterone (1µM)  for 24hrs 
(EP24hrs), estradiol (0.01µM) and progesterone (1µM)  for 48hrs (EP48) and estradiol (0.01µM) and progesterone 
(1µM)  for 72hrs (EP72hrs). Statistical significance is given as * p≤0.05, ** p ≤0.01, ***p ≤0.001 
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4 Discussion  

This master's project aimed to characterize gene and protein expressions of histone 

deacetylases (HDACs) in normal endometrium during the menstrual cycle and determine 

whether they are regulated by steroid hormones in endometrial stromal and epithelial cells.  

The role of  HDACs and their inhibitors have been investigated in several endometrial 

pathologies (139, 215, 216, 220, 226).  However, there are very few studies investigating the 

role of individual HDACs in normal endometrium during the menstrual cycle stages. A 

previous study from our lab demonstrated temporal changes in global histone acetylation levels 

throughout the menstrual cycle. It appeared to follow a trend of increase in acetylation after 

menstruation with subsequent decline until ovulation with acetylation level lowest during and 

around the time of ovulation (232). Most of the HDAC gene expression levels in tissue follow 

a pattern complementary to the global histone acetylation levels observed in the previous study. 

Endometrial tissue broadly contains two kinds of the cell population, epithelial and stromal 

cells. The expression levels in the tissue give us a comprehensive outline of what happens in 

the tissue. To understand the individual functions of HDACs and the influence of steroid 

hormones on their expression levels in the endometrium, I further worked on the cell models 

for epithelial and stromal cells. Overall, the data imply that HDAC expressions vary widely in 

cell lines, in response to the same steroid treatments. The treatment with HDAC inhibitor TSA 

often has a cell line specific effect on HDAC expressions. 

Further investigation is required to understand the individual functions of these HDACs in 

different cellular populations, and how they interact and regulate gene expression in the 

endometrium. However, the results of this research are discussed below.  
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4.1 HDAC expression and histone acetylation during the menstrual cycle 

Relative HDAC gene expression in endometrial tissue follows a pattern, with most of the 

HDACs being upregulated during the early secretory and the mid secretory phase, with 

comparatively low expression during the late secretory and proliferative phase. During the 

early secretory phase, most of the proliferative pathways are no longer required, and the 

secretory transformations have not yet begun. A significant increase is observed during this 

phase in HDAC1, HDAC8, HDAC5, HDAC7, SIRT3, SIRT4, SIRT7, and HDAC11, while 

SIRT5 reached near significance (Figure 32). Since HDACs are usually associated with gene 

silencing, this trend is suggestive of their involvement in stopping the proliferation-related gene 

expression facilitating a switch from proliferative to secretory endometrium. It’s been observed 

previously that the global histone acetylation patterns follow a similar trend with a progressive 

increase in global histone acetylation levels after menstruation and then decreasing as the cycle 

progresses towards ovulation, which is followed by again increase in acetylation post ovulation 

(232). While HDAC1 gene expression is significantly upregulated during the early secretory 

phase, the HDAC2 expression level was highest during the mid secretory phase. HDAC 1 and 

2 are usually involved in cellular functions such as proliferation and apoptosis (114, 119), they 

play a critical role in hormone dependent gene expression (120). HDACs 1 and 2 can form 

complexes with each other, which allows them to function both together or individually and 

complimenting each other (121-123). Both protein and mRNA expression levels are quite high 

for these two HDACs. While there was no significant difference seen in protein expression 

between the proliferative and secretory phases in HDAC1, HDAC2 was highly upregulated 

during the proliferative phase. HDAC2 gene expression, although peaks during the mid 

secretory phase it remains consistently high during the proliferative and early secretory phase. 

HDAC2 is thought to play a crucial role in cell proliferation and cell cycle control by 

suppressing the expression of p21 and p57 and assisting in G1 to S phase transition during the 
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cell cycle (233).  This could be an essential factor for its stable expression during the 

proliferative phase. It should be noted that HDAC3 had little to no gene expression throughout 

the cycle stages, while HDAC2 was very highly expressed, which is consistent with a previous 

study (128). On the other hand, significant expression of HDAC3 protein is seen in the tissue 

biopsies; this could be an indicator of the longer half-life of the protein while mRNA turnover 

is quick. Studies have shown a crucial role of HDAC3 during implantation due to its 

involvement in transcription activation of COL1A1 and COL1A2 (collagenase) genes in 

humans and col1a1 and col1a2 genes in mice (211), which are involved in endometrial 

remodelling and trophoblast invasion during implantation (206). HDAC8 mRNA expression 

was significantly high during the early secretory phase, its protein expression was seen to be 

high during the secretory phase, but without any statistical significance. HDAC4 also followed 

a similar pattern in both the gene and protein expression studies with no significant difference 

throughout the cycle. The gene expression levels of HDAC5 was high in both early and mid 

secretory phase and its protein expression followed suite with significantly high expression 

during the secretory phase with hardly any expression during the proliferative phase. Studies 

have shown that HDAC5 is weekly expressed in endometrial carcinomas, this could be 

indicative of HDAC5 not being involved in proliferative pathways in the endometrium (139).   

HDAC9 also showed significantly high expression during the mid secretory phase with very 

low expression levels throughout the other cycle stages, which was seen in the protein 

expression as well. It is during the mid secretory phase that the implantation window in the 

menstrual cycle is observed, and HDAC9 is known to suppress TIMP3, promoting trophoblast 

invasion, and promoting implantation of the blastocyst (234). A significant peak in HDAC10 

gene expression was also seen during the mid secretory phase sharing a similar, non-significant 

trend with HDAC6. HDAC10 levels slightly dropped during the late secretory phase but had a 

nearly significant expression as compared to the proliferative phase. HDAC 10 is associated 
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with DNA mismatch repair, and increased expression of HDAC10 is linked to good prognosis 

in cancers. There are no precise functions of HDAC10 explored so far, but a study has shown 

that an increased level of HDAC10 can help suppress cervical cancer metastasis by inhibiting 

Matrix Metalloproteinase (MMP) 2 and 9 (235). While MMP2 is crucial for trophoblast 

invasion, decidual cells also produce inhibitors of MMPs to protect complete degradation of 

the endometrium, maintaining a fine-tune during the mid secretory phase (206, 208, 209). 

Increased expression of HDAC10 at the mid secretory phase could be associated with the 

required inhibition of MMPs during this phase, but further investigation is required.  

All the sirtuins followed unique expression patterns with SIRT 2, showing significantly 

increased expression during early and mid secretory phases, while SIRT3, 4, and 7 expressions 

peaked only during early secretory phase. SIRT 7 expression levels were low throughout the 

cycle except during the early secretory phase. Sirtuins are functionally diverse, and their 

Figure 32: HDAC gene expression throughout the menstrual cycle 
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expression location determines their functions. To further understand their individual functions 

in the endometrium, they need to be explored individually in a cell-specific manner (236).  

HDAC11 seems to follow a similar trend with significant upregulation in gene expression 

during the early secretory phase. There are not many studies showing its individual functions 

of HDAC11 but is most closely related to class 1 HDACs in terms of sequence similarity and 

functions (167) 

4.2 HDAC gene expression changes in response to steroid hormones in 

vitro  

I wanted to investigate steroid hormone effects on HDACs in different cell populations in the 

endometrium. Endometrium widely consists of two types of cells epithelial and stromal cells. 

AN3 and RL95-2 cells were used instead of the initial decision to use human endometrial 

epithelial cell line HES as epithelial cell models for this study, due to recent claims of the HES 

cell line being contaminated (237). RL95-2 cells are often considered a model for receptive 

epithelium, while AN3 cells are considered models for non-receptive epithelium (238-240). 

HESC cells were used to study the steroid hormone effects in stromal cells. While there are no 

previous studies investigating the regulation of HDACs in endometrial epithelial cells, there 

have been studies looking at class 1 HDACs in endometrial stromal cells(206). Cell specific 

changes of HDAC expressions in response to hormonal treatment in AN3, RL95-2, and HESCs 

is important in understanding the roles of these enzymes in different cell types. The cells were 

treated with estradiol (E2) for 24hrs and then with E2 and progesterone (P4) for 24hrs, 48hrs, 

and 72hrs, mimicking the steroidal influence in menstrual cycle phases. The results suggest 

that there is an effect of steroid hormones on HDAC expression in endometrial epithelial cell 

line AN3, a peak in gene expression usually observed after 48hrs of treatment with E2+P4 with 
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a subsequent decrease after that. The HDAC gene expression levels widely differed between 

the three cell lines.  

4.2.1 HDAC expressions in epithelial cells  

The responses to treatments were very different in the two epithelial cell lines used. AN3 being 

a non-receptive epithelial cell model has different cellular functions and requirements 

compared to a receptive epithelial cell model RL95-2.  RL95-2 cells are highly susceptible to 

steroidal activity due to the presence of high-affinity steroid receptors (230) HDAC mRNA 

expression in RL95-2 cells widely varied from that of AN3 cell line, suggestive of unique 

properties and requirements of the receptive epithelium. HDAC1 and 2 expressions were the 

highest as compared to other HDACs in both RL95-2 and AN3 cells, following suit with the 

consistent expression in tissue samples. Whereas HDAC3 expression was not observed in 

RL95-2 cells, there was a significant expression seen in AN3 cell lines. HDAC3 is known to 

have an essential role in successful implantation to take place; this difference seen between two 

epithelial cell lines needs to be explored further (211). In AN3 most of the HDACs showed an 

increase in gene expression at the 48hrs interval of treatment with E2+P4; in RL95-2, some 

HDACs did show a similar pattern the expression levels were not significant. Most variation 

was seen in the effect of the HDAC inhibitor TSA. In contrast to RL95-2 the gene expression 

of HDAC1 was highly upregulated after 24hrs of treatment with TSA+E2 then subsequently 

reduced after each 24hrs interval in the AN3 cells. HDAC1 expression level increased 

significantly in RL95-2 cells after 72hrs of treatment with TSA+E2+P4. This increase in 

HDAC expression levels in TSA and hormone treated groups after 72 hrs was observed in most 

of the HDACs in RL95-2 which was not evident in AN3. A significant effect of TSA was 

observed in SIRT2 in AN3 cells. In contrast to RL95-2, SIRT2 expression in AN3 significantly 

increased after treatment with TSA+E2 for 24hrs in comparison to controls, and only E2 treated 

cells. A study on the effect of TSA on sirtuins has shown that SIRT2, 4, and 7 are upregulated 
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in 24hrs treatment with TSA (241), a trend observed in the results for AN3 cells as well, 

although most significant effects were seen in SIRT2. The above study only reported the effects 

of TSA till 24hrs of treatment and was performed on neuroblastoma cells. In the present study, 

a subsequent decrease is seen in levels of SIRT2 and 7 after treatment with TSA+E2+P4. 

Further studies are needed to determine whether this decrease is a long-term effect of TSA or 

P4 is affecting the expression levels of SIRTs. It is also interesting to see that RL95-2 does not 

show this positive effect SIRT2 expression after treatment with TSA in the first 24hrs; there is 

an increase observed after 72hrs of treatment with TSA+E2+P4. This shows how the HDAC 

inhibitor induces different responses in different cell types. The effect of TSA is worth 

exploring in primary cell lines as this varied effect on two different cell types can cause a big 

difference in its usage in cancer studies. Its seen from the study that steroid hormones do affect 

the expression of HDACs in the epithelial cells, but the expression can differ with cell lines 

according to their morphological and functional properties. 

4.3 HESC HDAC expression  

The HESC cells showed very low HDAC expression levels as compared to AN3 and RL95-2 

cells. Endometrial stromal cells are essential for epithelium development and differentiation 

(242).  HDAC1 and 2 were the highest and consistently expressed in HESCs, while HDAC3 

had little to no expression, similar to tissue samples. A significant downregulation was 

observed in HDAC1 after 48hrs of treatment with E2+P4, while there were no significant 

changes in HDAC2 levels throughout the treatment. The HESCs did not express most of the 

HDACs, with very high ct values obtained in class 2 HDACs (4, 5, 6, 7, 9, and 10), SIRTs (4, 

5, and 7) and HDAC10. Stromal cells have a significant role in decidualization and 

implantation. A study has shown that inhibition of HDACs using TSA in HESC cells limits 

trophoblast invasion and causes hindrance in implantation (206). It's interesting to see how the 
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HDAC are so meagrely expressed in them. However, still, inhibition of HDACs with TSA can 

cause a drastic effect in the HESCs.  

4.4 Limitations 

HDACs work in the form of complexes with other HDACs and enzymes, they can act as 

substrates for multiple enzymes or work on multiple substrates (94, 113). Therefore, it becomes 

difficult to understand the individual functions of HDACs in regulating the endometrium. The 

limited tissue sample numbers and lack of time to collect fresh samples was the most significant 

limitation of the study. The HDAC expression varies between early proliferative to late 

proliferative and then again in secretory to varied menstruation expression is required, as each 

sub-cycle stage has varied morphological and functional changes according to the requirement. 

Tissue mRNA samples and protein samples could be further segregated, but there were limited 

or no samples for a few cycle stages. Moreover, endometrial tissue includes a mixture of 

endometrial cells, which are not only composed of epithelial and stromal cells but also uterine 

leukocytes. A few studies have investigated the effects of HDAC inhibitors on leukocytes and 

none so far in uterine leukocytes (243, 244). Although there are a few studies investigating the 

involvement of HDACs in regulating cytokine production in human placenta (227, 245).  

This research has separately assessed the effect of steroid hormones on HDAC gene expression 

in endometrial epithelial and stromal cell models, in vitro. The idea was to mimic the hormonal 

profile during the menstrual cycle. The menstrual cycle events can more ideally be mimicked 

in endometrial primary explants. A previous study by Dr. Munro did focus on the effect of 

steroid hormones on histone acetylation in endometrial explants (232), it would also be useful 

to study the HDAC expression levels in explants in response to steroid hormones. This data 

combined with in vitro cell culture experiments will give us better insight into the effect of 

hormones on HDACs the human menstrual cycle.  
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Further studies on primary cell lines would help us better understand the function of HDACs.  

It should also be noted that the cell lines used as a model for epithelium are cancer cell lines, 

they can have a different effect as compared healthy epithelial cells.  

4.5 Future directions 

Studies investigating the localization of the HDACs will help us get further clarity into their 

functions. Since HDACs are being studied in several endometrial pathologies studying the 

effect of different HDAC inhibitors would be helpful. Moreover, knockout studies would be 

very helpful in determining the critical functions of the HDACs. Since different isoforms of 

proteins were observed in the western blot analysis, further investigation is required to identify 

the isoforms.  

4.6 Conclusion 

In this study, significant changes were observed in the human endometrium in HDAC gene and 

protein expression levels throughout the menstrual cycle. The data imply that HDAC gene 

expression is usually higher around the ovulation during the early secretory or mid secretory 

phases, subsequently declining during the late secretory phase. Individual differences in gene 

expression in different cell populations also show changes in exposure to steroid hormones and 

exposure time. Different endometrial cells have unique HDAC expression pattern in response 

to the steroid hormones suggesting, HDACs could have different functions in different cell 

types. The findings from this research justify further investigations into the role of HDACs in 

endometrial biology. 
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