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Abstract 

Endometriosis is a major reproductive pathology that affects more than 8.5 million 

women in North America alone, and 176 million worldwide. It is characterized by the 

growth of endometrial lining outside of the uterus and remains one of the most important 

global health challenges due to staggering health care costs, lack of non-invasive 

diagnostic tests, lack of a cure and significant side effects with current treatments.  

Recurrent pregnancy loss is another major reproductive pathology, which affects 1-5% of 

pregnant women worldwide. It is now well established that aberrant inflammation is one 

of the most important contributing factors in the pathogenesis of these gynecological 

diseases. RNA binding proteins including Tristetraprolin (TTP) and Human antigen-R 

(HuR) families are regulators of inflammation, and modulate many hallmark 

inflammatory cytokines implicated in both endometriosis and RPL, including: tumor 

necrosis factor alpha (TNF-α) and interleukin-6 (IL-6). To understand the unique 

contributions of RNA binding protein axis, we screened for TTP/HuR axis in 

endometriosis patients and investigated functional effects in vitro as well as in a 

syngeneic mouse model of endometriosis. We also sought out to determine endometrial-

endothelial modes of intercellular communication and whether RNA binding proteins are 

shuttled via extracellular vesicles including exosomes.  We report aberrations in the 

TTP/HuR axis in endometriosis patients and demonstrate that knockdown of TTP in 

endometriotic epithelial cells yields differential inflammatory cytokine profiles compared 

to endometrial epithelial cells. We also report for the first time functional effects of 

endometrial-derived exosomes that participate in a form of intercellular communication 

with endothelial cells. Further, using a mouse model of RPL, we report downregulation 
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of TTP protein while targets TNF-α and IL-6 are upregulated in placentas treated with 

Lipopolysaccharide compared to controls. Our results suggest that RNA-binding proteins 

such as TTP are expressed and involved in the modulation of inflammation-induced 

pregnancy pathologies.  Together, our data demonstrate unique contributions of the 

HuR/TTP RNA binding protein axis in the pathogenesis of endometriosis and pregnancy 

loss and opens up a new avenue of research to understand contributions of these RNA 

binding proteins in modulating inflammatory responses. 
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1.1 Overview of RNA binding proteins 

Post-transcriptional gene regulation (PTGR) is an imperative process for the overall health 

of eukaryotic cells and messenger RNAs (mRNAs). With recent advancements in 

sequencing and proteomics screening techniques, more than 1,500 RNA binding proteins 

(RNABPs) have been identified to interact with all classes of RNAs1. These RNABPs form 

ribonucleoprotein (RNP) complexes with RNAs and proteins, which are crucial units 

involved in gene regulation2. The majority of RNABPs are ubiquitously expressed in 

higher than average levels compared to other proteins1. Post-transcriptional regulation of 

mRNA has a downstream function in various signaling pathways3. Many RNABPs have 

diverse binding specificity and have been reported to interact with RNAs encoding for 

functionally relevant genes4. Similar to microRNAs (miRNAs), many of these RNABPs 

coordinate regulation of related messenger RNAs5–7. Mutations, which result in aberrant 

expression or functioning of these RNABPs, highlight the importance of these regulatory 

molecules in many processes central to adequate cellular health, including their 

contribution to pathologies. 

 
Next generation sequencing and other advanced profiling techniques and biochemical 

methods such as photoactivatable ribonucleoside-enhanced crosslinking and 

immunoprecipitation have revealed the abundance and diversity of RNABPs and their 

interactions with multiple RNA subclasses8. The classification of RNABPs by their 

interacting RNA targets has allowed for the isolation of specific PTGR pathways involved 

in human diseases. It is important to note that although much of the published research on 

RNABPs has focused on mRNA binding proteins, there are other RNABPs that play a role 

in PTGR through their interaction with non-coding RNAs (ncRNAs) 1. These ncRNAs may 
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become encoded into RNP complexes, and therefore serve as guides to direct the RNP 

complexes to search out target transcripts and genome loci9.  

 
Gerstberger et al. elegantly created a census of human RNABPs analyzed for their 

interactions with different classes of RNA and characterized 122 RNABPs that interact 

with ncRNAs including: microRNAs, PIWI-interacting RNAs (piRNAs), and long non-

coding RNAs (lncRNAs) 1. These ncRNAs, along with their corresponding RNABPs, can 

control multiple aspects of post-transcriptional mRNA processing via degradation, 

silencing, or activation of gene loci. For example, miRNAs repress mRNA stability through 

their association with Argonaute proteins10, while piRNAs protect the genome from 

genomic instability by interacting with PIWI proteins9. Thus, the relationship between 

these ncRNAs, RNABPs, and their respective PTGR pathways provides a greater 

dimension of complexity when analyzing the role of RNABPs in disease pathologies. 

 
In the female reproductive tract, inflammation is part of the ovulation process and normal 

endometrial tissue remodeling during menstruation. Inflammation is also necessary for 

embryo implantation and downstream events in a successful pregnancy11. Simply put, these 

processes are tightly regulated by coordinated actions of cytokines, chemokines, decoy 

receptors and immune cell networks. These inflammatory mediators are influenced by 

female sex hormones, estrogen and progesterone12. Inflammation has also been implicated 

in most reproductive pathologies12,13. Uncontrolled, delayed or dysregulation of the 

delicate homeostatic inflammatory processes have all been demonstrated to contribute to 

disease pathogenesis in the reproductive tract, including endometriosis and pregnancy 

loss11,14.   
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Here, we present an overview of RNABPs that interact with RNAs or other post-

transcriptional regulators in the context of inflammation-mediated female reproductive 

pathologies. We focus on the function of these RNABPs as well as their mechanisms in 

cancer and non-cancer reproductive pathologies. For the purpose of this review of 

literature, we will restrict contributions of RNABPs to the pathophysiology of 

endometriosis, endometrial and ovarian cancer and pregnancy loss. 

 
 

1.2 Overview of post-transcriptional gene regulation mechanisms 

The formation of a type of ribonucleoprotein complex, the RNA-induced silencing 

complex (RISC), is required for miRNA-mediated gene silencing15. The miRISC is 

composed of miRNAs, which are directly bound by members of the Argonaute protein 

family16. The association of miRISC with an mRNA via base-pairing allows for the 

mediation of both mRNA decay and translational repression through the recruitment of 

various enzyme complexes15,17. Deadenylases are first recruited, followed by cytoplasmic 

mRNA degradation in the 3’-5’ or 5’-3’ direction by the RNA exosome or exoribonuclease 

1 (Xrn1), respectively18,19. Many proteins involved in the 5’-3’ mRNA degradation 

pathway concentrate in granular cytoplasmic foci known as processing bodies (P-bodies), 

which have also been shown to co-localize with various miRNA-mediated RNA decay 

factors17,18. The exportation of the mRNAs from the nucleus to the cytoplasm is a necessary 

process for the aforementioned degradation pathway mechanisms to successfully occur. 

Some RNABPs such as the Tristetraprolin (ZFP36/TTP) family exhibit auto-regulatory 

negative feedback loops via binding to their own regulatory elements such as 3’ 
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untranslated regions (3’ UTRs) and cause degradation of their own mRNA20,21. P-body 

assembly is dependent on the pool of mRNA to be decayed and is induced in response to 

stresses or other conditions that lead to the inhibition of translation initiation22. In addition, 

stress granules (SGs) are cytoplasmic structures that also form during certain types of 

cellular stress17. Translationally repressed mRNAs aggregate within these SGs, which are 

then sorted and delivered to P-bodies for degradation18. It is important to note that both P-

bodies and SGs contain various shared components including mRNA, eukaryotic 

translation initiation factor 4E (eIF4E), miRNPs, and regulators of mRNA stability and 

translation such as RNABPs23. Thus, P-bodies and SGs are dynamic structures that have 

been reported to play a critical role via the interplay between RNABPs, mRNA decay and 

translation.  

 
 

1.3 Endometriosis pathogenesis and pathophysiology 

Endometriosis is a major reproductive gynecological pathology, defined as the growth of 

endometrial fragments in ectopic sites, outside of the uterus 24. The growth of the 

endometrium has been found in ectopic sites primarily localized in the pelvic peritoneum 

and ovaries, but also in other ectopic sites such as the brain 25,26. Primary symptoms of 

endometriosis include chronic pelvic pain, dysmenorrhea and dyspareunia and 

approximately 50% of patients with endometriosis are infertile 24,27,28. Endometriosis 

affects approximately 6-10% of women of reproductive age worldwide and its symptoms 

cause great economic strains due to direct and indirect associated costs on healthcare 

systems as well as disease management and loss of productivity in the workforce 29. 
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Current cost analyses reveal approximately $95.7 billion USD in the United States and 

$1.8 billion CAD in annual economic loss 29,30. Endometriosis is characterized into 3 

major types: implants that grow on the surface of the peritoneum (peritoneal superficial) 

as well as ovarian endometriomas (endometrial epithelium), and deep infiltrating 

endometriosis that grow as rectovaginal nodules adjacent to fibromuscular and adipose 

tissue 31. As per the American Society of Reproductive Medicine criterion 32, 

endometriosis is also divided into four stages of disease severity ranging from Stages I to 

IV. Recently, the World Endometriosis Research Foundation has established an 

Endometriosis Phenome and Biobanking Harmonisation Project (EPHect) to set forth 

translatable guidelines for clinicians in the standardization of the sample collection, 

further allowing large-scale collaborative research in endometriosis 33,34. Despite decades 

of research, the etiology of endometriosis has not been elucidated. Currently, the most 

widely accepted theory is Sampson’s theory of retrograde menstruation. This theory 

postulated that endometrial effluent can travel in a retrograde manner through the 

fallopian tubes during menstruation and this movement allows the endometrial cells to 

establish itself in the peritoneal cavity 35. Despite this theory, we currently know that 

approximately 75-90% of women experience retrograde menstruation, however only 10% 

of women are diagnosed with endometriosis 36,37. Our group has been investigating 

different potential reasons to explain why, including potential immune dysfunction in 

women with endometriosis that predisposes them to immune evasion by the endometrial 

epithelium. This potential immune evasion allows the endometrial epithelium to avoid the 

innate immune response and allows it to communicate with endothelial cells and result in 

establishment of blood vascularization which ultimately leads to lesion establishment and 
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growth 38. However, no single theory can explain the pathogenesis of all endometriosis 

pathologies, because of involvement of multitude of issues including but not limited to 

hormonal, genetic, immune and biochemical factors. 

 

1.4 Endometriosis disease management and treatments 

The current gold standard for the detection and diagnosis of endometriosis is the use of 

laparoscopy. This technique involves visual inspection and biopsy of the suspected 

lesions and is a reliable method for the diagnosis of endometriosis. However, its pitfall is 

its invasive nature. Severe disease cases that are non-responsive to medical therapy 

undergo surgical management which involves removal/ablation of the ectopic 

endometriosis lesions. This form of management varies for patients and can result in 

preservation of fertility in patients, but depending on the disease severity and case 

management, may lead to removal of the uterus and/or ovaries 26.  Additionally, 

recurrence of the disease is high; up to 50% of patients end up experiencing recurrence of 

endometriosis, due to several factors including lack of surgical and gynecological 

expertise of the surgeon 39,40. As a result of the problems associated with the late 

diagnosis of endometriosis, a great deal of literature has gone into the discovery of 

unique and reliable biomarkers of endometriosis. However, none of the biomarkers so far 

translated into clinical practice and the hunt for reliable one is still ongoing 38,41. Many 

comorbidity factors such as overlying conditions with immunologic and inflammatory 

pathologic mechanisms in patients can introduce bias in the hunt for diagnostic 

biomarkers of endometriosis 41. Current treatment options for endometriosis patients are 

limited. One of the major reasons for this limitation is due to the delays associated with 
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diagnosis of the disease. Current initial treatments mostly targets symptoms that includes 

the use of analgesics such as non-steroidal anti-inflammatory drugs (NSAIDs) and oral 

contraceptive pills for pain management 25,28. Aromatase inhibitors are also clinically 

used, which inhibit estrogen production at the local lesion site 42. Additionally, GnRH 

agonists are used for moderate to severe pain symptoms in endometriosis patients. 

However, these therapies require additional therapy of progestin and estrogens in order to 

reduce aberrations in the hormonal profile of these women undergoing treatment, which 

is inevitable with GnRH agonist use. Due to the reduction of estrogen, add-back therapy 

is often required in order to avoid osteoporosis. Recently, orally administered GnRH 

antagonist, Elagolix has been approved by the FDA and is proving to be a promising new 

therapy in the management of pain in premenopausal women that display moderate to 

severe pain due to endometriosis 43. However, it is important to note that the hormonal 

axis of these patients is still being altered and all treatments are focused on the disease 

management and reduction of pain, rather than curing the disease.  

 

1.5 Modulation of immune-inflammation axis by RNA binding proteins  

RNABPs and their role in reproductive pathologies is an emerging field. It has been shown 

that RNABPs regulate inflammation, immune cell functions and as a result are implicated 

in inflammation-associated pathologies. In this review, we have summarized the role of 

RNABP in inflammation and immune cell modulation since a delicate balance between 

inflammatory mediators and sex hormones is key to successful female reproductive 

events44. The role of RNABPs in inflammation and immune cell biology has been 

highlighted in the context of selected reproductive pathologies. 
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1.5.1 Modulation of inflammation by HuR/TTP axis RNA binding proteins 

Given that most of the previous investigations on inflammation modulation by RNABPs 

have been focused on the Human antigen-R (HuR)/Tristetraprolin (TTP) axis, this review 

of literature will primarily highlight this axis. Recently, TTP has been classified as a global 

post-transcriptional regulator of feedback control in inflammation45. Both HuR and TTP 

are expressed in the nucleus and cytoplasm of a wide variety of cell types of the 

reproductive tract, including innate immune cells such as macrophages. Tristetraprolin 

activation is dependent on p38-activated MAPKAP kinase-2 (MK2) phosphorylation at the 

site of serine 52 and 178 in the mouse46 and 60 and 186 in humans by ERK2 protein 

kinase47. Phosphorylation of TTP allows preferential binding of 14-3-3-protein in the 

cytoplasm. The formation of this complex renders TTP ineffective as a destabilizing 

protein as it leads to the reduction of TTP affinity to AU-rich elements (AREs) on 

inflammatory cytokine transcripts46,48,49. Conversely, some in vitro studies have 

demonstrated phosphorylation has no impact on ARE-binding mediated degradation by 

TTP50. Phosphorylation status of TTP also has been reported to be associated with CCR4-

Not1 deadenylation complex and HuR/TTP MK2 phosophorylation modulation of ARE-

dependent translation49. Non 14-3-3 bound TTP can bind to the 3’ UTRs AREs of 

inflammatory cytokines such as Tumor necrosis factor alpha (TNF-α) and mediate 

degradation via 5’-3’ and 3’-5’ pathways previously aforementioned (summary provided 

in Figure 1-1).  
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Taylor and colleagues documented that TTP deficient mice created by targeted disruption 

of Zfp36 gene, although normal at birth, developed systemic auto-inflammatory phenotype 

within 1-8 weeks after birth51. The hyper-inflammatory phenotype was primarily attributed 

to elevated circulating levels of TNF-α as injection of neutralizing TNF-α antibodies 

reversed the inflammatory phenotype in TTP-deficient mice51. Additional studies in TTP 

deficient mice led to the identification of GM-CSF as another physiological target of 

TTP52. Furthermore, TTP expression is correlated with severity of rheumatoid arthritis, 

ulcerative colitis and systemic lupus erythematosus in humans53. On the other side of the 

axis, HuR can bind to most of the same cytokines possessing AREs such as TNF-α and 

stabilize the transcripts. Much like TTP, HuR nucleo-cytoplasmic shuttling and activation 

are in-part dependent on p38 MAPK-mediated phosphorylation54, as well as 

phosphorylation by checkpoint kinase 255, protein kinase C56 and cyclin-dependent kinase 

1 can influence binding activity of HuR on inflammatory mRNAs 57. Since NF-kB controls 

many cytokines involved in inflammation, it is not surprising that TTP/HuR axis is 

involved in regulation of several NF-kB signaling dependent pro-inflammatory cytokines. 

Tiedje and colleagues have elegantly demonstrated that a phosphorylation-dependent 

inactivation of TTP is required for NF-kB signal transduction45. Additionally, TTP can 

impair NF-kB/p65 nuclear translocation in an ARE-mediated decay-independent manner 

and can ultimately result in TTP-induced cell death45,58. These data clearly suggest that 

HuR/TTP axis is critical regulator of physiological inflammation and any perturbations in 

this axis will potentially lead to auto-immune and inflammatory conditions.  

 
A high number of RNABPs expressed in the reproductive tract regulate the expression of 

genes encoding inflammatory molecules, either promoting or controlling inflammation59. 
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For example, roquin-160, regnase-161 and tristetraprolin45 are RNABPs that attenuate 

inflammatory responses via target mRNA degradation, whereas HuR is often suggested to 

oppose TTP, thereby promoting inflammation through target mRNA stabilization62. Mice 

with germline knock out of TTP display severe inflammatory phenotype with myeloid 

hyperplasia and autoimmunity due to excessive TNF production, indicating the role of TTP 

in the regulation of TNF transcript expression63. Conversely, the role of HuR in PTGR has 

been less straightforward. While HuR participates in the transcript stabilization and 

expression of proinflammatory cytokine IL-17 in a mouse model of experimental 

autoimmune encephalomyelitis, HuR can also act as a negative regulator of macrophage 

mediated inflammation64. Overexpression of HuR was shown to act as a translational 

silencer for TNF, IL-1β and TGF-β1 whereby the production of these proteins were 

decreased following LPS challenge in mice compared to controls that did not overexpress 

HuR65. Some studies have linked interactions between HuR and miRNAs via shared 

mRNA functional binding sites.66 Indeed, competitive miRNAs such as miR-637 have 

been reported to also vie for binding of inflammatory molecules67.  

 
 

1.5.2 Modulation of immune cell development by RNA binding proteins 

In non-pathological conditions, immune cell populations are dynamic and differentiate 

normally68. RNA binding proteins participate in the development and differentiation of 

lymphoid cells, such as T and B cells. In particular, conditional double knockout of 

ZFP36L1 and ZFP36L2 in lymphocytes lead to the development of T-lymphoblastic 

leukaemia (T-ALL) in double knockout mice, whereas single knockout of either gene 

display no developmental defect, indicating a unique multi-RNABP pathogenesis 
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dependent role in lymphocytes69. The development of T-ALL is attributed to the increased 

production of Notch homolog 1 (Notch1), elucidating a novel transcript target for ZFP36L1 

and ZFP36L2 and the importance of both RNABPs in the developmental regulation of T 

lymphocytes in the thymus69. The RNABP HuR is also involved in the developmental 

programming of both T and B cells. Conditional knockout of HuR in thymocytes elucidate 

its role in thymopoesis as a cell-cycle suppressor and modulator of pro-apoptotic signals70. 

In B cells, the production of HuR protein is upregulated three fold upon stimulation with 

LPS or with anti-CD40 and Interleukins IL-4 and IL-5 in vitro compared to unstimulated 

B cells71. Furthermore, B cell specific conditional knockout of HuR leads to significantly 

lower production of all types of immunoglobulin isotypes in the serum of mice, except for 

IgA when compared to control mouse, indicating that HuR is necessary for antibody 

production after antigenic challenge71.  

 
The RNABPs TIA-1 cytotoxic granule-associated RNA binding protein and TTP prevent 

pathological overexpression of TNF-α via inhibition of translation by TIA-1 and 

degradation of TNF-α transcripts by TTP. Deletion of TIA-1 in mice result in mild arthritis 

while deletion of TTP result in severe arthritis, as well as cachexia, dermatitis and 

autoantibody formation51. Mice containing deletions in both TIA-1 and TTP develop very 

severe arthritis72. RNABP experiments investigating immuno-modulation by RNABPs 

indicate that TIA-1/TTP knockout murine macrophages secrete lower TNF-α protein when 

stimulated by LPS, indicative that these RNABPs are not only involved in PTGR, but can 

alter cell variation which can further exasperate inflammatory pathologies72.   
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1.6 The importance and contributions of gene regulation by RNA binding proteins 

in reproduction and associated pathologies 

While the role of many RNABPs are commonly focused on inflammatory pathways, 

RNABPs also appear to have a significant role in the initiation and regulation of normal 

reproductive events. In the female reproductive tract specifically, a number of RNABPs 

are involved in reproductive events including but not limited to oocyte maturation, 

ovulation, endometrial tissue remodeling, embryo implantation, placenta development and 

successful pregnancy. We have provided a summary of RNABP contributions in female 

reproductive pathologies in Figure 1-2. 

 

1.7 Post-transcriptional mRNA regulation by RNA binding proteins in 

endometriosis and pregnancy loss 

Endometriosis, a proinflammatory gynecological disease, is characterized by the growth of 

the endometrial-like tissue outside of uterine cavity. Research to understand the 

immunological basis behind disease establishment has elucidated aberrant inflammation 

and immune system dysfunction in endometriosis patients73. The innate arm of the immune 

system, such as macrophages, are polarized towards M2 phenotype which specializes in 

tissue repair, instead of tissue clearance via phagocytosis74. Additionally, increased 

concentration of inflammatory cytokines in the biological fluids from patients further 

strengthens the notion of the involvement of immune system in the development of 

endometriosis75. Inflammatory cytokines have also been directly implicated to initiate 

symptoms of pain and infertility in endometriosis patients76,77. Aberrant activation of 

RNABPs may participate in this process via PTGR of transcripts encoding for 

proinflammatory cytokines.  
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Recent work from our group has indicated dysregulation of the HuR/TTP axis in patient 

ectopic lesions compared to matched eutopic endometrium obtained from women with 

endometriosis (Khalaj et al., unpublished data). Additionally, we have demonstrated 

differential responses of inflammatory cytokines in endometriotic and epithelial 

endometrial cell lines, suggesting a potential functional role of the HuR/TTP axis in the 

pathophysiology of endometriosis. Women with endometriosis present decreased TIA-1 

and HuR expression, both of which are RNABPs responsible for modulation of pro-

inflammatory cytokines, in the eutopic and ectopic endometrium compared to normal 

healthy controls78,79. A decrease in regulatory molecules of inflammation likely contribute 

to the pathogenesis and pathophysiology of endometriosis by contributing to the 

inflammatory milieu in the peritoneal cavity and symptoms of pain and infertility observed 

in endometriosis patients. Another RNABP that has been implicated in the pathogenesis of 

endometriosis is Musashi-180. This stem cell marker is frequently associated with 

tumorigenesis and abnormal growth; however, it has also been found to be elevated in the 

eutopic endometrium of endometriosis patients80. Finally, the RNABP Heterogeneous 

nuclear ribonucleoprotein D0, AUF-1, which mediates the destabilization of the mRNA of 

DNA methyltransferase 1 is lower in the eutopic endometrium of endometriosis patients81. 

Together, correlative evidence of these RNABPs show promise and point towards 

involvement via inflammation and immune-modulatory pathogenesis mechanisms. 

However, many additional studies are required to understand the molecular mechanism of 

RNABP contributing to the pathogenesis of endometriosis. 
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Recurrent pregnancy loss (RPL) is a multifactorial disorder for patients who experience 

pregnancy failure in the first trimester more than two or three times82. Aberrant maternal 

inflammation has been linked with thrombosis during fetal loss, and fetal distress molecular 

pathways influence fetal health outcome. Our group has demonstrated that the TTP family 

may be involved in spontaneous fetal loss in a porcine model of pregnancy loss83. 

Currently, there are no reports on the direct involvement of RNABPs with recurrent 

pregnancy loss in humans, but given their presence at the maternal-fetal interface and 

regulation of several key inflammatory processes, it is logical to assume that RNABPs 

potentially participate in the pathogenesis of RPL. We have recently shown that TTP and 

HuR RNABPs are expressed in the placenta, and TTP is involved in the modulation of 

inflammation-induced RPL via aberrant expression in an LPS induced mouse model of 

RPL84. Additionally, our group has demonstrated differential localization patterns of TTP 

in placentas obtained from LPS treated mice84. Collectively, we believe that these RNABPs 

are participating in pathogenesis of pregnancy loss, including RPL via aberrant nucleo-

cytoplasmic localization shuttling and expression.  

 
Overall, it is apparent that a dysregulation of RNABP contribute to increases in 

reproductive tract inflammation and immune dysfunction and ultimately contribute to 

pathogenesis of reproductive pathologies. However, the role of RNABP across different 

cell types of the female reproductive pathologies is not well characterized and requires 

further investigation to understand the molecular mechanisms underlying the relationship 

between RNABP and specific reproductive pathologies. 

 
 



16 

 

1.8 RNA binding proteins as potential therapeutic targets? 

Due to their ubiquity, RNABPs at the clinical level have not been utilized for biomarker 

detection. Currently, pre-clinical trials using compounds that attenuate or upregulate 

RNABPs have yielded promising findings. Nanotherapy based drug delivery approaches 

have become a feasible type of treatment of cancers in the past few years and most recently 

has been shown to be useful for dermatologic-related pathologies85. Moreover, 

nanoparticles have been demonstrated to be used in carrying DNA fragments and RNA 

inhibitors such as siRNA and these options may change the future of treating pathologies85. 

The improvement in our understanding of HuR has led to novel therapeutic exploration. 

Cy-3-labeled folic acid(FA)-derivatized DNA dendrimer nanocarriers (3DNA) are used as 

a targeted delivery system of siRNAs. These nanocarriers contain siRNAs for HuR and 

have already been demonstrated to be successful in suppressing tumor growth in mice with 

ovarian cancer and significantly increasing their lifespan86. Additionally, HuR nanotherapy 

in combination with a CXCR4 antagonist has been reported to control lung cancer 

metastasis via suppression of CXCR4-SDF1 axis87. These encouraging results support the 

continuation of research in this specific field of targeted cancer therapies. However, similar 

to all mRNA regulators including miRNAs, specificity to both the gene of interest and site 

of the targeted biologic pose challenges. Indeed, the need to understand the roles of 

RNABPs in different cell populations has been previously highlighted. Furthermore, long-

term benefits of RNABP biologics have not been evaluated and could also prove to be 

limiting, especially due to the fact that these are protein-based therapeutics and will likely 

not be able to be delivered as oral biologics. RNABPs such as HuR/TTP axis, which 

primarily target inflammatory cytokines, are early to intermediate responders, thus 
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targeting this axis may not translate to long-term biologics. Another important aspect to 

take into consideration is that potential non-specificity is minimized as nanoparticles can 

be specifically delivered to the target tissue or organ. In a pharmacological sense, early to 

intermediate elements usually result in homeostatic changes in the patient short term, but 

over time, the homeostatic changes can revert due to other mechanisms such as miRNA 

families with the same inflammatory targets being upregulated in response to 

downregulation-induced by biologics. When taken together, it comes as no surprise that 

RNABPs have been identified as therapeutic targets to treat inflammatory diseases; 

however additional research is required to validate the feasibility of this new type of 

treatment using nanotechnology.  

 
Since the first anti-TNF biologic therapy was authorized by the FDA in the United States, 

current TNF inhibitors have shown efficacy in dampening inflammation. These drugs are 

mainly either monoclonal antibodies or fusion proteins which confer the characteristic of 

being injectable and disintegrate when digested. Indeed, many other therapeutic targets 

have been developed since, including anti-IL-23, IL-1, IL-6, and Interferons among others 

to treat a wide variety of inflammatory pathologies such as Rheumatoid Arthritis, Psoriasis, 

Multiple Sclerosis, and pediatric autoimmune disorders88. However, modulation of 

inflammatory response is one of the many key points to address severe immunosuppression 

as well as serious adverse events. Due to these reasons, these therapeutics have a limited 

safety profile and patients are monitored carefully89. Despite the success of biologic 

therapies worldwide, there are still some unmet needs regarding the treatment of immune 

and inflammation mediated disorders. Nevertheless, TTP over-expression in the mouse 

model has demonstrated the capability to protect mice from autoimmune disorders which 
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suggest the benefit of a drug that simulates TTP may be a good agent to treat inflammation 

mediated pathologies, including reproductive tract pathologies90.  

 
 

1.9 Intercellular communication via exosomes 

Recent reports have established that cells can communicate to one another via release and 

uptake of vesicles including extracellular vesicles 91,92. The smallest of the extracellular 

vesicles are classified as exosomes. Exosomes are membrane-bound vesicles that are 

present in nearly all biological fluids 93–95. These bioactive nanovesicles range in size 

between 30-150 nm and are released from the cell surface during the exocytosis process 

93. Briefly, internalization of the cell membrane results in production of endosomes. Upon 

production, other small vesicles form inside the endosomal membrane by invagination 

and these endosomes are termed multivesicular bodies. Fusion of the multivesicular 

bodies with the cellular membrane results in the release of endosomal vesicles being 

released into the intraluminal space and are termed exosomes 96. Their formation and 

secretion depends on various factors including ATP and enzymes 97,98. Exosomes can be 

detected through numerous methods, most commonly the use of transmission electron 

microscopy and by screening for exosomal protein signatures. Under an electron 

microscope, exosomes have a cup-shaped morphology and size will be within that 

previously mentioned. Exosomal specific proteins can be screened using a wide variety 

of techniques, most commonly via western blotting and are known to be positive for 

tetraspanin proteins CD63, CD9, and CD81 91,99. Exosomes have been found to be 

produced by a wide variety of cells throughout the human body and across species, 

including in the uterine fluid and endometrium 100,101. Many exosomes have been 
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implicated in diseases including cancers 102,103. Indeed, emerging reports have 

demonstrated that intercellular communication occurs by exosome-derived microRNAs 

in human cancers such as lung and breast cancers as well as in the female reproductive 

tract of pigs 102,104. Exosomes primarily contain lipids, protein and small RNA species 

including microRNAs, lncRNAs and other non-coding RNA 105. Reports have shown that 

the RNA species in these exosomes can be transferred to neighboring cells as well as 

cells in distant sites where they can modulate gene expression patterns as well as exert 

change on the cellular processes/function of the recipient cell 91,102.  

 

Much of the work in EVs in the past decade has focused on its implications in the tumor 

(including immune) microenvironment. Tumor derived extracellular vesicles can affect 

the capability of tumor cells to invade and metastasize 106. Much of the research in this 

field has focused on the ability of EVs to promote fibronectin, a critical component of the 

extracellular matrix which allow them to bind to integrins (from the exosomes) and result 

in improved cellular adhesion and growth107. Additionally, EVs from tumors can exert 

functional changes in distant non-tumor cells via establishment of a pre-metastatic niche 

and/or increased vascular permeability 106,108,109. This change exerted on the endothelial 

cells results in a complex network of events including increased bone marrow-derived 

cells and recruitment of fibroblasts which cause the induction of ECM remodeling via 

fibronectin-containing EVs 106.  
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1.10 Exosome implications in endometriosis and RNA binding protein biology 

Exosomes implicated recently in RNA binding protein biology and RNA binding protein 

Y-box protein I (YBX1) has been reported to be a crucial element in the sorting of 

microRNAs into exosomes in cell and cell free reactions 110. Additionally, the RNA 

binding protein synapto-tagmin-binding cytoplasmic RNA-interacting protein 

(SYNCRIP) also participates in the exosomal sorting of specific miRNA families in 

hepatocyte exosomes which gives them key functional roles and capabilities 111. 

Together, these recent exciting findings suggest complex exosomal-specific functionality 

of RNA binding proteins. Additionally, exosomes derived from prostate cancer tumors 

contain exosomal ncRNA species including lncRNAs with over representation of RNA 

binding protein binding motifs, in particularly motifs belonging to ELAVL1 and RBMX 

112. This is indicative that there is potential for lncRNA-RNABP interactions in either the 

shuttling of ncRNA species such as miRNAs, or in regulation of the ncRNA species that 

are prepackaged into exosomes. There also exists the possibility that lncRNA-RNABPs 

are involved in both mechanisms.  

 

Exosomes derived from mesenchymal stem cells have been shown to have functional 

effects on endothelial cells via downregulation of angiogenic factor vascular endothelial 

growth factor (VEGF) in breast cancer cells, suggesting broad implications in 

angiogenesis and the early tumorigenesis of the disease 113. Further, new reports have 

demonstrated implications in endometriosis as well; exosomes from endometriotic 

stromal cells have been reported to have angiogenic effects in vitro 114. When put 

together, It is evident that RNA binding proteins are essential in the sorting of small RNA 
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species into exosomes also have a functional relevance in different types of exosomes 

that are implicated in pathologies that involve angiogenesis in the female reproductive 

tract. 

 

1.11 Summary 

In this review of literature, we highlighted the importance of RNABPs and their 

contributions to reproductive pathologies. We also sought to highlight unique mechanisms, 

with an emphasis on the HuR/TTP axis, that these RNABPs influence their target genes to 

exert their effects in a wide variety of cell types as well as potential use as therapeutic 

targets. Their unique involvement with NF-kB in regulation of inflammation, cell 

senescence and proliferation further highlight their importance in maintaining a 

homeostatic balance. Furthermore, unique cancer-specific functions of some RNABPs may 

be at play in endometrial and ovarian cancer. We believe that although the reproductive 

field lacks knowledge on RNABPs compared to other molecules involved in PTGR such 

as miRNAs, RNABPs contribute to these pathologies as much as miRNA networks. Due 

to the intricate roles of RNABPs in maintaining homeostasis, we believe that rather than 

evaluating RNABP families in separation, they should be investigated as a ratio. Future 

investigations should evaluate the unique interplays between PTGR mechanisms shared or 

in tandem with RNABPs and other regulators as well as the unique roles of RNABPs on 

translation, success or failure of the targets, and their unique contributions to reproductive 

tract pathologies. 

 

  



22 

 

 
Figure 1-1 
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Figure 1-1. Modulation of inflammation by HuR/TTP axis 

The balance between HuR and TTP is shifted in response to external stress stimuli. Under 

normal conditions, P38 activates PP2a, which catalyzes the dephosphorylation and 

activation of TTP. At the same time, PP2a deactivates Chk2, which allows Cdk1 to 

phosphorylate HuR and render it inactive. Phosphorylated HuR can be translocated to the 

cytoplasm, tipping the balance in favor of TTP, which can bind the mRNAs of 

inflammatory cytokines and promote their degradation. Under stress conditions, P38 

activates MK2, which phosphorylates and deactivates TTP and allows it to be translocated 

to the cytoplasm. At the same time, P38 activates Chk2, which can phosphorylate and 

deactivate Cdk1. The inhibition of Cdk1 allows HuR to remain dephosphorylated, which 

added to the transport of TTP out of the nucleus, tips the balance in favor of HuR, which 

can bind the mRNAs of inflammatory cytokines and stabilize them to promote their 

translation, thus promoting the inflammatory response. There are numerous additional 

players in this pathway that help maintain this balance. 

PP2a = Protein phosphatase 2a, Chk2 = Serine/threonine protein kinase Chk2, Cdk1 = 

cyclin-dependent kinase 1, MK2 = MAP kinase-activated protein kinase 2 

*Dashed arrow = inhibited binding 
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Figure 1-2 
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Figure 1-2. Contributions of RNABPs in female reproductive pathologies 

The dysregulation of the immune inflammation axis in endometriosis, fetal loss, infertility, 

ovarian and endometrial cancer, is mediated in part by RNABPs which have been shown 

to be differentially regulated in animal models as well as humans.  
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1.12 Research themes 

Listed below are my grouped research themes included in this thesis. 

 

1. Role of inflammation modulation by RNA binding protein TTP/HuR axis in 

pathophysiology of endometriosis 

2. Exosomal mediated endometrial-endothelial intercellular communication in the 

pathophysiology of endometriosis  

3. Dynamics of RNA binding protein TTP/HuR axis and their potential contributions to 

recurrent pregnancy loss 

 

1.13 Hypothesis and Objectives 

 

General hypothesis: RNA binding proteins involved in modulation of inflammation are 

important in the maintenance of inflammation homeostasis in a dynamic manner and 

aberrations in these crucial proteins contribute potentially to the pathophysiology of 

endometriosis and recurrent pregnancy loss. 

 

Research hypothesis 1: RNA binding protein TTP/HuR axis are associated with aberrant 

inflammation profiles in endometriosis patients and may contribute to the 

pathophysiology of the disease 

Objective 1a: To determine and compare expression levels of the TTP/HuR axis 

in endometriosis patients and compare and contrast with expression levels of key 

inflammatory cytokine targets of TTP/HuR axis in the same patients 
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Objective 1b: To determine whether potential aberrations in TTP/HuR axis can 

be recapitulated in a syngeneic mouse model of endometriosis 

Objective 1c: To study the involvement of TTP/HuR axis in modulation of 

inflammation using in vitro endometriotic epithelial and endometrial epithelial 

carcinoma cell lines 

 

Research hypothesis 2: Endometriotic epithelial- and endometrial epithelial cell- 

derived exosomes carry a cargo containing RNABPs and contribute to a unique 

cross-talk between endothelial cells 

Objective 2a: To characterize the exosomal contents and asses their biological 

functions in vitro. 

Objective 2b: To determine functional effects of exosomes in the endometrial 

epithelial-endothelial cross talk using an in vitro co-culture based approach 

 

Research hypothesis 3: RNA binding protein TTP family is associated with 

pathophysiology of recurrent pregnancy loss 

Objective 3a: To characterize the expression of TTP family in murine placental 

trophoblast cells 

Objective 3b: To investigate whether RNA binding proteins are involved in a 

mouse model of LPS-induced abortion at the placental site 

Objective 3c: To examine unique localization patterns of TTP in LPS induced 

abortion using in vivo mouse model and in vitro based approaches 
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Chapter 2 

A balancing act: RNA binding protein HuR/TTP axis in endometriosis 

patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication:  

 

Kasra Khalaj, SooHyun Ahn, Mallikarjun Bidarimath, Yasmin Nasirzadeh, Suhkbir S 

Singh, Asgerally T Fazleabas, Steven L Young, Bruce A Lessey, Madhuri Koti, and 

Chandrakant Tayade. A balancing act: RNA binding protein HuR/TTP axis in 

endometriosis patients. Scientific Reports. 2017. In Press.  
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2.1 Abstract 

 

Endometriosis, a major reproductive pathology affecting 8-10% of women is 

characterized by chronic inflammation and immune dysfunction. Human antigen R 

(HuR) and Tristetraprolin (TTP) are RNA binding proteins that competitively bind to 

cytokines involved in inflammation including: tumor necrosis factor alpha (TNF-α), 

granulocyte macrophage colony stimulating factor (GM-CSF), interleukin 6 (IL-6) 

among others, and stabilize and destabilize them, respectively. The aim of this study was 

to examine RNA binding protein (RNABP) HuR/TTP axis in endometriosis patients 

compared to menstrual stage matched healthy fertile controls in hopes of better 

understanding their contribution to the pathogenesis of endometriosis. Additionally, using 

a targeted in vitro siRNA approach, we examined whether knock-down of TTP can play a 

functional role on other RNABPs that competitively bind to inflammatory targets of TTP 

in both endometriotic and endometrial epithelial cell lines. Our results suggest that 

RNABPs TTP and HuR are dysregulated in endometriotic lesions compared to matched 

eutopic patient samples as well endometrium from healthy controls. Silencing of TTP in 

endometriotic and endometrial epithelial cells revealed differential response to 

inflammatory cytokines and other RNABPs. Our results suggest potential involvement of 

HuR/TTP RNA binding protein axis in regulation of inflammation in endometriosis. 
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2.2 Introduction 

Endometriosis is a reproductive pathology characterized by growth of endometrium-like 

tissue outside of the uterus in ectopic sites24,27.  It is now well established that chronic 

inflammatory milieu in the peritoneal cavity of endometriosis patients contributes to pain 

and infertility associated with the disease115. Despite decades of research, current treatment 

option transiently alleviate but do not cure the disease. The most widely accepted 

Sampson’s theory of retrograde menstruation , postulates that endometrial fragments from 

retrograde menstruation lead to endometriosis pathogenesis35. This theory however 

remains to adequately address why although 78-90% of women experience retrograde 

menstruation, endometriosis only affects 8-10% of all women of reproductive age, 

irrespective of ethnicity24,116–118.  Previous research has shown strong evidence of increased 

pro-inflammatory and decreased anti-inflammatory cytokines in the peritoneal fluid in 

endometriosis patients119.  Indeed, we have shown endometriotic lesions are primary 

drivers of inflammation and surgical removal of lesions leads to temporary decline in the 

levels of pro-inflammatory cytokines in systemic circulation of endometriosis patients9. 

We have also shown that endometriotic lesions and eutopic endometrium of endometriosis 

patients have unique immune-inflammation gene signatures120.  Other work from our lab 

has shown that IL-17A can contribute to lesion development via both promotion of 

inflammation and stimulating production of angiogenic cytokines121. This evidence clearly 

suggests that inflammation is central to the progression of endometriosis associated pain 

and potential infertility.  However, it is not clear whether inflammation contributes to the 
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pathogenesis of endometriosis or is a by-product of endometriotic lesion establishment. It 

is also not clear whether and how inflammation is regulated in endometriosis. 

 

Tristetraprolin (TTP) is an RNA binding protein (RNABP) encoded by ZFP36 in humans 

(Zfp36 in mice) that can bind and destabilize mRNA transcripts of important inflammatory 

or inflammation-related cytokines including: tumor necrosis factor alpha (TNF-α)122, 

granulocyte macrophage colony stimulating factor (GM-CSF)52, cyclooxygenase-2 (COX-

2)62, Interleukins IL-1α, IL-2, IL-3, IL-6, IL-10, IL-12 and IL-23123–127. Tristetraprolin 

exerts its destabilizing function via binding to AU-rich element (ARE) regions that reside 

within the 3’ untranslated region (UTR) of a variety of mRNA transcripts, which ultimately 

leads to degradation of the target128. The TTP or TIS11 family of RNA binding proteins 

have been previously characterized in normal human tissues and all three members were 

found to be expressed in moderate to high levels in both the ovary and cervix, and thus are 

expressed in physiologically relevant levels throughout the female reproductive tract, 

including the placenta129. Recently, TTP has been identified as a global post-transcriptional 

regulator of inflammation, signifying its conserved importance in maintenance of 

homeostatic balances of cytokine production45.  

 
Human antigen R (HuR), or ELAVL1 is another RNA-binding protein expressed within the 

reproductive tract in humans. This RNA-binding protein has similar functions to TTP; to 

bind to inflammatory cytokines, however its role is opposite to that of TTP, by stabilizing 

the transcripts of the same cytokines130. HuR thus acts as an RNA-stabilizer, while TTP 

acts as a RNA-destabilizing factor. Human antigen R has been previously reported to be 

important for early placental and embryonic development131. Previous work from our 
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group has shown that all three members of the TTP gene family are expressed and are 

biologically relevant at the maternal-interface in a fetal loss model in pigs83. Our group has 

also shown relevance of RNABPs including TTP and HuR as well as localization of TTP 

in inflammatory conditions using a mouse model of recurrent pregnancy loss84. Other RNA 

binding proteins such as AUF1 have also been shown to have indirect effects by 

influencing  methylation under hypoxic conditions in endometriosis81. The adult stem cell 

marker RNA binding protein, Musashi-1 has been shown to be increased in endometriosis 

and endometrial carcinomas132. Unlike Musashi-1, an RNA binding protein involved in 

programmed cell death, TIA-1 cytotoxic granule-associated RNA binding protein, is 

downregulated in the ectopic endometrium. Additionally, previous work with HuR has 

shown differential expression in ectopic endometriotic lesions compared to eutopic 

endometrium and that HuR expression varies  during the  menstrual cycle78. However, the 

mechanisms that might regulate this difference in expression pattern and hormonal effects 

have yet to be determined.  

 
In this study, we sought to understand whether HuR and TTP family members regulate the 

inflammatory response during endometriotic lesion formation and development. We 

hypothesized that the HuR/TTP axis modulates the inflammatory response at both the site 

of the endometriotic lesions as well as the local peritoneal microenvironment via aberrant 

expression or dysregulation of these regulators. Our main objectives were to determine the 

in vivo and in vitro associations of TTP and HuR and their selected pro-inflammatory 

cytokine targets in matched ectopic and eutopic samples from patients and in healthy fertile 

controls. Our other objective was to characterize the TTP family using a syngeneic mouse 

model of endometriosis. We also sought to determine the mechanisms of HuR/TTP 
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function via in vitro RNA interference/silencing in endometriotic epithelial (12Z) and 

endometrial epithelial carcinoma (EECCs) cells. 

 

2.3 Methods 

2.3.1 Ethics approval 

Ethics approval for this study was provided by the Health Sciences Research Ethics Board, 

Queen's University, Kingston, Ontario, Canada.  Human ectopic endometriosis as well as 

eutopic endometrial tissue samples were collected from patients with endometriosis as per 

approved protocols and guidelines. Additionally, endometrial samples were collected from 

control subjects comprising healthy women after informed consent with the use of a 

protocol approved by the Institutional Review Committees at Greenville Health Systems, 

Greenville, South Carolina, and the University of North Carolina, Chapel Hill, North 

Carolina (IRB protocol number. Pro00000993).  

 
 

2.3.2 Sample collection from endometriosis patients and control women 

Matched human endometrium (n=22) and endometriotic lesions (n=22) from 

endometriosis patients were provided by Greenville Hospital Systems, Greenville, South 

Carolina, upon informed consent. Patient samples were further grouped into two groups: 

early stage I-II (n=13), and advanced stage III-IV (n=9). Eutopic endometrium samples 

were obtained by Pipelle sampling during time of laparoscopic surgery for removal of 

endometriotic lesions.  The patient samples used in this study from Greenville Hospital 

were comprised of women previously diagnosed with infertility and/or pelvic pain. Both 
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patients and fertile control subjects from Greenville Hospital were free from hormonal 

therapy for 3 months before the collection of samples. The stage of endometriosis was 

determined based on the revised American Society of Reproductive Medicine criteria32. 

For control samples, endometrial biopsies (n = 16) were obtained by means of Pipelle 

sampling from healthy fertile women who underwent tubal ligation at the University of 

North Carolina. All sixteen healthy control subjects had no signs or symptoms of 

endometriosis or fertility problems and history of pregnancy. All patients and healthy 

control subjects were at the secretory phase of the menstrual cycle when samples were 

obtained. Samples obtained were snap-frozen with the use of liquid nitrogen and then 

stored at −80°C until further use. Patient samples from The Ottawa Hospital used for 

Western blotting studies comprised of matched human endometrium (n=8) and 

endometriosis samples (n=8) from endometriosis patients. These patients samples 

comprised of women diagnosed with infertility and/or pelvic pain and were receiving 

Dienogest before collection of samples.  

 

2.3.3 Mouse model of endometriosis 

BALB/cByJ mice (n=8) (Jackson Laboratory, USA) were housed in cages of 3-4 mice. 

All animal experiments were performed under Canadian Council of Animal Care 

guidelines and protocols approved by Queen’s University Institutional Animal Care 

Committee (Protocol number 2013-061).  Donor mice (n=2) were sacrificed, uterine 

horns removed, and placed in a Petri dish containing PBS. The endometrium was 

separated from myometrium, cut into 1 mm3 segments, washed in PBS, and kept on ice 

until surgically implanted in mice. Prior to surgery, recipient mice were anesthetized with 
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3% isofluorane vaporizer. Small incisions were made in the abdomens of recipient mice 

and donor mouse endometrium were placed into the left side of the peritoneal cavity of 

recipient mice using bonding agent. All recipient mice were sacrificed at Days 7 (n=3) 

and 17 (n=3) following surgery. Ectopic lesions were removed and stored in 4 % 

paraformaldehyde prior to tissue processing. 

 

2.3.4 In vitro downregulation of TTP in 12Z and endometrial carcinoma cell lines  

Silencing of TTP was performed using a siRNA-based approach in EECC and 12Z cells.  

Briefly, 200,000 cells were plated in 6 well plates (Sarstedt AG, Germany) in antibiotic-

free Dulbecco’s medium (F-10 EECCs, F12 12Z) supplemented with 10 % fetal bovine 

serum (FBS; Sigma-Aldrich, Canada).  The 12Z cells were grown as per previously 

published protocol133. Briefly, 12Z cells had addition of 1 % sodium pyruvate in the 

DMEM media and were previously checked for absence of mycoplasma. Cells were 

grown for 18 hours until 60% confluence and transfected with 1 µg of TTP duplex 

siRNA (sc-36760, Santa Cruz Biotechnology, Texas, USA) mixed with 8 ul of siRNA 

transfection reagent and 200 ul siRNA transfection medium (sc-29528 & sc-36868, Santa 

Cruz Biotechnology, Texas, USA).  Scrambled control siRNA (sc-37007, Santa Cruz 

Biotechnology, Texas, USA) were added to control wells.  Cells were incubated for 8 

hours at 37 oC and DMEM supplemented with 20% FBS was added and incubated for an 

additional 24 hours.  Medium was aspirated followed by supernatant collection and all 

cells were collected for downstream applications (RNA and protein extraction). 

Knockdown efficiency of TTP was determined using qPCR and western blotting 

approaches and knockdown efficiency cut-off threshold was set at 70%. 
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2.3.5 RNA binding protein mRNA detection using quantitative real-time PCR 

The mRNA of TTP family as well as the mRNA stabilizer, ELAVL1 were assessed using 

quantitative real-time PCR (qPCR).  Total RNA from endometriosis, eutopic 

endometrium patient and control samples as well as cell lysates from 12Z and EECC 

cultures were reverse transcribed using Superscript II reverse transcription kit (Life 

Technologies, Canada) as per the manufacturer’s protocol.  Primers (Table 1) were 

designed using Primer3 software (http://frodo.wi.mit.edu/primer3/) from murine and 

human sequences available on NCBI’s Nucleotide.  Real-time PCR was performed using 

plate-based LC-480 (Roche Diagnostics., Montreal, Canada).  Experimental set-up was 

according to the MIQE guidelines.134  Relative quantification was performed using ACTB 

as a control gene.  Pooled human endometrial and murine cDNA was used as calibrators. 

Expression of ACTB did not differ across groups by one-way ANOVA.  All samples were 

run in triplicates.  The run protocol for all genes of interest used was the following: 

Denaturation: 95oC, 15 min; Amplification: 45 cycles: 95oC for 15 s, 55oC for 30 s, 70oC 

for 30 s; Melting Curve: 70-95oC, at a rate of 0.1oC per second.  Data was analyzed using 

the ∆∆Ct method. 

 

2.3.6 TTP and HuR ELISA Assay 

Total protein was extracted from eutopic (n=22) and ectopic endometrium (n=22).  

Approximately 20 mg of tissue placed in 1.5 mL microcentrifuge tube containing 0.3 

g/mL of protease inhibitor cocktail (Sigma-Aldrich, Canada), in 200 µL of PBS. Upon 

tissue homogenization, samples were centrifuged at 4oC and supernatant was collected.  
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Protein concentrations were determined using a bicinchoninic acid (BCA) assay 

(Thermo-Fisher Scientific, Canada) as per kit manufacturer’s instructions. Eutopic and 

ectopic endometrium protein obtained from endometriosis patients were thawed at room 

temperature.  TTP and HuR were quantified using TTP and HuR immunoassay kits 

following manufacturer’s protocol (Cat # MBS2602738 and MBS919324, MyBioSource 

Inc., CA, USA).  Briefly, samples were added to 96-well immunoassay plates pre-coated 

with antihuman TTP and HuR antibodies and following incubation, absorbance was read 

at 450 nm within 15 mins using SpectraMAX Plus spectrophotometer (Molecular 

Devices, USA).  Sensitivity for TTP and HuR immunoassays were 60.00 and 6.25 pg/ml, 

respectively. 

 
 

2.3.7 Western Blotting 

TTP and HuR protein expression in ectopic compared to eutopic endometrium from 

endometriosis patients from Ottawa Hospital cohort was determined using western 

blotting.  Total protein was extracted from eutopic (n=8) and ectopic endometrium (n=8).  

Approximately 20 mg of tissue placed in 1.5 mL microcentrifuge tube containing 0.3 

g/mL of protease inhibitor cocktail (Sigma-Aldrich, Canada), in 200 µL of PBS. Upon 

tissue homogenization, samples were centrifuged at 4oC and supernatant was collected.  

Protein concentrations were determined using a bicinchoninic acid (BCA) assay 

(Thermo-Fisher Scientific, Canada) as per kit manufacturer’s instructions.  All samples 

were normalized to a protein concentration of 10 µg/µL using PBS and stored at -80oC. 

Samples were denatured at 99.9oC for 5 minutes in a thermal cycler (Bio-Rad, CA, USA).  
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5 ul of loading dye was pipetted to appropriate wells of 12% Tris-glycine pre-cast gels 

(Bio-Rad, CA, USA) (12 wells/20µL) and separated at 120 V for approximately 1 h.  

Transferring was performed onto PVDF membranes (Thermo-Fisher Scientific, Canada) 

and run at 100 V for 2 h. Membranes were blocked in 5% skim milk TBS-T solution 

overnight.  1 µg/mL of Rabbit polyclonal anti-TTP/ZFP36 (Ab83579, Abcam, CA, USA) 

and 1.0 µg/mL Rabbit monoclonal anti-HuR/ELAVL1 (Abcam Ab200342) antibodies 

were added as primary antibodies. Membranes were rinsed 3 X at 10 mins with TBS-T 

solution and 5 X at 5 mins with TBS solution. HRP conjugated goat anti-rabbit IgG 

1:2000 (R&D, HAF008), secondary antibody was added in 5% skim milk TBS-T solution 

to each of the membranes and incubated on a rocker at room temperature (RT) for 2 h.  

Enhanced chemiluminescence detection was completed with Clarity chemiluminescent 

substrate solution (Abcam, CA, USA) and imaged on a Kodak X-ray film processor. 

Membranes were stripped and re-probed for ACTB using 1.5 µg/mL of anti-ACTB 

mouse monoclonal antibody (Ab20272, Abcam, CA, USA) diluted with 5% skim milk 

TBS-T solution, and incubated on an electric plate-rocker in a 4oC refrigerator for 12 h. 

All films were scanned on a flatbed scanner at 600dpi greyscale and images were 

analyzed using ImageJ software (NIH, Bethesda, MD) to obtain densitometry values.   

 

2.3.8 Multiplex cytokine analysis 

A 12-plex high sensitivity commercial available multiplex assay was conducted from Eve 

Technologies, Calgary, Alberta using Luminex xMAP laser bead platform (Bio-Rad, CA, 

USA).  This multiplex assay was customized to cytokines involved in 

inflammation/inflammatory pathways, and included: GM-CSF, IFNγ, IL-1B, IL-4, IL-5, 
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IL-6, IL-8, IL-10, IL-12p70, IL-17, IL-23, TNF-α.  Briefly, color-coded polystyrene 

beads were coupled with capture antibodies for each cytokine. A total of 50 µl of each 

protein samples were aliquoted and normalized.  The normalized protein samples were 

incubated in a mixture containing the capture antibodies conjugated to magnetic beads in 

a custom 96-well plate. The plate was incubated in a dark room on a shaker at room 

temperature for 30 mins. The plate was washed three times with wash buffer. Detection 

antibody (25 μL) was added with antibody diluent and incubated in the dark on a shaker 

at RT for 30 mins. Upon rinsing three times with wash buffer, 50 μL streptavidin-

phycoerythrin fluorescent conjugate was added to all wells. The plate was incubated for 

10 mins and washed and loaded. The standards for this assay were provided by the 

manufacturer as a lyophilized cocktail of proteins and run for each individual target 

analyte. Standard curve dilutions were run on the assay. Increasing fluorescent intensity 

signals were read as fluorescence intensity (FI) values, which correspond to protein 

bound to each analyte bead. The observed concentration (OC) for each target analyte was 

calculated against standard curve regression. 

 

2.3.9 Immunohistochemical localization of TTP and HuR in endometriotic lesions 

from mouse model 

Ectopic endometriotic lesion (n = 3) and eutopic endometrium (n = 3) were embedded in 

paraffin and cut (5 µm) and mounted on charged slides (Superfrost, Thermoscientific, 

Canada). Paraffin-embedded endometrium were used for TTP and HuR 

immunolocalization experiments using previously published IHC protocol 84.  Briefly, 

antigen retrieval was performed with citric acid buffer boiling for 2 mins.  Blocking was 



40 

 

performed on all sections using 1% bovine serum albumin (BSA) for 1.5 hours at room 

temperature. Rabbit polyclonal to tristetraprolin (sc-12563, Santa Cruz Biotechnology, 

USA) and Rabbit monoclonal anti-HuR (ab200342, Abcam plc., UK) were added at 1.5 

µg/mL and 0.8 µg/mL, respectively. Biotin-conjugated secondary antibody was used 

(K0690, DakoCytomation, USA) was added to all sections and incubated for 45 mins at 

room temperature.  DAB was utilized as chromogen and was controlled for 10 seconds 

and 15 seconds per section for TTP and HuR, respectively. Counterstaining was done 

using haematoxylin for 15 seconds and upon rinsing, slides were dehydrated and 

coverslips were added.  All slide images were taken using a ZEISS observer microscope 

and analyzed using ZEISS imaging software (Zeiss, Canada). 

 

 

2.3.10 Statistical Analysis 

In vivo patient mRNA and protein data were analyzed by one-way analysis of variance 

(ANOVA).  Patient outliers were removed using ROUT outlier removal from Graphpad 

Prism 6.05 software (Q=5%).  Mouse model data were analyzed using parametric paired 

t-test.  The in vitro silencing experiments used an unpaired Student’s t-test. A p<0.05 was 

considered as statistically significant. 
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2.4 Results 

 

2.4.1 ZFP36, ZFP36L1, ZFP36L2 and ELAVL1 mRNA is expressed in 

endometriosis patient samples. 

The mRNA of ZFP36 (encoding TTP), ZFP36L1 (encoding Tis11b), ZFP36L2 (encoding 

Tis11d) and ELAVL1 (encoding HuR) were expressed in matched ectopic lesion and 

eutopic endometrium from endometriosis patients, as well as in endometrial samples from 

menstrual stage matched fertile subjects with no evidence of endometriosis. The mRNA of 

ZFP36L1 in eutopic endometrium and ectopic endometriotic lesions was significantly 

lower than in endometrial tissue from controls (Fig 2-1 Panel B; p<0.05). The same was 

also observed with ELAVL1 (Fig 2-1 Panel C; p<0.05). Significantly lower mRNA of 

ZFP36L2 in eutopic endometrium from patients was observed compared to normal healthy 

endometrium (Fig 2-1 Panel D; p<0.05). 

 
 

2.4.2 HuR and TTP protein is differentially expressed in endometriosis patients 

compared to endometrial biopsies from healthy controls. 

Human antigen R and TTP protein expression were evaluated in endometriosis patients 

and control subjects using enzyme linked immunosorbent assay (ELISA) as well as western 

blotting. Significantly higher HuR protein was detected in both matched ectopic and 

eutopic endometrium from patients compared to normal control endometrium from women 

with no evidence of endometriosis (Fig 2-2 Panel A; p<0.05). Additionally, significantly 

higher HuR protein was detected in eutopic endometrium compared to ectopic 

endometriotic tissues from patients (Fig 2-2 Panel A; p<0.05). Expression of TTP was 



42 

 

similar to HuR, however to a much lesser extent.   TTP was significantly downregulated in 

normal endometrium compared to ectopic and eutopic endometrium from endometriosis 

patients (Fig 2-2 Panel B; p<0.05). In order to further support our ELISA findings, western 

blots were performed in a different cohort of patients with endometriosis (The Ottawa 

Hospital, Ottawa, Canada), for both HuR and TTP. Bands were detected in both eutopic 

and ectopic endometrium at 36 kDa for HuR and 44 kDa for TTP, matching the predicted 

molecular weight for each protein (Fig 2-2 Panels C & D). Significantly higher amounts of 

HuR and TTP in eutopic endometrium compared to matched ectopic endometriotic tissue 

was also detected using western blotting (Fig 2-2 Panel C & D; p<0.01 & p<0.05, 

respectively). Overall, less TTP protein was detected in endometrium (in both patients and 

controls) compared to HuR (TTP; approximately 100-180 pg/ml, HuR; 250-700 pg/ml). 

 
 

2.4.3 Distinct profile of inflammatory cytokine targets in endometriosis patients 

compared to controls. 

Of 12 cytokines assessed (GM-CSF, IFNγ, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, 

IL-17, IL-23, TNF-α), 5 cytokines involved in inflammation were found to be significantly 

different in patients compared to controls. Significantly higher GM-CSF protein was 

detected in eutopic compared to matched ectopic endometrium in endometriosis patients 

(Fig 2-3 Panel A; p<0.05). Additionally, significantly higher GM-CSF was detected in 

eutopic endometrium from patients with endometriosis compared to endometrium from 

normal fertile controls (Fig 2-3 Panel A; p<0.05). Whereas Interleukin-10 was significantly 

higher in eutopic endometrium compared to normal fertile controls (Fig 2-3 Panel B; 

p<0.05). Interleukin-6 was significantly elevated in eutopic endometrium compared to 
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ectopic endometriotic lesions from patients (Fig 2-3 Panel C; p<0.05). Interleukin-8 was 

significantly elevated in ectopic endometriotic lesions compared to both its matched 

eutopic endometrium as well as in normal fertile endometrium (Fig 2-3 Panel D; p<0.05). 

Additionally, IL-23 protein had tendency to be lower in eutopic endometrium from patients 

with endometriosis compared to normal fertile controls (Fig 2-3 Panel E; p=0.098). TTP’s 

major target, TNF-α was significantly lower in ectopic endometriotic lesions compared to 

normal fertile endometrium (Fig 2-3 Panel F; p<0.05). 

 

2.4.4 Zfp36, Zfp36l1, Zfp36l2 and Elavl1 mRNA is expressed in both ectopic and 

eutopic endometrium in a mouse model of endometriosis. 

 

In order to examine if HuR/TTP axis contributes to the pathophysiology of endometriosis, 

we evaluated expression of Zfp36, Zfp36l1, Zfp36l2 and Elavl1 in eutopic and ectopic 

lesions obtained from syngeneic BALB/cByJ mouse model of endometriosis. The RNABP 

Zfp36 was significantly upregulated in ectopic lesions compared to matched eutopic 

controls (Fig 2-4A; p<0.05). This mRNA difference was also observed in Zfp36l1 (matched 

test only, Fig 2-4C; p<0.05), but not with Zfp36l2 which encodes for Tis11d (Fig 2-4E). 

Dysregulation of HuR/TTP axis in mouse model supports some of the findings from our 

endometriosis patient cohorts. 
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2.4.5 RNABPs are differentially regulated in endometriotic epithelial 12Z cells 

compared to EECCs after silencing of TTP. 

Knockdown of TTP/ZFP36 in EECCs (Fig 2-5A; p<0.05) resulted in significant 

downregulation of ZFP36L1 as well as ELAVL1 in treated EECC cells compared to 

scrambled controls (Fig 2-5B & 5D; p<0.05). Although not statistically significant, a trend 

was observed of lower ZFP36L2 in the treated group compared to controls (Fig 2-5C; 

p=0.09). On the other hand, knockdown of TTP/ZFP36 in endometriotic 12Z cells (Fig 2-

5E; p<0.05) resulted in significant upregulation of TTP family member ZFP36L2, and 

ELAVL1 in treated compared to control 12Z cells (Fig 2-5G-H; p<0.05). There was no 

change in expression for TTP family member, ZFP36L1 (Fig 2-5F). 

2.4.6 Inflammatory cytokine mRNAs are differentially regulated in the absence of 

TTP/ZFP36. 

In order to examine whether TTP interacts with cytokines responsible for inflammation, 

selected cytokines (GM-CSF, IL-6, IL-10, HIF-1α COX-2, TNF-α) associated with 

inflammation were examined at mRNA level in TTP knockdown 12Z and EECCs. Pro-

inflammatory cytokine IL-6 was significantly downregulated in TTP knockdown EECCs 

compared to scrambled control (Fig 2-6A; p<0.05).  In a similar manner, the pro-

inflammatory cytokine TNF-a was also significantly downregulated in TTP knockdown 

EECCs compared to the scrambled control (Fig 2-5B; p<0.05).  The mRNA for COX-2 

(regulator of inflammation) was slightly elevated, although not statistically significant (Fig 

2-6C).  The mRNA encoding for HIF-1α was significantly downregulated in TTP 

knockdown EECCs compared to scrambled control (Fig 2-6D; p<0.05).  In 12Z cells, 

transcripts for IL-6 and TNF-α did not change (Fig 2-6G&H) and COX-2, HIF-1α and GM-



45 

 

CSF were significantly upregulated in TTP knockdown cells compared to controls (Fig 2-

6I-K; p<0.05). 

 
 

2.4.7 Analysis of inflammatory cytokines associated with RNABP regulation in the 

supernatants of TTP knockdown endometrial epithelial carcinoma cells (EECCs). 

Inflammatory cytokine protein profiles (GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, 

IL-12(p70), MCP-1, TNF-α) were examined in the supernatants of TTP knockdown 

EECCs.  In contrast to the downregulated mRNA of TNF-a, significantly higher TNF-α 

protein was detected in TTP knockdown compared to scrambled control (Fig 2-7A; 

p<0.05).  Although not statistically significant, a trend was observed of downregulated 

IFN-γ and GM-CSF in TTP knockdown EECCs compared to controls (Fig 2-7B, 6F; 

p=0.1).   

 

2.4.8 Localization of HuR and TTP in both ectopic and eutopic endometrium in a 

mouse model of endometriosis. 

HuR was localized throughout the tissue microarchitecture of both eutopic and ectopic 

endometrium. Staining was prominent primarily in glandular epithelium, endometrial 

stroma as well as endometrial epithelium (Fig 2-8A & 8C). HuR immunostaining in the 

endometrial stroma was primarily cytoplasmic, with low to moderate levels of nuclear 

staining as well in both eutopic and ectopic endometrium. TTP was localized primarily in 

glandular epithelium, endometrial epithelium and luminal epithelium (Fig 2-8E compared 

to isotype negative Fig 2-8F). High levels of TTP immunolocalization was noted in stromal 

epithelium in ectopic lesions (Fig 2-8G compared to isotype negative Fig 8H).  
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2.5 Discussion 

In this study we sought to characterize the HuR/TTP axis in endometriosis with a focus 

on the inflammatory cytokines they have been shown to regulate. We performed initial 

characterization experiments of HuR/TTP axis in our patient cohorts recruited from both 

USA and Canada. Our group also sought to understand how a disruption in this axis may 

influence other RNA binding protein family members as well as their inflammatory 

targets in both endometriotic and non-endometriotic epithelial cell lines. Based on our 

previous work with RNA binding proteins in recurrent pregnancy loss84, we hypothesized 

that these RNA binding proteins will be differentially expressed in endometriosis 

patients.  

 
At the mRNA level, RNA binding proteins from HuR/TTP axis are expressed in lower 

quantities in endometriosis patients compared to normal endometrium from healthy 

fertile women (with exception of ZFP36). Transcripts for ZFP36L1 were significantly 

lower in women with endometriosis in both eutopic endometrium and ectopic 

endometriotic tissues compared to control fertile women. This finding also translated 

over for ELAVL1 and to a lesser extent, ZFP36L2, whereby only the eutopic 

endometrium differed from normal fertile control endometrium. These findings are a 

stark contrast to our protein findings of the HuR/TTP axis. Although to the best of our 

knowledge, no endometriosis-specific characterizations of TTP family have been 

previously performed, these findings are opposite to those observed in some ovarian 

cancer cell lines, whereby TTP total mRNA transcript copies of the family member 
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ZFP36L1 were elevated when compared to normal ovarian cell line129. This suggests to 

us that there may be different mechanisms at play in endometriosis influence which 

RNABPs compared to cancer pathogenesis. 

 
Our patient ELISA protein expression data of both TTP and HuR reveal differential 

expression between endometriotic lesions and eutopic endometrium from patients 

compared to control endometrium from healthy fertile women. This suggests that the 

downregulation of these RNA binding proteins at the site of the lesion as well as in the 

eutopic endometrium from these patients may in part be linked to the chronic 

inflammation within the peritoneal microenvironment. Indeed, endometriosis patients 

have elevated level of pro-inflammatory cytokines in the peritoneal fluid, blood as well as 

in the ectopic lesions itself suggesting that endometriotic lesions are probably primary 

drivers of inflammation. We used a different patient cohort that received Dienogest 

(steroidal progestin of the 19-nortestosterone group), and conducted western blotting to 

validate our ELISA findings. Despite the fact that these patients were on therapy, we 

noticed similar downregulation of TTP and HuR in ectopic lesions observed in our 

patient cohort that did not receive any hormonal therapy for 3 months prior to 

laparoscopic surgery. The rationale behind including this patient subset was to compare 

whether the anti-inflammatory effects of Dienogest would have an impact on HuR/TTP 

axis deficiencies observed in our patients with no hormonal therapy. Previous studies by 

Karipcin et al78 have shown decreased HuR expression in mid-late proliferative and 

early-mid secretory phases in ectopic lesions from their endometriosis patient cohort. 

Nevertheless, findings from both of our patient cohorts display dysregulation of 

HuR/TTP axis, suggesting that the anti-inflammatory effects of Dienogest are 
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independent of the axis135. The ratio of mRNA stabilizers/destabilizers may be mediated 

by the menstrual cycle and different ovarian hormones, and aberrations in this ratio may 

provide cellular survival advantage to the ectopic endometrial lesion. In comparison to 

findings by Karipcin et al78, further studies will need to be performed to examine 

HuR/TTP axis throughout the menstrual cycle.  

 
Additionally, our in vitro TTP knockdown downstream protein results support this 

association since TNF-α was found to be elevated in the endometrial epithelial cells and 

differed at the mRNA level. Importantly, HuR/TTP axis ratio changes are distinctly 

different in 12Z endometriotic cells compared to non-endometriotic EECC cells. 

Downregulation of TTP via siRNA in EECCs caused all other RNA binding proteins 

examined, including HuR, to decrease in expression. Conversely, in TTP downregulated 

endometriotic 12Z cells, HuR as well as other TIS11 family of RNA binding proteins 

were upregulated. This endometriosis-specific change in HuR/TTP ratio in the 12Z cells 

may be due to chronic inflammatory milieu these cells originally were exposed and 

present in them. Indeed, previous findings have pointed to a unique endometrial 

microenvironment in endometriosis patients that contain signature molecular changes, in 

part due to chronic inflammation persisting in the peritoneal cavity of these 

women120,136,137. Our target inflammatory cytokine profiling in TTP knockdown cells and 

mRNA findings in these same cells yielded contrasting findings. Inflammatory cytokines 

IL-6 and TNF-α mRNA was significantly higher in control group compared to TTP 

knockdown EECCs. The opposite effect has been noted for IL-6 in embryonic fibroblasts 

from TTP-deficient mice138 as well as TNF-α and in TTP-silenced macrophages139. This 

opposite effect was also observed between protein and mRNA for TTP’s major known 



49 

 

target, TNF-α and no observed changes were noted for IL-6, which suggests to us that 

other posttranscriptional regulation may be at play in the endometrium. Additionally, 

HIF-1α transcripts were significantly lower in TTP knockdown EECCs, however COX-2, 

an inducer of HIF-1α does not differ and although not statistically different, is expressed 

at moderately higher at mRNA levels in the same treated group compared to controls. 

Recent studies have established links between microRNAs as well as other regulators 

(lncRNAs, PIWI, etc.) and RNA binding proteins including both TTP and HuR.  

Specifically, TTP has been shown to promote the microRNA let-7 via down-regulation of 

Lin28 mRNA and down-regulation of let-7 in serum of mice with endometriosis shows 

implication of this microRNA in endometriosis140,141. The microRNA miR-29a has also 

been shown to suppress TTP142 and our recent data also suggest that miR-29c contributes 

to progesterone resistance in endometriosis143. These unique interactions may be 

contributing to this aberrant change in expression144, although we do not discount other 

forms of regulation (i.e. hormonal) occurring as well. 

 
Tissue-wide profiling experiments examining TTP family mRNA expression have shown 

moderate to high expression levels of TTP family members in the female reproductive 

tract, including the ovary129. Additionally, HuR has been previously shown to be 

localized throughout the epithelium of eutopic and ectopic endometriotic lesions, with 

specific primary localization occurring in the nucleus78. We sought to obtain a basic 

understanding of TTP and HuR localization patterns using our syngeneic mouse model of 

endometriosis in order to compare and contrast to the aforementioned findings. Indeed, 

we found similar localization patterns to those previously documented in the normal 

eutopic endometrium and found that both of these important RNABPs are localized 
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throughout the ectopic endometrial lesions as well. This finding is encouraging and 

further supports the physiological relevance of these RNABPs in the context of 

endometriosis and other female reproductive pathologies. Future studies in the mouse 

model will be useful to determine if modulation of HuR/TTP axis would impact 

endometriotic lesion growth and survival. 

 
Overall, our findings suggest that the HuR/TTP axis of RNA binding proteins should be 

examined together as a ratio, rather than individually. In this study, we have shown that 

aberrations in the ratio of the HuR/TTP axis can cause molecular differences in both 

endometriotic as well as non-endometriotic endometrial epithelial carcinoma cells. This 

leads us to believe that aberrations in the ratio of HuR/TTP axis can also have similar 

molecular changes in the local peritoneal microenvironment. Our in vitro TTP 

knockdown experiments demonstrate that RNABPs are regulated in the absence of 

ZFP36, although the exact mechanisms have yet to be determined. These studies also 

point toward the existence of a functional role of TTP/ZFP36 in endometriotic epithelial 

12Z and EECCs. Limitations in our study include limited sample sizes of patients, which 

did not allow us to further group our patient data sets by stage of disease, although most 

of these patients were classified as having early stage (I-II) of endometriosis. We also 

acknowledge the fact that the TTP/ZFP36 knockdown mechanistic experiments were 

performed only using an in vitro approach. Future studies will aim to recapitulate these 

findings in an in vivo model and to examine which exact mechanisms are influencing the 

HuR/TTP axis environment in unique subsets of endometriosis patients.  
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To the best of our knowledge, this work is the first to categorize the HuR/TTP axis in the 

context of chronic inflammation in endometriosis patients compared to menstrual stage 

matched fertile controls. We used matched ectopic and eutopic endometrial biopsies to 

see understand changes in the same patient subset. Overall we demonstrate that: 1) 

Differential expression of TTP and HuR at the site of the ectopic endometriotic lesion 

and eutopic endometrium in women, further supported by data from our mouse model of 

endometriosis. 2) RNA binding proteins are regulated in the absence of TTP/ZFP36. 3) 

Unique endometriosis-specific inflammatory cytokine expression profiles in TTP 

knockdown endometriotic 12Z and EECCs. Although speculative, our data suggest that 

the HuR/TTP axis likely works in combination with specific microRNAs and lncRNAs to 

regulate inflammation both at the site of the ectopic lesion and in the local peritoneal 

microenvironment. Future work will aim to pinpoint mechanisms of HuR/TTP axis in 

direct destabilization of inflammatory cytokines at the site of the endometriotic lesions 

using reporter assays.  
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Figure 2-1  
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Figure 2-1. HuR/TTP axis mRNA levels are altered in patients with endometriosis: 

patient RNA binding protein expression profiles in endometriosis patients and in 

normal fertile controls. 

mRNA transcripts for ZFP36 remain unchanged (Panel A). Transcripts for ZFP36L1, 

ELAVL1 were significantly downregulated in eutopic and ectopic endometrium from 

endometriosis patients when compared to normal endometrium from fertile healthy 

controls (Panels B-C). Transcripts for ZFP36L2 was significantly downregulated in 

eutopic endometrium from patients with endometriosis compared to fertile healthy 

control women (Panel D). Expression data illustrated as mean ± SEM. * P <0.05. Sample 

groups consisted of n=22 human eutopic endometrium, n=22 human ectopic 

endometriotic lesions, and n=16 normal control endometrium.  
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Figure 2-2 
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Figure 2-2. HuR/TTP axis protein levels are altered in patients with endometriosis: 

characterization using ELISA and western blotting in endometriosis patients and in 

normal fertile controls. 

Expression of HuR was significantly higher in eutopic endometrium compared to 

matched ectopic lesions from endometriosis patients as well as normal endometrium from 

healthy controls (Panel A). TTP protein was significantly higher in eutopic and ectopic 

matched endometrium from endometriosis patients compared to normal endometrium 

from healthy controls (Panel B). In a different cohort of women with endometriosis 

receiving dienogest, HuR and TTP protein was significantly higher in matched eutopic 

endometrium compared to ectopic lesions (Panels C&D, densitometry as ratio to ACTB 

and cropped blots are displayed. Expression data illustrated as mean ± SEM. * P <0.05. 

Panels A&B (Greenville patient subset) consisted of n=22 human eutopic endometrium, 

n=22 human ectopic endometriotic lesions, n=16 normal control endometrium. Panels 

C&D (Ottawa patient subset) consisted of n=8 human eutopic endometrium and n=8 

human ectopic endometriotic lesions. 
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Figure 2-3  
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Figure 2-3. Inflammatory cytokine protein profiles in endometriosis patients and 

compared to normal fertile controls. 

Protein expression using multiplexing reveals higher GM-CSF and IL-10 in eutopic 

endometrium from patients compared to normal endometrium from fertile healthy 

controls (Panels A&B). Interleukin-6 was significantly upregulated in matched eutopic 

compared to ectopic lesions from patients (Panel C). Similarly, Interleukin-8 was 

upregulated in ectopic endometrium compared to matched eutopic endometrium from 

patients as well as in normal endometrium from healthy fertile controls (Panel D). Tumor 

necrosis factor alpha was higher in normal endometrium from healthy fertile controls 

compared to ectopic endometrium from endometriosis patients (Panel F).  Expression 

data illustrated as mean ± SEM. * P <0.05. Sample groups consisted of n=22 human 

eutopic endometrium, n=22 human ectopic endometriotic lesions, and n=16 normal 

control endometrium.  
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Figure 2-4  
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Figure 2-4. Upregulation of HuR/TTP axisRNA binding proteins Zfp36, Zfp36l1, 

Zfp36l2 (TTP family), and Elavl1 (HuR) mRNA in an in vivo mouse model of 

endometriosis. 

mRNA transcripts encoding for TTP (Zfp36) is elevated in ectopic compared to eutopic 

endometrium obtained from Balb/c mice (panel A). Zfp36L1 was elevated in ectopic 

compared to eutopic endometrium using matched t-test (panel C), however did not 

significantly differ by unpaired student’s t-test (panel B). mRNA expression for Elavl1 

and Zfp36l2 was not statistically significant (Panel D&E; p=0.09), and did not differ by 

paired/matching tests. Endometriosis was induced in BALB/cByJ mice by surgical 

implantation of endometrium isolated from donor mice (n=2) into the left peritoneal 

cavity of recipient mice. Data presented consists of  Days 7 (n=3) and 17 (n=3) of eutopic 

endometrium and ectopic lesion harvest. Expression patterns did not change by collection 

day.  Expression data illustrated as mean ± SEM. * P <0.05. 
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Figure 2-5  
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Figure 2-5. TTP knockdown results in endometriotic (12Z) and endometrial 

epithelial (EECC)-specific effects in other RNABPs of HuR/TTP axis: Influence of 

TTP knockdown on TIS11 family and HuR RNA binding proteins in human 

endometrial epithelial (EECC) and endometriotic (12Z) cells. 

Transcript ZFP36 which encodes for TTP is significantly lower in both EECC and 12Z 

cells (Panels A&E). Transcripts for ZFP36L1 and ELAVL1 are also downregulated in 

EECC cells treated with TTP siRNA (panels B&D). The TTP family member ZFP36L2 

did not statistically differ upon knockdown of TTP in EECCs (panel C). On the other 

hand, transcripts for ZFP36L2 and ELAVL1 are upregulated in 12Z cells treated with TTP 

siRNA (panels G&H). Transcripts for ZFP36L1 do notstatistically differ when knocked 

down with TTP siRNA in 12Zs (panel F). Expression data illustrated as mean ± SEM. * 

P <0.05. Each group (treated and control) consisted of three wells performed in 

triplicates. Data is derived from three independent experiments; n=3  
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Figure 2-6 
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Figure 2-6. TTP knockdown results in distinct endometriotic (12Z) and endometrial 

epithelial (EECC)-specific inflammatory profiles: In vitro downstream mRNA 

analysis of inflammatory cytokines associated with RNA binding protein regulation 

in TTP knockdown EECCs and 12Zs. 

Transcripts for IL-6, TNF-α, HIF-1α were downregulated in EECC cells treated with TTP 

siRNA (Panels A,B,D) compared to scrambled controls. Transcripts for COX-2, GM-

CSF, and IL-10 do not differ in TTP knockdown EECCs (Panels C,E,F). On the other 

hand, TTP knockdown results in upregulation of COX-2, HIF-1α and GM-CSF in 

endometriotic epithelial 12Z cells treated with TTP siRNA compared to scrambled 

controls (Panels I-K). Transcripts for IL-6, TNF-α, and IL-10 do not differ in TTP 

knockdown 12Zs (Panels G,H,L). Expression data illustrated as mean ± SEM. * P <0.05. 

Each group (treated and control) consisted of three wells performed in triplicates. Data is 

derived from three independent experiments; n=3 
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Figure 2-7  
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Figure 2-7. TTP knockdown results in higher levels of TNF-α cytokine: In vitro 

downstream protein analysis of inflammatory cytokines associated with RNA 

binding protein regulation in TTP knockdown EECCs. 

Although mRNA transcripts of TNF-α was significantly higher in control EECCs 

compared to TTP knockdown cells, the opposite was observed at the protein level using 

multiplexing (Panel A). Other inflammatory cytokines for IFN-γ, IL-6, IL-12(p70), IL-8 

and GM-CSF did not differ at protein level (Panels B-F). Expression data illustrated as 

mean ± SEM. * P <0.05. Data is derived from three independent experiments; n=3  
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Figure 2-8  
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Figure 2-8. HuR and TTP is immunolocalized throughout the endometrial 

microenvironment in eutopic and ectopic endometrium from a mouse model of 

endometriosis. 

HuR localization patterns were examined in eutopic (Panels A-B) and ectopic (Panels C-

D) endometrium. HuR immunostaining was primarily found in glandular epithelium 

(blue arrows; brown staining prominent in panels A), and endometrial stroma (red 

arrows, Panels A&C) from both eutopic and ectopic endometrium TTP was localized 

primarily in glandular epithelium (blue arrows; Panel A), endometrial epithelium and 

luminal epithelium (green arrows; prominent staining in Panel E compared to isotype 

negative in Panel F) in eutopic endometrium. High levels of TTP immunolocalization 

was noted in endometrial stroma in ectopic lesions (Panel G compared to isotype 

negative Panel H). Images are representative of 5 slides from 6 mice from 2 experiments 

(n=3 day 7, n=3 day 17). Panels A&B original magnification, 10X, scale bar: 75 µm. 

Panels C-D, G-H original magnification, scale bar: 300 µm 20X, Panels E-F original 

magnification, 4X, scale bar: 300 µm 
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Table 1 List of mRNAs assessed by real-time PCR in endometriosis patients and 

syngeneic mouse model of endometriosis. 
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Chapter 3 

RNA binding proteins in exosomes and endometriosis: Novel insights 

into endometrial-endothelial cross-talk 
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3.1 Abstract 

Endometriosis, a major reproductive pathology affecting 8-10% of women is 

characterized by chronic inflammation and immune dysfunction. RNA binding proteins 

(RNABPs) are emerging as powerful regulators of inflammation and disease 

pathophysiology. However, our understanding of the importance of these molecules in 

endometriosis is limited.  The aim of this study was to examine endometriotic and 

epithelial-endothelial cross-talk via exosomes and to determine functional effects of 

exosomes using an in vitro co-culturing based approach. We additionally aimed to 

characterize the exosomal contents from each respective cell line and assess their 

functions in vitro. Ours results demonstrate first report of presence of Tis11d, a TTP 

family member RNABP in endometriotic and endometrial exosomes.  TTP/HuR axis 

members assessed at mRNA level were found to be differentially expressed in 

endometriotic epithelial, endometrial epithelial and endothelial cells. Co-culture of 

labelled exosomes with endometriotic epithelial, endometrial epithelial and endothelial 

cells revealed that endothelial cells take up and accumulate exosomes from endometriotic 

and epithelial cells over a 24 hour time period. This uptake of exosomes led to significant 

increase in proliferation of endothelial cells in response to exosomes from endometriotic 

epithelial and endometrial epithelial cells compared to exosomes obtained from 

endothelial cells.  Together, our results demonstrate that RNABPs that modulate 

inflammation are indeed packaged in the exosomes and released in their 

microenvironment. Furthermore, exosomes specific to endometriotic and endometrial 

epithelial cells are involved in the endometrial-endothelial cross-talk. 
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3.2 Introduction 

 

Endometriosis is a major reproductive pathology that is defined by growth of endometrial 

tissue in ectopic sites 24. While 78-90% of women experience retrograde menstruation, 

only 8-10% of women end up getting the disease 24,117.  Endometriosis places a major 

economic and clinical burden on the industrialized world 117, accounting for more than 95 

and $1.8 billion dollars in annual health care costs in the United States and Canada, 

respectively 29,30. Despite this clinical importance, very few therapeutic modalities 

currently exist to treat with none to prevent endometriosis. There is therefore an urgent 

need to develop alternative therapeutic strategies – for instance targeting early 

angiogenesis/vasculogenesis of the endometriotic fragments which allow it to grow and 

proliferate and thus drive disease progression. To develop new therapeutics, a deeper 

understanding of the early molecular events that are unique to the endometriotic cells and 

the endothelium that provide the nutrients to grow and proliferate is required.  

 

Angiogenesis and inflammation are two key biological events that have been implicated 

in the pathogenesis and pathophysiology of endometriosis 119,145. Indeed, there are 

increased pro-inflammatory cytokines that persist in the peritoneal fluid in patients with 

endometriosis 119. Previous work from our group has demonstrated immune-inflammation 

gene signatures 120 and shown functional effects of the cytokine Interleukin (IL)-17A, 

which can promote inflammation and stimulate production of angiogenic cytokines in 

vitro 121. Our group has also established that endometriotic lesions are critical promoters 
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of inflammation and that removal of lesions leads to declines in circulating systemic 

levels of inflammatory cytokines in endometriosis patients 75. In fact, it is now well 

established that angiogenesis and inflammation are critical regulators for endometriotic 

lesion establishment and growth. However, our understanding of the events which lead to 

early lesion fragment establishment of a blood supply to grow and proliferate are not well 

understood. Additionally, it is not currently clear which regulators may mediate the 

perpetuation of inflammation and angiogenesis in the early endometriotic-endothelial 

cross-talk events. 

 

Exosomes, bioactive nanovesicles that range in size, between 30-200 nm, are released 

from the cells via exocytosis. Exosomes can be released by the vast majority of cell types 

that make up the human body, including the uterine fluid and endometrium 100,101. 

Exosomes contain various biomolecules, that are specific to the cell type, but usually 

include RNAs, proteins, lipids and small non-coding RNAs including miRNAs and 

lncRNAs 112,146,147. Recently, RNA binding proteins YBX1 and SYNCRIP have been 

implicated in the sorting of microRNAs into exosomes in cell and cell-free reactions, 

suggesting exosomal-specific functionality of RNA binding proteins 110,111. Recently, 

exosomes from mesenchymal stem cells have been shown to have functional effects on 

endothelial cells via downregulation of angiogenic factor vascular endothelial growth 

factor (VEGF) in breast cancer cells 113. Further, new reports have demonstrated 

implications in endometriosis as well; exosomes from endometriotic stromal cells have 

been reported to have angiogenic effects in vitro 114. It is becoming evident that there are 
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emerging reports of RNA binding protein presence and functional relevance in increasing 

subsets of exosomes that are implicated in different pathologies. 

 

The Tristetraprolin/TTP/ZFP36 or TIS11 family of RNA binding proteins are important 

modulators of inflammation and can exert their action at the post transcriptional gene 

regulatory level via binding to pro-inflammatory cytokines such as TNF-α and IL-6 and 

mediate their degradation 122,138,148. TTP is a global post-transcriptional regulator of 

inflammation and is crucial in the maintenance of inflammation homeostasis across many 

systems 45. Human antigen R (HuR)/ELAVL1 is another RNA-binding protein that can 

also modulate inflammation via similar binding mechanisms of TTP. HuR is a counter-

regulator to TTP and is classified as a stabilizer that can bind to the same series of pro-

inflammatory cytokines as TTP and stabilize the transcript 130. This RNA binding protein 

has also been implicated in the female reproductive tract and in endometriosis 78,149,150. 

Recently, our group has implicated the HuR/TTP axis of RNA binding proteins in the 

pathophysiology of endometriosis 149. Previous work from our group has shown 

implications of these RNA binding proteins at the maternal-fetal interface and in other 

female reproductive pathologies such as recurrent pregnancy loss 83,84. 

 

In this study, we sought to understand the unique endometriotic and endometrial-

endothelial cross talk that can occur via extracellular vesicles, including exosomes. We 

hypothesized that endometriotic epithelial cell derived exosomes are associated with the 

pathogenesis of endometriosis via RNA binding proteins and have a unique cross-talk 

between endothelial cells. Our main objectives were to examine the presence of 
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exosomes from patient plasma, peritoneal fluid, and endometriotic and endometrial 

epithelial cell lines. Our other objective was to characterize the exosomal contents and 

asses their biological functions. We also sought to determine functional effects of 

exosomes in the endometrial epithelial-endothelial cross talk using an in vitro co-

culturing based approach. 

 

3.3 Materials and Methods 

 

3.3.1 Ethics approval 

Ethics approval was provided by the Health Sciences Research Ethics Board, Queen's 

University, Kingston, Ontario, Canada.  Human plasma samples from endometriosis 

patients and healthy fertile women were obtained after informed consent as per the study 

protocols approved by the Institutional Review Committees at Greenville Health 

Systems, Greenville, South Carolina, and the University of North Carolina, Chapel Hill, 

North Carolina (IRB protocol number. Pro00000993). 

 

3.3.2 Cell culture 

Endometriotic epithelial 12Z, endometrial epithelial carcinoma EEC and human 

umbilical vein (HUVEC) cells were all grown in antibiotic-free media in T75. 12Z cells 

were previously checked for mycoplasma detection and were grown as per previously 

published protocol 133. 
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3.3.3 Isolation of exosomes from patient plasma, peritoneal fluid and cell culture 

supernatants 

Exosomes were isolated from plasma from patients with endometriosis and normal fertile 

healthy controls as well as cell culture supernatants using miRCURY exosome isolation 

kit (300102; Exiqon inc, MA, USA). The quality of exosomes isolated from this method 

were compared to those from ultracentrifugation and were found to be comparable. 

Briefly, patient peritoneal fluid and cell culture supernatants were centrifuged 2 times at 

10 000 g for 5 mins to remove cellular debris and precipitation buffer was added to the 

remainder mixture and incubated overnight. For patient plasma, thrombin was added and 

incubated for 5 mins prior to the cellular debris filtering steps. All samples with 

resuspension buffer were spun for 2 times at 10 000 g for 30 mins at 20oC and 

supernatants were removed. Exosome pellets were resuspended in 100 uL of 

resuspension buffer and were immediately used for downstream applications (RNA and 

protein extraction). 

 

3.3.4 Transmission electron microscopy analysis of exosomes 

Exosomes derived from patient plasma as well as 12Z, EECC and HUVEC supernatants 

were mixed with 4% paraformaldehyde for 30 mins and subjected to a series of PBS 

washes. Pellets were obtained via centrifugation at 15 000 g and fixed in 2% 

glutaraldehyde for 5 mins. Resuspended exosomal mixtures were transferred to 300-mesh 

formvar-coated nickel grids and incubated for 40 mins. All grids were negatively stained 

with 4% saturated aqueous uranyl acetate and lead citrate for 15 mins. Grids were 

analyzed using a Hitachi H-7000 transmission electron microscope (Hitachi High-
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Technologies, Japan) operated at 80 kV. All extracellular vesicles detected were 

subjected to morphometric analysis. 

 

 

3.3.5 Detection of exosomes and TTP family member Tis11d using western blotting 

Exosomal marker CD63 and the cell lysate specific-Calnexin (CANX) markers were 

probed in isolated exosomes from 12Z, EECC and HUVECs as per our previously 

published protocol 104. Briefly, exosomal protein concentrations were determined using a 

bicinchoninic acid (BCA) assay (Thermo-Fisher Scientific, Canada) as per 

manufacturer’s instructions.  All samples were normalized to a protein concentration of 5 

µg/µL using PBS and samples were denatured at 99.9 oC for 10 minutes in a thermal 

cycler (Bio-Rad, CA, USA).  A total volume of 15 ul containing 10 ul of normalized 

exosomal protein and 5 ul of loading dye was pipetted to appropriate wells of 4-20% 

Tris-glycine pre-cast gels (Bio-Rad, CA, USA) (12 wells/20µL) and separated at 120 V 

for approximately 1 h.  Transferring was performed onto PVDF membranes (Thermo-

Fisher Scientific, Canada) and run at 100 V for 2 h. Membranes were blocked in 5% skim 

milk TBS-T solution overnight.  1 µg/mL of rabbit polyclonal anti-CD63 (Ab134045, 

Abcam, CA, USA), 1.5 µg/mL rabbit polyclonal anti-CANX (NB100-1965, Novus 

Biologicals, CO, USA), 1 µg/mL rabbit anti-TIS11D (KS0B6682, Lifespan Biosciences, 

WA, USA) antibodies were added as primary antibodies. Membranes were rinsed 3 X at 

10 mins with TBS-T solution and 5 X at 5 mins with TBS solution. HRP conjugated goat 

anti-rabbit IgG 1:2000 (R&D, HAF008) secondary antibody was added in 5% skim milk 

TBS-T solution to each membrane and incubated on a rocker at room temperature (RT) 
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for 2 h.  Enhanced chemiluminescence detection was completed with Clarity 

chemiluminescent substrate solution (Abcam, CA, USA) and imaged on a Kodak X-ray 

film processor. All films were scanned on a flatbed scanner at 600 dpi greyscale and 

images were analyzed using ImageJ software (NIH, Bethesda, MD). 

 
 

3.3.6 Confocal Microscopy analysis of exosomal shuttling and uptake 

Exosomes derived from 12Z, EECC, HUVECs were stained with CellTrackerTM CM-Dil 

tracking dye that binds to plasma membranes (CellTracker, C7000) as per manufacturer. 

Fluorescently-labelled exosomes were reconstituted in cell growth medium and added 

onto HUVECs grown on coverslips in 12 well culture plates. Cells were fixed at varying 

time points with 100% ice cold methanol for 5 mins and rinsed with ice cold PBS three 

times for 5 mins. Cells were dyed with CellTrackerTM Green BODIPY (1:1000) and 

incubated at 37oC for 30 mins. Cells were washed and mounted with Prolong Gold 

Antifade DAPI using coverslips. All coverslips were immediately examined under a 

confocal microscope and images were acquired for further image processing using 

ImageJ software (NIH, USA). 

 
 

3.3.7 Exosomal co-culturing and cell proliferation analysis using quantitative live-

cell analysis 

Fluorescently labelled exosomes derived from 12Z, EECC, HUVECs as described above 

were incubated with Fluorescently labelled HUVECs in 12-well plates that were dyed 

with CellTrackerTM Green BODIPY (1:1000) was monitored with the IncuCyte real-time 
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quantitative live-cell analysis ZOOM system (Essen Instruments, USA) according to the 

supplier’s protocols. Briefly, cells co-cultured with exosomes were incubated for 24 

hours and the IncuCyte software obtained images from 4 individual areas of each well at 

2 hour time points. Cell proliferation was measured and exosomal uptake videos were 

rendered using built-in ZOOM analysis software suite as per manufacturer’s guidelines. 

 
 

3.3.8 Gene expression analysis 

Total RNA was collected in triplicate from patient plasma, peritoneal fluid and cell 

culture (12Z, EECC, HUVECs) purified exosomes using Norgen purification kit (Norgen 

Biotek, Canada). RNA quality and concentration was determined using both Nanodrop 

UV-Vis 2000C (Thermo Scientific, USA) and Agilent 2100 Bioanalyzer machines with 

Picochip Bioanalyzer RNA kit using Eukaryote Total RNA microfluidic chips (Agilent, 

Germany). RNA samples used for quantitative real-time PCR were converted to cDNA 

using cDNA synthesis kit (GE Healthcare, USA).  mRNA quantification was performed 

using LightCycler real-time PCR system (Roche Diagnostics, Germany) as per MIQE 

guidelines 134.  

 

3.3.9 Multiplex cytokine analysis 

A human 42-plex commercially available multiplex assay was conducted by Eve 

Technologies, Calgary, Alberta using Luminex xMAP laser bead platform (Bio-Rad, CA, 

USA).  This multiplex assay was customized to cytokines involved in inflammation and 

angiogenesis pathways, and included: EGF, Eotaxin-1, FGF-2, Flt-3L, Fractalkine, G-

CSF, GM-CSF, GRO(alpha), IFNalpha2, IFNgamma, IL-1alpha, IL-1beta, IL-1ra, IL-2, 
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IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-

17A, IL-18, IP-10, MCP-1, MCP-3, MDC, MIP-1alpha, MIP-1beta, PDGF-AA, PDGF-

AB/BB, RANTES, sCD40L, TGFalpha, TNFalpha, TNFbeta, VEGF-A. Briefly, color-

coded polystyrene beads were coupled with capture antibodies for each cytokine. A total 

of 50 µl of each protein samples were aliquoted and normalized.  The normalized protein 

samples were incubated in a mixture containing the capture antibodies conjugated to 

magnetic beads in a custom 96-well plate. The plate was incubated in a dark room for 30 

mins. The plate was washed with PBS and detection antibody (25 μL) was added with 

antibody diluent and incubated in the dark on a shaker at RT for 30 mins. Upon rinsing 

three times with wash buffer, 50 μL streptavidin-phycoerythrin fluorescent conjugate was 

added to all wells. The plate was incubated for 10 mins and washed and loaded for 

spectrophotometry reading. The standards for this assay were provided by the 

manufacturer as a lyophilized cocktail of proteins and run for each individual target 

analyte. Standard curve dilutions were run on the assay. Increasing fluorescence intensity 

signals were read as fluorescence intensity (FI) values, which correspond to protein 

bound to each analyte bead. The observed concentration (OC) for each target analyte was 

calculated against a standard curve regression. 

 

3.3.10 Statistical Analysis 

GraphPad Prism 6.05 software (USA) was used for statistical analysis. Data throughout 

the paper are expressed as mean ± SEM. Cellular proliferation analysis using Incucyte 

was analyzed using repeated measures two-way analysis of variance (ANOVA). This 

analysis was subjected to Tukey’s multiple comparisons test for main row effect and 
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simple effects within rows to compare time and interaction groups. In vitro cytokine 

protein multiplexing and mRNA data were analyzed by one-way ANOVA. P values 

<0.05 was considered as statistically significant. 

 

3.4 Results 

 

3.4.1 Verification and presence of extracellular vesicles including exosomes in 

endometriosis patients, human umbilical vein endothelial, endometrial and 

endometriotic epithelial cells and detection of the RNA binding protein TIS11D 

This study used endometriotic epithelial (12Z), endometrial epithelial carcinoma (EECC) 

and human umbilical vein endothelial (HUVEC) cells to characterize the expression of 

exosomes. We isolated these exosomes and verified them using transmission EM (Fig 3-

1A) followed by detection of specific markers including CD63 and calnexin using 

western blotting (Fig 3-1B). Transmission EM detected extracellular vesicles ranging 

from 50-200 nm in size, suggesting presence of exosomes (Fig 3-1A). Using western 

blotting, we then probed for the presence of CD63 which is a tetraspanin family member 

commonly found in exosomes (Fig 3-1B). The endoplasmic reticulum specific protein, 

calnexin was not detected in exosomes and this was not detected in any of our isolated 

exosomes (Fig 3-1B), suggesting purified exosomal isolation with very minimal to no 

detection of other cellular contaminants normally present in cell lysates. To determine 

whether extracellular vesicles carry RNA binding proteins in their cargo, we probed for 

the TTP family member TIS11D in all exosome groups and cell lysates and detected 

bands in 12Z and EECC-derived exosomes (Fig 3-1B). Interestingly, we did not observe 

any presence of TIS11D in endothelial cell derived exosomes. 
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3.4.2 Labelled endometriotic and endometrial epithelial-derived exosomal uptake in 

human endothelial cells 

To gain further insight as to the early pathogenesis of endometriosis, specifically as the 

endometriotic epithelial cells establish a communication with endothelial cells to initiate 

and establish angiogenesis, we examined uptake of endometriotic epithelial cell derived 

exosomes by the endothelial cells using confocal microscopy and live cell imaging 

platform, INCUCYTE.  We co-cultured fluorescently labelled exosomes derived from 

12Z (endometriotic epithelial), EECC and HUVECs. We observed high exosomal uptake 

in endothelial cells from both 12Z and EECC-derived exosome co-cultured groups at 6 

hours (Fig 3-2A&B). Interestingly, we also observed an accumulation of fluorescently 

labelled 12Z and EECC derived exosomes in the peri-nuclear and cytoplasm of 

endothelial cells (Fig 3-2B). We also observed the same phenomenon using the 

INCUCYTE platform and detected continued accumulation of 12Z and EECC derived 

exosomes in endothelial cells compared to endothelial derived exosomes on endothelial 

cells with no apparent effects on cellular survival and viability. Exosomal uptake was 

confirmed using video-codec package from ImageJ to compile videos and it was 

observed that exosomes were indeed taken up by the cell and not overlaid when imaged 

(data not included in thesis). 

 

3.4.3 Unique TTP/HuR RNABP signatures in endothelial cells co-cultured with 

exosomes from endometriotic epithelial and endometrial epithelial cells 
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Transcripts encoding for TTP/HuR axis were examined in endothelial cells co-cultured 

with exosomes derived from endometriotic and endometrial epithelial origin. ZFP36 was 

significantly different in endothelial cells treated with EECC-derived exosomes 

compared to endothelial cells treated with endometriotic 12Z, HUVEC endogenous 

control and HUVEC-derived exosomes (p<0.05; Fig 3-3A). The Tristetraprolin family 

member ZFP36L2 was also expressed significantly higher in HUVEC-derived exosomes 

endothelial cell group compared to 12Z-derived exosome group (p<0.05; Fig 3-3B) and 

higher in EECC-derived exosome endothelial cell group compared to 12Z-derived 

exosome endothelial cell group, although not statistically significant (p=0.08). ZFP36L2 

was significantly upregulated in HUVECs and EECC-derived exosomes compared to 

HUVECs endogenous control (p<0.05; Fig 3-3B). Human antigen-R transcript, ELAVL1 

was significantly upregulated in HUVEC-derived exosome endothelial cell group 

compared to HUVEC endogenous control group endothelial cells (p<0.05; Fig 3-3C). 

Further, the ratio of ZFP36, ZFP36L2 compared to ELAVL1 is significantly altered in 

endothelial cells treated with EECC and 12Z-derived exosomes (Fig 3-3A-C). 

 

3.4.4 Endometriotic-specific pro-angiogenic and pro-inflammatory exosomal 

signatures exist in endothelial cells co-cultured with 12Z and EECC-derived 

exosomes 

Endometriotic epithelial cells have been previously established to be highly invasive and 

able to establish a blood supply via increased angiogenesis in a highly inflammatory 

microenvironment 133. To investigate the early effects of endometriotic and endometrial-

endothelial cross-talk in the perpetuation of inflammation and potential angiogenesis, we 

analyzed pro-angiogenic and pro-inflammatory cytokines using a 42-plex multiplex 
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cytokine array in cell culture supernatants obtained from endothelial cells treated with or 

without exosomes derived from 12Z and EECCs. Of the 42 cytokines analyzed, G-CSF 

was significantly upregulated in both endothelial cell groups treated with EECC and 12Z-

derived exosomes compared to both HUVECs-derived exosome and HUVECs 

endogenous control groups (p<0.05; Fig 3-4A). Additionally, the pro-inflammatory 

cytokine TNF-α was also significantly upregulated in endothelial cells treated with 12Z-

derived exosomes compared to cells treated with EECC, HUVECs-derived exosome and 

HUVECs endogenous control (p<0.05; Fig 3-4B), which suggests a pro-inflammatory 

microenvironment stimulated by cargo in 12Z exosomes. We observed significant 

downregulation of the pro-inflammatory cytokine IL-6 in endothelial cells treated with 

EECC-derived exosomes when compared to other groups (p<0.05; Fig 3-4C). 

Macrophage-derived chemokine (MDC) is primarily produced by macrophages and 

dendritic cells and downregulated by TH1-type cytokines and upon stimulation is 

involved in the recruitment of dendritic cells and TH2-type cytokines. With the exception 

of HUVEC endogenous control, we observed a significant downregulation of MDC in all 

treatment groups of foreign-derived exosomes, including HUVEC exosomes treated back 

onto endothelial cells (p<0.05; Fig 3-4D). We observed no significant differences in the 

inflammatory chemokine IL-8 (Fig 3-4E). Platelet derived growth factor is a key growth 

factor involved in angiogenesis and significantly higher PDGF-AA was observed in 

endothelial cells treated with 12Z-derived exosomes compared to cells treated with 

EECCs (p<0.05; Fig 3-4F).  
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3.4.5 12Z and EECC derived exosome co-culture with human umbilical vein 

endothelial cells results in increased cellular proliferation 

We aimed to investigate functional effects and uptake in the epithelial-endothelial cross-

talk and co-cultured exosomes derived from 12Z (endometriotic epithelial), EECC and 

HUVECs. DS-Red Fluorescently labelled exosomes in HUVECs were monitored 

specifically focusing on exosomal uptake and cell proliferation via IncuCyte live cell 

imaging platform. Additionally, supernatant from HUVECs was collected and fluorescent 

label was added, without the exosomal purification step in order to control for 

endogenous HUVEC exosomal uptake. Endothelial cells in all treated groups took up 

exosomes as early as 0-2 hours upon initial exosomal addition (Fig 3-5A-L). This was 

confirmed via generation of red channel histograms for each group, which illustrated 

significant increases in DS-red fluorescent (exosome labelled) channel which matches 

with data presented illustrating exosomal uptake using confocal microscopy. Red 

fluorescent intensity detected in the endothelial cells continued to increase for all time 

points (Fig 3-5M-P). Significantly increased cellular proliferation (p<0.05) was observed 

in endothelial cells that had taken up EECC and 12Z-derived exosomes (Fig 3-6). 

 

3.5 Discussion 

In this study we sought to examine exosomes from endometriotic and endometrial 

epithelial cells, with a focus on RNA binding proteins in the HuR/TTP axis and the 

endometriotic epithelial-endothelial cross-talk that occurs in the early pathogenesis of 

endometriosis. We initially characterized the exosomes secreted from the endometriotic 
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and endometrial epithelial, as well as from human umbilical vein endothelial cells and 

verified that these exosomes are in fact secreted from the respective cell types. Based on 

our previous work on the HuR/TTP axis being implicated in endometriosis 

pathophysiology149, we hypothesized that RNA binding proteins will be carried in the 

exosomal cargo and alter endometriotic/endometrial epithelial-endothelial cross talk. 

 

Exosomes have been previously isolated and characterized in the uterine 

microenvironment and have been shown to participate as a form of intercellular 

communication 151. In the endometriosis context, exosome profiling experiments on 

endometrial stroma have revealed functional effects in vitro, specifically on alterations in 

angiogenic cytokine signatures in endothelial cells 114. In our experiments, we sought to 

obtain an understanding of whether or not exosomes secreted from endometrial epithelial 

and endometriotic epithelial cells would be taken up by the endothelial cells. Indeed, we 

found similar uptake among exosomes secreted from both groups, with an accumulation 

occurring in a time dependent manner. We also noted that this accumulation was specific 

to the cell cytoplasm and perinuclear space in endothelial cells. This finding is 

encouraging and further supports the notion that these exosomes participate in a unique 

form of intercellular communication in the endometriotic microenvironment.  

 

We also sought to understand functional effects of exosomes derived from endometriotic 

and endometrial epithelial cells on endothelial cell uptake. We report for the first time 

that endometriotic and endometrial epithelial derived exosomes cause significantly 

increased endothelial cell proliferation, with no observed cellular death or stress. We also 
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report a stimulation of inflammatory and angiogenic factors in endothelial cells co-

cultured with the aforementioned exosomes. Put together, we believe that angiogenic 

factors released from these exosomes are responsible for the increased endothelial cell 

proliferation, and although speculative, that the inflammatory cytokine profiles reflect an 

inherent return to inflammatory phenotype for the 12Z endometriotic cells.  These cells 

have been previously established to be highly invasive and can thus thrive in 

inflammatory conditions, due to their lineage and immortalized generation from 

endometriotic epithelial cells 133. Previous work from our group has also reported 

differential inflammatory cytokine profiles associated with the endometriotic epithelial 

cells and we have observed increased inflammatory cytokine thresholds for these cells 

compared to endometrial epithelial immortalized cells 149. Indeed, further mechanistic 

work using luciferase assays will be required to examine and validate these properties in 

vitro with respect to the endometriotic epithelial-endothelial microenvironment. 

 

RNA binding proteins have been implicated in exosomal biology. They have been shown 

to play a role in the sorting and packaging of ncRNAs, specifically miRNAs into 

exosome subsets 110,111,152. We asked the question whether RNA binding proteins that 

have been heavily implicated in inflammation modulation and homeostasis, 

Tristetraprolin family and Human antigen R are carried in the exosome derived cargo. 

Indeed, we report that mRNAs from TTP/HuR families are specifically secreted from 

endometriotic and endometrial epithelial cells, and we also detected TIS11D protein 

expression in these exosomes as well. To the best of our knowledge, this is the first report 

to observe presence of these RNA binding proteins in exosomes from endometriotic and 
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endometrial exosomes. Although speculative, we believe that these RNA binding proteins 

may be prepackaged to modulate inflammation in distant sites and may provide a new 

avenue for intercellular inflammation modulation. The absence of any of these RNA 

binding proteins in patient plasma-derived and HUVEC exosomes suggests tissue-

exosomal specificity. However, we need to screen significantly numbers of patient 

samples to rule out that possibility.  Future studies will aim to fluorescently tag and 

specifically sort out HuR/TTP axis-containing exosomes and track their uptake to further 

pinpoint functional relevance of these RNABPs in exosomes and endometriosis 

pathogenesis. 

 

One of the major limitations facing this study is that all of the work was performed in 

vitro. Future studies in an in vivo model will be beneficial in determining whether this 

complex intercellular communication modality fully or partially can be recapitulated in 

the pathogenesis of endometriosis. Additionally, it is uncertain whether all exosome 

subsets will be uptaken or if there is selective sorting that occurs in the presence of local 

factors in vivo. Cutting edge techniques such as luciferase tagging or CRISPR-GFP or 

fluorescently tagging of differential exosomal subsets will be required to further delineate 

this modality. In this study, we also selected an inflammation and angiogenic cytokine 

profile which applied selection of cytokines in a biased fashion. Applying a whole-

genomics or proteomics approach to characterize these exosomes and co-cultured cells 

will provide us with a glimpse into the molecular and cellular processes changes in a 

more unbiased fashion. 
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To the best of our knowledge, this report is the first to demonstrate functional effects of 

endometriotic epithelial and endometrial epithelial-derived exosomes in the endometrial-

endothelial cross-talk. We used both endometriotic and endometrial epithelial derived 

exosomes in our in vitro endothelial model to investigate these changes. Overall, we 

demonstrate: 1) unique endometriotic and endometrial epithelial-endothelial uptake and 

cross-talk in endothelial cells and angiogenic and inflammatory effects exerted from 

them. 2) presence of RNA binding protein TIS11D, an inflammatory modulator at the 

protein level in endometrial and endometriotic-epithelial specific exosomes, and mRNA 

presence of the TTP family and HuR in both co-cultured endothelial cells and isolated 

exosomes. 3) Increased endothelial cell proliferation by endometriotic and endometrial 

epithelial exosomes. While speculative in nature, together, our data suggests that 

endometriotic epithelial exosomes, in potential combination with endometriotic stromal-

derived exosomes participate in the pathogenesis of endometriosis and upregulation of 

angiogenic and inflammatory factors in the endometriotic milieu and result in increased 

endothelial cell proliferation which in turn will ultimately aid in increased nutrients and 

blood supply being provided to the endometriotic cell. We also believe that our data 

demonstrating presence of HuR/TTP axis in exosomes specifically released by 

endometriotic and endometrial-epithelial cells provide us with insights as to how 

inflammation is perpetuated and potentially regulated further at the site of the ectopic 

endometriotic lesion. Future work will aim to establish a back-communication between 

endothelial cell derived exosomes and endometriotic epithelial cells and elucidate further 

mechanisms in the early molecular events that contribute to the pathogenesis of 

endometriosis.  
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3.6 Figures 

 

  



91 

 

 

 

 

 

Figure 3-1 
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Figure 3-1. Extracellular vesicles are secreted in plasma from endometriosis 

patients, human umbilical vein endothelial, endometrial and endometriotic 

epithelial cells and the TTP family member Tis11d is uniquely expressed in 

exosomes from endometriotic and endometrial epithelial, but not endothelial cells. 

Transmission electron microscopy scans of purified exosomes derived from supernatants 

of endometriotic 12Z epithelial, endometrial epithelial carcinoma and human umbilical 

vein endothelial cells (panel A). Exosomes ranging in size from approximately 50-150 

nm in size were detected in all cell types (arrows point to isolated exosomes in each 

group). Size variation was observed in 12Z and EECC groups; some exosomes were 

markedly smaller (top arrow in 12Z, middle arrow in EECC) compared to others, 

illustrating presence of a variety of exosomes. Exosomal marker probing using western 

blotting (panel B) illustrated positivity of tetraspanin exosomal marker CD63 in all 

exosome cell type groups as well as in cell lysate from 12Z cultured cells. The 

endoplasmic reticulum marker CANX was negative for all exosome groups and positive 

for the cell lysate (Panel B; middle row). Tis11d was detected in moderate to high 

quantities in exosomes from 12Z and EECCs (panel B; bottom row). 
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Figure 3-2 
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Figure 3-2. Labelled endometriotic and endometrial epithelial-derived exosomes are 

up taken and accumulate in human endothelial cells in a time-sensitive fashion. 

Confocal microscopy images of labelled exosomes from 12Z (panel A), EECC (panel B), 

HUVEC (panel C) and negative (raw HUVEC supernatant labelled; no exosomal 

purification; panel D) at 6 h in human umbilical vein endothelial cells. 12Z derived 

exosomes were found in moderate to high quantities in the cytoplasm of endothelial cells 

(panel A) at 6h. EECC derived exosomes were detected in high to very high levels in the 

cytoplasm and perinuclear space in endothelial cells at 6h (panel B). HUVEC derived 

exosomes were detected in low quantities in the cytoplasm and nucleus of endothelial 

cells at 6h (panel C), and no exosomes were detected in endothelial cells from negative 

group. 12Z and EECC-derived exosomes accumulated in high quantities in the 

cytoplasmic, perinuclear and basal locations of endothelial cells at 12 h. Green dye 

indicate cytoplasm, Blue dye indicate nucleus (DAPI) and Red dye indicate fluorescently 

labelled exosomes. Original magnification 15 um. 
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Figure 3-3  
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Figure 3-3. Unique TTP/HuR RNABP signatures in endothelial cells co-cultured 

with exosomes from endometriotic epithelial and endometrial epithelial cells.  

mRNA transcripts of destabilizing RNA-binding protein ZFP36 (panel A) are 

significantly upregulated in endothelial cells treated with endometrial epithelial-derived 

exosomes compared to endothelial cells treated with 12Z, HUVECs and endogenous 

control groups. TTP/ZFP36 family member ZFP36L2 was also significantly upregulated 

in endothelial cells treated with endometrial epithelial-derived exosomes compared to 

endogenous control group and while higher, not significantly higher than 12Z group 

(p=0.08). ZFP36L2 was also significantly upregulated in endothelial cells treated with 

purified exosomes from HUVECs compared to endogenous control and 12Z groups. The 

stabilizing RNA-binding protein ELAVL1 is significantly upregulated in endothelial cells 

treated with HUVECs-derived exosomes compared to endogenous control group (panel 

C). Expression data illustrated as mean +/- SEM. * P<0.05, ** p<0.001, **** p<0.0001. 
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Figure 3-4 
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Figure 3-4. Endometriotic-specific pro-angiogenic and pro-inflammatory exosomal 

signatures exist in endothelial cells co-cultured with foreign-derived exosomes. 

Protein expression using multiplexing reveals higher pro-inflammatory G-CSF and TNF-

a in endothelial cells treated with endometriotic 12Z-derived exosomes compared to 

endogenous HUVECs control and HUVECs treated exosome groups (panels A-B). Pro-

inflammatory cytokine IL-6 was significantly downregulated in endothelial cells treated 

with EECC-derived exosomes compared to all other groups (panel C). MDC was 

downregulated in all treatment groups of foreign-derived exosomes, including HUVECs 

exosome group (panel D) and IL-8 did not differ across all groups (panel E). PDGF-AA 

was upregulated in endothelial cells treated with 12Z-derived exosomes compared to its 

endometrial epithelial counterpart (EECC; panel F). Expression data illustrated as mean ± 

SEM. * P<0.05. 
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Figure 3-5 
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Figure 3-5. Live-cell imaging using IncuCyte platform: labelled exosome co-culture 

results in significant time-dependent accumulation of exosomes in endothelial cells. 

Higher cytoplasmic uptake was detected in endothelial cells treated with endometriotic 

epithelial 12Z-derived exosomes (A-C), endometrial epithelial-derived exosomes (D-F), 

HUVEC-derived exosomes (G-I) and HUVEC endogenous control labelled exosomes (J-

L) at 12h compared to 0 (second column; B,E,H,K compared to first column A,D,G,J). 

This accumulation was also observed between 24 hour and 12 hour groups (third column 

C,F,I,L compared to B,E,H,K). Accompanying histograms of uncorrected red 

fluorescence measured in each group illustrates this increased uptake (panels M-P). 

Green dye indicate fluorescently labelled HUVECs. Red dye indicate fluorescently 

labelled exosomes. Original magnification 200 um. 
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Figure 3-6  
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Figure 3-6. Labelled exosome co-culture with human umbilical vein endothelial cell 

results in increased endothelial cellular proliferation. 

Proliferation of endothelial cells was significantly increased at 2-24 h time points in cells 

treated with endometrial epithelial EECC exosomes compared to all other groups (blue 

line). Additionally, proliferation of endothelial cells treated with endometriotic 12Z-

derived exosomes was significantly increased at 10h compared to all other groups (red 

line). Endothelial cells treated with HUVECs exosomes and endogenous control did not 

significantly differ (green and black lines). * P<0.05, **** P<0.0001. 
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Chapter 4 

RNA binding protein, tristetraprolin in a murine model of recurrent 

pregnancy loss 
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4.1 Abstract 

Recurrent pregnancy loss is a major reproductive pathology affecting 1-5% of pregnant 

women worldwide. A distinct feature of this reproductive pathology is involvement of 

key inflammatory cytokines and transcription factors such as tumor necrosis factor alpha 

(TNF-α), interleukin 6 (IL-6) and nuclear factor kappa beta (NF-κB).  Special classes of 

RNA-binding proteins regulate the transcripts of many of these important cytokines and 

regulatory factors via binding to the 3’ untranslated regions (UTRs) and/or poly(A) tail 

and destabilizing/stabilizing the transcript. The tristetraprolin (TTP/ZFP36) family have 

been found to be potent destabilizers of the aforementioned inflammatory and cellular 

response cytokines. The aim of this study was to evaluate whether tristetraprolin is 

expressed in the placenta and involved in modulating inflammation in mouse model of 

lipopolysaccharide (LPS)-induced fetal loss. In this study, Swiss-albino mice were 

injected with LPS at gestational day 15.5 and placental tissues were harvested 6 hours 

post-LPS injection. Histopathology and immunohistochemistry analyses clearly revealed 

cellular stress and death in LPS treated placentas compared to controls. TTP protein was 

downregulated, while targets TNF-α and IL-6 were upregulated in LPS group compared 

to controls. We observed increased TTP nuclear immunolocalization corresponding with 

higher NF-κB nuclear localization in trophoblasts from LPS treated placentas. Our results 

suggest that RNA-binding proteins such as TTP are expressed and perhaps involved in 

the modulation of inflammation-induced pregnancy pathologies.   
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4.2 Introduction 

 

Recurrent pregnancy loss (RPL) has been found to affect up to 5% of women of 

reproductive age worldwide82,153. This multifactorial disorder has been classified for 

patients who experience pregnancy failure in the first trimester more than two or three 

times82,153. Inflammation has been found to be closely linked with thrombotic events 

during fetal loss as well as fetal distress and indeed, both of the molecular pathways can 

directly influence the fetal health outcome154,155.  LPS-induced inflammation during 

pregnancy has also been shown to increase maternal inflammation as well as thrombosis 

status156.  

 

Successful embryo implantation requires a delicate balance of inflammatory changes in 

the endometrium14,157,158. Dysregulation of the early inflammatory processes have been 

found to contribute to pregnancy loss, due to its importance for early embryo growth and 

implantation11.  During the first-trimester of human pregnancy, T helper (Th) type 1 

inflammation, which includes inflammatory cytokines tumor necrosis factor alpha (TNF-

α) and interferon gamma (IFN-γ) is predominant14.  However, as pregnancy progresses 

and second-trimester begins, the dominant Th 1 type shifts to type 2 which includes 

interleukins (IL) 4, IL-10 immune responses which triggers maternal immune tolerance to 

the allogenic fetus14.  In many cases of RPL, higher levels of Th1 cytokines have been 

found to persist, which is believed to contribute to allogeneic fetal rejection159. Due to 

this dysregulatory environment, both Th1 type cytokines TNF-α and IFN-γ have been 

found to play roles in spontaneous abortion/RPL160,161.  
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The tristetraprolin family of zinc-finger proteins are commonly known as RNA binding 

proteins which carry out mRNA destabilizing actions162.  This gene family is composed 

of zinc-finger protein 36 (ZFP36/TTP), zinc-finger protein 36-like 1 (ZFP36L1/Tis11b), 

zinc-finger protein 36-like 2 (ZFP36L2/Tis11d), and the less studied rodent-specific 

ZFP36L3.  Together, this gene family has been found to bind to transcripts of many 

prolific cytokines involved primarily in inflammation, cellular maintenance, proliferation 

and apoptosis pathways128,129,163. Primary transcripts that the tristetraprolin family has 

been found to regulate include: TNF-α 122, granulocyte-macrophage colony stimulating 

factor (GM-CSF) 52, IFN-γ 164, as well as nuclear factor kappa beta (NF-κB)58, and 

chemokines including CXCL1 165,166.  This gene family can mediate degradation of its 

target transcripts via binding to AU rich element regions (AREs) that reside within the 3’ 

untranslated regions (UTR) 167, or via ARE-independent poly(A) tail mediated 

degradation or suppression168.  It can shuttle rapidly between the cytoplasm and nucleus, 

and with the exception of ZFP36L3, is expressed in both cellular areas167,169.  This gene 

family has been previously shown to be required for successful embryo development.170  

Mice deficient in ZFP36L1 do not undergo adequate chorioallantoic fusion and thus 

ZFP36L1 is embryonic lethal170. Deficiencies of the rodent-specific, placenta and yolk 

sac-specific ZFP36L3 have also shown that intrauterine deficiencies of these RNA 

binding proteins can result in major deleterious outcomes in the offspring169.  In addition, 

TTP is now classified as a global post-transcriptional regulator of inflammation.45 On the 

other hand, Human-antigen R (HuR/ELAVL1) is a potent gene stabilizer130.  Working in 

a similar mechanism of action to the tristetraprolin family, HuR acts in an opposite 
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manner to TTP, and instead can stabilize the same targets possessed by TTP.  Previously, 

HuR has also been established to be crucial for embryonic development via its critical 

role in placental branching and morphogenesis131.  Thus, in many non-reproductive 

pathologies, these groups of RNA binding proteins require a delicate homeostatic 

balance, and dysregulation of this imbalance may lead to further development of RNA 

binding protein associated pathologies129,144,171.  

 

Our group has previously shown therapeutic benefit of usage of phosphodiesterase-5 

inhibitor alone or in combination with low molecular weight heparin as potentially 

having direct benefits in a similar murine model of spontaneous abortion/RPL172.  We 

have also shown that the tristetraprolin family may be involved in spontaneous fetal loss 

in a porcine model of pregnancy loss83.  In other animal models, inflammation has been 

related to an impairment in spiral artery remodelling.173 Studies have investigated similar 

RNA binding proteins in other human-associated reproductive tract pathologies such as 

endometriosis78,79.  Therefore, our aims were to 1) characterize expression of 

tristetraprolin in murine placental trophoblast cells and to 2) investigate whether RNA 

binding proteins are involved in a mouse model of LPS-induced abortion at the placental 

site.  

 

4.3 Materials and methods 

4.3.1 Mouse model of RPL 

In order to mimic dysregulated maternal-inflammation cases of RPL, 18 pregnant Swiss 

albino mice (aged 60 days) were bred in-house (FIOCRUZ-PE, Recife, Brazil) and 
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divided into two groups.  All animal procedures were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committee (IACUC) and 

Animal Care Committee of Aggeu Magalhaes Research Center (FIOCRUZ) protocol #P-

408-68.  Copulation was confirmed the morning after mating by the presence of a vaginal 

plug.  Determination of a vaginal plug was considered day 0.5 of pregnancy.  Mice were 

separated into two groups: control group (n=9), and LPS treated group (n=9).  Mice in 

control group received 0.5 mL of saline intraperitoneally, while mice in LPS group 

received 100 µg/Kg of LPS intraperitoneally (Escherichia coli serotype, Sigma-Aldrich 

0111-B4) on day 15.5 of pregnancy and euthanized 6 h post-injection.  All implantation 

sites were grossly examined during time of collection for each group after 6 h of LPS 

injection and all appeared to be similar in size and colour.  Tissue collection was 

performed on the pregnant females following euthanasia by anaesthesia overdose with 

ketamine (100 mg/kg) and xylazine (10 mg/kg) for all aforementioned groups of mice.  

Placenta samples were collected and were snap-frozen in liquid nitrogen and stored at -

80°C.  

  

4.3.2 Histopathology analysis 

The effect of LPS treatment on gd 15.5 placentas was assessed via histopathological 

analysis.  Briefly, placental tissues were fixed in 4% buffered paraformaldehyde (PFA) 

for 24 h and dehydrated in an ethanol series, followed by xylene series and paraffin 

embedded.  Microtome (Reichthert S, Leica, Rio de Janeiro, Brazil) sections (6 µm) were 

mounted onto glass slides and stained with hematoxylin-eosin and assessed at 200 X and 

400 X magnifications using an inverted photomicroscope (Observer Z1, Zeiss GmbH).   
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The presence of cellular and tissue damage indicators such as: vacuolization, nuclear 

compression, edema, cellular death, congestion, haemorrhagic foci were observed in 

detail and compared between control and LPS 6 h groups. 

 

4.3.3 Immunohistochemical assessment of cellular stress 

Lipopolysaccharide and control placenta tissue samples from 6 animals per group were 

embedded in paraffin, cut (8 µm) and mounted on slides.  Antigen retrieval was 

performed by boiling in citric acid buffer at pH 6.0 for 30 s.  Sections were blocked in 

0.1% bovine serum albumin (BSA) for 1 hour at room temperature.  Anti- Nuclear factor-

κB (NFkB) (ab31481, Abcam Plc, Cambridge, UK), NF-κB p65-p (phosphor-ab97726 

Abcam Plc, Cambridge, UK) and Poly(ADP-ribose) polymerase (PARP) primary 

antibody (ab6079, Abcam Plc, Cambridge, UK) were added to the sections at a 

concentration of 1.2 µg/mL, 1.5 µg/mL and 1 µg/mL, respectively.  The PARP antibody 

employed for this experiment is reactive with both 113 kDa PARP as well as 29 kDa 

cleaved fragments.  A biotin-conjugated secondary antibody using an HRP-kit (K0690 

DakoCytomation, USA) was added to all sections and incubated for 1 hour at room 

temperature.  DAB was used as a chromogen for the reaction and reactions conducted for 

1 min for each slide.  Counterstaining were performed using the same slides with 

haematoxylin as per standard histology protocols.  Images for all slides were taken using 

ZEISS imaging software (Zeiss, São Paulo, Brazil).  Pixel analyses were performed as 

per our groups previously published protocol using GIMP 2.6.11 image analysis 

software172. Briefly, five different areas from five different slides for both experimental 

groups for PARP anti-body were chosen for pixel analysis.  All images had a total of 
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2014x1536 pixels each and were all from the same magnification (400 X) and taken with 

objective numerical aperture of 0.65.  Colour related to the positive stain was selected to 

perform the differential pixels as per previously published protocol. 

 

4.3.4 Immunofluorescence analysis in murine placentas treated with LPS 

LPS (n=6) and control (n=6) paraffin-embedded placental tissue samples were used from 

the immunohistochemical section for immunofluorescence of TTP, NF-κB and Caspase-

3.  Briefly, antigen retrieval was performed on all slides by boiling in citric acid buffer at 

pH 6.0 for 30 s.  Sections were blocked in 0.1% bovine serum albumin (BSA) for 1 h at 

room temperature.  Primary Anti-ZFP36/TTP (sc-12563, Santa Cruz Biotechnologies, 

Inc., Dallas, TX), Anti-NF-κB (ab31481, Abcam Plc, Cambridge, UK), and Anti-

Caspase-3 (ab4051, Abcam Plc, Cambridge, UK) antibodies were added at 

concentrations of 1 µg/mL, 5 µg/mL, and 0.5 µg/mL respectively, and incubated 

overnight at 4oC.  Normal rabbit serum was added at a concentration of 0.5 µg/mL which 

served as an isotype negative control (#08-6199, Thermo Fisher Scientific, Canada).  Cy3 

secondary anti-rabbit antibody (F6257, Sigma-Aldrich, São Paulo, Brazil) was added to 

all sections and incubated for 1 h at room temperature.  All sections were also stained 

with DAPI (Sigma-Aldrich, São Paulo, Brazil).  Sections were visualized using a xenon 

light microscope equipped with Cy3 and DAPI filters (Zeiss, São Paulo, Brazil).  For 

TTP and NF-kB differential cell counting analyses, ImageJ image analysis software was 

used.  Briefly, 100 cells were manually counted from five areas from five different slides 

in each experimental group.  All images had a total of 2014x1536 pixels each and were 

all from the same magnification (500 X) and were taken with objective numerical 
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aperture of 0.7. Red blood cells were excluded from the analysis.  Cells which presented 

primarily either nuclear or cytoplasmic staining patterns were considered as positive.  

 

4.3.5 Determination of TTP cellular localization in placenta using immunogold 

electron microscopy  

Small fragments of placenta samples were fixed with a solution of 0.5% glutaraldehyde 

and 4% paraformaldehyde (0.1 M phosphate buffer), dehydrated using increasing series 

of acetone and embedded in LR White resin. Polymerization using LR white resin 

(Sigma-Aldrich, São Paulo, Brazil) was performed in a sealed UV chamber for 48 h. 

Semi-thin (800 nm) sections were taken to select the placental regions 

(spongiotrophoblast and labyrinth) to be analyzed.  Placental regions of both LPS and 

control groups were cut ultra-thin (80 nm) with a diamond knife and placed on nickel 

grids. Sections were incubated for 30 min at room temperature in 0.02 M PBS, pH 7.2, 

containing 1% BSA and 0.01% Tween 20 (PBS-BT). The sections were then incubated 

for 1.5 h with primary antibodies against TTP (LS-B1572, LifeSpan Biosciences Inc., 

Seattle, WA) at dilution of 25 µg/mL, in PBS-BT. Sections were washed in PBS-BT and 

incubated with a secondary antibody, 10 nm colloidal gold-labelled goat anti-rabbit IgG 

at 25 µg/mL (G7402, Sigma-Aldrich, São Paulo, Brazil). For antibody control, sections 

were incubated only with the secondary gold-labelled marker.  Sections were then 

counterstained with 5% uranyl acetate and lead citrate. Quantitative analysis was 

performed at average magnifications of 56,000 X or 42,000 X.  Images were taken from 

10 areas for each grid in both groups, and randomly chosen to compare the numbers of 

gold-labelled particles in control and LPS 6 h groups. Positive staining was considered 

from the presence of gold spheres either in the nuclei or in the cytoplasm.  The location 
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as well as the quantity of the immunogold staining were confirmed with a blinded 

analysis from two trained researchers from our group. 

 

4.3.6 Placental ultrastructure analysis (Transmission Electron Microscopy) 

Placental fragments from each group were fixed in Karnovsky’s solution, and postfixed 

in 1% osmium tetroxide, and processed using previously published methodology from 

our group174. All fragments were dehydrated with acetone series washes and embedded 

with SPIN-PON resin (Embed 812-Electron Microscopy Science, Washington, PA., 

USA). Six resin blocks from 6 different placentas from each group were cut semi-thin 

(0.5 μm), positioned on slides and were stained with toluidine blue for morphometric 

analysis.  Peripheral spongiotrophoblast and central labyrinth areas were imaged and pre-

selected with an Observer Z1 Zeiss light microscope (Zeiss GmbH, São Paulo, Brazil) at 

400 X, and chosen for ultrathin sectioning. Ultrathin sections (70 nm) for each group and 

each region were placed on 300-mesh nickel grids, counter-stained with 5% uranyl 

acetate and lead citrate, and examined using a FEI transmission electron microscope 

(Tecnai Spirit Biotwin, FEI, Oregon, USA). 

 

4.3.7 Determination of TTP and target proteins (TNF, IFN and Il-6) expression 

using Western Blot 

In order to examine protein levels of the TTP and its inflammation-related targets: TNF-

α, NF-κB, IFN-γ and IL-6, western blotting was conducted.  Briefly, total protein was 

extracted from LPS treated and control placentas (n=6).  Approximately 30 mg of tissue 

was excised from whole tissue and was placed in 1.5 mL microcentrifuge tube containing 
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0.3 g/mL of protease inhibitor cocktail (Sigma-Aldrich, São Paulo), in 200 µL of 

Phosphate buffered saline (PBS).  The tissue was homogenized using a rotor-stator 

homogenizer on ice.  The samples were then centrifuged at 4oC and supernatant was 

collected.  Protein concentrations were determined using a bicinchoninic acid (BCA) 

assay (Sigma-Aldrich, São Paulo) as per kit instructions.  The samples were normalized 

to a protein concentration of 10 µg/µL using PBS and subsequently stored at -80oC. 

Samples were denatured at 100oC for 5 minutes in a thermal cycler (Applied Biosciences, 

São Paulo).  Samples with 5 ul of gel loading dye added were pipetted to appropriate 

wells of 12% gels (12 wells/20µL) and separated at 120 V for approximately 1.2 h.  The 

transfer step was run at 100 V for 2 h.  Upon completion of transfer, membranes were 

removed and rinsed in TBS-T and TBS, then blocked in 5% skim milk TBS-T solution 

overnight.  1.5 µg/mL of Rabbit anti-ZFP36  (LS-B1572, LifeSpan Biosciences Inc., 

Seattle, WA), 1.0 µg/mL Rat anti-IFN-γ (Abcam Ab24979), 2.5 µg/mL of Rabbit anti-

NF-κB (Abcam, Ab31481), 1.1 µg/mL of Rabbit anti-IL-6 (Abcam, Ab6672) and 1.0 

µg/mL of Rabbit anti-TNF-α (Abcam, Ab34674) antibodies were added as primary 

antibodies.  Membranes were rinsed 2 X at 10 mins with TBS-T solution and 3 X at 5 

mins with TBS solution.  HRP conjugated goat anti-rabbit IgG 1:3000 (R&D, HAF008), 

and goat anti-mouse IgG 1:8000 (Sigma-Aldrich, A0168) secondary antibodies were 

added in 5% skim milk TBS-T solution to each of the membranes and incubated on a 

rocker at room temperature (RT) for 1.5 h.  Enhanced chemiluminescence detection was 

completed with Pierce ECL Western blotting chemiluminescent substrate solution 

(Thermo Fisher Scientific, São Paulo) and imaged on a C-digit digital ECL blotting 

scanner (LI-COR, UniScience, São Paulo, Brazil).  Membranes were stripped and re-
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probed for ACTB using 1.8 µg/mL of anti-ACTB mouse monoclonal antibody (Sigma-

Aldrich, A2228), and incubated on an electric plate-rocker in a 4oC refrigerator for 12 h.   

Images were further analyzed using ImageJ software (NIH, Bethesda, MD) to obtain 

densitometry values.   

 

4.3.8 mRNA profiles of RNABPs (TTP family and ELAVL1) in murine placentas 

and HTR8 SVneo trophoblast cells 

The mRNA of TTP family as well as the mRNA stabilizer, ELAVL1 were assessed using 

quantitative real-time PCR (qPCR).  Total RNA from LPS-treated and saline-treated 

placenta samples as well as cell lysates from HTR8 SVneo cultures was reverse 

transcribed using Superscript II reverse transcription kit (Life Technologies, São Paulo, 

Brazil) as per the manufacturer’s protocol.  Primers were designed using Primer3 

software (http://frodo.wi.mit.edu/primer3/) from murine and human sequences available 

on NCBI’s Nucleotide.  Primer sequences are listed in Table 1.  Real-time PCR was 

performed using plate-based ABI-7500 PCR System (Applied Biosystems Inc., São 

Paulo, Brazil).  Experimental set-up was according to the MIQE guidelines.134  Relative 

quantification was performed using GAPDH as a control gene.  Expression of GAPDH 

did not differ across groups by one-way ANOVA.  All samples were run in triplicates.  

The run protocol for all genes of interest used was the following: Denaturation: 95oC, 15 

min; Amplification: 45 cycles: 95oC for 15 s, 55oC for 30 s, 70oC for 30 s; Melting 

Curve: 70-95oC, at a rate of 0.1oC per second.  Data was analyzed using the ∆∆Ct 

method. 
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4.3.9 in vitro analysis of TTP in cultured first trimester trophoblast cells, HTR8 

SVneo using confocal microscopy and qPCR approaches 

TTP immunolocalization was assessed in an in vitro LPS model using the immortalized 

Human first trimester trophoblast cell line, HTR8 SVneo (gift from Dr. Charles Graham, 

Queen’s University, Kingston, ON, Canada).  Briefly, HTR8 cells were grown in T75 

tissue culture flasks (Sarstedt, Germany) until 60% confluence in RPMI-1640 medium 

(Gibco, Canada) containing 5% fetal bovine serum (Thermo Fisher Scientific, Canada).  

LPS was added to cells at 10ng or 100ng doses and PBS was added to cells as a vehicle 

control.  Cells were grown for 6, 12 and 24 h time points and cell pellets were collected 

for downstream applications (RNA extraction, qPCR, outlined in respective subsections).  

For confocal microscopy experiments, HTR8 cells were grown on glass coverslips 

(Thermo Fisher Scientific, Canada) to 20-30% confluence in 6-well tissue culture plates 

(Thermo Fisher Scientific, Canada).  Cells were fixed in 100% methanol pre-chilled at -

20oC for 5 mins and washed with ice-cold PBS.  Cells were permeabilized for 10 mins 

using 0.1% Triton X-100 (Sigma-Aldrich, Canada).  Blocking was performed using 1% 

BSA and 22.52 mg/mL glycine in PBS-T (supplemented with 0.1% Tween-20) for 1 h.  

Immunofluorescence protocol on cultured cells was performed as per Abcam using 1 

µg/ml of anti-TTP rabbit polyclonal primary antibody incubated overnight (ab33058. 

Abcam Plc, Cambridge, UK).  Donkey anti-rabbit Alexafluor 488 tagged secondary 

antibody was incubated for 1 hour on all slides (A-21206, Thermo Fisher Scientific, 

Canada) and DAPI was added during time of mounting.  Confocal microscopy was 

performed using Leica SP2 Laser Scanning Confocal Microscope (Leica, Germany) 

using solid state laser line for 488nm excitation. 
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4.3.10 Statistical analyses  

Staining intensity (PARP) and differential cell counting experiments (NF-κB and TTP 

Immunofluorescence and Immunohistochemistry experiments) were compared using 

non-parametric student’s t-test followed by Mann-Whitney post-hoc test using Graphpad 

PRISM 6.01 software (GraphPad Software Inc., California, USA) to compare between 

LPS and control placenta groups.  All in vivo Quantitative real-time PCR and Western 

blot data was compared by un-paired student’s t-tests.  The in vitro data generated using 

quantitative real-time PCR was only analyzed per time group, and not between time 

points. Due to this, a one-way Analysis of Variance (ANOVA) was used to compare in 

vitro qPCR findings.  A P value of <0.05 between groups and results was considered 

statistically significant.  

 

4.4 Results 

4.4.1 Histopathology analysis of placenta at gd 15.5 in murine model of RPL 

Haematoxylin and eosin staining revealed larger disruptions in tissue architecture in 

labyrinth layer of placenta as well as in giant trophoblast cells from the LPS compared to 

control groups.  Placental villi appeared to be filled with blood, indicating vascular 

malformations in the LPS treated placenta (Figure 4-1; Panel E) compared to control, 

which is typical evidence of cell death and cell dispersion for abortion models in rodents 

(Figure 4-1; Panels A and D, Panels B and E).  Histological architecture of the control 

placenta relevant to specific gestation day served as a control. Giant trophoblast cells 

imaged in the LPS treated group exhibited signs of nuclear damage and vacuolization 

(Figure 4-1; Panel F). These findings further confirm validity of LPS as a potential 
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inducer of inflammatory response and associated impact on the placental 

vasculature175,176.  

 

4.4.2 Immunohistochemical assessment of cellular stress 

In order to determine extent of apoptosis and cell death in response to LPS injection, we 

used immunohistochemistry for detection of Poly (ADP-ribose) polymerase (PARP), a 

nuclear enzyme involved in DNA repair (a well-known substrate for caspase-3 cleavage 

during apoptosis).  PARP staining analysis revealed higher staining intensities of PARP 

in both labyrinth (Figure 4-2; Panels E compared to B), and spongiotrophoblast (Figure 

4-2; Panels F to C) placental regions, confirming cellular stress.  Spongio-labyrinth 

placental regions from LPS group also exhibited significantly higher intensity of PARP 

immunostaining compared to controls (Figure 4-2; Panel I, p<0.005).  To further 

strengthen our observation of cellular stress and apoptosis, caspase-3 was also assessed 

using immunofluorescence.  Higher Caspase-3 staining was observed in Trophoblast foci 

from specific damaged regions of placenta in LPS treated group compared to control 

(Figure 4-2; Panel H). 

 

4.4.3 NF-κB immunolocalization and TTP immunolocalization in placenta 

NF-κB has long been a prototypical, well established pro-inflammatory signaling 

pathway, largely based on the activation of NF-κB by pro-inflammatory cytokines such 

as interleukin 1 (IL-1) and TNF-α. Furthermore, NF-κB signaling pathway is established 

to down-regulate the TTP expression during LPS-induction in macrophages177.  In order 

to establish the extent of placental inflammation and cellular death in response to LPS 
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injection and cross talk between NF-κB and TTP, we performed immunohistochemistry 

for NF-κB and TTP in the placenta samples obtained from LPS treated and control 

groups.  Subcellular localization analysis for NF-кB exhibited no major differences in 

staining intensity in trophoblast cells as illustrated in Figure 4-3 Panels A-D.  In 

trophoblast cells, NF-κB and TTP are normally expressed in both the cytoplasm and 

nucleus.  Aberrant nuclear localization of NF-κB has been documented in human 

carcinoma pathologies178.  Indeed, we observed this staining pattern, but noted significant 

nuclear localization of NF-κB observed in trophoblast cells residing in both 

spongiotrophoblast (Figure 4-3; Panel C orange arrow), and labyrinth (Figure 4-3; Panel 

D orange arrows) placental regions in LPS treated group compared to control.  The 

localization characteristics of NF-κB was further stratified by immunohistochemical 

staining of phosphorylated and unphosphorylated forms of NF-кB.  Indeed, higher 

unphosphorylated NF-кB staining was observed in cytoplasm from LPS treated 

trophoblast cells compared to control (Figure 4-3; Panel G compared to E, higher 

magnification Panel K compared to I).  Additionally, higher phosphorylated NF-кB 

staining was observed in nucleus from LPS treated trophoblast cells compared to control 

(Figure 4-3; Panel H compared to F, higher magnification Panel L compared to J).  The 

immunofluorescence localization findings were further quantified via differential cell 

counting of trophoblast cells (Figure 4-3; Panel M), and resulted in a decreased 

cytoplasmic NF-kB and increased relative nuclear staining ratio in trophoblasts in the 

LPS compared to control groups (p<0.05).   
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Immunofluorescent images showed similar staining intensities for TTP protein in murine 

placental cellular microarchitecture as illustrated in Figure 4-4 Panels A-D.  Similar to 

NF-κB protein immunolocalization findings in Figure 4-3, TTP immunolocalization was 

observed to be higher in trophoblast nuclei from both spongiotrophoblast and labyrinth 

placental regions of LPS treated groups (Figure 4-4 Panels B and D; total counting in 

both spongeotrophoblast and labyrinth regions).  In a similar manner to NF-κB, TTP 

differential cell counting revealed significantly higher TTP nuclear staining in trophoblast 

cells from LPS compared to control groups (Figure 4-4; Panel E, p<0.05).   

 

4.4.4 TTP localization using immunogold electron microscopy in placenta  

Immunogold labelled TTP particles were observed to be bound within the cytosol 

compared to cellular nucleus in control group placental trophoblast cells (Figure 4-5; 

panel A cytosolic staining compared to panel B nuclear staining).  However, higher than 

normal quantities of immunogold labelled TTP were identified in nuclei of trophoblast 

cells in LPS group (Figure 4-5; panels E and F compared to B), compared to the control 

group.  Higher immunogold labelled TTP was also observed to be bound to the nuclear 

content within the trophoblast nuclei in the LPS group compared to control (Figure 4-5; 

panels C&E).  Cytosolic immunogold labelled TTP binding was also observed (Figure 4-

5; panel C), with higher concentration of immunogold labelled TTP observed at the 

nuclear membrane (Figure 4-5; outlined in panel C).  Additionally, immunogold labelled 

TTP was observed in degrading mitochondria (Figure 4-5; panel D).  
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4.4.5 Placental ultrastructure analysis 

Immune cell screening revealed absence of immune cells in all control group placenta 

TEM grids analyzed.  Enlarged nucleoli were present in residing trophoblast nuclei from 

LPS placentas, characterizing nuclear condensation (Figure 4-6; panel C, arrows). As 

well, these enlarged nucleoli were more often observed in trophoblast cells from LPS 

treated group when compared to control group (Figure 4-6; panels C&B).  

Disorganization of ultrastructure in placental tissue was evident in LPS group compared 

to control (Figure 4-6; Panel D).   In LPS group, we also observed presence of platelets 

(Figure 4-6; panel D, arrow).  Vacuolization of cytoplasm was a striking feature in LPS 

treated placenta compared to control, corresponding to the histopathology findings 

(Figure 4-6; Panel E).  Polymorphonuclear cells (PMN) were also observed in LPS group 

placentas compared to control (Figure 4-6; panel F) further confirming LPS-induced 

inflammation.  Additionally, trophoblast nuclei appear dysmorphic in nature in LPS 

group placentas compared to control. 

 

4.4.6 Characterization of the TTP and its associated target proteins (IL-6 and TNF-

a) in placenta 

Using western blot, a single band at 32 kDa was quantified and determined to be TTP 

based on the manufacturer’s suggested band size that is characteristic of TTP protein 

(Figure 4-7) 179.  Significantly lower TTP protein was observed in the LPS group 

compared to control (p <0.05).  In contrast, IL-6 (confirmed double bands at 26 kDa and 

22 kDa) and TNF-α (26 kDa) protein was significantly higher in LPS group compared to 

control (p<0.05) 180,181.  IFN-γ band at 19 kDa (abcam confirmed molecular weight) and 
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NF-кβ (36 kDa abcam confirmed molecular weight and unidentified secondary band) 

proteins, while slightly lower, was not found to be statistically significant. 

4.4.7 mRNA profile characterization of RNABPs in placenta and HTR8 SVneo 

To understand the interplay between cytokine destabilizers (TTP/ZFP36, ZFP36L1, 

ZFP36L2) and recently emerged stabilizers (ELAVL1) for the same cytokine targets (IL-

6, TNF-α), we investigated expression of ELAV1 at the mRNA level.  Transcripts for 

ELAVL1, ZFP36, ZFP36L1, and ZFP36L2 were found to be expressed in the placental 

samples from both LPS and control groups (Figure 4-8).  Transcript levels did not vary 

between biological replicates for all genes of interest Figure 4-8.  Significantly lower 

ELAVL1 was detected in LPS group compared to control (Figure 4-8; panel A, p<0.05).  

Transcripts for ZFP36, ZFP36L1, and ZFP36L2 did not statistically differ between 

control and LPS groups (Figure 4-8, panels B-D).  Additionally, transcripts for ELAVL1, 

ZFP36, and ZFP36L1 were measured in our in vitro model LPS stimulated HTR8 cells 

and compared with control at 6 h, 12 h and 24 h time points (Appendix Figure B).  

Transcript levels of ZFP36, ZFP36L1 and ELAVL1 were significantly upregulated at 6 h 

at 100 ng treatments (p<0.05; Appendix Figure B; Panels A-C).  This was also observed 

at 12 h at both 10 ng and 100 ng treatments for ZFP36 and ZFP36L1 (p<0.05; Appendix 

Figure B; Panels A and B).  Lastly, transcript levels for all three genes were significantly 

upregulated at 24 h at both doses, with the exception of ZFP36L1, which differed only at 

10 ng (p<0.05; Appendix Figure B; Panels A and B).  
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4.4.8 In vitro analysis of TTP in cultured first trimester trophoblast cells, HTR8 

SVneo 

In order to validate our immunolocalization experiments in our in vivo LPS model, the 

first trimester trophoblast cell line, HTR8 SVneo was utilized.  TTP immunolocalization 

was detected with laser scanning confocal microscopy in both nucleus and cytoplasm of 

LPS treated and control groups (Appendix Figure C, panels A-I).  Higher nuclear as well 

as cytoplasmic TTP were detected in 10ng (B,E,H) and 100ng (C,F,I) treated groups 

compared to their respective time controls (A,D,G).  Higher TTP fluorescence is detected 

in 100ng LPS treated group when treated for longer 12h and 24h time points (Appendix 

Figure C, panels F compared to D and I compared to G), which complements our in vivo 

murine model data. 

 

4.5 Discussion 

Throughout gestation, a constantly changing inflammatory microenvironment composed 

of Th1 and Th2 cytokines are required to allow for embryo attachment and to mediate 

pregnancy182.  However, our understanding of exactly the balance of levels of Th1 and 

Th2 type inflammatory cytokines required to modulate a successful pregnancy is not yet 

fully understood.  While acknowledging other contributing factors for RPL (immune 

cells, BMI, allogeneity), we sought to characterize RNA binding proteins in relation to 

imbalanced levels of classical inflammatory cytokines in placentas from aborting fetuses 

and to compare and contrast to homeostatic cases which ultimately lead to successful 

pregnancy outcomes.  Based on our previous work on associations of RNA binding 
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proteins with spontaneous fetal loss in pigs, we hypothesized that these RNA binding 

proteins will be differentially expressed in a LPS induced abortion model in mice.  We 

observed a downregulation of TTP in LPS treated placentas, which suggests to us that 

this protein is implicated in aberrant maternal-inflammation cases of recurrent pregnancy 

loss.  We also accept the possibility that the observed TTP downregulation may also be 

due to the fact that we collected our placentas at 6 hours post-LPS injections.  As 

previously documented in a rat model, TNF levels peak at approximately 2 hours of LPS-

injection and decline after 6 hours in rodents175.  This decline corresponds with increased 

coagulation and thrombotic events175.  With TNF being a major target of TTP, and TTP 

interactions via TNF and nuclear factor 3’ binding sites being classified among the 

highest in bioinformatics screenings45, it is logical that TTP levels will decrease as they 

along with other potential destabilizing RNA binding proteins may bring down levels of 

TNF in a feedback manner.  Further, TTP has been shown to be a global post-

transcriptional regulator of inflammation 45 and our results suggest that it may be 

participating in modulating inflammation in the placenta. 

 

In our murine model of pregnancy loss, we demonstrated increased cellular apoptosis and 

stress that occur in spongiotrophoblast and labyrinth regions in the LPS treated placentas.  

In addition, our histopathology analysis yielded similar findings to other models of 

pregnancy-associated loss, whereby elevated TNF levels in the placentas treated for 6 

hours with LPS were observed in rats175.  Our initial pilot studies have also unraveled 

higher elevated TNF levels in placentas treated with LPS for 2 hours (unpublished data), 

which further corresponds to previously documented studies of pregnancy loss175,183. 
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Together, these findings provide us with evidence that our murine model is indeed, 

adequately mimicking inflammation-associated pregnancy loss via aberrant maternal 

inflammation.   

 

Recently, rodent-specific ZFP36L3 has been shown to be expressed abundantly in the 

murine placenta169.  Due to their functional differences, the other members of the TTP 

family do not possess such unique expression patterns.  In normal physiological 

conditions, NF-κB and TTP have been shown to be expressed in both cytoplasm and 

nucleus of a wide variety of cell types, with macrophages being the most widely studied 

for the TTP family167.  While aberrant NF-κB has been linked with a variety of cancers in 

humans, TTP immunolocalization has never been documented in the placenta.  In 

HEK293 or HeLa cells, TTP and TIS11d have been found to be expressed primarily in 

the cellular cytoplasm, but are also expressed in low levels in the nucleus167.  Indeed, one 

of our most interesting findings was the corresponding higher TTP nuclear staining and 

NF-κB in trophoblast cells residing in both the spongiotrophoblast and labyrinth regions 

in LPS challenged placentas.  We also observed higher TTP nuclear staining in the 

invasive HTR8 SVneo trophoblast cell line when stimulated with varying doses of LPS, 

which complements our findings in our in vivo mouse model.  Based on our 

immunofluorescence, in vitro based and electron microscopy experiments, TTP is 

binding in a dysregulated fashion in these LPS challenged placentas.  To further support 

our findings, it has been previously published that TTP and NF-κB share binding 

domains and that cellular stimulation by LPS can trigger NF-κB signaling mechanisms to 

activate in order to regulate the transcription of TTP mRNA177.  In a recent study, TTP 
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interactions with NF-κB domains were classified as being one of the highest global 

associations in modulating feedback-inhibition of inflammation45.  TTP family members 

have been shown to be able to nucleocytoplasmic shuttle via CRM1167. Additionally, it 

has been established that TTP degradative roles are not only via cytosolic mRNA 

binding, but can also be via inhibition of poly(A) tail synthesis via TTP interaction with 

poly(A) binding protein nuclear 1 in the cell nucleus168.  We believe that these findings 

when taken together can be correlated to the dysregulation in TTP as well as 

inflammatory cytokine protein observed from our western blotting results.  When taken 

together with the established literature, we believe that one of these mechanisms may 

necessitate a higher role for poly(A) binding protein mediated mRNA degradative 

functions compared to traditional 3’ UTR mediated degradative functions previously 

established as TTP’s primary role. 

 

Reproductive tract pathologies, including RPL include subsets of patients that undergo 

pregnancy loss due to dysregulation of Th1 maternal-inflammation.  Setting aside other 

factors identified above as causes of RPL, and using a targeted focus on inflammation-

induced cases of RPL in particular, we believe that this dysregulation of RNA binding 

proteins and inflammatory targets at the protein level at the site of the placenta may either 

be a cause or an effect of this subset of RPL pathologies.  There exists the possibility that 

a dysregulation of RNA binding proteins that can destabilize vs stabilize these 

inflammatory cytokines may be causing the inflammatory cascade previously published.  

On the other hand, this dysregulation may also be an effect observed.  Nevertheless, 

further studies will need to be conducted to examine this causality, including 

immunoprecipitation and/or use of luciferase target reporter assays. 
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Recent literature suggest a direct functional link between RNA-binding proteins and 

microRNAs, or small classes of RNAs that have similar regulatory roles as 

RNABPs10,144,184.  In light of these findings, further studies will need to be conducted to 

not only investigate RNA stability via RNABPs, miRNAs, and other classes of RNA 

regulators, but with other classes of regulators as well. Our mRNA results of the TTP 

family did not yield any differences in the murine model, compared to the dysregulation 

in TTP protein, suggesting a possibility for post-transcriptional modification of ZFP36 

may be at play.  We observed ratio changes between mRNA stabilizers (ELAVL1) and 

mRNA destabilizers (TTP family of transcripts; ZFP36), whereby there is lower ratio of 

ELAVL1 transcripts compared to ZFP36 and other TTP family members.  This may be 

one of the unique ways that inflammation is modulated in the placenta.  Since HuR 

(ELAVL1) can also bind to TNF-α, it is logical to assume why TNF-α levels drop after a 

peak at 2 h, which allow for thrombotic events to initiate.  Furthermore, in our in vitro 

based experiments with HTR8 SVneo trophoblast cells, we saw drastic differences in 

mRNA for all RNA binding proteins in the cells treated with LPS.  We believe we may 

not be seeing the same changes in our mouse model due to the complexity that in vivo 

models bring.  In the invasive HTR8 SVneo trophoblast cells, there are no interactions 

with endothelial cells, immune cells and no maternal-fetal interface is present which may 

explain why we see clearer changes at the mRNA level.  Additionally, we believe that the 

aforementioned microRNA effects on RNA binding proteins may be a potential reason to 

explain for this discrepancy between mRNA and protein expression levels.  While not the 

main focus or outcome of this study, future studies in our laboratory will seek out to 
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explore the unique potential interplay between microRNAs and RNA binding proteins to 

help us to further elucidate this complex mechanism of regulation. 

 

To the best of our knowledge, this work is the first to categorize the expression patterns 

of tristetraprolin in the context of inflammation in the placenta.  These results lay down 

the groundwork for future studies investigating the role of RNA binding proteins in 

inflammation-mediated reproductive tract pathologies.  We acknowledge that future 

studies will be necessary to determine the true causality of these findings, and that further 

characterization will need to be performed with regards to expression patterns of immune 

cells that have also been found to be playing a role in RPL. Further studies will need to 

be conducted in order to determine levels of specific pathways; 3’ UTR or non-ARE 

mediated Poly(A) suppression that can occur in the LPS treated placentas. Our group 

aims to further characterize these RNA binding proteins in the hopes of improving our 

understanding of them, and their contributions to reproductive tract pathologies. 
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Figure 4-1 
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Figure 4-1. Placental histopathology using Haematoxylin and Eosin staining of 

control and LPS groups in mice at gd 15.5. 

Morphology was examined from both control (Panels A-C, n=6), and LPS post 6 h 

(Panels D-F, n=6) group placentas.  Panel B illustrates labyrinth histology including giant 

trophoblast cells and maternal/fetal blood vessels.  Panel C illustrates fusing binuclear 

giant trophoblast cells (red star).  Disrupted blood vessels are evident in panel E (top red 

arrow).  Additionally, disrupted trophoblasts are also evident in LPS group placentas 

(bottom red arrow in panel E).  Panel F illustrates trophoblast cell (gtc) with evidence of 

vacuolization (red arrow) and nucleolar degradation (Panel A&D, 50 µm). Panels B-C, E-

F (20 µm). 
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Figure 4-2 
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Figure 4-2 PARP and Caspase staining in placenta from LPS treated group 

compared to control. 

PARP staining in Control (Panels A-C) and LPS (D-F) groups.  PARP staining is 

significantly higher in placenta from LPS treated group compared to control (Panels A-

F).  Caspase-3 immunofluorescence analysis reveals staining in control (Panel G) and 

LPS treated (Panel H) and indicative of trophoblast foci in damaged placental region (H; 

yellow arrow that are reactive in trophoblasts treated with LPS compared to control).  

Asterisks in G&H indicate non-specific staining marked by red blood cells from the 

labyrinth region. Significantly high intensity of PARP staining was detected in LPS 

group (Intensity quantified using pixel quantification software (panel I)).   Panel I; 

Histogram results are presented as mean of relative pixel quantification ± SEM.  Images 

(panels B&C, E&F, 20 µm (panels A&D,G&H, 100 µm).  * P < 0.05. 
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Figure 4-3  
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Figure 4-3. Immunohistochemical localization of NF-κB in placenta from LPS 

treated and control groups. 

Panels A and C illustrate NF-κB staining in spongiotrophoblast, and panels B and D 

illustrate labyrinth region of the placenta.  Similar to TTP, staining is noted in both cell 

cytoplasm (A; orange star) and nucleus (C&D; orange arrows), with higher cytoplasmic 

staining noted in control group compared to LPS group (orange star; panel A).  Higher 

nuclear localization of NF-κB corresponded to TTP findings in figure 4-4; whereby 

significantly higher NF-κB staining was also noted in LPS group compared to control 

(evident in trophoblast cell in panel B; spongiotrophoblast region).  Isotype negative 

control image is included in lower left of panel A.  Panels E and G illustrate non-

phosphorylated NF-κB staining in the cell cytoplasm, and phosphorylated NF-κB staining 

in the trophoblast nucleus (Panels F and H; panel L black arrow at higher resolution).  

Similar to Panels A-B immunofluorescence findings, non-phosphorylated NF-κB are 

detected in similar quantities in trophoblast cytoplasm in LPS group (Panel G arrows) 

compared to control (Panel E star). Higher phosphorylated NF-κB nuclear localization is 

found in many trophoblast foci of LPS group compared to control (H&L compared to 

F&J).  Histogram results (Panel M) of panels A-D are presented as mean or average of 

differential cell counting ± SEM.  * P < 0.05.  Original magnification 20 µm (Panels A-

D, I-L), 50 µm (Panels E-H) 
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Figure 4-4 
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Figure 4-4. Immunohistochemical localization of TTP in placentas from LPS treated 

and control groups. 

TTP staining in spongiotrophoblast (panels A and B), and labyrinth (panel C and D) 

region of the control (panel A and C) group and LPS challenged (panel B and D) 

placentas.  Cytoplasmic and nuclear TTP staining was observed, especially in labyrinth 

area in control placenta.  However, higher nuclear localization of TTP is noted in 

trophoblast and giant trophoblast cells residing in the spongiotrophoblast region of LPS 

group placentas (panel B, arrow indicate trophoblast cells).  TTP is also expressed in 

labyrinth region of placentas in LPS treated mice (panel D, arrows emphasize nuclear 

staining).  Isotype control image is illustrated in lower left of panel A.  Panel E histogram 

presented as mean or average of differential cell counting ± SEM.  * P < 0.05. Original 

magnification 20 µm. 
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Figure 4-5 
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Figure 4-5. Immunogold-EM analysis of TTP expression in placentas from LPS 

treated and control groups.  

Immunocytochemistry (ICC) images of TTP expression via immunocytochemistry in 

control (Panels A and B) and LPS (Panels C-F) group placentas reveal unique nuclear 

staining patterns.  Cytosolic immunogold labelled TTP is evident in varying trophoblast 

cells from the spongiotrophoblast and labyrinth regions of both LPS and control group 

placentas (Panels A-D).  Higher immunogold labelled TTP is bound to nuclear content 

within the trophoblast nuclei in the LPS group compared to control (panels C&E).  Red 

circles indicate immunogold staining specific for TTP.  Original magnification 500 nm. 
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Figure 4-6 
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Figure 4-6.Transmission Electron Microscopy images of placentas from LPS treated 

and control groups. 

Transmission electron microscopy findings in control (A and B) and LPS (Panels C-F) 

treated placental trophoblast cells.  Ultrastructural abnormalities and defects existed in 

placental tissue in LPS group compared to control and also exhibited signs of dysmorphic 

placental tissue microarchitecture (panel B compared to E).  Enlarged nucleoli are present 

in residing trophoblast nuclei from LPS treated placentas (Red arrows, panel C). Panel D, 

red arrow indicates presence of a platelet in LPS group compared to control.  

Vacuolization of cytoplasm is confirmed via observed cytoplasmic vacuolization (Circled 

region, panel E, which also corresponds to our histopathology findings in LPS group 

compared to control.  Additional findings included Polymorphonuclear bodies (PMN) 

observed in low quantities in LPS group placentas compared to control (Panel F).   TEM 

images were obtained at 2 µm. 
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Figure 4-7 
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Figure 4-7. The RNA binding protein TTP is significantly downregulated and its 

inflammatory targets IL-6 and TNF-α are significantly upregulated in LPS 6h 

treated placentas. 

Protein expression of other TTP-associated genes and targets IFN-γ, NF-κB while 

slightly lower, remain unchanged in LPS compared to control groups.  All data are 

expressed as a ratio to corresponding ACTB expression. Expression data illustrated as 

mean ± SEM. * P < 0.05, and ** P < 0.005.  
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Figure 4-8 
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Figure 4-8. ELAV like RNA binding protein 1 (ELAVL1) mRNA expression is 

significantly lower in LPS 6h treated placentas compared to control. 

mRNA transcripts of destabilizing RNA-binding proteins ZFP36, ZFP36L1, ZFP36L2 

(panels B-D) remain unchanged in LPS treated placentas compared to control. All data 

was normalized and expressed relative to GAPDH housekeeping gene.  Expression data 

illustrated as mean +/- SEM. * P < 0.05. 
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Chapter 5 

General Discussion 
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5.1 Overview 

This thesis investigated RNA binding proteins and their role in endometriosis and 

recurrent pregnancy loss. In Chapter 2 of this thesis, we sought out to characterize the 

HuR/TTP axis in endometriosis patients with a focus on inflammatory cytokine 

modulation. We also wanted to investigate whether perturbations of TTP/HuR axis can 

affect other RNABPs in the axis in endometriotic and non-endometriotic epithelial cell 

lines as well as their downstream inflammatory cytokine targets. Our mRNA expression 

studies revealed increased expression of HuR/TTP axis in ectopic lesions from 

endometriosis patients and these findings partially translated over to our syngeneic mouse 

model of endometriosis. Interestingly, we observed a significant decrease of this same 

axis at the protein level in the same patients. Since TTP has been shown to modulate its 

own transcript in a negative feedback loop 122, it is logical to assume that self-modulation 

at the mRNA level may be partially at play in this mRNA-protein difference. Other 

factors such as ncRNAs including miRNAs directly or indirectly influencing ZFP36 may 

also be another partial explanation to this finding.  Our in vitro based studies revealed an 

endometriosis take-over response of other RNABPs in the HuR/TTP axis upon TTP 

knockdown in the endometriotic 12Z cells. TTP knockdown also corresponded with 

induction of inflammatory cytokines. Together, we believe that TTP is directly having an 

effect in regulating inflammation in endometriotic epithelial cells, and by manipulating 

this axis (via downregulation by siRNA), results in induction of inflammation. Our 

results from this body of work point towards a functional role for this axis in 

inflammation modulation in the pathophysiology of endometriosis. 

 



148 

 

Endometrial epithelial and endothelial cells secrete exosomes, which contain lipids, 

proteins, miRNAs and mRNAs as a form of intercellular communication. In Chapter 3 of 

this thesis, we sought out to determine whether endometriotic epithelial cell derived 

exosomes are associated with the pathogenesis of endometriosis and elucidate how they 

are able to communicate with endothelial cells. Exosomes were confirmed via 

transmission electron microscopy and western blotting for exosome markers including 

CD63 and absence of calnexin (endoplasmic reticulum marker which is positive in cells). 

Using a well-established in vitro model of cell-cell communication, we sought out to 

determine whether the endometriotic epithelial cell derived exosomes would be able to be 

uptaken by endothelial cells and whether they would exert any functional changes to 

these cells. We demonstrated increased cellular proliferation of endothelial cells that had 

taken up exosomes from 12Z endometriotic epithelial and endometrial epithelial cells, 

which is important in the early pathogenesis of the disease. 

 

Recurrent pregnancy loss is another important reproductive pathology that aberrant 

maternal inflammation is heavily implicated in the pathophysiology of the disease. In 

Chapter 4 of this thesis, we sought out to determine whether the TTP family are 

associated with the pathophysiology of RPL. We firstly demonstrated expression of the 

TTP family in murine placental trophoblast cells at both mRNA and protein levels. Using 

a mouse model of LPS-induced abortion, we also demonstrated downregulation of TTP at 

the protein level in placentas from LPS-treated dams compared to control which was also 

associated with upregulation of inflammatory cytokines IL-6 and TNF-α in these 

placentas, which are hallmark inflammatory genes implicated in RPL. Since TNF-α 
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3’UTR has the highest affinity for TTP binding and regulation and has been previously 

shown to have pathogenic roles51, it is logical to assume that TTP is modulating its 

expression. When TTP is decreased in expression, as in the case of our observed LPS-

induced mouse model for RPL, we can assume that this deficit in the HuR/TTP axis is 

allowing for increased stability of TNF transcripts which leads to the aforementioned 

phenotype. Another unique finding unveiled in Chapter 4 of this thesis was that TTP peri-

nuclear localization coincided with NF-kB in the labyrinth and spongiotrophoblast 

regions of LPS-treated placentas. NF-кB is a well-established pro-inflammatory signaling 

pathway via induction of IL-1 and TNF-α inflammatory cytokines and induction of this 

pathway results in downregulation of TTP in LPS-induced macrophages 177. When put 

together, we believe that the downregulation of TTP protein is a consequence of both the 

abortive fetus and the dysregulatory maternal inflammatory cytokine environment 

implicated in RPL. TTP appears to be in an activated, or partially activated form in 

placentas treated with LPS and may be directly contributing to the homeostatic imbalance 

of inflammatory cytokines in these abortive dams. 

 

5.2 Role of RNA binding proteins in endometriosis 

Aberrant inflammation and immune system dysfunction is prominent in endometriosis 

patients. RNA binding proteins may participate in this process via post transcriptional 

gene regulation of transcripts, as well coordinated functions with ncRNAs such as 

miRNAs and lncRNAs which are also implicated in endometriosis 141,185. Our findings in 

Chapter 2 of this thesis lead us to believe that The HuR/TTP axis likely works in 

combination with specific microRNAs and lncRNAs to regulate inflammation both at the 
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site of the ectopic lesion and in the local peritoneal microenvironment. We document in 

this thesis and accompanying publication that aberrations in the ratio of the HuR/TTP 

axis of RNA binding proteins can cause molecular differences in both endometriotic as 

well as non-endometriotic endometrial epithelial carcinoma cells 149. These findings lead 

us to believe that aberrations in the ratio of HuR/TTP axis can also have similar 

molecular changes in the local peritoneal microenvironment. When combined, we believe 

that the HuR/TTP axis should be examined together as a ratio, rather than individually 

149. Differences in this ratio compared to normal physiological conditions may lead to 

perpetuation of the inflammatory phenotype observed in endometriosis patients.  

 

5.3 Intercellular communication by exosomes in endometriosis 

Exosomal signaling mediate endothelial cell migration and vasculogenesis in the female 

reproductive tract 186,187. Exosomal intercellular communication is a relatively new field 

and concept, especially in non-cancer reproductive tract pathologies. We do however 

know that stresses such as hypoxia can affect angiogenic activity in endothelial cells via 

differential uptake of exosomes with different cargo 186.  Lesion establishment and 

growth in endometriosis involves a series of coordinated events, including angiogenesis. 

Angiogenesis is an important process throughout the female reproductive tract, during 

both pregnancy as well as the menstrual cycle. This thesis evaluated the effects of 

endometriotic epithelial-derived exosomes on endothelial cell proliferation and uptake. 

We demonstrated for the first time that human endothelial cells uptake both 

endometriotic epithelial and endometrial epithelial-derived exosomes in high quantities in 

vitro and this communication results in higher inflammatory cytokine production (TNF-α, 
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G-CSF) and angiogenic factors (PDGF-AA) in endothelial cells that take up 12Z 

endometriotic epithelial cells when compared to endometrial epithelial-derived exosome 

endothelial uptake. These findings support the idea that exosomes released from 

endometriotic epithelial cells affect endothelial cell proliferation and allow for 

angiogenesis in an inflammatory microenvironment.  

 

5.4 Limitations and future directions for studying RNA binding proteins in 

endometriosis 

Endometriosis is a complex disease which starts with endometrial fragments which are 

able to evade the immune system and establish a blood supply via endometrial-

endothelial cross talk in ectopic sites, primarily in the peritoneal space and on ovaries. 

This series of events is modulated by inflammation, among other factors including 

hormones. Our group has reported previously that the endometriotic lesions themselves 

are major drivers of inflammation and that the surgical removal of the lesions results in 

significant decreases of pro-inflammatory cytokines in the systemic circulation of 

endometriosis patients 75. Inflammation is therefore a central component of the disease 

pathogenesis and is also associated with the symptoms including unexplained infertility 

and pain.  

 

While our experiments into the HuR/TTP axis in endometriosis yielded valuable findings 

that provided the groundwork for future studies into delineating molecular mechanisms 

of inflammation modulation by RNABPs, our work did have some limitations. One 

limitations was that our TTP/ZFP36 knockdown mechanistic experiments were 
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performed only using an in vitro approach. While in vitro studies are very important, 

particularly for elucidating molecular mechanisms in pathologies including 

endometriosis, future studies will aim to recapitulate these findings in an in vivo model 

and to examine which exact mechanisms are influencing the HuR/TTP axis environment 

in different subsets of endometriosis patients.  

 

Humans and baboons are the only two species to experience retrograde menstruation. In 

addition to studying endometriosis in human patients, studies in baboons with 

endometriosis are scarce, primarily due to their cost-prohibitive nature. Many current 

studies use syngeneic and xenograft mouse models for recapitulating the disease, but only 

partially end up doing so. As endometriosis is an estrogen-dependent disease, 

inflammation is perpetuated locally during the menstrual cycle. Since mice do not 

menstruate, the mode by which inflammation and angiogenesis is perpetuated may not be 

adequate to fully model the disease. Indeed, there is a lack of translatable animal models 

for studying the pathophysiology of endometriosis. Future studies in mice should aim to 

further fine-tune the models to better represent the disease. Another limitation in our 

study was the limited sample sizes of patients, which did not allow us to further group 

our patient data sets by stage of disease, although most of the patients were classified as 

having early stage (I-II) of endometriosis. Future studies will aim to obtain a higher 

patient sample size to allow us to further categorize by disease severity. 

 

RNA binding proteins are important post transcriptional regulators of inflammation and 

Tristetraprolin has been classified as a global regulator of inflammation 45. The present 
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study is not adequate to explain exact RNABP-inflammatory target cytokine modulation 

that is occurring both in endometriosis and RPL. Future studies should be designed to 

delineate the extent to which RNABPs, including TTP contribute to the pathogenesis and 

pathophysiology of these diseases. Further, some RNABPs including HuR have been 

found to be regulated by the menstrual cycle 78. For our studies, our patient tissue and 

plasma samples were menstrual stage matched and only included patients in secretory 

phase of their menstrual cycle. For future studies, it would be imperative to characterize 

the HuR/TTP axis throughout the menstrual cycle to investigate whether inflammation 

modulation may be further coordinated by menstrual cycle by these RNABPs. In addition 

to this, we used a biased approach to both select the RNABPs that are implicated in 

inflammation modulation, as well as the inflammatory genes associated with them. 

Future studies should aim to apply a less biased approach and instead focus on 

characterizing all potential RNABPs that may be implicated in the disease via use of a 

non-biased whole-genomics/proteomics screening approach.  

 

Our exosome work showed first evidence of exosomal uptake from endometriotic 

epithelial-derived exosomes into human endothelial cells and demonstrated importantly 

that there are functional changes that are unique to this communication. Reports have 

recently demonstrated that exosomes released from cell types also have specific subsets 

which contain different sets of cargo 106. By characterizing total exosomal content from 

purified exosomes illustrate molecular signatures inherent to the exosomes from the cell 

type but do not further delineate exosomal subsets which may have a selective advantage 

when being up taken by foreign cells. Future studies should look at specific subsets of 
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exosomes from endometriotic epithelial cells and whether or not there is a selective 

sorting or uptake that occurs in the endometriotic-endothelial cross-talk, and whether this 

selective uptake can be modulated. By better understanding this unique RNABP axis, we 

will be able to better design therapies to target these important gynecological pathologies. 

In addition, studying exosomes in endometriosis may provide us with further insights as 

to endometriosis-specific markers which can help us to discover endometriosis 

biomarkers to better detect the disease. 

 

5.5 Summary and Conclusions 

In summary, the TTP/HuR RNA binding protein axis contributes to the pathophysiology 

of endometriosis and recurrent pregnancy loss. Additionally, these studies also provides 

evidence that exosomes contain some TTP/HuR axis RNABPs and that there is uptake of 

endometriotic and endometrial-derived exosomes in endothelial cells which both cause 

increases in endothelial cell proliferation and these findings provide evidence for 

endometrial-epithelial intercellular communication which contribute to the pathogenesis 

of endometriosis. This thesis also provides first evidence of aberrations in TTP protein 

and inflammatory cytokines IL-6 and TNF-α which correspond with RPL and also 

demonstrate unique localization patterns which coincide with NF-kB in LPS-treated 

placentas. Together, findings from this thesis demonstrate the importance of RNA 

binding proteins and exosomes that contain them in the pathogenesis and 

pathophysiology of endometriosis and recurrent pregnancy loss.  
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Appendix A 

Experimental outline of investigation into effects on RNA binding 

proteins in LPS treated placentas in a murine model of RPL 

 

 

Swiss albino mice were separated into control (n=9) and LPS (n=9) groups (outlined as 

#1).  Breeding pairs were set up for both groups of mice (outlined as #2).  Upon 15.5 

days of pregnancy (detection by vaginal plug), mice were either administered with 100 

µg/Kg of LPS (LPS group), or 0.5 mL of Saline (control group) via Intraperitoneal (IP) 

injection (outlined as #3).  Six hours following administration, mice from both groups 

were sacrificed and placentas and tissues were harvested and utilized for downstream 

analyses (RNA and protein extraction as well as embedding for immunohistochemical 

techniques; outlined as #4). 
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Appendix B 

ZFP36, ZFP36L1 and ELAV like RNA binding protein 1 (ELAVL1) 

mRNA expression is significantly upregulated in in vitro HTR8 SVneo 

trophoblast cells treated with LPS compared to control.   

 

 

Transcripts for ELAVL1, ZFP36, and ZFP36L1 were measured in our in vitro model LPS 

stimulated HTR8 cells and compared with control at 6 h, 12 h and 24 h time points.  

Transcript levels of ZFP36, ZFP36L1 and ELAVL1 were significantly upregulated at 6 h 

at 100 ng treatments (Panels A-C).  Only ELAVL1 was significantly upregulated at 6 h 10 

ng treatment group compared to its respective group (Panel C)  Both ZFP36 and 

ZFP36L1 were also significantly upregulated at 12 h for both 10 ng and 100 ng 

treatments for (Panels A and B).  Transcript levels for all three genes were significantly 

upregulated at 24 h at both doses, with the exception of ZFP36L1, which differed only at 

10 ng (Panels A-C).  All data was normalized and expressed relative to GAPDH 

housekeeping gene.  Expression data illustrated as mean +/- SEM. * P < 0.05. 
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Appendix C 

Laser scanning confocal microscopy of TTP immunolocalization in the 

nucleus and cytoplasm of in vitro HTR8 SVneo trophoblast cells treated 

with LPS compared to control. 

 

 

 

Higher nuclear as well as cytoplasmic TTP were detected in 10 ng (Panels B,E,H) and 100 ng 

(Panels C,F,I) of LPS in HTR8 trophoblast cells compared to their respective time controls 

(Panels A,D,G).  Higher TTP fluorescence was detected in 100 ng LPS treated group of HTR8 

trophoblast cells when treated for longer 12 h and 24 h time points (Panels F compared to D and I 

compared to G).  Original magnification 15 µm. 


