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ABSTRACT 

 

mRNA DESTABILIZING FACTOR TTP EXPRESSION AT THE PORCINE 

MATERNAL-FETAL INTERFACE 

 

 

Kasra Khalaj       Advisors: 

University of Guelph, 2013     Chandrakant Tayade 

          Neil J. MacLusky 

 

 

The tristetraprolin family consists of mRNA destabilizing genes that bind to target 

mRNA and degrade them.  In this context, TIS11 gene family is of primary interest in the 

spontaneous fetal loss seen in pigs.  I hypothesized that the tristetraprolin family regulates 

these genes in this model. Higher levels of the TIS11 family transcripts in endometrium 

and trophoblast samples from healthy conceptuses at gd20 were found than in tissues 

from arresting conceptus attachment sites and significantly higher levels of TIS11 family 

transcripts were expressed in trophoblast samples associated with arresting conceptuses at 

gd50 compared to healthy endometrium and trophoblast.  TIS11 proteins were expressed 

and localized at both maternal and fetal sides of maternal-fetal interface.  These results 

provide a basis for understanding some aspects of gene regulation by mRNA 

destabilizing factors such as tristetraprolin at the maternal-fetal interface and how these 

factors may play a role in porcine pregnancy and fetal loss. 
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INTRODUCTION 

 

The regulation of mRNA turnover is a complex, well regulated, and highly important 

process.  mRNA regulation can occur through the interaction of a wide variety of 

cytokines, microRNAs, and AU- binding proteins (AUBPs) (Gebeshuber, Zatloukal et al. 

2009, Al-Souhibani, Al-Ahmadi et al. 2010, Ikeda, Tabata et al. 2013).  Disturbances in 

mRNA turnover can have profound effects, whereby many important genes encoding 

immune, angiogenic and inflammatory cytokines can be overexpressed in the disease 

state (Lopez de Silanes, Quesada et al. 2007, Carballo, Lai et al. 1998, Emmons, 

Townley-Tilson et al. 2008, Lai, Carballo et al. 1999).  mRNAs contain noncoding 

segments called untranslated regions (UTR), at both their 5’ and 3’ ends.  The 3’ UTR of 

many genes represents a highly important region that is responsible primarily for post-

transcriptional mRNA regulation in nearly all eukaryotic mRNAs.  These regions contain 

many sequences that serve as regulatory regions for a wide variety of regulatory 

molecules to bind to and influence post-transcriptional regulation.  Within the 3’ UTR of 

many genes lie AU rich elements (AREs), or elements consisting of adenylate and 

uridylate - sites whereby mRNA turnover can be highly influenced (Bakheet, Williams et 

al. 2006).  These elements are found in approximately 8-10% of all human mRNA 

transcripts (Bakheet, Williams et al. 2006).  The AREs target mRNAs for rapid decay by 

interacting with trans-acting RNA-binding proteins (Sanduja, Blanco et al. 2011).  It is at 

these sites that important regulatory factors, such as mRNA stabilizing and destabilizing 

factors can bind to and either stabilize, or destabilize target cytokines which ultimately 
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lead to their degradation (Carballo, Lai et al. 1998, Emmons, Townley-Tilson et al. 2008, 

Lai, Carballo et al. 1999).   

 

Many previous studies have identified the tristetraprolin (or TIS11 gene family) members 

as one of several groups of mRNA destabilizing factors.  They are expressed in a wide 

variety of cell types such as fibroblasts, lymphocytes, and macrophages in mammals and 

have been found to shuttle between their nuclei and the cytoplasm.  They have two main 

conformations at these locations; phosphorylated (bound to 14-3-3 proteins) and 

dephosphorylated forms (Sun, Stoecklin et al. 2007, Schoenberg, Maquat 2012, Sandler, 

Stoecklin 2008, Stoecklin, Stubbs et al. 2004, Marderosian, Sharma et al. 2006, Brook, 

Tchen et al. 2006, Chrestensen, Schroeder et al. 2004, Hitti, Iakovleva et al. 2006, 

Phillips, Ramos et al. 2002).  In these different conformations and cellular locations, 

tristetraprolin can carry out its various roles and functions - their most well documented 

role being the binding, and destabilizing of target mRNAs (Sandler, Stoecklin 2008, 

Brook, Tchen et al. 2006, Phillips, Ramos et al. 2002). 

 

The importance of mRNA is especially evident during early pregnancy.  During this 

period of development, regulated mRNA stability is essential for proper conceptus 

development and immune response.  Previous research has shown that increased levels of 

TTP and tristetraprolin family mRNA transcript levels are found to be expressed in the 

reproductive tract of mice during regular estrus cycle (Carrick, Blackshear 2007).  

Additionally, another study has revealed that tristetraprolin family member, TIS11D is 

crucial for female fertility and embryonic development.  This study’s findings effectively 
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showed that disrupted TIS11D resulted in infertility in mice, among other important 

observations (Ramos, Stumpo et al. 2004).  Interestingly, although the female mice could 

cycle and ovulate, embryos did not progress past the two-cell stage (Ramos, Stumpo et al. 

2004).  Tristetraprolin has been previously examined, and identified in the porcine model, 

and has been found to have a direct interaction with porcine tumor necrosis factor alpha 

(TNF-α) (Guan, Shui et al. 2010). However, the roles of this factor in porcine 

reproduction remain undescribed.  The characterization and effects of the TTP gene 

family are of relevance in the porcine model, where in some North American commercial 

swine breeds - including the popularly consumed Yorkshire pig; approximately 40% of 

conceptuses are spontaneously lost prior to parturition (Wu, Hentzel et al. 1987, Wilson, 

Biensen et al. 1999, Pope 1994).  Many previous studies from our group have also shown 

differential expression of a wide variety of important angiogenic, and inflammatory 

immunological genes at healthy conceptus attachment sites compared to arresting 

conceptus attachment sites (Tayade, Black et al. 2006, Tayade, Fang et al. 2007, Croy, 

Wessels et al. 2009, Wessels, Linton et al. 2011, Edwards, van den Heuvel et al. 2011, 

Edwards, Wessels et al. 2012).  This study aimed to investigate expression levels of the 

tristetraprolin family of genes including TTP (ZFP36) and its two relatives; TIS11B, or 

zinc-finger protein like-1 (ZFP36L1), and TIS11D or zinc-finger protein like-2 

(ZFP36L2) at the transcriptional and translational levels of expression as well as 

localization of this gene family at the porcine maternal-fetal interface. 

 

This study also aimed to investigate key target cytokine transcript expression profiles of 

tristetraprolin family’s main target cytokines in order to assess whether or not this gene 
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family is having a potential role in mRNA turnover.  Two of the main targets of the 

tristetraprolin family; granulocyte macrophage colony-stimulating factor (GM-CSF) and 

TNF-α will be investigated for this study.  Both are known targets of the tristetraprolin 

family (Carballo, Lai et al. 1998, Emmons, Townley-Tilson et al. 2008, Lai, Carballo et 

al. 1999). We hypothesized that the expression of the tristetraprolin family will be 

lower in tissues from arresting conceptus attachment sites in both gestation day 20 (gd20) 

and gestation day 50 (gd50) than in tissues from healthy conceptus attachment sites, and 

that expression levels will be higher for TNF-α and GM-CSF.  Together, these results will 

allow us to determine if this highly important gene family is expressed at the porcine maternal-

fetal interface, and will provide us with unique insights into potential roles for the tristetraprolin 

family in porcine pregnancy success or failure. 
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REVIEW OF LITERATURE 

 

Porcine Early Spontaneous Fetal Loss 

  

Early spontaneous fetal loss has been found to affect many North American breeds of 

swine including the commercial Yorkshire breed.  Ovulation rate of this breed is about 15 

to 16 ova per cycle (Pope, Xie et al. 1990), yet the average litter size of commercial 

swine is approximately 10.5 piglets (Geisert, Schmitt 2002).  With these statistics in 

mind, it appears that 30 to 50% of the ovulated oocytes of commercial North American 

breeds of swine fail to produce a live offspring (Pope 1994).  While fertilization failure 

accounts for approximately 5%, early embryonic/fetal mortality is responsible for the 

remainder of these losses (Pope 1994). 

 

There are two major waves of spontaneous embryonic/fetal loss that occur in pigs - the 

first of which is termed the peri-attachment period of loss, during which approximately 

30% of conceptuses spontaneously arrest.  The peri-attachment period of loss occurs 

between gestation days 10 to 30.  During this period, the placenta is developing, and the 

porcine conceptuses are attaching to the endometrial wall (Wu, Hentzel et al. 1987, 

Wilson, Biensen et al. 1999, Pope 1994).   The second wave occurs around mid-gestation, 

and approximately 10-15% of the remaining conceptuses spontaneously arrest.  The mid-

gestational period of loss occurs during approximately gd 50 to 70 of the 114 day porcine 

gestation.  During this period, increased fetal growth in conceptuses occurs which causes 
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some conceptus attachment sites to exceed their uterine space and ultimately end up 

arresting (Wu, Hentzel et al. 1987, Pope 1994, Wilson, Biensen et al. 1999). 

 

Mammalian pregnancy loss can have many different causes that can be divided into two 

main categories.  The first is embryologically driven causes such as an abnormal 

embryonic karyotype.  Despite this fact, research has indicated that there is very little 

embryonic mortality occurring prior to gd 7 in swine (Geisert, Schmitt 2002).  Studies 

have also revealed that conceptus genetics is not a strong cause of porcine prenatal 

mortality, as it has been found to only account for less than 1.8% of fetal loss in pigs 

(Zudova, Rezacova et al. 2003).  The second category is maternally driven causes that 

can be affected by the maternal endometrium and placental development. (Laird, 

Tuckerman et al. 2003).  Previous research has shown that approximately 20% of female 

sows ovulate fewer ova per estrous cycle (average 8 to 10), but do not experience the 

same fetal loss as the majority (Pope 1994).  Therefore, while the etiology of early 

spontaneous porcine loss cannot be fully explained by prior experiments, reasons for 

prenatal mortality can be currently explained as being a combination of these factors, 

with the immunological aspect being a major contributing factor.   

 

Changes in the uterine microenvironment have been found to play a major role in 

embryonic survival (Geisert, Schmitt 2002). Successful pregnancy requires regulation of 

maternal immune function in order to accommodate each constantly growing fetus 

(Warning, McCracken et al. 2011, Laird, Tuckerman et al. 2003).  During the stages of 

early implantation, vascular remodeling and placental invasion are two key processes that 
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occur (Warning, McCracken et al. 2011).  It is important to note that in the porcine 

model, there is no placental invasion or decidualization due to the unique epitheliochorial 

placentation type, whereby there is no invasion of the fetal tissues (Pope 1994).  These 

processes (placental invasion) are facilitated through inflammatory processes.  However, 

these inflammatory processes must be effectively managed in order to prevent the 

rejection of fetuses, and the mother must be tolerant in particular to the extravillous 

trophoblast (Warning, McCracken et al. 2011). 

 

Attempts have been made to increase pig litter size through the selection for increased 

ovulation rate, or improved uterine capacity (Miles, Freking et al. 2008).  Additionally, 

other attempts have been made through super-ovulation and reciprocal embryo transfer 

between Meishan (prolific Chinese breed), and Yorkshires (Wu, Hentzel et al. 1987, 

Pope, Xie et al. 1990) with no success.  Previous studies believed that since certain 

breeds of pigs selected for increased uterine capacity have improved conceptus 

development, selecting these lines of pigs will result in superior litter sizes.  However, in 

a more recent study, when pigs were selected for increased ovulation rate, conceptus 

survival was found to be decreased (Miles, Freking et al. 2008) as compared to controls, 

and those selected for increased uterine capacity, and ovulation rate.  Overall, no 

difference in conceptus survival was found, indicating that the use of certain lines of pigs 

selected for improved conceptus development does not  necessarily result in increased 

litter sizes during blastocyst elongation (gd 10 to 12) (Miles, Freking et al. 2008). 
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The Chinese Meishan Pig 

 

Early studies into reasons for prenatal mortality in North American swine focused on 

physiological and morphological differences in uterine capacity and ovulation rates 

between breeds (Youngs, Ford et al. 1993, Anderson, Christenson et al. 1993, Youngs, 

Christenson et al. 1994, Miles, Freking et al. 2008). The prolific Chinese Meishan swine 

exhibited differences in litter size at term, compared to their North American 

counterparts.  Their litter sizes vary but are on average approximately 15 to 16 piglets, 

versus the 10.5 average from Yorkshires (Youngs, Ford et al. 1993).  Anatomically, 

Meishan placentae are smaller and exhibit increased endometrial vascular density as 

compared to the Yorkshire (Biensen, Wilson et al. 1998).   

 

An important study in Meishan pigs investigated vascularity and morphological 

differences through reciprocal embryo transfers between Meishan and Yorkshire pigs 

farrowing (Biensen, Wilson et al. 1998).  Biensen and colleagues found that when 

Yorkshire and Meishan pigs developed in a Yorkshire recipient female, the birth weight 

of Meishan pigs were similar to their Yorkshire littermates.  However, when Yorkshire 

and Meishan pigs were transferred to Meishan recipient females, the Yorkshire 

conceptuses were larger than Meishan conceptuses both through gestation and at the time 

of farrowing (Biensen, Wilson et al. 1998).  Also, while Meishan conceptuses were 

smaller, they exhibited increased vasculature compared to their Yorkshire littermates 

(Biensen, Wilson et al. 1998). This led Biensen and colleagues to state that Meishan and 

Yorkshire pigs have intrinsically different modes and mechanisms of development 
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specific to their breed – with Meishan conceptuses relying on increased placental blood 

vessel vasculature and density, with no increases in placental size, whereas Yorkshire 

conceptuses rely on placental growth as a means to increase nutrient exchange due to a 

higher surface area between the placenta and the endometrium (Biensen, Wilson et al. 

1998). 

 

Cytokine expression at the porcine maternal-fetal interface 

 

To date, many studies from our group have been performed examining expression 

profiles for important angiogenic, inflammatory and regulatory genes expressed at the 

porcine maternal-fetal interface throughout the length of porcine pregnancy.  The 

findings from these studies (mRNA level analysis at gd20 and gd50 approximately) have 

been summarized as shown in Table 1. 
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Table 1: Summary of cytokine expression at the Porcine maternal-fetal interface 

 

Gene Notes/Comments Gd20 Gd50 

VEGF
 

(Tayade, 

Fang et al. 

2007) 

Stimulates 

vasculogenesis & 

angiogensis  

- Increased 

expression to gd23 

 

Lower in trophoblasts, 

endometrial lymphocytes 

& endometrium from 

arresting compared with 

healthy fetuses; 

- Declines significantly 

from gd21 to 23 in 

arresting 

Lower in arresting for 

endometrial 

lymphocytes, 

endometrium 

endothelium 

- Not lower in arresting 

for trophoblast compared 

to healthy 

PlGF
 

(Tayade, 

Fang et al. 

2007) 

Member of VEGF 

sub-family 

- Less expression 

than VEGF 

- In lymphocytes, 

transcription from 

arresting sites differ 

from VEGF; 

elevated during 

both early and mid 

gestation failure 

Lower in trophoblasts 

from arresting compared 

with healthy fetuses 

Lower than VEGF 

transcript expression 

Lower than VEGF 

transcript expression 

 

 

 

 

IFN-γ
 

(Tayade, 

Black et al. 

2006, 

Tayade, Fang 

et al. 2007) 

Important cytokine 

involved in tumour 

control, innate and 

adaptive immunity 

- Produced 

abundantly from 

gd12 

Elevated ~10 fold at 

gd23 in arresting fetuses  

Was not transcribed 

TNF-α 

(Tayade, 

Fang et al. 

2007) 

Important cytokine 

involved in 

inflammation, 

acute/adaptive 

reaction 

- Detected in all 

samples tested 

(endometrium, 

endothelium, 

trophoblasts) 

 

 

DND Elevated transcripts in 

arresting than healthy 

conceptus attachment 

sites 

- TNF-α transcription in 

healthy sites was higher 

at gd50 than gd20 

healthy attachment sites  
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Gene Notes/Comments Gd20 Gd50 

HIF-1α
 

(Tayade, 

Black et al. 

2006, 

Tayade, Fang 

et al. 2007) 

Hypoxia-inducible 

factor 1-α, regulates 

VEGF 

Elevated transcripts in 

healthy from gd21 to 

gd23, not detected in 

arresting 

- More HIF-1α 

transcripts in gd20 vs 

gd50 endothelium 

Transcript levels were 

generally higher at gd50 

than gd20, significantly 

decreased/lower at gd50 

compared to gd20 in 

arresting sites 

FAS L
 

(Tayade, 

Black et al. 

2006) 

Member of TNF 

family; induces 

apoptosis (ligand) 

Elevated transcripts in 

both healthy & arresting 

– higher in arresting gd21 

DND 

FAS
 

(Tayade, 

Black et al. 

2006) 

Leads to apoptosis Elevated transcripts in 

both healthy & arresting 

– higher in arresting gd21 

DND 

bFGF
 

(Edwards, 

van den 

Heuvel et al. 

2011) 

Basic fibroblast 

growth factor; pro-

angiogenic, initial 

stimulus for 

angiogenesis 

Elevated transcripts in 

arresting chorioallantoic 

+ endometrium & of 

FGFR1 & FGFR2 

chorioallantoic 

Elevated transcripts in 

arresting endometrium & 

of FGFR1 & FGFR2 

PDGF-bb
 

(Edwards, 

van den 

Heuvel et al. 

2011) 

Platelet derived 

growth factor 

Elevated transcripts in 

arresting 

Not Detected 

TSP-1
 

(Tayade, 

Black et al. 

2006) 

 

 

Anti-angiogenic 

factor 

DND in healthy & 

arresting endometrium or 

chorioallantoic 

membrane 

DND in healthy & 

arresting endometrium or 

chorioallantoic 

membrane 

CD63
 

(Tayade, 

Black et al. 

2006) 

Receptor for TSP-1 Elevated transcripts in 

arresting chorioallantoic 

Elevated transcripts in 

arresting endometrium 

DND= did not differ 
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With respect to porcine fetal loss, our group has found that IFN-γ transcripts dominate 

during the peri-attachment period loss, and are significantly higher (p<0.01) in arresting 

attachment sites at gd20, but do not significantly differ at gd50.  However, TNF-α 

expression differences dominated at mid-gestational period loss (gd50), whereas IFN-γ 

was not abundant.  From these results, our group noted that these transient changes in 

transcript expression of these regulatory genes may be due to recruitment of newly 

recruited immune effector cells that become activated, or due to a change in population of 

endometrial leukocytes (Tayade, Fang et al. 2007).  All of these important regulatory 

cytokines expressed at the porcine maternal-fetal interface can be influenced at the 

mRNA level through interactions whereby they can be stabilized and upregulated, or in 

some cases, destabilized and downregulated. 

 

Factors that influence mRNA Stability  

 

Messenger RNAs (mRNAs) have been found to vary greatly in stability.  Most genes are 

regulated temporally as well as spatially (Mazumder, Sampath et al. 2003, Mazumder, 

Seshadri et al. 2003).  mRNAs can be regulated by many factors including hormones, 

enzymes, receptors, transcription factors, and cytokines (Brewer 1991, Brook, Tchen et 

al. 2006, Shaw, Kamen 2012).  Additionally, their regulation can occur through multiple 

synthetic and degradation steps and pathways of expression (Mazumder, Seshadri et al. 

2003).  Regulation has been found to occur through transcription, translation, mRNA 

transport, mRNA stability, protein stability, splicing and post-translational modification 

(Mazumder, Seshadri et al. 2003, Perrone-Bizzozero, Bolognani 2002).  The amount of 
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mRNA within a cell is dependent on the rate at which mRNA is transcribed (synthesis) 

and the rate at which mRNA is degraded (Brewer 1991).  Levels of mRNA are also 

dependent on the rate at which mRNA is processed through splicing.  Research has 

shown that in addition to transcription factors, RNA-binding proteins also play an 

important role in gene expression levels (Perrone-Bizzozero, Bolognani 2002).  These 

proteins control gene expression primarily at the post-transcriptional level once mRNAs 

have been transcribed (Perrone-Bizzozero, Bolognani 2002).  Post-transcriptional 

regulation of mRNA has a downstream function in many efferent signaling pathways 

(Dibrov, Kashour et al. 2006). This mode of regulation can also be influenced by 

environmental conditions such as stress, or shock, and environmental conditions such as 

interactions with growth factors (Dibrov, Kashour et al. 2006).  One important group of 

RNA-binding proteins is the Hu family of proteins.  This family is most known for the 

stabilization of their target mRNAs at numerous expression sites such as the 3’ 

untranslated region, or UTR.  Key members of the Hu family (such as HuR), are 

expressed ubiquitously and involved primarily in the stabilization of target mRNAs 

similar to those of tristetraprolin (Brennan, Steitz 2001, Katsanou, Milatos et al. 2009).  

Their roles and functions are a stark contrast to those of mRNA destabilizing factors such 

as the tristetraprolin family (Blackshear 2002).  Interestingly, their expression patterns 

closely mimic those of tristetraprolin, suggesting that mRNAs containing AREs in their 

3’ UTRs are regulated through a homeostatic balance of both factors that can either 

stabilize (HuR), or destabilize (TTP) them (Zhang, Kruys et al. 2002). 
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Enzymatic activity influencing mRNA stability has been found to occur primarily 

through endoribonucleases (Bouvier, Carpousis 2011).  The best understood 

endoribonucleases are the RNases. RNase E can bind to adenosine-uracil (A-U) rich 

elements and destabilize mRNAs (Bouvier, Carpousis 2011).  Additionally, RNase G is a 

relative that lacks a Zinc domain within the signature catalytic region which can bind to 

the AU- rich elements as well and regulate their turnover (Bouvier, Carpousis 2011).  

Regulation of cellular mRNA is a complex process which involves a wide variety of 

regulatory molecules and a balance of endoribonucleases such as RNAses, important 

protein complexes involved in DNA transcription such as NF-κB complex, and 

homeostasis between mRNA stabilizing and destabilizing factors (HuR and TTP 

respectively). 

 

The 3’ Untranslated Region  Containing AU- Rich Elements (AREs) 

 

The mRNA 3’ UTR contains many regulatory elements and serves as a site of recognition 

for many factors to bind and influence mRNA stability (Brewer 1991).  Regulatory 

elements are typically found in higher abundance in the 3’ than in the 5’ UTR (at the 5’ 

end of select genes).  Protein factors are often inducible and the 3’ untranslated regions 

contain numerous cis-elements that can bind compatible trans-factors which will 

ultimately either stabilize or destabilize the transcript (Dibrov, Kashour et al. 2006, 

Khabar 2005, Bakheet, Williams et al. 2006). The 3’ UTR contains many AREs.  

Discovered in 1984, in a landmark study by Miller and colleagues, AREs were first 

described when the 3’ UTR of c-fos was altered (a sequence was removed from the 3’ 
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UTR of c-fos), which led to c-fos transforming cultured cells (Miller, Curran et al. 1984).  

Multiple roles of AREs emerged in a subsequent study that showed that they can also 

cause the destabilization of c-fos transcript (Treisman 1985). 

 

Previously, AU- rich elements were thought to exist only in a few cytokines, interferons, 

and growth factors.  However, we now know that over 8% of mRNA transcripts possess 

AREs within their 3’ UTRs (Bakheet, Williams et al. 2006, Khabar 2005).  These regions 

are distinct since they are involved to some extent in a wide variety of cellular processes 

(Bakheet, Williams et al. 2006).  Gene oncology research has revealed a wide variety of 

functions for these AREs.  Their functions vary from cell communication, cell 

proliferation, regulation of transcription, development, and cell death (Bakheet, Williams 

et al. 2006, Khabar 2005).  There are 3 main types or classes of AU- rich elements within 

the 3’ UTRs. They are distinguishable from each other by the number of repeat overlaps 

of the Shaw-Kamens signature sequence box consisting of ‘AUUUA’ repeats, with the 

exception of class III (3) AU- rich elements, which have repeat overlaps of the nucleic 

acid, guanine instead of adenine on both ends of the overlap sequence (Chen, Shyu 1995, 

Barreau, Paillard et al. 2006).  It is important to note that the nonamer ‘UUAUUUAWW’ 

is another signature sequence found in the 3’ untranslated region AU- rich elements, 

where ‘WW’ is either ‘AA’ or “UU’.  Class I AREs have 1-3 copies of the Shaw-Kamens 

sequence, with a U-rich region as well.  Class II AREs contain a minimum of 2 

overlapping nonamer ‘UUAUUUA-U/A’ sequences in the U-rich region.  Lastly, class III 

AREs are devoid of any Shaw-Kamens sequence, but do contain a U-rich region like 

class I and II AREs (Barreau, Paillard et al. 2006).  Additionally, a study has found that 



16 

 

class II AREs are often associated with mRNAs encoding cytokines, while class I and III 

AREs are found more frequently within mRNAs encoding for important regulatory cell 

cycle proteins (Barreau, Paillard et al. 2006).  While these sequences are characteristic of 

the AU- rich elements, sequences next to these vary between gene transcripts and can 

influence the interaction of genes/proteins that bind to these sites (Bakheet, Williams et 

al. 2006).  Some AU- rich elements do not contain these sequences, yet still maintain 

function (Chen, Shyu 1995).   At these sites, the AU- rich elements can bind to trans-

factors, and serve as a site of signal targeting in order for mRNAs to become rapidly 

degraded (Chen, Shyu 1995, Sanduja, Blanco et al. 2011, Shaw, Kamen 2012).  It is 

important to note that AU- rich elements can also have different functions, depending on 

which mRNA they are located on, number of repeat sequences, and their site of 

expression (Brewer 1991, Khabar 2005, Bakheet, Williams et al. 2006). 

 

The destabilizing effect of these sequences was shown in a landmark study conducted by 

Shaw & Kamen in 1986, where they inserted a 51-nucleotide AU- rich sequence from the 

GM-CSF 3’ UTR, into the 3’ UTR of β-globin (Shaw, Kamen 1986).  They found that 

the insertion effectively destabilized β-globin and shortened its half-life substantially 

(Shaw, Kamen 1986).  This finding and the preceding literature clearly indicated that the 

study of mRNA stability is essential for the understanding of key intracellular regulatory 

pathways and how each mode of interaction can play a role in these pathways. 
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AU- rich Binding Proteins 

 

Originally, mRNA stability was only thought to be regulated by the interaction between 

trans-factors and their cis-elements.  Cis-elements are DNA sequences that are within a 

close proximity of a structural portion of a gene that are required for gene expression to 

occur.  Trans-factors are factors (primarily proteins) that can bind to cis-elements in order 

to control gene expression.  Recently, many AU- rich binding proteins (AUBPs), have 

been identified that are also capable of specifically binding to the AU- rich elements of 

target mRNAs (Brennan, Steitz 2001).  These AUBPs can vary in function, but all bind to 

the AREs of target mRNAs where they carry out their various functions.  Some AUBPs 

such as the tristetraprolin family bind to AREs in the 3’ UTR of target mRNAs and 

destabilize and degrade them (Blackshear 2002, Chen, Gherzi et al. 2001).  As well, 

AUBPs have been found to have an effect on translational regulation often through the 

alteration of mRNA stability (Chen, Gherzi et al. 2001, Chen, Shyu 1995, Zhang, Kruys 

et al. 2002).  Other AUBPs can have the opposite effect to tristetraprolin - they bind to 

AU- rich elements through the same manner as tristetraprolin, but instead stabilize the 

transcript.  Example include ELAV1, and the HuR family of proteins (Brennan, Steitz 

2001, Katsanou, Milatos et al. 2009).  Additionally, regardless of their function, many 

AU- rich elements that serve as binding sites for AUBPs are not exclusive to one AUBP 

in particular; many can bind to a wide range of AUBPs of different functions (Barreau, 

Paillard et al. 2006, Blackshear 2002, Bevilacqua, Ceriani et al. 2003). 
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AUBPs can be expressed in a wide variety of cell types and are often localized 

throughout the tissue microenvironment.  For instance, the tristetraprolin family of genes 

has been found in a wide variety of cell and tissue types such as macrophages, 

fibroblasts, thymus, lymph nodes and spleen (Blackshear 2002, Bevilacqua, Ceriani et al. 

2003). Additionally, other AUBPs such as HuD, HuC and Hel-N1 (AUBPs that stabilize 

mRNAs) have been found to be expressed in neurons that are terminally differentiated 

(Blackshear 2002, Bevilacqua, Ceriani et al. 2003).  Other sites of AUBP expression 

include immune cells (stabilized in T-cells) (AU-A, AU-B, AU-C, AUBF), spleen, liver, 

lungs, brain (TIAR, and TIA-1), nervous system (AUH), and ubiquitously as is the case 

for the popular reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Blackshear 2002, Bevilacqua, Ceriani et al. 2003). 

 

mRNA Decay Mechanisms 

 

While mRNA decay mechanisms can vary greatly, there are some common elements.  

Most mRNAs are degraded by a wide variety of nucleases (exonucleases, endonucleases, 

etc.).  Exonuclear degradation works by cleaving nucleotides from one end of a 

polynuclear chain, either 3’ or 5’, through the cleavage of phosphodiester bonds that exist 

between each nucleotide.  This is similar to endonuclear degradation, whereby 

nucleotides are cleaved in the middle of a nucleotide chain. Protective mechanisms for 

exonuclease degradation exist in the form of 5’ caps (methylated guanine nucleosides) 

and poly A binding protein or PABPs at the 3’ end of polynucleotides (Shatkin 1976, 

Bernstein, Peltz et al. 1989, Ikeda, Tabata et al. 2013).  With these protective mechanisms 
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in place, mRNA decay can only occur through specific degradation pathways that allow 

the removal of either 3’ or 5’ protection mechanisms to allow for the facilitation of 

mRNA decay (Shatkin 1976, Bernstein, Peltz et al. 1989, Beelman, Parker 1995, 

Mitchell, Tollervey 2001, Ikeda, Tabata et al. 2013). 

 

Studies performed in mammals have shown that approximately 25 to 60 adenosine 

nucleotides need to be present in the poly-A mRNA tail in order for PABPs to bind 

(Shyu, Belasco et al. 1991).  Therefore, once the number of adenosine nucleotides is 

reduced to beneath the threshold value, the PABPs can no longer protect the 3’ end of 

polynucleotides and the degradation mechanism can further process adenosines and 

degrade mRNA (Shyu, Belasco et al. 1991, Beelman, Parker 1995, van Hoof, Parker 

2002).  Interestingly, this same phenomenon has been observed in yeast as well, although 

the minimum number of adenosine nucleotides in the poly A tail required in order for 

PABPs to bind in yeast is less and more variable (Decker, Parker 1993).  After sufficient 

deadenylation of the poly A tails in 3’ polynucleotides, degradation can ensue.  In the 3’ 

to 5’ direction, transcripts can be degraded by the exosomal complex.  However, in order 

for degradation in the 5’ to 3’ direction to occur, the mRNA transcript has to first be 

decapped (this is due to 5’ cap interference), and then degraded by nucleases (Anderson, 

Parker 1998, Gao, Wilusz et al. 2001, Wang, Kiledjian 2001).   
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The Tristetraprolin Family 

 

Tristetraprolin, or TTP, is the most popular and best understood member of the family of 

proteins which consists of 2 other members in mammals (Lai, Carballo et al. 1999, 

Carrick, Blackshear 2007).  A fourth member exists only in rodents however (Carrick, 

Blackshear 2007).  TTP is also known as Zinc Finger Protein 36 (ZFP36), NUP475, 

G0S24, and TPA-Inducible Sequence 11 (TIS11).  In humans, tristetraprolin is most 

commonly referred to as ZFP36.  First discovered in 1989, TTP was found to be 

inducible by phorbol esters (Varnum, Lim et al. 1989).  Interestingly, early findings of 

TTP carried out in 1990 from two other groups, which found that TTP is also induced by 

insulin stimulation, and serum (Lai, Stumpo et al. 1990, DuBois, McLane et al. 1990).  

The two other family members are most commonly referred to as TIS11B, and TIS11D.  

Other common names for these family members are ZFP36L1, and ZFP36L2 

respectively, in humans.  The rodent specific fourth family member of tristetraprolin, has 

the nomenclature ZFP36L3 and was recently identified on the rodent X chromosome 

gene and is placenta specific (Blackshear, Phillips et al. 2005, Frederick, Ramos et al. 

2008).   

 

Even though they were all identified on different chromosomes, studies have shown that 

the other two members of the tristetraprolin family; TIS11B and TIS11D share over 80% 

homology with TTP (Blackshear 2002, Blackshear, Phillips et al. 2005, Carrick, 

Blackshear 2007).  TTP is located on chromosome 19 in humans (19q13.1), 7 in mice 

(7qA3), and 1 in rats (1q21) (Sanduja, Blanco et al. 2011).  TIS11B is located on 
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chromosome 14 in humans (14q22-q24), 12 in mice (12qC3), and 6 in rats (6q24) 

(Sanduja, Blanco et al. 2011).  TIS11D is on chromosome 2 in humans (2p22.3-p21), 17 

in mice (17qE4), and 6 in rats (6q12) (Sanduja, Blanco et al. 2011).  Lastly, the rodent 

specific ZFP36L3 member of the tristetraprolin family has been located on chromosome 

X in both mice and rats (XqA5 in mice, Xq36 in rats) (Sanduja, Blanco et al. 2011, 

Blackshear, Phillips et al. 2005).  Chromosomal location of TTP has not been determined 

yet in pigs.  TIS11B and TIS11D have been found to have the same functions as TTP, 

and have also been shown to have a compensatory effect to a certain extent, in the event 

that TTP is knocked out (Carballo, Gilkeson et al. 1997, Carballo, Lai et al. 1998, 

Blackshear 2002).  The main function of the tristetraprolin family is to destabilize target 

genes and accelerate the rate of decay of target transcripts (Carrick, Blackshear 2007, 

Chrestensen, Schroeder et al. 2004, Blackshear, Phillips et al. 2005, Carballo, Lai et al. 

1998, Lai, Carballo et al. 1999, Lai, Carballo et al. 2000).   

 

Initially thought to be transcription factors, the tristetraprolin family has more recently 

been recognized as an AUBP.  In the late 1990’s and early 2000’s, landmark studies were 

conducted investigating the tristetraprolin family in a more in-depth manner.  One set of 

studies undertaken by Blackshear and colleagues used knockout mice for TTP (TTP- 

genotype), and revealed that these mice developed a wide variety of symptoms, including 

severe arthritis and alopecia (hair loss) which resulted in the mice dying shortly 

afterwards (Carballo, Gilkeson et al. 1997, Carballo, Lai et al. 1998, Taylor, Carballo et 

al. 1996).  The studies revealed one of TTP’s most important target genes, TNF-α.  A 

subsequent study showed that TTP can bind to the AU- rich elements in the 3’ 
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untranslated region of TNF-α and cause its destabilization (Carballo, Lai et al. 1998).  

Overall, it was these studies that were the first to effectively show that TTP are in fact 

AUBPs, since in the knock-out mice, TNF-α transcript and protein levels accumulated to 

above average levels as a result of TTP not being present to bind to TNF-α and 

destabilize it (and subsequently result in a shorter half-life) (Taylor, Carballo et al. 1996, 

Carballo, Gilkeson et al. 1997, Carballo, Lai et al. 1998).  Additionally, studies in the 

early 2000s revealed that the tristetraprolin family can be induced by numerous stimuli 

including mitogens and lipopolysaccharides (LPS) which cause them to increase many 

fold in transcripts (Blackshear 2002).   

 

All members of the tristetraprolin family member have two characteristic CCCH zinc 

finger domains which enable them to bind to the AU- rich elements of target genes in 

their 3’ untranslated region and degrade them (Lai, Carballo et al. 2000).  A great deal of 

research has been conducted investigating the role of tristetraprolin family in cancer.  

Recent studies have shown that tristetraprolin plays an important role in cancer by acting 

as a tumour suppressor.  Tristetraprolin has been found to be differentially expressed in 

many forms of cancer including breast (Brennan, Kuwano et al. 2009, Gebeshuber, 

Zatloukal et al. 2009, Stoecklin, Gross et al. 2003, Al-Souhibani, Al-Ahmadi et al. 2010), 

liver (Sohn, Park et al. 2010), lung (Brennan, Kuwano et al. 2009), colon (Dixon, Tolley 

et al. 2001, Young, Sanduja et al. 2009, Young, Dixon 2010, Young, Moore et al. 2012, 

Lopez de Silanes, Quesada et al. 2007, Lee, Son et al. 2010), cervical (Carrick, 

Blackshear 2007, Sanduja, Kaza et al. 2009, Brennan, Kuwano et al. 2009), brain 

(Nabors, Gillespie et al. 2001, Suswam, Li et al. 2008), ovarian (Brennan, Kuwano et al. 
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2009, Carrick, Blackshear 2007), prostate (Brennan, Kuwano et al. 2009, Carrick, 

Blackshear 2007), and thyroid (Brennan, Kuwano et al. 2009, Carrick, Blackshear 2007).  

One common element from all of these studies is that the loss of TTP expression is a key 

event in the tumorigenic process.  As the risk of cancer increases with age, a recent study 

has shown that TTP expression generally decreases in tissues in an age-dependent 

manner (Masuda, Marasa et al. 2009). 

 

Cytokines regulated by Tristetraprolin Family 

 

Numerous studies investigated the potential cytokine targets of TTP.  Since the first 

studies describing the TTP family, at least 10 genes have been validated as targets to 

which TTP can bind and destabilize (most notably cytokines) such as: vascular 

endothelial growth factor (VEGF) (Ciais, Cherradi et al. 2004, Essafi-Benkhadir, Onesto 

et al. 2007), GM-CSF (Carballo, Lai et al. 2000), interleukin 1 alpha (IL-1α) (Tudor, 

Marchese et al. 2009), interleukin 2 (IL-2) (Ogilvie, Abelson et al. 2005), interleukin 6 

(IL-6) (Tudor, Marchese et al. 2009), interleukin 10 (IL-10) (Tudor, Marchese et al. 2009, 

Stoecklin, Tenenbaum et al. 2008, Gaba, Grivennikov et al. 2012), immediate early 

response 3 (Ier3) (Lai, Parker et al. 2006), interferon gamma (IFN-γ) (Ogilvie, Abelson et 

al. 2005), COX-2 (Tudor, Marchese et al. 2009), and polo-like kinase 3 (Plk3) (Horner, 

Lai et al. 2009).   

 

Tristetraprolin family targets are not limited to cytokines.  Studies have shown that TTP 

also can interact with chemokines (i.e. CXCL1 (Datta, Novotny et al. 2010)) as well as a 
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wide variety of tumour suppressor genes and other transcriptional regulators (Yu, 

Stasinopoulos et al. 2003, Lee, Son et al. 2010, Datta, Biswas et al. 2008, Datta, Novotny 

et al. 2010, Fechir, Linker et al. 2005, Kim, Yim et al. 2010, Lee, Vo et al. 2010).    In 

each of these studies, findings have been consistent in demonstrating that when 

tristetraprolin is down-regulated (either through knocking out or silencing TTP 

expression), expression of its target cytokine mRNAs increases significantly.  In the un-

stimulated state, the tristetraprolin family regulates the rate of mRNA turnover to 

maintain homeostasis.  However, in the stimulated state (for example when inflammation 

is triggered, under LPS stimulation, etc.), the tristetraprolin family, along with other 

AUBPs, appear to maintain homeostasis in a rapidly changing cytokine and chemokine 

microenvironment by increasing their production.  This suggests that the tristetraprolin 

family acts as a vital gatekeeper in mRNA turnover and plays a critical role in adaptation 

to maintain proper balance or homeostasis in the event of a stimulus causing a change in 

regular cytokine microenvironment. 

 

Conformations & Mechanisms of the Tristetraprolin Family  

 

Although conflicting reports have been published (Cao, Dzineku et al. 2003, Chrestensen, 

Schroeder et al. 2004, Stoecklin, Stubbs et al. 2004, Cao, Deterding et al. 2006), the 

generally accepted mechanism by which the AUBP TTP enhances mRNA decay activity 

via phosphorylation (Carballo, Cao et al. 2001, Cao 2004, Hitti, Iakovleva et al. 2006). In 

a study conducted by Sun and colleagues in 2007, TTP was found to interact with a group 

of 14-3-3 type proteins.  These are ubiquitously expressed proteins that have a wide 
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variety of ligands that they can bind to; one of which being members of the tristetraprolin 

family (Sun, Stoecklin et al. 2007).  TTP is found to shuttle between both the cell nucleus 

and the cytoplasm, where it can carry out its various roles.  TTP is found ubiquitously in 

two forms: phosphorylated and unphosphorylated.  This appears to be due to an ongoing 

interplay between protein phosphatase 2A (PP2A), which can regulate the p38 MAPK 

pathway by dephosphorylating TTP.  In its unphosphorylated conformation, soluble TTP 

(in addition to its targets) are unstable and prone to proteasomal degradation.  This is 

believed to be due to the fact that TTP also is degraded during the exosome-dependent 

reaction that occurs in the nucleus following the TTP destabilizing effect.  Varying levels 

of insoluble TTP have also been detected in both cytoplasmic stress granules and 

processing bodies (p-granules).  Unphosphorylated TTP can shuttle into the cell nucleus.  

Once in the nucleus, TTP can bind to its target mRNA at the AREs in the 3’ UTR (in this 

form, is termed “active”).  Through this binding, it recruits the deadenylase complex as 

well as exosomal and proteasomal enzymes which ultimately results in the destabilization 

of mRNAs (Stoecklin, Stubbs et al. 2004, Hitti, Iakovleva et al. 2006, Mahtani, Brook et 

al. 2001, Brook, Tchen et al. 2006, Ronkina, Kotlyarov et al. 2007).  TTP can be 

phosphorylated through MK2/3 pathway phosphorylation, which creates high-affinity 14-

3-3 protein binding sites (Stoecklin, Stubbs et al. 2004).  The phosphorylation of TTP by 

MK2/3 occurs at Ser
53

 and Ser
178

 sites (Chiba, Tokuhara et al. 2009).  The 

phosphorylated version of TTP is soluble, bound to 14-3-3 proteins and localized 

primarily in the cytoplasm (Brook, Tchen et al. 2006) as shown in Figure 1.  A recent 

study has shown that TTP must also be phosphorylated at Ser
245

 by the AKT pathway in 

order to be bound to the 14-3-3 protein family (Chiba, Tokuhara et al. 2009).  In this 
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conformation, TTP is termed “inactive”, as the phosphorylation of TTP inhibits its ability 

to interact with target mRNAs and recruit the deadenylases that form part of the 

degradative machinery for TTP mediated destabilization (Marchese, Aubareda et al. 

2010).  Additionally, phosphorylated TTP found in the cytoplasm is protected from 

proteasomal degradation, and can facilitate translation (high ribosomal activity) through 

the recruitment of subcellular components (Stoecklin, Stubbs et al. 2004). 

 

It is important to note that there are conflicting sets of studies regarding whether or not 

TTP phosphorylation does indeed have an effect on ARE binding.  One side has shown 

that TTP phosphorylation does not impact its ability to bind to AREs (Cao, Dzineku et al. 

2003, Cao, Deterding et al. 2006, Chrestensen, Schroeder et al. 2004, Stoecklin, Stubbs et 

al. 2004), yet other researchers have shown that TTP in the unphosphorylated or “active” 

form has a stronger binding affinity for target mRNAs than the “inactive” form (Carballo, 

Cao et al. 2001, Cao 2004, Hitti, Iakovleva et al. 2006).  While this area still requires 

further research in order to definitively determine which hypothesis is correct, the current 

generally accepted belief is that TTP in the unphosphorylated form bound to AREs in the 

3’ UTR of target mRNAs is “active”, and phosphorylated TTP bound protectively by 14-

3-3 proteins in the cytoplasm is “inactive”.  
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1Figure 1: Current Mechanism of TTP mediated mRNA decay. 
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Figure 1: Current Mechanism of TTP mediated mRNA decay.  Tristetraprolin is 

phosphorylated by MK2/MK3 (through p38 MAPK pathway).  In the 

phosphorylated conformation, TTP can be bound by 14-3-3 proteins which protect 

TTP in the cytoplasm from proteasomal degradation.  When in this conformation, 

TTP bound to the AREs or AU- rich elements in the 3’ untranslated region of target 

mRNAs cannot carry out its destabilizing function and thus target mRNA are stable 

and protein expression can proceed.  However, phosphatase 2A (PP2A) can 

dephosphorylate TTP, and when it is translocated into the cell nucleus, TTP bound 

to the AREs in the 3’ untranslated region of target mRNA can destabilize and 

ultimately degrade target mRNAs.  Adapted from Tiedje and colleagues (Tiedje, 

Kotlyarov et al. 2010). 
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TTP and ARE Mediated Decay 

 

In mammalian mechanistic studies, the 3’ to 5’ degradation pathway has been shown to 

be a prominent pathway associated with mRNA decay (ARE) (Mukherjee, Gao et al. 

2002, Wang, Kiledjian 2001).  The ability of TTP to promote deadenylation of ARE-

containing mRNAs is a crucial first step in TTP mediated ARE decay (Sanduja, Blanco et 

al. 2011).  Deadenylation by TTP begins by the binding of the two zinc finger domains of 

TTP to ‘UUAUUUAUU’ AREs in the 3’ untranslated regions of target mRNAs (Sanduja, 

Blanco et al. 2011, Blackshear 2002).  Next, deadenylation complexes such as 

Pan2/Pan3, Ccr4/Caf1/Not complex, and poly A-specific ribonuclease complexes 

(PARN) can form and remove adenines from the poly A tails of target mRNA (Sanduja, 

Blanco et al. 2011).  A previous study has shown through co-immunoprecipitation, that 

the Ccr4 deadenylase complex in particular is associated with TTP and TIS11B decay 

mechanisms (Lai, Blackshear 2001).  The tristetraprolin family has also been shown (in 

vitro) to stimulate PARN in order to deadenylate target polyadenylated mRNAs in their 

degradative pathways (Suswam, Li et al. 2008).  Subsequent studies, however, have 

indicated that while TTP does use PARN for deadenylation, the two carry out their 

function in an indirect manner which may suggest a missing link causing the indirect 

association between PARN recruitment and TTP (Lai, Blackshear 2001, Suswam, Li et 

al. 2008). 

 

The tristetraprolin family can destabilize and cause the rapid decay of target mRNAs 

through both the 3’-5’, and 5’-3’ decay mechanisms.  After deadenylation of the poly A 

tail, the 5’-3’ decay mechanism utilizes small cytoplasmic foci, or processing (P)-bodies 
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in order to facilitate mRNA decay.  These P-bodies contain key enzymes that are 

necessary for mRNA decay.  The 3’-5’ decay mechanism for TTP is virtually the same as 

other AUBP 3’-5’ decay mechanisms; once sufficient deadenylation has occurred, an 

exosomal complex is formed (exosome) which contains a set of exonucleases that can 

cleave and digest target mRNA (Sanduja, Blanco et al. 2011, Stoecklin, Ming et al. 2000, 

Ogilvie, Abelson et al. 2005).  It is also important to note that while the literature 

indicates that 3’-5’ decay pathways are more prominent for most ARE mediated mRNA 

decay, the tristetraprolin pathway preference has not yet been determined (Mukherjee, 

Gao et al. 2002, Wang, Kiledjian 2001).   

 

An interesting feature of the tristetraprolin family members is their unique ability to bind 

to AREs of target mRNAs and essentially deliver these mRNAs to the P-bodies to be 

further processed for 5’-3’ mRNA degradation (Yu, Stasinopoulos et al. 2003).  Once 

bound, other components associated with the complex including 5’-3’ exonuclease Xrn1 

(for exonucleolytic degradation), and important 5’ decapping components Hedls, Dcp1a, 

and Dcp2, aid in the decapping and degradation of target mRNA containing AREs 

(Desroches-Castan, Cherradi et al. 2011, Lai, Blackshear 2001, Horner, Lai et al. 2009, 

Sanduja, Blanco et al. 2011).   

 

For 3’-5’ TTP mediated mRNA degradation, a complex of exonucleases and RNA 

binding proteins is necessary (Brennan, Kuwano et al. 2009).  Previous studies looking at 

3’-5’ TTP mediated decay have shown that certain components of the exosome, namely 

PM-scl75, and Rrp4 can interact with both TTP and TIS11B members of the 
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tristetraprolin family during the decay process (Sanduja, Blanco et al. 2011, Lai, 

Blackshear 2001, Horner, Lai et al. 2009, Ciais, Cherradi et al. 2004).  Together, these 

findings have shown that the tristetraprolin family plays a significant role in the post-

transcriptional form of gene regulation. 

 

Other Functions of Tristetraprolin 

 

TTP can interact with proteins that are independent of mRNA degradation and decay.  In 

a recent study conducted by Kedar and colleagues, tristetraprolin (TTP only interaction, 

TIS11B and TIS11D do not interact) was discovered to interact with and be 

phosphorylated by the Cbl interacting protein CIN85 (Kedar, Darby et al. 2010).  This 

protein is important to TTP, as its interaction causes MEKK4-dependent pathway 

phosphorylation of TTP.  TTP has also been shown to interact with nuclear pore complex 

protein (NUP214), and can also bind to retroviral Tax oncoprotein (Carman, Nadler 

2004).  This oncoprotein plays a major role in the transcriptional regulation of viral gene 

expression that is involved in pathogenesis induced by retroviruses (Twizere, Kruys et al. 

2003).  Twizere and colleagues found a very interesting phenomenon; Tax can inhibit 

TTP functional activity, namely its ability to degrade and destabilize mRNAs.  However, 

TTP can also inhibit the transcriptional activating function of Tax.  These findings 

indicate that TTP and Tax play complex roles with each other, consistent with previous 

literature that suggests that during pathogenesis (mediated by Tax), there is a marked 

increase in cytokine expression in virus-infected cells (Twizere, Kruys et al. 2003). 
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Tristetraprolin has also been found to functionally impair nuclear factor kappa-light-

chain-enhancer of activated B cells, or NF-κB (Liang, Lei et al. 2009, Schichl, Resch et 

al. 2009).  NF-κB is a major immune regulator involved in transcriptional responses 

related to stress and infection.  As a result of this, impairment of NF-κB by TTP lead to 

functional results whereby inflammatory, autoimmune, and viral DNA transcription are 

inhibited, which may limit or influence some inflammatory and autoimmune diseases as 

well as cancer (Liang, Lei et al. 2009).  Histone deacetylases or HDACs are co-repressors 

of transcription and have been found to inhibit NF-κB as well (Ashburner, Westerheide et 

al. 2001).  A study by Ashburner and colleagues has shown a link between HDACs (in 

particular HDAC -1,-3, -7), and TTP which could partly explain the mechanism behind 

TTP inhibition of NF-κB (Ashburner, Westerheide et al. 2001).  Interestingly, this novel 

function of tristetraprolin was found to coincide with the interaction of NF-κB with p65 

subunit (RelA protein/RELA gene).  Studies have concluded that TTP NF-κB impairment 

is a result of interfering with p65 nuclear migration (Liang, Lei et al. 2009, Schichl, 

Resch et al. 2009). 

 

Tristetraprolin and MicroRNAs 

 

In addition to proteins such as AUBPs, micro-RNAs (miRNAs) can also act as 

translational regulators.  More recent studies have shown that miRNAs can play a role in 

influencing tristetraprolin.  miRNAs are short non-coding RNA molecules, 

approximately 22 nucleotides in length that have been found in recent times to have 

transcriptional and post-transcriptional modes of gene regulation (Gebeshuber, Zatloukal 
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et al. 2009).  These molecules have recently been found to have oncogenic or tumour 

suppressing functions, depending on the type of miRNA and tissue that they are localized 

to (Gebeshuber, Zatloukal et al. 2009).  In a recent study conducted by Gebeshuber and 

colleagues, miRNA (miR)-29A was found to cause the suppression of TTP expression in 

breast cancer patients.  Interestingly, previous studies conducted looking at TTP have 

shown a decrease of TTP expression in breast cancer tissues compared to normal healthy 

control samples (Brennan, Kuwano et al. 2009, Gebeshuber, Zatloukal et al. 2009, 

Stoecklin, Gross et al. 2003, Al-Souhibani, Al-Ahmadi et al. 2010).  Studies have also 

shown that miR-16 is indirectly associated with TTP since they both are required for 

TNF-α degradation (Jing, Huang et al. 2005).  Additionally, a recent study from our 

group has shown that there is a dysregulation of miR-29a and miR-29c (which can target 

TTP) associated with spontaneous fetal loss during porcine pregnancy (Wessels, Edwards 

et al. 2013). 

 

MiR-16 has also been found to play an essential role in ARE-mediated mRNA decay in 

humans (Jing, Huang et al. 2005).  Although miR-16 does not bind to TTP, it does 

interact through Ago/eiF2C family members which allow miR-16 to target AREs (Jing, 

Huang et al. 2005).  Another study has found miR-466l to counteract TTPs effects on IL-

10 degradation, by binding and upregulating both mRNA and protein expression of IL-

10.  Interestingly, other potential targets of miR-466l include TNF-α, IFN-γ, and IL-10 - 

all targets of tristetraprolin (Ma, Liu et al. 2010).  Therefore, miR-466l was concluded to 

competitively bind with TTP to the same target mRNA (IL-10) and cause a shift in 

homeostatic balance of IL-10 production (Ma, Liu et al. 2010).  This same phenomenon 
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has been observed with other AUBPs, notably HuR and AUF1.  Studies have shown that 

AUF1 and HuR have opposite functions, with HuR being a destabilizing factor and 

AUF1 being a stabilizing factor, yet they are both expressed in an overlapping manner in 

the majority of the tissues in which they are found (Lu, Schneider 2004). 

 

Role of Cytokines during Pregnancy 

 

There are a wide variety of cytokines that are expressed in a variety of cell types in the 

reproductive system.  Two important cytokines that have been found to play an important 

role throughout pregnancy are TNF-α, and GM-CSF. 

 

Tumor Necrosis Factor alpha (TNF-α) 

 

TNF-α is a multifunctional cytokine that has been found to be expressed in moderate to 

high levels in the entire reproductive tract including: uterus, placenta, ovary, and oviducts 

and has also been found to be expressed in embryonic and fetal tissues (Toder, Fein et al. 

2003).  TNF-α is produced by macrophages in response to bacterial LPS and facilitates 

the recruitment of neutrophils and macrophages to sites of infection which can then cause 

their activation (Torchinsky, Markert et al. 2005).  Additionally, TNF-α can cause 

endothelial cells to secrete chemokines and can induce local or systemic inflammation 

(Toder, Fein et al. 2003).  Local inflammation is through activation of a normal adaptive 

immune response.  This cytokine has been implicated as one of the major cytokines 

associated with embryonic losses during pregnancy, due to its powerful cell signaling 
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ability and its ability to activate both pro-apoptotic and anti-apoptotic signaling cascades 

(Toder, Fein et al. 2003).  A study by Toder and colleagues in 2003 demonstrated that 

TNF-α can rapidly increase the rate of apoptotic signaling cascade in the event of stress 

or damage occurring from harmful stimuli.  In the event that offspring may be born with 

structural anomalies as defined by the study, TNF-α may prevent the birth of the 

offspring in mice by causing a systemic inflammatory reaction (Toder, Fein et al. 2003, 

Torchinsky, Markert et al. 2005).  Additionally, TNF-α mediated embryonic death as a 

result of detrimental stimuli may be due to a dysfunction of mechanisms involved in 

blastocyst receptivity to the uterus which could interfere with implantation (Torchinsky, 

Markert et al. 2005). 

 

Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) 

 

GM-CSF belongs to a group of lympho-haemapoietic cytokines along with CSF-1, IL-6 

and leukaemia inhibitory factor (LIF) (Robertson, Seamark 1992).  GM-CSF protein is 

secreted by macrophages, mast cells, natural killer (NK) cells, endothelial cells, 

fibroblasts and immune T cells.  This important cytokine is mainly known to promote the 

growth and differentiation of neutrophils, eosinophils, basophils, monocytes and dendritic 

cells from granulocyte/macrophage progenitor stem cells.  It is also one of the crucial 

cytokines for establishing pregnancy since it (along with other cytokines) can regulate 

and recruit endometrial leukocytes and act as an effector in embryo-maternal interactions 

throughout the entire gestation term (Robertson, Seamark 1992).  GM-CSF synthesis has 

been found to be regulated by oestrogen, the ovarian steroid hormone, as well as bacterial 
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LPS and the NK cell product IFN-γ (Robertson, Seamark 1992).  Additionally, bovine 

pregnancy experiments have shown that the expression of GM-CSF is upregulated 

through secretion of IFN-tau (IFN-τ) during the peri-attachment period in the cow 

(Emond, MacLaren et al. 2004).  These results combined with previous studies conclude 

that GM-CSF promotes the growth and development of preimplantation embryos in 

several species, including humans.  In vitro, blastulation rates in human and sheep 

embryos have been found to double when GM-CSF is present in culture media (McGuire, 

Imakawa et al. 2002, Sjoblom, Wikland et al. 2002).  Furthermore, the same study 

conducted by Sjoblom and colleagues also revealed that GM-CSF can regulate the 

cellular viability of human embryos by preventing the inner cell mass (ICM) from 

apoptosis (Sjoblom, Wikland et al. 2002).  Together, these studies paint a concise 

narrative that GM-CSF is essential throughout pregnancy in multiple species. 
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RATIONALE 

 

A balanced level of mRNA stability is essential for proper immune response and 

conceptus development.  With North American swine breeds experiencing approximately 

30-50% spontaneous fetal loss prior to parturition, it is essential to investigate this 

phenomenon through different biological mechanisms.  Previous studies from our group 

have reported differences between important immunological inflammatory and 

angiogenic cytokines such as VEGF, IFN-γ, and TNF-α (Tayade, Black et al. 2006, 

Tayade, Fang et al. 2007).  However, there is very little current literature concerning 

mRNA destabilizing factors at the maternal-fetal interface in most species.  Previous 

studies conducted with murine and human models have shown that these factors are 

expressed in low to high quantities in the reproductive tracts of mammals. 

 

This project is aimed at addressing the roles of tristetraprolin at the porcine maternal-fetal 

interface.  My aim is to investigate the role of factors that influence cytokine expression 

in early spontaneous fetal loss.  It is important to note that this project is novel. This 

project is the first to investigate destabilizing factors at the maternal-fetal interface in 

pigs.  Results from this project should provide insight into whether these factors are in 

fact present at the porcine maternal-fetal interface, and if so, in what quantities at both the 

mRNA and protein levels.  Together, findings from this project combined with previous 

findings from our group will assist in understanding mRNA destabilizing factors and the 

roles they may play in early spontaneous fetal loss in pigs. 
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HYPOTHESIS AND OBJECTIVES 

 

Hypothesis 

 

TTP, TIS11B and TIS11D play an important role in porcine early spontaneous fetal loss 

at both peri-attachment (gd20) and mid-gestational periods (gd50) through a relationship 

with target genes TNF-α and GM-CSF. 

 

Objectives 

 

1. Measure transcript expression of Tristetraprolin family genes at the porcine maternal-

fetal interface in comparison to target genes TNF-α and GM-CSF 

2. Measure protein expression of Tristetraprolin family 

3. Examine the localization of TTP and TIS11D using immunofluorescence and 

immunohistochemistry in porcine maternal-fetal tissue 

 

The information provided by this study will provide insight into the mechanisms of 

spontaneously occurring fetal loss in North American swine.  It will also provide 

evidence in order to compare how Tristetraprolin is behaving in the porcine model when 

compared to other (more widely studied) murine models or humans. 
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MATERIALS AND METHODS 

 

Porcine Tissue Samples 

 

All samples used in these research projects had been previously collected and stored.  

Previous collection methods started with the acquisition of pathogen free Yorkshire gilts 

from the Arkell Swine Research Station (Guelph, ON, Canada).  Their reproductive tracts 

were collected at the University of Guelph abattoir post-slaughter.  They were transported 

on ice back to the laboratory in the OVC.  The uterine samples were examined for any 

abnormalities and dissected.  Of importance, any conceptuses of questionable gestational 

fate or advanced reabsorption (reabsorbed attachment sites) were removed from the 

study.  Trophoblasts were dissected away from the endometrium and collected 

individually from each healthy and arresting conceptus present in the reproductive tract.  

Approximately 300 mg of each sample were collected from each individual attachment 

site selected for collection.  Samples were not pooled and were treated as individual 

conceptus attachment sites, with the exception of approximately 100 μl of pooled cDNA 

that was solely used to test primer compatibility for the porcine model.  These samples 

were prepared for each different application for this project.  Applications included RNA 

extraction/cDNA preparation, protein extraction, immunohistochemistry and 

immunofluorescence using paraffin embedded sections.  Samples chosen for RNA or 

protein extraction were individually stored at -80
o
C.  Immunohistochemistry samples 

embedded in paraffin were stored at room temperature after being processed in a Ventana 

1530 Paraffin Tissue Processor (Ventana Medical Systems Inc., Tucson, AZ).  These 
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samples were placed in 4% paraformaldehyde and 1% phosphate buffered saline (PBS), 

and subsequently transferred to 70% alcohol for processing. 

 

Total RNA Extraction 

 

Total RNA was extracted from each individual sample using the RNeasy mini kit 

(Qiagen, Mississauga, ON, Canada).  Approximately 20mg of tissue was placed in 400ul 

of RTL buffer (supplied by the kit).  An additional 1% 2-mercaptoethanol was added and 

the sample mixture was disrupted by a rotor-stator homogenizer (Fisher Scientific, 

Ottawa, ON, Canada).  The resultant mixture was centrifuged at 15000g for 3 minutes.  

The supernatant was mixed with 700ul of 70% ethanol, prepared with mixture of 

UltraPure DNAse, RNAse free water (Gibco, Burlington, ON, Canada).  Reaction 

mixture was then transferred to RNeasy mini column and centrifuged again at 8000g for 

30 seconds.  RNeasy mini columns were then washed with 500ul of wash buffer, and 

centrifuged again at 8000g for 2 minutes.  50ul of DNAse RNAse free water was added 

to the column and the RNA was extracted by centrifugation at 8000g for 1 minute.  The 

RNA concentration and purity were determined by GeneQuant pro RNA/DNA calculator 

(Biochrom Ltd., Cambridge, UK).  The 260/280 values were measured in order to ensure 

that the values are within .5 +/- of baseline 2.0 RNA value.  The samples were frozen at -

80
o
C until time of analysis. 
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Complementary DNA (cDNA) Synthesis 

 

cDNA synthesis was performed using iScript Select cDNA synthesis kit as per the 

manufacturer’s instructions (BioRad, Hercules, CA, USA).  Variable amount of each 

desired RNA sample was added to a 0.2 ml PCR tube containing kit contents (4 μl of 5x 

select reaction mix, 2 μl of Oligo dT primer, 1 μl of reverse transcriptase).  Each PCR 

tube was filled with RNAase/DNAase free H2O water to a total volume of 20 μl.  All 

tubes were then placed in a GeneAMP PCR System 2700 machine (Applied Biosystems, 

Foster, CA) and heated for 1 hour at 42
o
C.  RNA from approximately 100 μl of conceptus 

attachment site tissue was pooled for cDNA synthesis. The samples were then incubated 

at 85
o
C for 5 minutes in order to heat-inactivate the reverse transcriptase.  The resultant 

cDNA products were stored at -20
o
C for future real time PCR substrates. 

 

Real time PCR 

 

Real-time PCR was performed using plate-based LightCycler 480 PCR System (Roche 

Diagnostics, Laval, QC, Canada). Primers were designed using Primer3 software 

(http://frodo.wi.mit.edu/primer3/) from pig sequences available on NCBI’s Nucleotide 

database.  These sequences were tested for self and hetero-dimers as well as hairpins 

using OligoAnalyzer 3.1 software 

(http://www.idtdna.com/analyzer/applications/oligoanalyzer). Primer sequences are listed 

in Appendix I.  Primers were synthesized by the Laboratory Services division of the 

University of Guelph. Relative quantification was performed using β-actin (ACTB) gene 
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as a control gene. ACTB did not differ across groups by one-way ANOVA as illustrated 

in Appendix VI.  Reactions were performed in 10 μl wells on 384 well plates from Roche 

(Roche Diagnostics, Laval, QC, Canada).  Well contents consisted of 5 μl SYBR green, 1 

μl of forward primer and 1 μl of reverse primer, 1 μl RNAse/DNAse free water, and 2 μl 

of cDNA sample.  All samples were run in duplicates for each of the 3 TIS11 family 

genes as well as target genes TNF-α and GM-CSF.  The housekeeping gene ACTB was 

also run in duplicates for all samples.  The experimental protocol was as follows: 

Denaturation: 95
o
C, 15 min; Amplification: 45 cycles: 95

o
C for 15 s, 55

o
C for 30 s, 70

o
C 

for 30 s; Melting Curve: 70-95
o
C, rate of 0.1

o
C per second.  The full details of the 

standard run protocol is outlined in Appendix V.  Standard curves of serial concentrations 

ranging from 10
-1

 to 10
-9

 were prepared for each gene.  In addition, a coefficient file that 

analyzed and compared each gene to ACTB gene relative transcript levels was created 

using Roche LC480 software (Roche Diagnostics, Laval, QC, Canada).  Primer 

efficiencies were calculated with a tolerance of +/- 0.25 of target value 2.0.  Efficiency 

values are outlined in Appendix II.  

 

Protein Isolation & Extraction 

 

Both endometrial and trophoblast protein samples were extracted.  Each corresponding 

tissue was thawed on ice.  For each sample, approximately 30 mg of tissue was exised 

from whole tissue samples and placed in a 1.5 ml microcentrifuge tube.  Two uL of 

aprotonin (Sigma Aldrich Co., St. Louis, MD) was added to each individual tube, along 

with 200 uL of PBS.  The resultant sample was added to each desired corresponding 
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microcentrifuge tubes.  The tissue was then homogenized using a rotor-stator 

homogenizer on ice.  The samples were then centrifuged at 4
o
Cfor 15 minutes at 1140 g.  

Afterwards, the supernatant was collected and protein concentration was calculated using 

a BioRad Bradford assay (BioRad, Hercules, CA, USA) and measured using a Gene 

Quant Pro RNA/DNA calculator (Biochrome IDD, Cambridge, UK).  The samples were 

diluted to a protein concentration of 5 ug/uL using DNAse RNAse free water and 

subsequently stored at -80
o
C. 

 

Western Blotting 

 

5uL of loading dye, 5uL of DNAse RNAse free water and 5uL of protein sample was 

added into a 0.5mL tube, mixed and centrifuged.  The samples were incubated in a 

thermal cycler (Applied Biosciences, Burlington, ON) with a run protocol of 100
o
C for 5 

minutes for denaturation of protein, followed by a hold step of 4
o
C.  Samples were 

removed and added to appropriate wells on 4-20% pre-cast mini-PROTEAN TGX gels 

(12 wells/20uL) (Bio-Rad Laboratories, Mississauga, ON).  The western blotting 

chamber was filled with 1X running buffer (all buffer constituents presented in Appendix 

IV) to the 2 blot line for each run and run at 140V for approximately 45 minutes.  Visual 

checks were made for each run in order to visually track each protein sample and 

molecular weight ladder to ensure proper separation and that they ran to an appropriate 

length on each gel.  The western apparatus was then disassembled and the gel assembly 

seal was broken and removed in order for the gel to be prepared for its assembly in the 

transfer sandwich.  Approximately 50 to 100mL of cold transfer buffer was added to a 
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glass plate and the transfer sandwich components (2 filter papers, 2 filter pads, 1 cut 

PVDF membrane and resultant gel) were exposed to the buffer added to the plate.  The 

sandwich was prepared in the following order: filter pad, filter paper, gel, membrane, 

filter paper, filter pad in clear/black Bio-rad sandwich assembly apparatus.  The apparatus 

was then added to sandwich assembly dock (red/black) with the clear side of the 

apparatus facing the red side of the assembly dock.  An ice pack and a magnetic stirrer 

were added to the western blotting chamber which was filled to the transfer line with 1l 

of cold transfer buffer.  The transfer step was run at 40V for 1 hour 30 minutes with the 

western blotting chamber resting on a magnetic stirrer in order to stir the transfer buffer 

throughout the transfer step of the western.  Upon completion of transfer, the transfer 

apparatus was disassembled and the membrane was removed and added to a plastic plate 

designed to hold the membrane with approximately 15% extra area in order for the 

membrane to lie flatly for subsequent wash steps.  The membrane was then briefly rinsed 

in tris buffered saline (TBS), and then blocked in 5% skim milk made up in TBS 

containing 0.1% tween 20 (TBS-T) solution for one hour (Appendix IV for ingredients).  

Blocking solution was then discarded and membrane was rinsed briefly with TBS-T.  

Primary antibodies anti-TTP goat, anti-TIS11B rabbit and anti-TIS11D rabbit antibodies 

that share high antigen homology with corresponding pig sequences were chosen as 

shown in Appendix I.  Primary antibody was added according to desired dilutions of 

1:5000, 1:800, and 1:12500 respectively in 5% skim milk TBS-T solution and incubated 

on rocker overnight at 4
o
C.  HRP-conjugated fluorescent rabbit anti-goat IgG, and goat 

anti-rabbit IgG secondary antibodies were added at a dilution of 1:00000 for TTP, 

1:17000 for TIS11B and 1:6250 for TIS11D in 5% skim milk TBS-T solution and 
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incubated on a rocker at room temperature for 1 hour as shown in Appendix III.  The 

membrane was rinsed briefly in TBS-T and washed 2 times for 10 minutes in TBS-T.  

Secondary antibody was added according to desired dilution (Appendix III) in 5% 

blocking solution and incubated on a rocker at room temperature for 1 hour.  Final rinses 

consisted of 2 x 10 minute TBS-T washes followed by 3 x 5 minute TBS washes.  

Enhanced chemiluminescence (ECL) detection of protein bands was done with Bio-Rad 

Immun-Star Clarity chemiluminescent kit (Bio-Rad Laboratories, Mississauga, ON).  

Equal quantities (1ml) of each of the 2 kit components were added in a tin foil covered 

tube and added to the membrane to be shaken for 1 minute (Bio-Rad Laboratories, 

Mississauga, ON).  The membrane was then added to a sheet protector sleeve in order to 

evenly distribute the ECL solution and enclosed in a membrane transport dock (Konica 

Minolta Ltd., Mississauga, ON) for imaging.  Imaging was done in the clinical studies 

department (University of Guelph, Guelph, ON) on a Konica Minolta SRX-101A X-ray 

developer machine (Konica Minolta Ltd., Mississauga, ON).  CL-XPOSURE 8x11 films 

were used for imaging (Thermo Fisher Scientific Inc., Rockford, IL). All membranes 

were stripped and probed for the housekeeping gene ACTB using anti-ACTB mouse 

monoclonal loading control antibody which was added at a concentration of 1:800 as 

shown in Appendix III, to the membranes and incubated on a rocker overnight at 4
o
C.  

Sheep anti-mouse IgG secondary antibody was added at a concentration of 1:5000 to 

each of the membranes as well and incubated for 1 hour.  The same protocol was 

followed for image detection for ACTB.  X-ray films were scanned on a flatbed scanner 

at 600 dpi greyscale jpeg image quality.  These images were then analyzed using ImageJ 

software (NIH, Bethesda, MD) to obtain densitometry values.  Each gene of interest was 
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divided with corresponding ACTB housekeeping values to obtain a ratio for statistical 

analyses.  During the optimization of each gene, it was noted that protein was expressed 

at low levels in tissues from trophoblast conceptus attachment sites.  Therefore, double 

the amount of trophoblast protein associated with healthy and arresting conceptuses (10 

ug) was loaded for both gd20 and gd50.  Despite this, fainter bands appeared in the 

trophoblast samples associated with healthy and arresting conceptuses.  

 

Protein Multiplex 

 

A commercial 41-plex multiplex using laser bead technology was completed for analysis 

of target cytokines of tristetraprolin by Eve Tech (Eve Technologies, Calgary, Canada).  

Colour-coded polystyrene beads were coupled with capture antibodies for each respective 

target cytokine.  Streptavidin-phycoerythrin fluorescent conjugate was used.  A Bio-Plex 

200 machine (Eve Technologies, Calgary, Canada) was used to identify fluorophore 

signatures for each target cytokine (TNF-α, GM-CSF) and concentrations were recorded.  

Each of the analytes is distinguished due to differences in bead fluorescence and colour.  

The Bio-Plex 200 uses dual-laser system and flow-cytometry system.  The first laser 

identifies specific analytes and activates fluorescent dyes within each bead.  The second 

laser excites the fluorescent conjugate (streptavidin-phycoerythrin).  Fluorescent beads 

coupled with capture antibodies for TNF-α and GM-CSF were bound to the analyte target 

(through antibody interaction) which then bound to a biotinylated antibody.  Lastly, the 

streptavidin-phycoerythrin also bound to the complex through its interaction with the 

biotinylated detection antibody.  The bead analyzer detects the amount of conjugate 
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which is in direct proportion to the amount of target analyte.  Quantification was 

completed with a standard curve and values were recorded in pg/ml. 

 

Immunofluorescence 

 

Endometrial and trophoblast tissue samples from both healthy and arresting conceptus 

attachment sites were embedded in paraffin using a Ventana 1530 Paraffin Tissue 

Processor machine (Ventana Medical Systems Inc., Tucson, AZ).  Paraffin embedded 

sections were then cut using a Finesse microtome (ThermoShandon, Pittsburg, PA, USA) 

at a thickness of 10 μm, and mounted on Superfrost Plus microscope slides (Fisher 

Scientific, Ottawa, ON, Canada).  Antigen retrieval was performed on all slides by 

boiling in citric acid buffer at pH 6.0 for 30 seconds.  Sections were blocked in 0.1% 

bovine serum albumin (BSA) in PBS mixture for 1 hour at room temperature.  Primary 

anti-ZFP36L2/TIS11D and anti-ZFP36/TTP antibodies from LS Biosciences, Inc. 

(Lifespan Biosciences, Inc., Seattle, WA) were added at a concentration of 5 ug/ml and 

incubated overnight at 4
o
C.  Isotype control was employed as a negative control.  

Alexafluor 594 donkey anti-rabbit secondary antibody (Life Technologies Inc., 

Burlington, ON) was added for all sections and incubated for 1 hour at room temperature.  

Slides were rinsed 2 x 10 minutes in PBS, and coverslipped using Aqua Poly/Mount 

mounting media (Polysciences,Inc., Warrington, PA, USA). Sections were visualized 

using a xenon light microscope equipped with a FITC filter (Leica Microsystems AG, 

Wetzlar, Germany).  All slides were inspected visually and under the light microscope in 

order to confirm sample type (endometrial or trophoblast conceptus attachment site 
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confirmation).  Endometrial attachment site slides were examined to have numerous 

glands of varying thickness as well as blood vessels, signature of porcine endometrial 

conceptus attachment sites.  Corresponding negative slide images were taken with every 

effort taken to obtain an image from the same area of the corresponding positive section 

at the same exposure (2.95s).  Images for all slides were taken using QCapture Pro 7 

software (QImaging Inc., Surrey, BC) at 200X magnification. 

 

Hematoxylin and Eosin Staining  

 

The immunohistochemical component of this experiment involved staining the same 

slides with haematoxylin and eosin (H&E) in the common histology lab in the 

Biomedical Sciences Department at the University of Guelph, as per the standard 

histology protocol.  Firstly, the slides were de-coverslipped by immersing each slide in 

water for approximately 1 minute.  Next, slides were rinsed in water and immersed in 

70% acid alcohol in order to clean the slide of remainder Aqua Poly/Mount still adhered 

to the slide.  Slides were then immersed in hematoxylin solution for 10 minutes.  Next, 

slides were rinsed in running water for approximately 2 minutes and rinsed in 0.1% HCl 

solution for 1 minute, followed by a subsequent water rinse for 1 minute.  All slides were 

then immersed in 0.1% eosin solution for 1 minute or until bluing of the sections 

occurred and rinsed a final time under running water for approximately 10 to 30 seconds.  

Lastly, slides were run through a cascade of ascending alcohol series immersions (50%, 

70%, 90% acid alcohol) for 1 minute each immersion, followed by three 1 minute 

immersions of all slides into xylene.  Slides were coverslipped using Aqua Poly Mount 
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mounting media (Polysciences,Inc., Warrington, PA, USA) and visualized.  Images for 

all slides were taken using QCapture Pro 7 software (QImaging Inc., Surrey, BC) at 200X 

magnification.  Corresponding H&E images were taken with best efforts to obtain an 

image from the same area as the corresponding positive and negative sections. 

 

Statistical Analysis 

 

Real-Time PCR and protein multiplex data was compared by two-by-two factorial 

arrangement of treatments using SAS 9.0 software (SAS Institute Inc., Cary, NC, USA) 

to compare healthy/arresting and endometrial/trophoblast conceptus attachment site 

groups of data in a completely randomized design.  Outliers were removed from the real-

time PCR study through use of a Grubbs Outlier test 

(http://graphpad.com/quickcalcs/Grubbs1.cfm).  Data was logarithmically and/or ln 

transformed in order to achieve normality and equal variance.  A p value of <0.05 

between groups was considered statistically significant. Bars on the graphs represent the 

mean plus the standard error of measurement (SEM). 

 

Western Blot data was compared by student’s t-test using SigmaStat 3.5 (Systat Software 

Inc., Chicago, IL, USA) to compare between healthy and arresting groups of data. 
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RESULTS 

 

mRNA Expression of TTP in Healthy and Arresting Conceptus 

Attachment Sites at gd20 & gd50 

 

Primers for porcine TTP were designed from the human (Homo sapiens) TTP gene 

accessible from NCBI.  After testing several PCR amplification conditions, a primer pair 

cross-reactive with porcine maternal-fetal tissue was chosen.  Trophoblast from 

associated with healthy conceptus attachment sites expressed significantly higher TTP 

transcripts than trophoblast associated with arresting conceptus attachment sites at gd20 

(p<0.05), and no significant differences were observed for TTP transcripts in 

endometrium associated with healthy and arresting conceptus attachment sites as 

indicated in Figure 2.  Transcript expression levels for TTP changed at gd50, with 

significantly higher (p<0.05) transcript expression level of TTP occurring in trophoblast 

samples associated with arresting conceptus attachment sites compared to both healthy 

and arresting (endometrium/trophoblast) conceptus attachment site counterparts.  

  



51 

 

Figure 2: TTP mRNA transcripts at the porcine maternal-fetal interface. 

Quantification of TTP mRNA transcripts in endometrial and trophoblast samples 

associated with healthy and arresting conceptus attachment sites (corrected DF of 

66 for A. gd20, and corrected DF of 61 for B. gd50).  Transcripts of TTP were 

quantified in duplicate by real-time PCR and analyzed using LC480 software 

(Roche Diagnostics), and normalized as a ratio to β-actin (ACTB) on a logarithmic 

scale.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites.  

Significance was set at p<0.05.  Significance is denoted with a change in letter above 

the corresponding conceptus attachment site type.   
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2 Figure 2: TTP mRNA transcripts at the porcine maternal-fetal interface. 
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mRNA Expression of TIS11B in Healthy and Arresting Conceptus 

Attachment Sites at gd20 & gd50 

 

Primers for porcine TIS11B were designed from the predicted human (Homo sapiens) 

TIS11B gene accessible from NCBI.  Homology tests were run on ClustalW software 

between predicted sequence and potential porcine forward and reverse primers were 

chosen based on this (results not shown).  After testing several PCR amplification 

conditions, a primer pair cross-reactive with porcine maternal-fetal tissue was chosen.  

Endometrial and trophoblast associated with healthy conceptus attachment sites were 

found to express significantly higher TIS11B transcript levels than respective endometrial 

and trophoblast associated with arresting conceptus attachment sites at gd 20 as indicated 

in Figure 3.  Additionally, trophoblast associated with healthy conceptus attachment sites 

expressed significantly higher TIS11B transcript levels as well as trophoblast associated 

with healthy conceptus attachment sites at gd20.  Trophoblast associated with arresting 

conceptus attachment sites expressed significantly higher TIS11B transcripts than 

endometrial samples associated with healthy and arresting conceptus attachment sites, as 

well as trophoblast associated with healthy conceptus attachment sites at gd50 (Figure 3). 
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Figure 3: TIS11B mRNA transcripts at the porcine maternal-fetal interface. 

Quantification of TIS11B mRNA transcripts in endometrial and trophoblast 

samples associated with healthy and arresting conceptus attachment sites (corrected 

DF of 73 for A. gd20, and corrected DF of 59 for B. gd50).  Transcripts of TIS11B 

were quantified in duplicate by real-time PCR and analyzed using LC480 software 

(Roche Diagnostics), and normalized as a ratio to β-actin (ACTB) on a logarithmic 

scale.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites.  

Significance was set at p<0.05.  Significance is denoted with a change in letter above 

the corresponding conceptus attachment site type.   
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3 Figure 3: TIS11B mRNA transcripts at the porcine maternal-fetal interface. 
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mRNA Expression of TIS11D in Healthy and Arresting Conceptus 

Attachment Sites at gd20 & gd50 

 

Primers for porcine TIS11D were designed from the predicted human (Homo sapiens) 

TIS11D gene accessible from NCBI as described previously.    At gd20, endometrial and 

trophoblast samples associated with healthy conceptus attachment sites were found to 

express significantly higher (p<0.05) TIS11D transcript levels than respective 

endometrial and trophoblast associated with arresting conceptus attachment sites (Figure 

4).  Additionally, trophoblast associated with healthy conceptus attachment sites 

expressed significantly higher TIS11D transcript levels as well as trophoblast associated 

with healthy conceptus attachment sites at gd20.  At gd50 however, trophoblast 

associated with arresting conceptus attachment sites expressed significantly higher 

TIS11B transcripts than endometrial samples associated with healthy and arresting 

conceptus attachment sites, as well as trophoblast associated with healthy conceptus 

attachment sites.  These results corresponded to those observed for TIS11B (Figure 4) 

and very closely paralleled TTP transcript expression results (Figure 2).  Statistical 

analysis indicates that gd20 results are attributable to health status variable. 
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Figure 4: TIS11D mRNA transcripts at the porcine maternal-fetal interface. 

Quantification of TIS11D mRNA transcripts in endometrial and trophoblast 

associated with healthy and arresting conceptus attachment sites (corrected DF of 

49 for A. gd20, and corrected DF of 33 for B. gd50).  Transcripts of TIS11D were 

quantified in duplicate by real-time PCR and analyzed using LC480 software 

(Roche Diagnostics), and normalized as a ratio to β-actin (ACTB) on a logarithmic 

scale.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites.  

Significance was set at p<0.05.  Significance is denoted with a change in letter above 

the corresponding conceptus attachment site type.   
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4 Figure 4: TIS11D mRNA transcripts at the porcine maternal-fetal interface. 

  



59 

 

mRNA Expression of TNF-α in Healthy and Arresting Conceptus 

Attachment Sites at gd20 & gd50 

 

Primers for porcine TNF-α were designed from human (Homo sapiens) TNF-α, mouse 

(Mus musculus), rat (Rattus norvegicus), and existing pig (Sus scrofa) TNF-α genes 

accessible from NCBI.  Homology tests were run on ClustalW software between 

predicted sequence and potential porcine forward and reverse primers were chosen based 

on this (results not shown).  As indicated in Figure 5 at gd20, endometrial and 

trophoblast associated with healthy conceptus attachment sites, and endometrial samples  

associated with arresting conceptus attachment sites expressed significantly higher 

(p<0.05) TNF-α transcript levels than trophoblast associated with arresting conceptuses 

attachment sites.  At gd50, trophoblast associated with healthy conceptus attachment sites 

expressed significantly higher (p<0.05) TNF-α transcripts than endometrium associated 

with healthy conceptuses attachment sites.  Additionally, trophoblast associated with 

arresting conceptus attachment sites expressed significantly higher TNF-α transcripts 

than both endometrium associated with healthy and arresting conceptus attachment sites 

and trophoblast associated with healthy conceptus attachment sites.  Statistical analysis 

indicates that these differences (gd50 results) are attributable to the type of tissue.  
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Figure 5: TNF-α mRNA transcripts at the porcine maternal-fetal interface. 

Quantification of TIS11D mRNA transcripts in endometrial and trophoblast 

samples associated with healthy and arresting conceptus attachment sites (corrected 

DF of 85 for A. gd20, and corrected DF of 60 for B. gd50).  Transcripts of TNF-α 

were quantified in duplicate by real-time PCR and analyzed using LC480 software 

(Roche Diagnostics), and normalized as a ratio to β-actin (ACTB) on a logarithmic 

scale.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites.  

Significance was set at p<0.05.  Significance is denoted with a change in letter above 

the corresponding conceptus attachment site type.   

  



61 

 

 

 

5 Figure 5: TNF-α mRNA transcripts at the porcine maternal-fetal interface. 
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mRNA Expression of GM-CSF in Healthy and Arresting Conceptus 

Attachment Sites at gd20 & gd50 

 

As indicated in Figure 6, endometrial and trophoblast associated with healthy conceptus 

attachment sites expressed significantly higher (p<0.05) GM-CSF transcript levels than 

respective endometrial and trophoblast associated with arresting conceptus attachment 

sites.  At gd50, trophoblast associated with arresting conceptus attachment sites 

expressed significantly higher (p<0.05) GM-CSF transcripts than endometrial samples 

associated with healthy and arresting conceptus attachment sites.  Statistical analysis 

indicated that differences in gd20 results were associated with the health status of tissues. 

Additionally, these analyses indicate that the observed differences at gd50 are attributable 

to the type of tissue. 
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Figure 6: GM-CSF mRNA transcripts at the porcine maternal-fetal interface. 

Quantification of GM-CSF mRNA transcripts in endometrial and trophoblast 

associated with healthy and arresting conceptus attachment sites (corrected DF of 

49 for A. gd20, and corrected DF of 51 for B. gd50).  Transcripts of TIS11D were 

quantified in duplicate by real-time PCR and analyzed using LC480 software 

(Roche Diagnostics), and normalized as a ratio to β-actin (ACTB) on a logarithmic 

scale.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites.  

Significance was set at p<0.05.  Significance is denoted with a change in letter above 

the corresponding conceptus attachment site type.   
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6 Figure 6: GM-CSF mRNA transcripts at the porcine maternal-fetal interface. 
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Protein Expression Profiles of TIS11 Family  

 

In general, proteins from the TIS11 family were expressed at lower levels in trophoblast 

samples (especially gd50) compared to endometrium samples.  TTP was expressed in 

relatively equal amounts in both healthy and arresting (endometrial and trophoblast 

samples) conceptus attachment sites at gd20 as shown in Figure 7.  A band detected at 

approximately 44 kDa, consistent with the mass reported for TTP in all four different 

sample groups.  Significantly higher (p<0.05) protein expression of TTP in endometrium 

from arresting conceptus attachment site than healthy counterpart at gd50 was observed, 

as indicated in Figure 8.  No difference was observed in trophoblast samples from 

healthy or arresting conceptus attachment sites for TTP protein expression at gd50.  

TIS11B protein was observed as two bands at approximately 36 and 38 kDa, as listed in 

the antibody information sheet.  TIS11B did not vary across any of the groups by health 

status or type of attachment site.  TIS11D protein was observed as two bands at 

approximately 35 kDa and 45 kDa, as listed in the antibody information sheet.  

Expression profiles of TIS11D protein did not vary across any of the groups at gd20.  

Expression profiles of TIS11D protein approached significance (p=0.10) for gd50 

endometrium samples associated with arresting conceptus attachment sites compared to 

endometrium samples associated healthy conceptus attachment sites.  TIS11D protein 

expression in trophoblast samples at gd50 remained relatively consistent for both healthy 

and arresting conceptus attachment sites as indicated in Figure 8. 
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TIS11 Family Protein expression at gd20 at maternal -fetal interface 

 

At gd20, endometrial and trophoblast samples associated with healthy conceptus 

attachment sites did not differ in protein expression in either type of conceptus.  This is 

regardless of the fact that double the amount of protein (10 μl) was added for trophoblast 

samples in order to maximize signal and obtain a clear detectable band (this volume of 

sample was determined during optimization). 
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Figure 7: TIS11 Family Protein expression at gd20 at maternal-fetal interface. 

Quantification of TIS11 family protein in endometrial (n=6) and trophoblast (n=6) 

associated with healthy and arresting conceptus attachment sites.  Protein was 

quantified using densitometry analysis normalized to β-actin (ACTB) and analyzed 

using ImageJ (NIH, Bethesda, MD, USA).  Densitometry values were compared 

using students t-test with significance set at p<0.05.  Significance was denoted with 

an asterisk (*) beside the corresponding health status of the tissue.   
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7 Figure 7: TIS11 Family Protein expression at gd20 at maternal-fetal interface. 
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TIS11 Family Protein expression at gd50 at maternal-fetal interface. 

 

At gd50, TTP protein expressed in endometrium associated with arresting conceptus 

attachment sites approached significance (p=0.10) compared to TTP protein expressed in 

endometrial samples from healthy conceptus attachment sites.  As well, TIS11D protein 

expressed in endometrial samples associated with arresting conceptuses were 

significantly higher (p<0.05) than in endometrial samples from healthy conceptuses 

attachment sites.  Double the amount of protein (10 μl) was added for trophoblast 

samples in order to maximize signal and obtain a clear detectable band (this volume of 

sample was determined during optimization). 
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Figure 8: TIS11 Family Protein expression at gd50 at maternal-fetal interface. 

Quantification of TIS11 family protein in endometrial (n=6) and trophoblast (n=6) 

samples associated with healthy and arresting conceptus attachment sites.  Protein 

was quantified using densitometry analysis normalized to β-actin (ACTB) and 

analyzed using ImageJ (NIH, Bethesda, MD, USA).  Densitometry values were 

compared using students t-test with significance set at p<0.05.  Significance was 

denoted with an asterisk (*) beside the corresponding health status of the tissue.   
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8  Figure 8: TIS11 Family Protein expression at gd50 at maternal-fetal interface. 
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Protein Expression Profiles of Targets of TIS11 Family  

 

TNF-α 

With respect to TNF-α protein expression, there was a significantly higher amount of 

protein (p<0.05) expressed in trophoblast associated with healthy and arresting conceptus 

attachment sites compared to endometrium samples associated with healthy and arresting 

conceptus attachment sites at gd20.  This significance was found to be tissue type specific 

(trophoblast is significantly higher (p<0.05) than endometrium).  At gd50, TNF-α protein 

was expressed significantly higher (p<0.05) in endometrium associated with arresting 

conceptus attachment sites, and trophoblasts associated with healthy and arresting 

conceptus attachment sites compared to endometrium from healthy conceptus attachment 

sites, as indicated in Figure 9.   

 

GM-CSF 

 

Protein expression profile for GM-CSF at gd20 was very similar to those of TNF-α at the 

maternal-fetal interface.  There was a significantly higher amount of protein (p<0.05) 

expressed in trophoblast associated with healthy and arresting conceptus attachment sites 

compared to endometrium associated with healthy and arresting conceptus attachment 

sites at gd20.  This significance was found to be tissue type specific, whereby trophoblast 

protein expression levels of GM-CSF were found to be significantly higher (p<0.05) than 

endometrium.  At gd50, no significance was detected, although a trend was apparent for 

higher expression of GM-CSF in endometrium and trophoblast samples from healthy 
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conceptus attachment sites compared to their arresting counterparts as indicated in Figure 

10. 

  



74 

 

Figure 9: TNF-α Protein expression at maternal-fetal interface. 

Quantification of TNF-α protein in endometrial and trophoblast samples associated 

with healthy and arresting conceptus attachment sites (corrected DF of 11 for A. 

gd20, and corrected DF of 11 for B. gd50.  Protein was quantified using 41-multiplex 

with porcine tissue used as substrate.  Observed concentration of TNF-α is graphed 

in pg/mL.  Observed concentration values were compared using two-by-two 

factorial analysis of variance (ANOVA) with significance set at p<0.05.  Significance 

is denoted with a change in letter above the corresponding conceptus attachment 

site type.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites. 
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9 Figure 9: TNF-α Protein expression at maternal-fetal interface. 
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Figure 10: GM-CSF Protein expression at maternal-fetal interface. 

Quantification of GM-CSF protein in endometrial and trophoblast associated with 

healthy and arresting conceptus attachment sites (corrected DF of 11 for A. gd20, 

and corrected DF of 11 for B. gd50.  Protein was quantified using 41-multiplex with 

porcine tissue used as substrate.  Observed concentration of GM-CSF is graphed in 

pg/mL.  Observed concentration values were compared using two-by-two factorial 

analysis of variance (ANOVA) with significance set at p<0.05.  Significance is 

denoted with a change in letter above the corresponding conceptus attachment site 

type.  White bars denote tissue isolated from healthy conceptus attachment sites.  

Black bars denote tissue isolated from arresting conceptus attachment sites. 
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 Figure 10: GM-CSF Protein expression at maternal-fetal interface10 
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Localization of TTP at the porcine maternal-fetal interface using 

immunofluorescence 

 

The differences in gene expression at mRNA and protein level in both healthy and 

arresting porcine conceptuses are reflective of inherent differences in conceptuses that 

will survive (normal) to parturition, and conceptuses that will ultimately abort (arresting).  

To examine the localization of these important genes in different tissue 

microarchitectures, immunofluorescence was employed.   

 

The same anti-ZFP36/TTP goat anti-human polyclonal antibody used in western blot was 

added as detailed in methods.  As indicated in Figures 11-14, staining intensity was 

variable in both endometrial and trophoblast tissue sections.  Intense staining was noted 

in glandular, stromal, endothelium and uterine epithelium in endometrial samples 

associated with both healthy and arresting conceptuses.  Variable staining in both 

endometrial and trophoblast tissue sections was also observed for TTP at both gd20 and 

gd50 conceptus attachment sites.   
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Figure 11: TTP Immunohistochemistry for endometrium at gd20.  Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TTP were 

noted for all conceptus attachment sites, regardless of health status. 
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Figure 11: TTP Immunohistochemistry for endometrium at gd2011  
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Figure 12: TTP Immunohistochemistry for trophoblast/placenta at gd20. Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TTP were 

noted for all conceptus attachment sites, regardless of health status. 
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Figure 12: TTP Immunohistochemistry for trophoblast at gd20.   
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Figure 13: TTP Immunohistochemistry for endometrium at gd50. Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TTP were 

noted for all conceptus attachment sites, regardless of health status. 
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Figure 13: TTP Immunohistochemistry for endometrium at gd50.   
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Figure 14: TTP Immunohistochemistry for trophoblast/placenta at gd50. Staining 

performed on paraffin embedded porcine endometrial and trophoblast conceptuses 

associated with healthy and arresting conceptus attachment sites.  Images were 

taken at 200X.  Exposure time of 2.95 seconds was used for all immunofluorescence 

images (incl. negative).  Negatives are in column 1, positives in column 2.  Same 

tissues were used for H&E staining (column 3).  Variable amounts of positive 

staining for TTP were noted for all conceptus attachment sites, regardless of health 

status. 
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Figure 14: TTP Immunohistochemistry for trophoblast at gd50.   
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Immunofluorescence for Localization of TIS11D 

 

As indicated in Figures 15-18, staining intensity was variable of TIS11D protein in both 

endometrial and trophoblast tissue sections.  Intense staining was noted in glandular, 

stromal, endothelium and uterine epithelium, similar to TTP immunofluorescence results.  

There was positive staining for both endometrial and trophoblast tissue sections, 

compared to their corresponding negative slides at both gestation days.  In general, it was 

observed that there was more positive staining of TIS11D proteins than TTP within the 

endometrial and trophoblast samples.  It must however be noted that this inference cannot 

be properly made since immunofluorescence is a qualitative, not quantitative method.   
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Figure 15: TIS11D Immunohistochemistry for endometrium at gd20. Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X, 

with the exception of TIS11D conceptuses associated with healthy attachment sites, 

which were taken at 400X.  Exposure time of 2.95 seconds was used for all 

immunofluorescence images (incl. negative).  Negatives are in column 1, positives in 

column 2.  Same tissues were used for H&E staining (column 3).  Variable amounts 

of positive staining for TIS11D were noted for all conceptus attachment sites, 

regardless of health status.   
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Figure 15: TIS11D Immunohistochemistry for endometrium at gd20. 
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Figure 16: TIS11D Immunohistochemistry for trophoblast at gd20. Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TIS11D 

were noted for all conceptus attachment sites, regardless of health status.   
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Figure 16: TIS11D Immunohistochemistry for trophoblast at gd20. 
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Figure 17: TIS11D Immunohistochemistry for endometrium at gd50.  Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TIS11D 

were noted for all conceptus attachment sites, regardless of health status.   
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Figure 17: TIS11D Immunohistochemistry for endometrium at gd50.    
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Figure 18: TIS11D Immunohistochemistry for trophoblast at gd50. Staining 

performed on paraffin embedded porcine endometrial and trophoblast associated 

with healthy and arresting conceptus attachment sites.  Images were taken at 200X.  

Exposure time of 2.95 seconds was used for all immunofluorescence images (incl. 

negative).  Negatives are in column 1, positives in column 2.  Same tissues were used 

for H&E staining (column 3).  Variable amounts of positive staining for TIS11D 

were noted for all conceptus attachment sites, regardless of health status.   
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Figure 18: TIS11D Immunohistochemistry for trophoblast at gd50  12    
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DISCUSSION 

 

This project has been the first to investigate mRNA destabilizing factors at the porcine 

maternal-fetal interface.  Overall, this study reveals that members of the tristetraprolin 

family are expressed at the porcine maternal-fetal interface during early and mid-

pregnancy.  As well, this study has found that there is differential expression of the 

tristetraprolin family as well as their target genes at the porcine maternal-fetal interface.  

Additionally, immunohistochemistry and immunofluorescent experiments have revealed 

that the tristetraprolin family members are localized in both cytoplasm and nucleus within 

specific cells found in the glands, stroma, endothelium, and the uterine epithelium as had 

been documented in previous studies (Brook, Tchen et al. 2006, Schoenberg, Maquat 

2012). 

 

For the first experiment, tristetraprolin expression at the mRNA level were detected and 

quantified for all three members of the TIS11 family at the porcine maternal-fetal 

interface.  Results indicated that there is differential expression occurring during early 

porcine pregnancy. Further, results indicate that at gd20, transcript expression levels were 

higher for each member of the tristetraprolin family in healthy than in arresting conceptus 

attachment sites both at the maternal and fetal side (endometrium and trophoblast).  

These results directly correlated with the first hypothesis of this project, and follow the 

speculative theory that reduced tristetraprolin family expression in arresting conceptus 

attachment sites would potentially result in increased TNF-α stability and therefore higher 

expression levels.  Interestingly, we saw a different trend at gd50, where mRNA levels 
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for all three members of the TIS11 family were expressed at significantly higher amounts 

in trophoblasts from arresting conceptus attachment sites when compared to their healthy 

counterparts.  This suggests that there may be a shift in tristetraprolin expression 

occurring between gestation days 20 to 50, going from primarily maternal response 

(endometrium), to fetal (trophoblast) in fetuses that will ultimately arrest.  This shift in 

expression may be due to a variety of factors, one of which is a change in the need for 

tristetraprolin family mediated regulation of cytokine expression throughout the various 

stages of porcine fetal development. A shift in mRNA destabilizing factors would lead to 

differences in ratios of important immunological molecules such as angiogenic and 

inflammatory cytokines and may represent an important contributor to early porcine 

spontaneous fetal loss.  Previous studies (Sanduja, Blanco et al. 2011, Ramos, Stumpo et 

al. 2004)   have shown that TIS11D knockout results in major symptomatic issues – with 

results showing complete infertility in cycling female mice possessing normal 

reproductive tracts.  Additionally, post fertilization embryos did not progress past the 

two-cell stage, suggesting a critical role of the tristetraprolin family (and TIS11D in 

particular) in maternal mRNA turnover (Sanduja, Blanco et al. 2011, Ramos, Stumpo et 

al. 2004).  These results also were partially supported by a previous study conducted by 

our group that found elevated TNF-α transcript expression in arresting conceptus 

attachment sites than healthy at mid-gestation, or gd50 (Tayade, Fang et al. 2007).  

 

Currently, two of the most biologically significant targets of TTP (among those that are 

known) are TNF-α and GM-CSF.  TNF-α mRNA levels were higher in trophoblast from 

healthy conceptuses compared to arresting conceptuses at both gd20 and gd50.  The only 
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exception was a trend in expression observed at gd20, where TNF-α transcripts were 

expressed at slightly higher levels in endometrium from arresting conceptus attachment 

site compared to its healthy counterpart.  These findings suggest that while TTP may be 

having an effect at the mRNA level on TNF-α at gd20 and gd50 of porcine pregnancy, 

that there is no consistent finding that supports our hypothesis.  Interestingly, the 

significantly decreased expression of TNF-α in arresting conceptus attachment sites at 

gd50 compared to its healthy counterpart does fall in line with our finding that there is a 

shift in expression occurring on the fetal side of the maternal-fetal interface for all three 

members of the tristetraprolin family.  These findings are also evident at the protein level 

as well.  Through the protein multiplex results, TNF-α was found to be expressed higher 

on the fetal side at both gd20 and gd50, albeit with TNF-α being expressed higher in 

endometrium samples from arresting conceptus attachment sites compared to healthy 

endometrium as well. The evidence of this shift at gd20 occurring at both mRNA and 

protein levels could also suggest that the regulation of TNF-α is highly important at the 

peri-attachment period of early porcine pregnancy and development. Additionally, the 

shift of tristetraprolin family member mRNA expression observed at gd50 could also be a 

potential reason as to why there are decreased levels of TNF-α in the same conceptus 

attachment sites at both mRNA and protein levels, although purely speculative. 

 

It is also important to note that TNF-α mRNA expression levels had previously been 

documented and researched by our group (Table 1), and results varied.  No significant 

differences were detected at gd20, however TNF-α expression levels were significantly 

higher in an opposite manner to this study (higher in arresting than healthy).  Although 
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these earlier findings follow our hypothesis that TNF-α transcript would be higher in 

arresting conceptus attachment sites, further studies will have to be conducted in order to 

confirm which expression profile of TNF-α is the correct one.  Confounding factors such 

as individual fetal variability of TNF-α transcript in the ever changing microenvironment 

of porcine pregnancy could provide a potential reason as to this discrepancy.  It is also 

important to note that TTP is not the only known gene that targets TNF-α.  Previously, a 

study has shown that miR-16 can also destabilize TNF-α (Jing, Huang et al. 2005).  

Therefore, TNF-α expression profiles can also be influenced by other regulatory 

molecules in addition to TTP at the mRNA level. 

 

GM-CSF is another known cytokine that is crucial throughout pregnancy as previous 

studies have shown (Robertson, Seamark 1992, Emond, MacLaren et al. 2004).  Both 

TTP and GM-CSF can be stimulated by bacterial lipopolysaccharides which cause their 

expression to increase (Hamilton 2002). GM-CSF and TNF-α are dependent on one 

another and previous studies have shown increased disease suppression when GM-CSF is 

depleted in the absence of TNF-α (Hamilton 2002).  Therefore, it was expected that GM-

CSF expression levels would also be increased in arresting conceptus attachment sites 

due to expected proinflammation. GM-CSF transcript expression levels were 

differentially expressed at gd20 and gd50. At gd20, mRNA transcript expression levels 

were higher in healthy than in arresting conceptus attachment sites. At the protein level, 

GM-CSF was expressed significantly higher on the fetal side (trophoblast) than maternal 

side (endometrium).  These observations did not match our hypothesis.  While never 

previously studied in the pig model, GM-CSF can be upregulated by IFN-τ during the 
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peri-attachment period in cows (Emond, MacLaren et al. 2004).  Interestingly, mRNA 

expression levels were higher in trophoblast than in endometrial samples, without being 

affected by the health status of the conceptus at gd50 however.  Results from gd50 

mRNA experiments suggest that regardless of health status, GM-CSF transcript 

expression is primarily a fetal response at the mid-gestation period in the pig.  While 

speculative, protein expression data of GM-CSF at gd50 also shows a trend of higher 

protein expression occurring in trophoblast, with higher expression occurring primarily in 

trophoblast from healthy conceptus attachment sites.  This enables the ever-growing fetus 

to increase leukocyte development as it transitions from relying on maternal to fetal 

resources.  Fascinatingly, both TNF-α and GM-CSF protein were found to be expressed 

less in trophoblast samples from arresting conceptuses at gd50.  These findings provide a 

stark contrast with the proposed model consisting of observed tristetraprolin family shift 

(higher TIS11 family, lower target expression), and further contributes evidence towards 

the significance of this shift occurring.   

 

In regards to the protein expression experiments, variable results were observed.  It was 

first noted that protein is expressed on both sides of the maternal-fetal interface, with less 

protein present on the fetal (trophoblast) than maternal (endometrium) side.  These 

findings are in line with previous work showing weak protein expression in trophoblast 

from human placenta and a moderate to strong level of protein expression occurring in 

the maternal decidual cells (Protein atlas, 2013). At gd20, there were no differences in 

protein expression between healthy and arresting conceptus attachment sites for both 

endometrial and trophoblast tissue sample types. However, at gd50, a higher amount of 
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TTP protein was expressed on the maternal side (endometrial samples) in arresting than 

in healthy conceptus attachment sites.  This indicates that although the transcript levels of 

TTP are elevated on the fetal side in arresting gd50 conceptus attachment sites, TTP is 

more prominently expressed at the maternal side of the porcine maternal-fetal interface.  

These results are an interesting finding that requires subsequent studies (since they are 

the first of their kind in the porcine model) in order to further pinpoint reasons as to why 

there is a difference in expression patterns between mRNA and protein.  The same trend 

of TIS11D protein levels was noted in arresting compared to healthy conceptus 

attachment sites at gd50 as well.  Therefore, both members of the tristetraprolin family 

may play an important role at gestation day 50 at the maternal side.  It is important to 

note, however, that there are multiple regulatory factors (miRNA, epigenetic 

modifications, etc.) that may control their expression.  

 

Several bands were identified for TIS11D western blots at gestation day 50.  It is 

important to note that while two of the bands (as highlighted to be at 35 and 45 kDa) 

match the size outlined by the manufacturers antibody sheet, other multiple bands were 

evident as well.  These multiple bands are of unknown origin.  There exists the possibility 

that these bands are alternative forms or conjugated forms (i.e. phosphorylated) of 

TIS11D protein.  There also exists the possibility that these bands are other proteins that 

were also found to be expressed due to potential non-specific antibody binding.  This 

finding (specific to TIS11D) could potentially explain why there was higher 

immunofluorescence signal for TIS11D when visually comparing with TTP.  

Immunofluorescence is not a quantitative method, thus inferences to protein quantity 
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cannot be made.  One avenue for future research in order to rectify this finding could be 

to examine the identity of these bands by conducting mass spectrophotometry on each 

individual protein band. 

 

For immunolocalization experiments, TTP and TIS11D were localized primarily in the 

cytoplasm, with varying degrees of nuclear staining as well.  High amounts of staining in 

uterine epithelium, endothelium, glands, stroma and vasculature suggest that both 

proteins are highly localized throughout the tissue micro-architecture.  This confirms 

previous work showing that the tristetraprolin family possesses varying roles in both the 

cytoplasm and cell nuclei of a wide variety of immune cell types including monocytes, 

fibroblasts, lymphocytes and macrophages (Schoenberg, Maquat 2012, Brook, Tchen et 

al. 2006).  In the cell cytoplasm, previous studies have shown that the tristetraprolin 

family are “inactive”, but protected from proteasomal degradation when in their 

phosphorylated form, perhaps through binding to 14-3-3 protein family members as 

illustrated in Figure 1 (Phillips, Ramos et al. 2002, Chrestensen, Schroeder et al. 2004, 

Stoecklin, Stubbs et al. 2004, Marderosian, Sharma et al. 2006, Brook, Tchen et al. 2006, 

Hitti, Iakovleva et al. 2006, Sun, Stoecklin et al. 2007, Sandler, Stoecklin 2008, 

Schoenberg, Maquat 2012).  In the cell nucleus, the tristetraprolin family can carry out 

their destabilizing functions (Phillips, Ramos et al. 2002, Chrestensen, Schroeder et al. 

2004, Stoecklin, Stubbs et al. 2004, Marderosian, Sharma et al. 2006, Brook, Tchen et al. 

2006, Hitti, Iakovleva et al. 2006, Sun, Stoecklin et al. 2007, Sandler, Stoecklin 2008, 

Schoenberg, Maquat 2012).  The observed localization results signify the importance of 
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homeostatic balance of tristetraprolin family members being expressed and localized 

between cell nuclei and cytoplasm as a logical possibility in the porcine model. 

 

It is important to note that while mRNA destabilizing factors may have a potential role in 

early spontaneous fetal loss in pigs, this role is not yet fully understood, as there are 

regulators of these factors as well.  MiRNAs can also act as destabilizers of the same 

target mRNAs as TTP such as TNF-α (Jing, Huang et al. 2005). Previous work has shown 

that miRNAs can affect tristetraprolin at the post-transcriptional level (Gebeshuber, 

Zatloukal et al. 2009).  In particular, miR-29a and miR-29c have been shown to be linked 

with TTP mRNA in the porcine model (Wessels, Edwards et al., 2013).  While highly 

speculative, it is completely possible for these and other miRNAs to potentially bind to 

tristetraprolin family members and cause over or underexpression, dependent on the 

function of the respective miRNA, as they can be potential up or downregulators of their 

respective targets as previously researched in the porcine model (Wessels, Edwards et al., 

2013).  Tristetraprolin can also be regulated by epigenetic modifications as well as 

demonstrated previously (Sohn, Park et al. 2010).  

 

In addition to mRNA destabilizing factors, mRNA stabilizing factors also exist.  One of 

the most widely-studied families of mRNA stabilizing factors currently is Hu antigen R, 

or HuR.  HuR can bind to the same ARE binding sites as the tristetraprolin family and in 

turn, stabilize target mRNAs in an opposite manner to tristetraprolin (Young, Sanduja et 

al. 2009).  HuR has been previously shown to be important for placental branching 

morphogenesis and embryonic development (Katsanou, Milatos et al. 2009).  Both HuR 
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and tristetraprolin therefore have counteracting effects and are expressed in similar 

amounts in the same expression sites.  This suggests that tristetraprolin and HuR are 

expressed in a homeostatic balance (ratio of mRNA stabilizing factors to mRNA 

destabilizing factors).  Therefore, from these previous findings, we can deduce there are 

at least three potential posttranscriptional mechanisms that may participate in 

tristetraprolin family regulation: 1) microRNA suppression, 2) epigenetic modifications 

to TTP, and 3) ratio differences between mRNA destabilizing factors and mRNA 

stabilizing factors (HuR being one confirmed stabilizing factor).  The most likely 

explanation for differences between our transcriptional and translational results is that all 

three of these modes of regulation are likely to be affecting the tristetraprolin family and 

consequently, tristetraprolin target mRNAs since they are affected downstream in our 

model.  However, further studies will have to be conducted in order to determine the 

extent to how each of these three modes of regulation is playing a role on tristetraprolin 

during early porcine pregnancy. 

 

Many previous studies in our lab have investigated the roles and expression profiles of 

important angiogenic and inflammatory cytokines in early porcine pregnancy (Tayade, 

Black et al. 2006, Tayade, Fang et al. 2007, Tayade, Fang et al. 2007, Croy, Wessels et 

al. 2009, Edwards, van den Heuvel et al. 2011, Wessels, Linton et al. 2011).  Previous 

findings have shown that angiogenesis and the inflammatory reaction carried out by 

inflammatory cytokines such as TNF-α play an important role during early to mid-

porcine pregnancy.  These studies have shown differential expression between important 

cytokines that are expressed at the porcine maternal-fetal interface at both the peri-
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attachment period and mid-gestational period of porcine pregnancy.  This project was 

undertaken to investigate early porcine pregnancy in light of the many mRNA 

destabilizing factors that have recently been shown to modulate cytokine gene 

expression.   

 

It has become apparent through this project that mRNA destabilizing factors play an 

important role in early porcine pregnancy.  These experiments have effectively shown the 

localization of tristetraprolin proteins in the tissue micro-architecture. Similarities 

between tristetraprolin family in human and murine studies suggest that tristetraprolin 

behaves in a similar manner in the porcine model as well.  Expression occurring at both 

the mRNA and protein level especially suggests that these factors are important in the 

early stages of porcine pregnancy.  However, the extent to which the tristetraprolin 

family members play a role has yet to be determined.  Given the differences in expression 

between normal and arresting conceptuses on both the fetal and maternal sides, the 

tristetraprolin family clearly has significant potential for involvement in cases of early 

spontaneous fetal loss in the pig.  In conclusion, this study has provided an important 

basis for future studies investigating mRNA destabilizing factors at the porcine maternal-

fetal interface.   
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SUMMARY AND CONCLUSIONS 

 

Higher levels of TTP family transcripts have been found to be expressed in endometrium 

and trophoblast samples from healthy conceptuses.  Additionally, there are significant 

levels of TTP, TIS11B, TIS11D transcript expression in GD50 trophoblast samples from 

arresting conceptuses.  Therefore there is a shift occurring between GD20 and GD50 

trophoblast samples at the mRNA level.  This shift was also observed at the protein level, 

but only for TTP (significantly higher) and TIS11D (approaching significance) at the 

maternal side, or in endometrial samples.  Differences between results observed at the 

mRNA and protein levels may be attributed to the inherent lag time associated with 

mRNA being translated over to protein or to other factors that change the rate of protein 

translation and half-life relative to the mRNA.  

 

We found that the localization of both TTP and TIS11D does in fact follow previous 

studies showing that tristetraprolin is localized in both the cell nucleus and cytoplasm, 

where it can shuttle between both locations to carry out its roles.  It is expressed in 

glands, stroma, endothelium, blood vessels, and epithelium in porcine endometrial 

samples irrespective of the health status. Similraly, both TTP and TIS11D were found to 

be expressed in trophoblasts. . 

 

Prior to this study, there were no reports of a shift of transcript expression occurring at 

the maternal-fetal interface for any of these crucial mRNA destabilizing factor genes in 

the porcine model.  This observed shift may be contributing factor as to an explanation as 
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to why there is a decreased litter size in commercial swine breeds.  The rationale behind 

this might be that there would be lower expression of these three genes, which would lead 

to less binding and degradation of TNF-α and thus lead to an inflammatory action being 

carried about by excess TNF-α levels at the fetal side of the maternal-fetal interface.  

Significantly higher levels of both TNF-α and GM-CSF protein on the fetal side of the 

maternal-fetal interface at GD20 further support the significance of both this shift and 

model. 

 

Future studies should be conducted looking at mRNA stabilizing factors such as Hu 

family (HuR in particular) at the porcine maternal-fetal interface.  Results gathered from 

these studies can help further paint a picture as to the exact homeostatic ratio of mRNA 

stabilizing and destabilizing factors with respect to the ever changing homeostatic 

balance during peri-attachment and mid-gestational periods of porcine pregnancy.  In 

addition, studies looking at the role of miRNAs on TTP expression in the porcine model 

are required as well, with previous miRNAs being confirmed by our group to be targets 

of TTP.   

 

In conclusion, the tristetraprolin gene family of mRNA destabilizing factors is present at 

the porcine maternal-fetal interface and is differentially expressed in porcine tissues.  It is 

expressed in a similar manner as reported in previous murine and human studies and 

could be degrading important inflammatory and angiogenic target cytokines such as GM-

CSF and TNF-α as investigated in this study.  This suggests that tristetraprolin could play 

a role in early spontaneous fetal loss observed in commercial breeds of swine.  
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APPENDICES 

 

 

 

 

Appendix I: PCR Primer Design 

 

Gene Name Primer 
Product Size 

(bp) 

GenBank 

Accession Number 

TTPfor TTAAGGGGGCCATTTCTCTT 
233 JQ771050.1 

TTPrev TTCACTGCCTCCCTCAGATT 

TIS11Bfor AGGAAGGGGAAGCTAGATGG 
250 JQ771051.1 

TIS11Brev CATGGCGTGAGTGCTCTAAG 

TIS11Dfor ACATATTCCCGAAGCACAGG 
298 JQ861268.1 

TIS11Drev AGGTGCCAGAAAACACATCC 

TNFαfor GCTGAATCTGGGCAGGTCTA 
252 JX482568 

TNFαrev CAATTCTTGGTGGTGGTCAG 

GMCSFfor CAGACTCGCCTGAACCTGTA 
291 JX482567 

GMCSFrev TGAGTTTGGTTTGGCTCTGT 

ACTBfor ACGTGGACATCAGGAGGAC 
210 

Designed from 

DQ452569 ACTBrev ACATCTGCTGGAGGTGGAC 
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Appendix II: PCR Product Efficiencies and Melting Temperatures 

 

 

Gene Name 
Adjusted Primer 

Efficiency 

Melting 

Temperature 

(
o
C) 

Confirmed by 

Sequencing 

Product Size 

(bp) 

TTP  1.97 = 99% 80.32 Yes 233 

TIS11B  2.04 = 102% 80.83 Yes 250 

TIS11D 1.80 = 90% 80.64 Yes 298 

TNFα 1.92 = 96% 86.42 Yes 266 

GMCSF 1.81 = 91% 90.61 Yes 240 

ACTB  2.03 = 102% 87.90 Yes 210 
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Appendix III: Antibody Information  

 

 

 

Gene Name TTP TIS11B TIS11D ACTB 

Manufacturer 

for Primary 

Antibody 

Santa Cruz 

Biotechnologies 

LifeSpan 

Biosciences, Inc. 

LifeSpan 

Biosciences, Inc. 
Abcam, Plc. 

Primary 

Antibody 
Anti-

ZFP36/TTP 

Goat anti-

Human 

Polyclonal (C-

Terminus) 

Antibody 

Anti-

ZFP36L1/TIS11B 

Rabbit anti-

Human 

Polyclonal (N-

Terminus) 

Antibody 

Anti-

ZFP36L2/TIS11D 

Rabbit anti-

Human 

Polyclonal  (N-

Terminus) 

Antibody  

Anti-ACTB 

Mouse 

Monoclonal – 

Loading Control 

Concentration 

Used (1
o
) 

1:5000 1:800 1:12500 1:800 

Manufacturer 

for Secondary 

Antibody 

Sigma-Aldrich 

Co. LLC. 

Sigma-Aldrich 

Co. LLC. 

Thermo Fisher 

Scientific Inc. 

GE Healthcare 

Life Sciences 

inc. 

Secondary 

Antibody 

Rabbit anti-

Goat IgG 

(whole 

molecule)-

Peroxidase  

Goat anti-Rabbit 

IgG (whole 

molecule)-

Peroxidase 

Stabilized 

Peroxidase 

Conjugated Goat 

anti-Rabbit (H+L) 

10ug/mL 

Sheep anti-

Mouse (ECL 

Mouse IgG, 

HRP-linked 

whole Ab)  

Concentration 

Used (2
o
) 

1:100000 1:17000 1:6250 1:5000 

 

Antibodies used for Western Blotting and Immunohistochemistry 
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Appendix IV: Buffer solutions 

 

10X Tris-glycine Running Buffer (1L) 

 

30.2g Tris base 

188g glycine 

50mL of 20% w/v SDS 

Diluted to 1L ddH2O 

 

1X Tris-glycine Running Buffer (1L) 

 

100mL 10X Tris-glycine Running Buffer 

900mL ddH2O 

 

10X Loading Buffer (100mL) 

 

3.028g Tris base in 25mL ddH2O 

pH adjusted to 6.8 with HCl 

53mL ddH2O 

pH adjusted to 6.8 with HCl 

4g SDS 

10mL glycerol 

0.006g bromophenol blue 

Diluted to 100mL with ddH2O 

 

10X Transfer Buffer (1L) 

 

30.3g Tris Base 

144g glycine 

Diluted to 1L with ddH2O 

pH adjusted to 8.3 with HCl 

 

1X Transfer Buffer (1L) 

 

3.03g Tris base 

14.4g Glycine 

200mL (20%) Methanol 

Diluted to 1L with ddH2O 
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Appendix V: Lightcycler 480 PCR Protocol  

 

Program: 

Denaturation 

# of Cycles: 

1 

Segment 

Number 

Target 

(
o
C) 

Acquisition 

Mode 

Hold 

Time 

(Sec) 

Ramp 

Rate (
o
C 

/Sec) 

Acquisitions 

(per 
o
C) 

Sec 

Target 

(
o
C) 

Step 

Size 

(
o
C) 

Step Delay 

(Cycles) 

1 95 None 300 4.8 NA 0 0 0 

Program: PCR # of Cycles: 45-55 

Segment 

Number 
Target 

Acquisition 

Mode 

Hold 

Time 

Ramp 

Rate 
Acquisitions 

Sec 

Target 

Step 

Size 
Step Delay 

1 95 None 10 4.8 NA 0 0 0 

2 55-58 None 20 2.5 NA 0 0 0 

3 72 Single 15 4.8 NA 0 0 0 

Program: Melt # of Cycles: 1 

Segment 

Number 
Target 

Acquisition 

Mode 

Hold 

Time 

Ramp 

Rate 
Acquisitions 

Sec 

Target 

Step 

Size 
Step Delay 

1 95 None 5 4.8 NA NA NA NA 

2 65 None 60 2.5 NA NA NA NA 

3 97 Continuous  0.11 5 NA NA NA 

Program: Hold # of Cycles: 1 

Segment 

Number 
Target 

Acquisition 

Mode 

Hold 

Time 

Ramp 

Rate 
Acquisitions 

Sec 

Target 

Step 

Size 
Step Delay 

1 40 None 10 2.5 NA 0 0 0 
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Appendix VI: Expression Profiles of ACTB (β-actin in GD20 & GD50 

Samples) 
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Appendix VII: List of Co-authored GenBank Accession Numbers. 

 

# Gene 
GenBank Accession 

Number 

   

1 Sus scrofa C3H-type zinc finger protein 36 (TTP) mRNA, 
partial cds 

JQ771050 

2 Sus scrofa C3H-type zinc finger protein 36-like protein 1 
mRNA, partial cds 

JQ771051 

3 Sus scrofa C3H-type zinc finger protein 36-like protein 2 
mRNA, partial cds 

JQ861268 

4 Sus scrofa granulocyte macrophage colony stimulating factor 
mRNA, partial cds 

JX482567 

5 Sus scrofa tumor necrosis factor alpha mRNA, partial cds JX482568 

 
 


