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ABSTRACT 

 

Progesterone and Interferon Tau Regulated Genes in the Endometrium of the 

Ovine Uterus and Expression of Interferon Stimulated Genes in the Corpus 

Luteum During Early Pregnancy in Sheep. (May 2008) 

Hyo Won Ahn, B.S., Konkuk University 

Co-Chairs of Advisory Committee: Dr. Fuller W. Bazer  
                                                              Dr. Thomas E. Spencer 

  

During early pregnancy in ruminants, progesterone (P4) from the corpus 

luteum (CL) and interferon tau (IFNT) from the conceptus act on the 

endometrium to regulate genes including interferon stimulated genes (ISGs) that 

are hypothesized to be important for uterine receptivity and conceptus growth.  

Previous custom ovine cDNA array analyses identified candidate genes that 

were regulated by pregnancy, P4 and/or IFNT in the ovine uterus.   

The first study validated pregnancy, P4 and/or IFNT regulated genes 

identified by previous custom ovine cDNA microarray analyses.  ACTA2, 

COL3A1, POSTN, SPARC, S100A2, STAT5A and TAGLN were examined.  

POSTN was upregulated by P4 and S100A2 was downregulated by IFNT.  

Moreover, functional studies showed that POSTN stimulated attachment of 

ovine trophectoderm cells.  However, neither COL3A1, SPARC, ACTA2 nor 

TAGLN was regulated by pregnancy, P4 or IFNT in the ovine endometrium.  

Collectively, these results confirmed that POSTN and S100A2 are P4 and IFNT 

regulated, respectively, and likely involved in uterine receptivity to conceptus 

implantation during early pregnancy.    

The second study determined expression of ISGs in the CL of pregnant 

ewes.  MX1, MX2, ISG15, OAS1, and RSAD2 mRNAs were increased on Day 

14 of pregnancy and maintained to Day 18, indicating that IFNT induced 

expression of ISGs in the CL.  These results confirmed that locally produced 
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IFNT has paracrine effects and also endocrine effects on reproductive organs 

other than the uterine endometrium and maternal immune system.    
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CHAPTER I 
INTRODUCTION 

 

 

Maternal recognition of pregnancy and implantation of the conceptus in early 

pregnancy are crucial for successful establishment of pregnancy.  The ruminant 

conceptus secretes the pregnancy recognition signal, interferon tau (IFNT), which 

prevents luteolysis of the corpus luteum (CL).  The CL produces progesterone 

(P4) which is required for initiation and maintenance of pregnancy by making the 

uterus a permissive environment for conceptus development, implantation, 

placentation and successful fetal and placental development to term (Spencer & 

Bazer, 2004).  Progesterone receptors (PGR) are expressed in the endometrial 

epithelia and stroma during the early to midluteal phase, allowing direct regulation 

of a number of genes by P4 via activation of the PGR (Spencer et al., 2004a). 

IFNT acts in a paracrine manner to block development of the uterine luteolytic 

mechanism to suppress release of uterine prostaglandin F2α (PGF) pulses which 

lead to luteolysis (Flint et al., 1992).  P4 and IFNT play a central role in 

establishment of pregnancy in ruminants, and changes of gene expression in this 

period of early pregnancy in the uterine endometrium are regulated by the action 

of P4 from the CL and then IFNT from the conceptus.  To elucidate genes involved 

in conceptus-endometrial interaction in ruminants, gene expression profiling has 

been used to identify candidate genes regulated by P4 and/or IFNT (Gray et al., 

2006).   During diestrus, progesterone levels increase and act via PGR to block 

expression of estrogen receptor alpha (ESR1) and then oxytocin receptor (OXTR) 

in endometrial luminal epithelium (LE)/superficial glandular epithelium (sGE) after 

Days 11 to 12 (McCracken et al., 1984). Continuous exposure of the uterus to 

progesterone for 8 to 10 days down- regulates expression of PGR in endometrial  

____________ 
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epithelia after Days 11 to 12 (Spencer et al., 1995), allowing increases in epithelia 

after Days 11 to 12 (Spencer et al., 1995), allowing increases in expression of 

ESR1 and OXTR in LE/sGE.  However, during early pregnancy, IFNT acts in a 

paracrine manner to bind to interferon receptors on the endometrial LE and inhibit 

transcription of the ESR1 gene through a signaling pathway involving interferon 

regulatory factor 2 (IRF2) (Choi et al., 2001b, Fleming et al., 2001).  These actions 

of IFNT on the ESR1 gene prevent OXTR formation, thereby preventing oxytocin-

induced release of luteolytic pulses of PGF which allows for maintenance of the 

CL and its production of progesterone required for establishment and maintenance 

of pregnancy.   

Also, IFNT stimulates transcription of IFN-stimulated genes (ISGs) that 

appear to play roles in endometrial differentiation and conceptus implantation 

during early pregnancy (Spencer & Bazer, 2004).  IFNT utilizes the classical Janus 

kinase-signal transducer and activator of transcription (JAK-STAT) cell signaling 

pathway used by all Type I IFNs.  All cell types in the endometrium have IFNA 

receptor 1 (IFNAR1) and IFNA receptor 2 (IFNAR2) but ISGs are not expressed by 

all endometrial cell types because the JAK-STAT signaling pathway is inhibited by 

IRF2, a potent repressor of transcription, that is expressed in the LE/sGE (Choi et 

al., 2001b).  However, there are some genes induced or stimulated by IFNT in 

LE/sGE such as WNT7A, LGALS15, CTSL, and CST3 of the ovine uterus (Gray et 

al., 2006, Kim et al., 2003b, Song et al., 2005, 2006).  These novel ISGs must be 

transactivated via an alternative cell signaling pathway(s), and they are proposed 

to play important roles during early pregnancy in ruminants.   

Expression of the IFNT gene is unique compared to other interferons.  IFNT 

is not induced by virus (Guesdon et al., 1996).  IFNT expression is limited to the 

period of early pregnancy and to the conceptus trophectoderm while other IFNs 

are expressed by many types of cells in most tissues (Roberts et al., 1992).  IFNT 

is synthesized and secreted between Days 10 and 20 with maximal production 

between Days 14 to16 in sheep (Bazer et al., 1997, Roberts et al., 1999).  It has 
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been thought that IFNT has only paracrine actions in the endometrium.  However, 

when recombinant ovine IFNT (roIFNT) was administered to pregnant ewes by 

either intrauterine (i.u.) or subcutaneous (s.c.) routes, both treatments were 

equally effective in induction of ISGs (MX1 and ISG15) in the CL (Spencer et al., 

1999b).  Moreover, there was an increase of ISG expression in peripheral blood 

leukocytes (PBLs) and peripheral blood mononuclear cells (PBMCs) in pregnant 

ewes and cows (Gifford et al., 2007, Yankey et al., 2001).  Thus, IFNT may exert 

paracrine effects on the endometrium as well as endocrine effects on the CL. 
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CHAPTER II 
LITERATURE REVIEW 

 

 
Early pregnancy and conceptus development 

 

Conceptus development is initiated with fertilization, which is fusion of 

gametes that occurs in the oviduct. Fusion of male and female pronuclei results in 

a zygote that is surrounded by the zona pellucida, a glycoprotein membrane 

surrounding the vitelline membrane. Then, the zygote undergoes cleavage or cell 

division without an increase in cytoplasm.  After the first cleavage, cells called 

blastomeres undergo subsequent cleavages to 4, 8, 16 cells and so on to form a 

small ball of blastomeres called the morula.  After the morula stage, cells of the 

embryo undergo: (1) compaction which is combination of flattening and positioning 

of surface microvilli asymmetrically; (2) formation of tight junctions and 

polarization; (3) cavitation, or the formation of a fluid-filled cavity called the 

blastocoel; and (4) differentiation of cells into the inner cell mass or embryonic disc 

and trophectoderm which contribute to formation of the blastocyst (Hafez, 1993, 

Senger, 2005).   

Between cells in the inner and outer portions of morulae, gap junctions and 

tight junctions, respectively, are formed.  Gap junctions allow intercellular 

communication which may enable the inner cells to remain in a defined cluster.  

Tight junctions alter permeability and polarization of the outer cells to allow 

formation of the blastocoel.  Different junctional complexes between cells are 

believed to effect differentiation of cells into two populations of cells in the 

blastocyst stage, inner cell mass and trophectoderm.  The inner cell mass gives 

rise to the embryo proper and primary germ layers of the embryo (endoderm, 

mesoderm, ectoderm) in later stages (Hafez, 1993).  The trophectoderm takes up 

nutrients for conceptus development (Senger, 2005).   
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The fertilized ovum moves toward the uterus and embryos enter the uterus 

at various stages of development in different species, but most enter at the morula 

stage and some enter the uterus as early as the 4-cell stage.   In the uterus, 

embryos develop to the blastocyst stage.  Enzymatic dissolution of the zona 

pellucida and expansion of the blastocoel enables shedding of the zona pellucida 

in the uterus (Hafez, 1993).  Zona hatching is followed by a rapid phase of 

blastocyst development and growth.  In domestic ruminants and pigs, the 

blastocyst elongates during the latter stages of implantation, but this unique 

developmental event does not occur in laboratory rodents, horses, primates or 

humans (Allen & Stewart, 2001, Guillomot et al., 1993, Spencer et al., 2004b).  

The period of conceptus elongation coincides with secretion of maternal 

recognition of pregnancy signals e.g., IFNT from conceptuses in ruminants 

(Ashworth & Bazer, 1989).  At this time, the trophectoderm acquires the ability to 

attach or adhere to uterine luminal epithelium (LE), which appears to be the 

primary site of hormonally regulated uterine receptivity in sheep and other species 

with central type implantation. 

Before or during elongation of the blastocyst, the endoderm is derived from 

the inner cell mass.  Mesoderm is also derived from the inner cell mass and 

migrates between the endoderm and trophectoderm.  After cavitation, the inner 

layer of endoderm of foregut and mesoderm become yolk sac, endoderm of 

hindgut and mesoderm becomes the allantois and trophectoderm and mesoderm 

becomes chorion.  Extraembryonic membranes are formed before implantation in 

ruminants and pigs and after implantation in human and rodents (Carson et al., 

2000, Guillomot et al., 1993, Renfree, 1982, Spencer et al., 2004b).  

As illustrated in Fig. 2.1, the morula enters the uterus on Day 4 of pregnancy 

in sheep.  The blastocyst is formed on Day 6, and then the zona pellucida is shed 

between Days 8 and 9.  Between Days 8 and 10, endodermal cells migrate from  
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Figure 2.1.  Events of early pregnancy in sheep.  The embryo enters the uterus on 

Day 4 and the blastocyst is formed on Day 6.  The zona pellucida is shed between 

Days 8 and 9.  The blastocyst starts to elongate on Day 13 and undergoes 

extreme morphological changes from spherical to tubular and filamentous forms, 

reaching 10 cm long on Day 14.  After Day 14, there is progressive apposition of 

the conceptus trophectoderm as it becomes closely associated with the 

endometrial LE followed by unstable adhesion.  By Day 16, the trophoblast 

adheres firmly to endometrial LE in both intercaruncular and caruncular areas.  

From Spencer et al., 2007 and originally drawn by Dr. Greg A. Johnson.    
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the inner cell mass and line up against the trophectoderm cells and a basement 

membrane is formed between them.  Beginning on Day 12, the blastocyst starts to 

elongate, reaching a final length of 10-22cm (Rowson & Moor, 1966, 

Wintenberger-Torres & Flechon, 1974).  On Day 13, the embryonic disc appears 

(Guillomot et al., 1981).  On Day 14, the conceptus has a filamentous form and is 

about 10cm long.  Conceptus elongation continues until Day 17 when it reaches a 

length of 25cm or more (Wintenberger-Torres & Flechon, 1974).  Conceptus 

elongation and production of IFNT occur coincidentally (Farin et al., 1989, Gray et 

al., 2002).   

 

 

Implantation and placentation 

 

Implantation in sheep 

As illustrated in Fig. 2.2, implantation, which can be defined as attachment of 

placental membranes to uterine endometrium, takes place beginning at the 

blastocyst stage in domestic ruminants in five phases: (1) shedding of zona 

pellucida; (2) precontact and blastocyst orientation; (3) apposition; (4) adhesion; 

and (5) endometrial fusion (Guillomot, 1995, Guillomot et al., 1981, Guillomot et 

al., 1993).  After shedding of the zona pellucida on Days 8 to 9, the blastocyst 

undergoes a morphological change from spherical, to tubular (by Day 10) and then 

to a filamentous form (Days 13-14).  Apposition, a close association but unstable 

adhesion of trophectoderm and endometrial LE, begins with a reduction in 

microvilli covering the trophectoderm between Days 13 and 15.  A major event of 

apposition is interdigitation of cytoplasmic projections of trophectoderm cells and 

uterine epithelial microvilli.  Also, finger-like villi or papillae from the trophoblast not 

only absorb histotroph from uterine glands but may also facilitate apposition 

through an anchoring effect (Wooding et al., 1982).  MUC1, the glycocalyx 

covering the apical surface of endometrial LE is reduced coincident with loss of 



 8

 
Figure 2.2.  Phases of conceptus implantation in sheep.  The zona pellucida is 

shed between Days 8 and 9 (phase 1).  As the blastocyst approaches the 

endometrial LE, the loss of MUC1 occurs locally at implantation sites from Day 9 

to 17, which is coincident with loss of PGR from the uterine LE.  Loss of MUC1 

allows close contact between trophectoderm and endometrial LE and exposure to 

adhesive molecules (phase 2).  Apposition of the conceptus starts around Day 14, 

with finger-like villi or papillae developed from the trophoblast, penetrating into the 

mouths of uterine glands on Days 15 to 18 (phase 3).  These papillae absorb 

histotroph from the uterine glands and also act as an anchor.  After Day 16, the 

blastocyst is firmly attached by interdigitation of uterine epithelial microvilli and 

cytoplasmic projections of trophoblast cells (phase 4).  The trophoblast giant 

binucleate cells (BNCs) are differentiated from the mononuclear trophoblast cells 

by Day 16 and the BNC fuses with the endometrial LE, forming syncytia (phase 5). 

From Spencer et al., 2007 and originally drawn by Dr. Greg A. Johnson.     
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PGR from LE and it is no longer present by Day 17 (Johnson et al., 2001a).  

GLYCAM1 (Spencer et al., 1999a), LGALS15 (Farmer et al., 2007, Gray et al., 

2004), secreted phoshoprotein 1 or osteopontin (SPP1; (Johnson et al., 2003a) 

and integrins (Johnson et al., 2001a) are well known adhesive molecules or 

receptors during implantation in sheep.  The loss of MUC1 and actions of 

adhesion molecules via related receptors are required for successful conceptus 

attachment.  From Day 16, the trophoblast begins to adhere firmly to endometrial 

LE.  Interdigitation of the trophectoderm and endometrial LE occurs in both 

caruncular and intercaruncular areas of the endometrium until about Day 22.  The 

trophoblast giant binucleated cells (BNCs), arose from mononuclear 

trophectoderm cells, are formed, migrated and fused with endometrial LE thus 

syncytial plaques are formed.  

 
 

Placentation in sheep 

Placentation is formation and growth of the placenta, a transient organ for 

metabolic exchange between the conceptus and the mother.  The placenta is 

formed when fetal tissues acquire contact or fusion with maternal tissues for 

exchange of nutrients, gases and metabolites. The fetal membranes involved in 

formation of the placenta include the yolk sac, allantois, amnion, and chorion 

(Perry, 1981).  The chorion is attached to the uterus.  The amnion surrounds the 

fetus as a close-fitting, tough membrane filled with amnionic fluid under slight 

pressure which provides the fetus with a liquid environment and buoyancy to allow 

it to develop independent of the forces of gravity.  The allantois is a fluid-filled 

membrane in which there is accumulation of fluid from the embryo/fetus, as well as 

the accumulation and storage of nutrients such as proteins, sugars, amino acids 

and water (Bazer & First, 1983).  Thus, the placenta has nutritive, respiratory, 

endocrine and immunosuppressive roles crucial for development and growth of 

fetus (King et al., 1982).  The placenta is the regulator of exchange of nutrients 
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and gases between the fetus and the mother.  Also, as a transient endocrine 

organ, the placenta produces progesterone (P4), estrogen (E2), chorionic 

somatomammotropin hormone 1 (CSH1; also known as placental lactogen) and 

placental growth hormone. 

The ovine placenta has similar characteristics to those of other domestic 

ruminants.  First, domestic ruminants have a synepitheliochorial placenta, with the 

epithelium modified by migration of BNCs and their fusion with endometrial LE to 

form fetomaternal syncytia throughout pregnancy (Wooding., 1992).   Second, 

ruminants have cotyledonary placentae.  Cotyledons represent a placental unit of 

highly branched villous, tree-like folds with abundant blood vessels and connective 

tissue.  The placentome of the cotyledonary placenta consists of a fetal cotyledon 

(part of chorioallantois), and a maternal uterine caruncle.  Placentomes provide 

specialized structures for efficient hematotrophic nutrition and gas exchange 

between the fetal and maternal circulations because of their very close proximity 

for exchanging oxygen and micronutrients via countercurrent mechanisms 

(Reynolds et al., 2005).  In sheep, about 90 to 100 placentomes are evenly 

distributed across the placenta (Hafez, 1993).   

During early placentation, the trophoblast binucleate giant cells (BNCs) are 

differentiated from mononuclear trophectoderm cells around Day 14 of pregnancy 

(Wooding., 1982).  These binucleate cells fuse with endometrial LE to form 

syncytia.  The roles of BNCs are: (1) to form syncytia essential for successful 

implantation and growth of placenta; and (2) to produce protein and steroid 

hormones, e.g, CSH1 and P4, that regulate maternal physiology.  At about Day 16 

of pregnancy in sheep, the chorion initiates attachment to the endometrium.  

During formation of the placentomes, chorionic villi protrude into crypts in the 

caruncle, forming a concave structure between Days 20 and 60 of gestation in 

sheep (Dunlap et al., 2006).  Furthermore, in the intercotyledonary areas, fetal and 

maternal epithelia are simply apposed except for modifications of the trophoblast 
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over uterine gland openings to form areolae which absorb secretions from uterine 

glands and have been best described in pigs (Perry, 1981).   

 

 

Interferon tau (IFNT) 
 

IFNT is a member of the Type I interferon (IFN) family along with interferon 

alpha (IFNA), beta (IFNB), delta (IFND), and omega (IFNW).  IFNT was first 

identified as protein X or Trophoblastin (Bazer et al., 1996, Imakawa et al., 1987) 

and also termed ovine trophoblast protein-1 (oTP-1) as the first primary protein 

secreted by the ovine conceptus (Godkin et al., 1982).  After cDNA cloning and 

amino acid sequencing, it was designated ovine IFNT (Bazer et al., 1997).  IFNT 

arose from IFNW in the Ruminantia about 36 million years ago (Demmers et al., 

2001), sharing 70%  homology.  Bovine IFNT and ovine IFNT cDNAs share a 

higher degree of homology than ovine IFNT and ovine IFNW (Bazer et al., 1996).  

IFNT has high amino acid sequence homology across ruminant species.  

However, there are differences among IFNT proteins among species.  Bovine 

IFNT is glycosylated with N-linked oligosaccharides while ovine IFNT is not 

glycosylated and caprine IFNT proteins exist as both glycosylated and 

nonglycosylated forms (Demmers et al., 2001).    

Expression of the IFNT gene is different from that of other interferons.  First, 

IFNT is not induced by virus (Guesdon et al., 1996) although IFNT has potent 

antiviral activity.  Second, IFNT gene expression is limited to the conceptus 

trophectoderm while other IFNs are expressed by many types of cells in most 

tissues.  IFNT is synthesized and secreted from mononuclear cells of the 

conceptus trophectoderm between Days 10 and 20 with maximal production 

between Days 14 to16 (Bazer et al., 1997, Roberts et al., 1999).  In cattle, IFNT is 

produced between Days 16 and 24 of gestation (Demmers et al., 2001) with 

maximal production on Day 17 of pregnancy (Bartol et al., 1985).  Caprine IFNT is 
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secreted between Days 16 and 21 of pregnancy.  Increases in IFNT on Day 13 in 

sheep and Day 15 in cattle correspond with elongation of conceptuses from 

spherical to filamentous forms (Ashworth & Bazer, 1989).   

IFNT from conceptuses plays a central role in establishment of pregnancy in 

ruminants.  Homogenates of the ovine conceptus from Days 14 and 15 extended 

CL lifespan and interestrus intervals when infused into uteri of cyclic ewes.  

However, intrauterine infusion of conceptus homogenates from Days 21 to 25 or 

intravenous injection of conceptus homogenates did not extend CL lifespan 

(Rowson & Moor, 1967).  Introduction of either ovine trophoblastic vesicles or 

recombinant ovine IFNT into the uterine lumen of cows blocked luteolysis and 

extended the interestrus interval (Helmer et al., 1989, Heyman et al., 1984, Meyer 

et al., 1992).  These results suggest that IFNT acts in a paracrine manner as the 

pregnancy recognition signal to prevent development of the luteolytic mechanism.  

IFNT alone is sufficient for maternal recognition of pregnancy  (Bazer, 1992).  

Similar to other Type I IFNs, IFNT has antiviral (Pontzer et al., 1990), 

antiproliferative (Bazer & Johnson, 1991, Roberts, 1989), antitumor (Pontzer et al., 

1990), immunomodulatory (Bazer & Johnson, 1991, Roberts, 1989), and 

therapeutic (Bazer & Johnson, 1991, Bekisz et al., 2004, Martal et al., 1998) 

properties.  

As a member of the Type I IFN family, IFNT stimulates transcription of IFN-

stimulated genes (ISGs) that appear to play roles in endometrial differentiation and 

conceptus implantation during early pregnancy (Spencer & Bazer, 2004).  As 

illustrated in Fig. 2.3.a, IFNT utilizes the classical JAK-STAT cell signaling 

pathway used by all Type I IFNs.  All cell types in the endometrium have IFNA 

receptor 1 (IFNAR1) and IFNA receptor 2 (IFNAR2) with highest expression in the 

uterine LE (Rosenfeld et al., 2002).  Janus kinase 1 (JAK1) and tyrosine kinase 2 

(TYK2) constitutively associate with cytoplasmic domains of IFNAR1 and IFNAR2 

(Colamonici et al., 1994, Novick et al., 1994).  After phosphorylation of signal 

transducer and activator of transcription (STAT) 1 and 2, they form homodimers of 
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Figure 2.3.  Schematic illustrating current working hypothesis on interferon tau 

(IFNT) signalling in the ovine uterine endometrium.  IFNT binds to the Type I IFN 

receptor (IFNAR) present on cells of the ovine endometrium. In cells of the stroma 

and middle to deep GE (Fig. 2.3.b), IFNT-mediated association of IFNAR subunits 

facilitates cross-phosphorylation and activation of janus kinase (JAK), which, 

phosphorylates the receptor and signal transducers and activators of transcription 

(STAT) 1 and 2.  Both STAT1 and STAT2 are then released from the receptor and 

form a heterodimer.   Interferon stimulated transcription factor 3γ (ISGF3G) is 

formed by association of a STAT1�STAT2 heterodimer and ISGF3G in the 

cytoplasm, translocates to the nucleus and activate genes containing an IFN-

stimulated response element (ISRE), such as STAT1, STAT2, ISGF3G, B2M, 

ISG15, MIC and OAS. Gamma-activated factor (GAF) is formed by STAT1 

homodimers, which translocate to the nucleus and transactivate genes containing 

a gamma-activation sequence (GAS) element, such as interferon regulatory factor 

1 (IRF1).  IRF1 can also bind and transactivate ISRE.  Therefore, hyperactivation 

of ISG expression occurs.  In LE and sGE (Fig.2.3a), this signaling pathway is 

inactive due to the presence of IRF2, a potent repressor of transcription.  IRF2 

binds ISRE and inhibit expression of classic ISGs (STAT1, STAT2, ISGF3G, B2M, 

ISG15, MIC, OAS).  However, some novel ISGs such as WNT7A, CST3, CTSL, 

and LGALS15 are expressed in response to IFNT activation of an alternate cell 

signalling pathway.  Adapted from Spencer et al., 2007. 
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STAT1 (GAF) and heterodimers of STAT1 and STAT2.  These dimers translocate 

to the nucleus.  GAF binds to the gamma activation sequence (GAS) to 

transactivate genes containing GAS elements such as IFN regulatory factor 1 

(IRF1).  Heterodimers of STAT1 and STAT2 bind to IRF9 to form ISGF3 and 

transactivate genes containing IFN stimulated response elements (ISRE) including 

STAT1, STAT2, IRF9, B2M, ISG15, MHC and OAS (Choi et al., 2003, Choi et al., 

2001a, Johnson et al., 2000, Johnson et al., 2002, Johnson et al., 1999, Johnson  

et al., 2001b). 

ISGs are not expressed by all endometrial cell types.  Many classical ISGs 

(B2M, GBP2, IFI27, IFIT1, ISG15, IRF9, MIC, OAS, RSAD2, STAT1, and STAT2) 

are induced or upregulated by IFNT in glandular epithelium (GE) and stroma (Fig. 

2.3.a., but not in LE and superficial GE (sGE) of the ovine uterus as shown in 

Fig.2.3.b. (Choi et al., 2003, Choi et al., 2001b, Johnson et al., 1999, Johnson et 

al., 2001b, Kim et al., 2003b, Song et al., 2007b) because the JAK-STAT cell 

signaling pathway is inhibited by IRF2, a potent repressor of transcription, that is 

expressed in LE/sGE (Choi et al., 2001b).  However, there are some genes 

induced or stimulated by IFNT in LE/sGE such as WNT7A, LGALS15, CTSL, and 

CST3 of the ovine uterus (Gray et al., 2006, Kim et al., 2003b, Song et al., 2005, 

2006).  These novel ISGs must be transactivated via an alternative cell signaling 

pathway(s), and they are proposed to play important roles during early pregnancy 

in ruminants.  To date, ras-related C3 botulinum substrate 1 (RAC1), p38/mitogen 

activated protein kinase (p38 MAPK), insulin receptor substrate (IRS), the 

phosphotidylinositol-3 kinase (PI3K) cascade, and v-crk sarcoma virus CT10 

oncogene homolog (avian)-like (CRKL), a member of the CDC2 related kinase 

family, are candidate signaling mechanisms known to be activated by Type I IFNs 

(Bekisz et al., 2004).  Further, suppressor of cytokine signaling (SOCS1-3) is also 

upregulated in endometria by pregnancy and IFNT (Sandra et al., 2005). 
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Model for antiluteolytic effects of IFNT on the ovine endometrium 

 

As an antiluteolysin, IFNT blocks development of the uterine luteolytic 

mechanism to suppress release of uterine pulses of luteolytic PGF2α pulses (Flint 

et al., 1992, Vallet et al., 1987).  Hormonal regulation via their respective receptors 

illustrated in Fig. 2.4.  In cyclic ewes, estrogen from Graafian follicles at estrus 

stimulates estrogen receptor alpha (ESR1), progesterone receptor (PGR), and 

oxytocin receptor (OXTR) expression (Spencer & Bazer, 1995).  During diestrus, 

progesterone levels increase and act via PGR to block expression of ESR1 and 

then OXTR in endometrial LE/sGE after Days 11 to 12 which is referred to as the 

period of �progesterone block� (McCracken et al., 1984). Therefore, ESR1 and 

OXTR are not detected in endometrial LE/sGE between Days 5 and 11 of the 

estrous cycle, i.e., during most of diestrus.  Effects of progesterone on OXTR gene 

expression are via suppression of ESR1.  In the ovine OXTR gene, there are 

several Sp1 elements in the promoter region that appear to mediate 

responsiveness to ligand activated ESR1 (Fleming et al., 2006).  However, 

continuous exposure of the uterus to progesterone for 8 to 10 days down-

regulates expression of PGR in endometrial epithelia after Days 11 to 12 (Spencer 

et al., 1995), allowing for rapid increases in expression of ESR1 on Day 13 and 

OXTR on Day 14 in LE/sGE.  Down-regulation of PGR expression by 

progesterone may involve PGR-mediated decreases in PGR gene transcription.  

The pulsatile release of oxytocin from the CL and posterior pituitary induces 

release of luteolytic pulses of PGF.  During early pregnancy, IFNT acts in a 

paracrine manner to bind IFNARs on the endometrial LE and inhibit transcription 

of the ESR1 gene through a signaling pathway involving IRF2 (Choi et al., 2001b, 

Fleming et al., 2001). These actions of IFNT on the ESR1 gene prevent OXTR 

formation, thereby preventing oxytocin-induced release of luteolytic pulses of 

PGF2α which allows for maintenance of the CL and its production of progesterone 

required for establishment and maintenance of pregnancy. 
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Figure 2.4.  Illustration of hormonal regulation of the endometrial antiluteolytic 

mechanisms and antiluteolytic effects of IFNT, the conceptus signal for pregnancy 

recognition on the maternal endometrium in the ovine uterus.  During the 

periimplantation period, continuous exposure to P4 downregulates PGR 

expression in the endometrial epithelia.  IFNT from the conceptus suppress 

transcription of ESR1 and E2-induced OXTR genes, thereby preventing the ability 

of oxytocin to induce luteolytic pulses of PGF.  However, during the estrous cycle, 

ESR1 expression increases as PGR expression decreases after Days 11 to 13 the, 

E2, then induces OXTR expression on Days 13 to 14, which allows oxytocin to 

induce release of luteolytic pulse of PGF on Days 15 to 16.  Adapted from Spencer 

et al., 2007. 
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Interferon stimulated genes (ISGs) and implantation/placentation 
 

During early pregnancy, IFNT from ruminant conceptuses induces 

expression of ISGs (Hansen et al., 1999, Spencer et al., 2007a, Spencer et al., 

2007b). Many ISGs are hypothesized to play roles in implantation and/or 

placentation, including endometrial differentiation, implantation and development 

of the conceptus.  Selected ISGs expressed in the ovine uterus are described here 

with their differential cellular localization and functional implications in implantation 

and placentation.  

 

 

Galectin 15 (LGALS15) 

LGALS15 (also known as OVGAL11) was first shown to be induced in 

gastrointestinal tissue and secreted into the intestinal lumen after infection of 

sheep with the helminth parasite Haemonchus contortus (Dunphy et al., 2000).  

LGALS15 mRNA was detected in endometrial LE and sGE both in cyclic and 

pregnant ewes.  In cyclic ewes, LGALS15 mRNA was low on Day 10, increased to 

Day14, and decreased on Day 16.  In pregnant ewes, LGALS15 mRNA was 

detected after Day 10 and increased by Day 20.  LGALS15 mRNA was induced by 

progesterone and stimulated by IFNT (Gray et al., 2004, Satterfield et al., 2006).  

LGALS15 protein is concentrated near and on the apical surface of LE and sGE 

and abundant in the histotroph recovered from the uterine lumen.  LGALS15 is 

associated with crystalline inclusion bodies in endometrial LE and conceptus 

trophectoderm (Gray et al., 2005, Gray et al., 2004). Functional in vitro studies 

suggested that LGALS15 is involved in blastocyst elongation and implantation in 

sheep as it stimulates trophectoderm cell proliferation and migration via the JNK 

signaling pathway, attachment via its RGD sequence, and focal adhesion 

formation in vitro (Farmer et al., 2007).   
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Wingless-type MMTV integration site family, member 7A (WNT7A) 

WNT genes are regulators of cell fate, death, and differentiation, and 

interaction  between cells (Polakis, 2000).  Signaling pathways activated by WNTs 

are divided into canonical and noncanonical pathways (Logan & Nusse, 2004).  

WNTs are important regulators of uterine morphogenesis, uterine receptivity to the 

embryo, and blastocyst implantation in the mouse (Dey et al., 2004, Mohamed et 

al., 2005).  In sheep, WNT7A is a novel gene induced in the endometrial LE and 

superficial GE of the uterus by IFNT from Days 11 to 20 via a STAT1-independent 

pathway.  Intrauterine infusion of IFNT increased WNT7A mRNA, demonstrating a 

paracrine action of IFNT on expression of WNT7A (Kim et al., 2003b).  WNT 

signaling via beta catenin (CTNNB1) has been implicated in bovine trophoblast 

giant BNC differentiation (Kim et al., 2003b).  Recent results showed that WNT7A 

stimulated trophectoderm cell proliferation and transcription of genes involved in 

cell proliferation and differentiation such as msh homeobox 1 (MSX1) and MSX2 

via the canonical signaling pathway (Hayashi et al., 2007).   

 

 

Interferon stimulated gene 15 ubiquitin-like modifier (ISG15) 

ISG15 (also known as ISG17/UCRP) was first identified in mouse Ehrlich 

ascites tumor cells as being highly induced by IFN treatment  (Farrell et al., 1979 ).  

ISG15, also called ubiquitin cross-reactive protein (UCRP) due to its cross-

reactivity with ubiquitin-specific antibodies (Haas et al., 1987), is synthesized as a 

17 kDa precursor termed ISG17 and processed to a 15 kDa protein by a specific 

protease which is critical for conjugation to target proteins (Austin et al., 1996, 

Johnson  et al., 1998, Johnson et al., 1999, Kim & Zhang, 2003).  Upon interferon 

treatment, ISG15 can be detected in cells in both free and conjugated forms.  In 

the ovine uterus, ISG15 mRNA is localized to LE, sGE, and stromal cells.  ISG15 

mRNA is detected from the LE on Day 11, then from sGE and stratum compactum 

stroma between Day 11 to Day 13 of pregnancy and is abundant between Days 15 
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and 19, extending to the deep GE (dGE), stratum spongiosum stroma and 

myometrium which is coincident with a loss of ISG15 mRNA in the LE (Johnson et 

al., 1999).  ISG15 mRNA is maintained through Day 30 of pregnancy in sheep, but 

is confined to stratum compactum stroma. Also, ISG15 mRNA is localized to 

maternal caruncular stroma surrounding the interdigitating placental chorionic villi.  

Interestingly, ISG15 is expressed throughout pregnancy although it may decrease 

in late pregnancy of sheep (Joyce et al., 2005).  Similar results have been found in 

mouse that pregnancy-specific ISG15 expression increased during implantation 

(Austin et al., 2003).  Moreover, ISG15 mRNA in peripheral blood leukocytes 

(PBLs) was increased in pregnant diary cows compared to nonpregnant cows 

(Gifford et al., 2007).  This evidence suggest that ISG15 is not only part of an 

antiviral response, but also critical factor at the uterine-placental interface during 

conceptus development, implantation and placentation.   

 

 

Myxovirus resistance (MX)  

MX is induced by Type I IFNs and it is a potent inhibitor of viral replication 

(Horisberger & Gunst, 1991).  MX is also a functional monomeric GTPase with 

roles in intracellular protein and vesicle trafficking (Horisberger., 1992).  

Expression of MX is induced in all cells that possess Type I IFN receptors and has 

been used as an indicator of viral infection (Haller et al., 1998).  Among domestic 

animals, expression of MX is found in uteri of cows, pigs, sheep, and mares (Hicks 

et al., 2003, Ott et al., 1998).  In sheep, MX1 mRNA and protein were localized in 

LE, sGE, stroma and myometrium.  MX1 mRNA increased from Day 11 to 

maximum levels on Day 15, then decreased to moderate levels that were 

maintained throughout pregnancy in the ovine uterus.  However, low expression of 

MX1 mRNA is detected in cyclic or bred but nonpregnant ewes (Ott et al., 1998).  

MX1 mRNA is also detected in peripheral blood mononuclear cells of pregnant 

ewes until Day 30.  Similar results have been reported for dairy cows in which 
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MX1 and MX2 gene expression increases in peripheral blood leukocytes (PBLs) of 

pregnant, but not bred but nonpregnant cows (Gifford et al., 2007).  

 

 

2�,5�-oligoadenylate synthetase (OAS)  

Activated by viral response, OAS polymerizes ATP into 2�-5� linked oligomers 

to activate the endonuclease RNase L that cleaves viral and cellular RNA 

(Chebath et al., 1987, Kumar et al., 2000, Marié & Hovanessian, 1992).  OAS is 

induced by Type I IFNs and has a role in inhibition of viral replication, as well as 

cell growth, differentiation and apoptosis (Benech et al., 1985, Chebath et al., 

1987, Marié & Hovanessian, 1992).  In cyclic ewes, OAS protein is low in stroma 

and GE.  In pregnant ewes, OAS protein is increased in the stroma and deep GE, 

from Day 15, maintained on Day 17, and decreased on Day 19 of pregnancy.  

Further, OAS mRNA is regulated by IFNT which requires presence of P4 (Johnson 

et al., 2001b, Mirando et al., 1991).  In pregnant cows, OAS is stimulated higher in 

uterine epithelium than stroma.  IFNT treatment increases OAS in all endometrial 

cell types (Schmitt et al., 1993).  

 

 

Radical S-adenosyl methionine domain containing 2 (RSAD2) and Interferon-

induced with helicase C domain 1 (IFIH1) 

RSAD2 (alias viperin) is a cytoplasmic antiviral protein induced by Type I 

IFNs that can inhibit infection of cells with human cytomegalovirus (Chin & 

Cresswell, 2001). IFIH1 (alias MDA5) is a RNA helicase that, through its ATP-

dependent unwinding of RNA, promotes mRNA degradation and is involved in 

innate immune defense against viruses.  IFIH1 is an IFNT induced gene involved 

in induction of apoptosis (Kang et al., 2002 , Kang et al., 2004).  RSAD2 and IFIH1 

mRNAs are both found in ovine uterus during early pregnancy and in response to 

intrauterine IFNT (Song et al., 2007b).  RSAD2 and IFIH2 are suggested to have a 
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role(s) in induction of the antiviral state and modulation of local immune cells that 

may be beneficial to conceptus implantation (Song et al., 2007b).   

 

 

Cathepsin L (CTSL) and Cystatin C (CST3) 

Cathepsins are a family of lysosomal proteases that can degrade 

extracellular matrix (ECM) molecules like collagens, laminin, fibronectin, and 

proteoglycans (Kirschke et al., 1998), while CTS3, a low-molecular weight 

secretory protein, inhibits lysosomal cysteine proteinases, including cathepsins 

(Abrahamson et al., 1986, Hall et al., 1995).  In the ovine uterus, CTSL is up-

regulated by IFNT and CST3 is regulated by IFNT and P4, with both showing 

same cell-specific localization during early pregnancy (Song et al., 2005, Song et 

al., 2006).  In mice, CTSB, CTSL and CST3 are necessary for embryo 

development and decidualization during the periimplantation period (Afonso et al., 

1997).  Therefore, regulation of both the protease and its inhibitor by IFNT may 

affect endometrial remodeling and regulation of invasive actions of ovine 

conceptuses.    

 

 

Gene expression profiling  
in the ovine and bovine endometria during early pregnancy 

 

Gene expression profiling has identified important factors for implantation, 

placentation and conceptus growth during early pregnancy in cows and ewes.  

Using cDNA microarray and/or suppression subtraction hybridization (SSH), new 

genes were reported and validated by RT-PCR, real-time PCR, slot blot 

hybridization, and in situ hybridization (Bauersachs et al., 2006, Cammas et al., 

2005, Chen et al., 2007, Gray et al., 2006, Ishiwata et al., 2003, Klein et al., 2006).  

Genes involved in uterine receptivity for conceptus attachment were studied by 
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comparing transcriptome changes between endometria of nonpregnant and 

pregnant cows or ewes (Bauersachs et al., 2006, Gray et al., 2006, Klein et al., 

2006).  Genes regulated by the pregnancy recognition signal IFNT in human cells 

and ovine LE cells were identified (Chen et al., 2007, Kim et al., 2003b).  In sheep, 

genes regulated by pregnancy, P4 and/or IFNT in the endometrium were identified 

(Gray et al., 2006).  Many genes involved in cell attachment, cell adhesion, 

modulation of the maternal immune system, remodeling of the endometrium, 

regulation of transcription, and signal transduction, interferon stimulated genes 

(ISGs) were found in these studies (Bauersachs et al., 2006, Klein et al., 2006).  

Finding genes regulated by P4 and/or IFNT by transcriptional profiling and 

validating them with a proteomic/metabolic approach will offer better insight into 

conceptus-endometrial interaction during early pregnancy in cows and sheep 

(Spencer et al., 2007a).  The genes described in the following sections and in 

Chapter III of this thesis are briefly discussed below.  They were originally 

identified by Gray and coworkers (2006).   

 

 

Actin, alpha 2, smooth muscle, aorta (ACTA2) 

Actins constitute a family of highly conserved and homologous cytoskeletal 

proteins that are requisite for cellular function.  Vertebrates have six tissue-specific 

actin isoforms: two in striated muscle cells (skeletal (ACTA1) and cardiac (ACTC)), 

two in smooth muscle cells (SMCs) (vascular (ACTA2) and visceral (ACTG2)) and 

two in nonmuscle cells (ACTB and ACTG1) (McHugh et al., 1991 , Zhu et al., 

2006).  ACTA2 null mice were fertile and were used to demonstrate that ACTA2 

has a role in regulating vascular contractility and blood pressure homeostasis, but 

not formation of the cardiovascular system.  ACTA2 is the most abundant protein 

in SMCs, occupying about 40% of total cellular protein and 70% of total actin 

(Schildmeyer et al., 2000).  Tissue-specific expression of actin isoforms, regulated 

expression of isoforms during muscle differentiation, and coexpression of multiple 
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isoforms in various cell types were reported and ACTA2 is a component of 

contractile sarcomeres and smooth muscle myofibrils of warm-blooded vertebrate 

muscle tissues (Barja et al., 1986, Carroll et al., 1986, Chang et al., 1984, McHugh  

& Lessard, 1988, Owens., 1995, Owens & Thompson, 1986).  ACTA2 has been 

used as a marker of cells undergoing decidualization in sheep and primates 

(Johnson et al., 2003b, Kim et al., 1998).  

 

 

Collagen, type III, alpha 1 (COL3A1) 

Collagens are major components of all extracellular matrix (ECM).  COL3A1 

is a type of fibrillar collagens which includes type I, II, III, V and XI.  COL3A1 is a 

homotrimer consisting of three identical α-1 chains.  COL3A1 is found in 

stretchable connective tissues such as the blood vessel walls, hollow organs like 

the uterus and the skin, giving tensile strength (Aumailley & Gayraud, 1998, 

Burgeson & Nimni, 1992, van der Rest & Garrone, 1991).  Mutation in COL3A1 

causes Ehlers-Danlos Syndrome (EDS), especially Type III (vascular type), with 

symptoms of bruising, bleeding, rupture of hollow organs, and fragile uteri (De 

Paepe & Malfait, 2004).  Uterine collagens (COL1A1, COL3A1, and COL4A1) 

show type and location-specific patterns.  Aggregation of uterine collagens 

including COL3A1 constitutes thick and thin collagen fibrils in pregnant murine 

endometrium during decidualization, with COL3A1 localized in both thin and thick 

fibrils (Spiess & Zorn, 2007).  In cows, COL3A1 is the dominant collagen in the 

uterine wall of non-pregnant females (Boos, 2000), and is present throughout 

gestation in all fetal membranes and the uterine wall.  It is localized with COL1A1 

but COL3A1 dominates in quantity.  Within the bovine placentome, COL3A1 was 

prevalent on the maternal side (Boos et al., 2003).   
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Periostin (POSTN)  

POSTN is a secreted cell adhesion protein of relatively unknown function 

that has homology with the insect growth cone guidance protein fasciclin I 

(Kruzynska-Frejtag et al., 2004, Takeshita et al., 1993).  POSTN was also 

identified as an osteoblast-specific factor and, as a homophilic adhesion molecule 

during bone formation, it can support osteoblastic cell line attachment and 

spreading (Horiuchi et al., 1999).  POSTN is also induced by transforming growth 

factor beta 1 (TGFB1) which promotes the attachment and spreading of fibroblasts 

(Skonier et al., 1992).  POSTN stimulates cell adhesion, motility, and migration via 

integrin αvβ3 and αvβ5 subunits (Gillan et al., 2002).  POSTN is overexpressed in 

various types of human cancer such as lung, rain, ovary, breast cancers and 

thyroid, and non small cell lung carcinoma (Gillan et al., 2002, Sasaki et al., 2002, 

Sasaki et al., 2001a, Sasaki et al., 2003 , Sasaki et al., 2001b, Sasaki et al., 2001, 

Shao et al., 2004).  Female Postn null mice are infertile due to failure to cycle 

although male null mice is fertile (Rios et al., 2005).  POSTN is highly expressed in 

many tissues including placenta, uterus, mammary gland, and fetal tissues (Gillan 

et al., 2002).  Expression of POSTN in rat carotid arteries and in cultured vascular 

smooth muscle cells (VSMCs) is stimulated by growth factors acting via the 

phosphoinositide-3-kinase (PIK3) dependent signaling pathway (Li et al., 2006).  

Mesenchyme-specific POSTN induces cell invasive activity and metastasis 

through epithelial-mesenchymal transition via coactivation of epidermal growth 

factor (EGF) receptor and integrins (Yan & Shao, 2006).   

 

 

S100 calcium binding protein A2 (S100A2)  

The S100 family of proteins share calcium-binding EF-hand motifs (Donato, 

2001).  The S100 proteins are small, acidic proteins of 10-12kDA, found 

exclusively in vertebrates.  About 23 proteins reported to be in this family have 

broad intracellular and extracellular functions.  Function of many S100 proteins are 
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related to tumor, acting as either promoter or suppressor proteins (Salama et al., 

2007).  Among them, S100A2 is a tumor suppressor in many cancers including 

breast, lung, and prostate cancers by site-specific hypermethylation (Salama et al., 

2007, Wicki et al., 1997).  However, S100A2 is also increased in some cancers 

such as esophageal squamous cell carcinoma and non-small cell lung carcinomas.  

How S100A2 acts as either a tumor promoter or tumor suppressor is unclear, but 

its tumor suppressive function may be due to suppression of PTGS2 (or COX2) 

expression (Tsai et al., 2006).  Also, S100A2 is involved in enhancing p53 

transcriptional activity while other members inhibit p53 activity  (Marenholz et al., 

2004 , Semov et al., 2005).  S100A2 is localized to both nuclear and cytoplasmic 

fractions of all squamous and transitional epithelia (Cross et al., 2005).  S100A2 

was preferentially expressed in normal mammary epithelial cells but not breast 

tumor cells (Lee et al., 1992). 

 

 

Secreted protein, acidic, cysteine-rich (SPARC) 

SPARC (also known as osteonectin, BMN-40, 43K protein) is a collagen-

binding glycoprotein that appears to regulate cell growth through interactions with 

ECM and cytokines (Lane & Sage, 1994).  SPARC null mice showed decreased 

bone formation due to fewer oetsoblasts and osteoclasts, as the previous name 

osteonectin implies.  SPARC is classified as matricellular protein, which is not an 

ECM component itself but modulates cell-matrix interactions and cell function.  

SPARC mediates adhesion, characterized by disruption of focal adhesions and 

reorganization of actin stress fibers (Bornstein & Sage, 2002).  SPARC inhibits cell 

proliferation in vitro (Brekken & Sage, 2001), induces apoptosis (Yiu et al., 2001), 

binds to cytokine/growth factors like vascular endothelial growth factor (VEGF) and 

fibroblast growth factor two (FGF2) and regulates cell growth, growth factor 

production, angiogenesis, matrix deposition or assembly, cell attachment and 

migration (Bornstein & Sage, 2002).  SPARC is an upstream regulator of several 



 26

collagens (Zhou et al., 2006).  SPARC is coordinately down-regulated with 

COL3A1 in IL11 receptor α null mice which fail to undergo normal uterine 

decidualization (White et al., 2004).   

 

 

Signal transducer and activator of transcription 5A (STAT5A) 

STAT5A, a member of signal transducer and activator of transcription in JAK-

STAT signaling pathway (Darnell, 1997), was initially identified in mammary gland 

tissue as a prolactin-induced transcription factor named mammary gland factor 

(MGF) (Wakao et al., 1994).  STAT5 consists of two highly related genes encoding 

STAT5a and STAT5b proteins, with high similarity (Liu et al., 1995).  These 

proteins differ mainly at the carboxyl terminus and present distinct DNA-binding 

specificities due to a single amino acid difference in the DNA binding domain 

(Boucheron et al., 1998). These two proteins probably regulate expression of 

common as well as distinct genes.  Stat5a knockout mice develop normally and 

are indistinguishable from wild-type litter mates in size, weight, and fertility.  

However, mammary lobuloalveolar outgrowth during pregnancy was reduced, and 

the females failed to lactate after parturition due to a failure of terminal 

differentiation of the mammary glands (Liu et al., 1997) . These results 

demonstrate that STAT5A is important for mammogenesis and lactogenesis. In 

addition, Stat5a/b knockout mice have defects in development of functional 

ovarian CL that result in female infertility that is not characteristic of either Stat5a 

or Stat5b knockout mice which indicates redundancy of the STAT5A and STAT5B 

protein functions.  IFNT activates STATs in cells of the ovine endometrium.  

Phosphorylated STAT5A/B (pSTAT5A/B) was transiently translocated to the 

nucleus after ovine LE cells were stimulated by IFNT in vitro (Stewart et al., 2001).  

Immunoreactive pSTAT5A/B protein was affected transiently by IFNT, suggesting 

dynamic changes in STAT5A action during early pregnancy.  
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Transgelin (TAGLN)  

TAGLN (also known as SM22) is an abundant-smooth muscle specific 22 

kDa protein, the function of which is unknown. TAGLN has been found in both 

visceral and vascular smooth muscle, and its expression is very high in aorta, lung, 

uterus, and intestine.  In chicken gizzard, three types of isoforms are reported (α, β, 

γ). Transgelin serves as an actin-binding and organizing polypeptide (Kobayashi et 

al., 1994, Shapland et al., 1993).  TAGLN is commonly used as an early marker of 

smooth muscle tissues.  TAGLN deficient mouse showed changes in the actin 

filament distribution although no obvious abnormalities in vascular smooth muscle 

were detected (Zhang et al., 2001).  TAGLN is found in smooth-muscle containing 

organs including uterus, intestine, gizzard, esophagus and aorta (Lees-Miller et al., 

1987).    
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CHAPTER III 
PROGESTERONE AND INTERFERON TAU REGULATED GENES IN THE 

OVINE UTERINE ENDOMETRIUM 

 

 

Introduction 

 

Maternal recognition of pregnancy and implantation of the conceptus in early 

pregnancy are crucial for establishment of pregnancy.  The ruminant conceptus 

secretes the pregnancy recognition signal, interferon tau (IFNT), which prevents 

luteolysis of the corpus luteum (CL).  The CL produces progesterone (P4) which is 

required for successful pregnancy by making uterus a permissive environment for 

embryo development, implantation, placentation and successful fetal and placental 

development to term (Spencer & Bazer, 2004).  In a number of mammalian uteri, 

progesterone receptors (PGR) are expressed in the endometrial epithelia and 

stroma during the early to midluteal phase, allowing direct regulation of a number 

of genes by progesterone via activation of the PGR.  The loss of PGR in the 

endometrial luminal epithelium (LE) and then glandular epithelium (GE) is 

associated with reprogramming of gene expression in the endometrium (Spencer 

et al., 2004a).  IFNT acts on the endometrium in a cell-specific manner to regulate 

expression of IFN-stimulated genes (ISGs) that are hypothesized to play roles in 

uterine receptivity and conceptus implantation (Spencer & Bazer, 2004).  Gene 

expression in this period of pregnancy in the uterine endometrium is regulated by 

the action of P4 from CL and then IFNT from the conceptus.  Previously, a custom 

endometrial cDNA array from Day 14 pregnant ewes was constructed and used to 

identify pregnancy, P4 and/or IFNT-regulated genes identified in uteri of sheep 

(Gray et al., 2006).  A subset of genes listed in Table 3.1 was found by this 

microarray to be increased or decreased in response to pregnancy, P4 and/or 

IFNT.   
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Periostin (POSTN) is upregulated in epithelial ovarian tumors and supports 

adhesion and migration of ovarian epithelial cells (Gillan et al., 2002).  S100 

calcium binding protein A2 (S100A2) is highly expressed in kidney, lung, breast 

epithelia and down-regulated in cells which acquire tumorigenic phenotype (Wicki 

et al., 1997).  Collagen, type III, alpha 1 (COL3A1) and secreted protein, acidic, 

cysteine-rich (SPARC), are extracellular matrix (ECM) components, that are 

regulated by interleukin 11 (IL11) during decidualization in mice (White et al., 

2004).  Actin, alpha 2, smooth muscle, aorta (ACTA2) is expressed in myometrium 

and its expression is altered during pregnancy to prepare the myometrium for  

development of optimal contraction during labor (Shynlova et al., 2005).  

Transgelin (TAGLN) is an actin-binding protein involved in actin organization by 

gelling actin (Shapland et al., 1993).  Signal transducer and activator of 

transcription 5A (STAT5A) is one member of the signal transducer and activator of 

transcription in JAK-STAT signaling pathway that mediates the action of lactogenic 

hormones (Darnell, 1997).   

Although genes in Table 3.1 have been identified as candidate of pregnancy, 

P4 and/or IFNT-regulated genes in the ovine uterine endometrium, confirmation of 

the spatio-temporal changes in their expression in the endometrium during early 

pregnancy and in response to P4 and IFNT have not been investigated.  Our 

working hypothesis is that the genes identified by custom microarray analysis of 

ovine endometria have physiological roles in establishing uterine receptivity for 

successful implantation during pregnancy.  Therefore, these studies were 

conducted to confirm regulation of those candidate genes by pregnancy, P4 and/or 

IFNT.  
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Materials and methods 

 

 

Animals 

Mature crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in 

the presence of  vasectomized rams and were used in experiments after they had 

exhibited at least two estrous cycles of normal duration (16~18 days).  At estrus, 

ewes were assigned randomly to cyclic or pregnant status.  All experimental and 

surgical procedures were in agreement with the Guide for the Care and Use of 

Agriculture Animals in Research and Teaching and approved by the Institutional 

Animal Care and Use Committee of Texas A&M University. 

 

 

Study One 

At estrus (Day 0), ewes were mated to an intact ram and then 

hysterectomized (n = 5 ewes/Day) on either Day 10, 12, 14, or 16 of the estrous 

cycle or Day 10, 12, 14, 16, 18, or 20 of pregnancy.  On Days 10 to 16 of 

pregnancy, the uterine lumen was flushed with 20 ml of sterile 10 mm Tris-HCl (pH 

8.0) to confirm pregnancy by observing the presence of one or more 

morphologically normal conceptus(es).  Uterine flushes were not obtained from 

either Day 18 or 20 of pregnancy because the conceptus is firmly adhered to the 

endometrial LE and basal lamina (Guillomot et al., 1981).  Uterine flushes were 

clarified by centrifugation (3000 x g for 30 min at 4ºC) and frozen at -80ºC for 

Western blot analysis.  At hysterectomy, several sections (~0.5cm) from the 

midportion of each uterine horn ipsilateral to the corpus luteum were fixed in fresh 

4% paraformaldehyde in PBS (pH 7.2).  After 24 h, fixed tissues were changed to 

70% ethanol for 24 h and then embedded in Paraplast-Plus (Oxford Labware, St. 

Louis, MO) for analyses using in situ hybridization and immunohistochemistry.  

The remaining endometrium was physically dissected from myometrium, frozen in 
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liquid nitrogen, and stored at -80°C for subsequent RNA extraction.  In 

monovulatory pregnant ewes, uterine tissue samples were marked as either 

contralateral or ipsilateral to the ovary bearing the corpus luteum.  No tissues from 

the contralateral uterine horn were used for study.  

 

 

Study Two   

Cyclic crossbred ewes (n = 20) were checked daily for estrus and then 

ovariectomized and fitted with indwelling uterine catheters on Day 5 as described 

previously (Gray et al., 2006).  Ewes were then randomly assigned (n = 5 per 

treatment) and treated daily as follows: (1) 50 mg P4 from days 5-16 and i.u. with 

200µg control proteins from days 11-16 (P4+CX); (2) P4 and 75 mg ZK 136,317 

(P4 receptor antagonist ZK 136,317; Schering AG, Berlin, Germany) from days 11-

16 and i.u. control proteins (P4+ZK+CX); (3) P4 and i.u. IFNT (2x107 antiviral 

units) from days 11-16 (P4+IFN); or (4) P4 and ZK and IFNT (P4+ZK+IFN).  The 

P4 and ZK were administered daily in corn oil vehicle.  All ewes were 

hysterectomized on Day 17.  Each uterine horn of each ewe received twice-daily 

injections of either CX proteins (50µg/horn/injection) or recombinant ovine IFNT 

(5x106 antiviral units/horn/injection).  Recombinant ovine IFNT was produced in 

Pichia pastoris and purified as described previously (Van Heeke et al., 1996).  

Proteins were prepared for i.u. injection as described previously (Spencer et al., 

1999b).  This regimen of P4 and IFNT mimics the effects of P4 and the conceptus 

on endometrial expression of hormone receptors and IFNT-stimulated genes 

during early pregnancy in ewes (Song et al., 2006).  Uteri were processed for 

histology and the endometria obtained for RNA extraction as described in Study 1.   

 

 

RNA isolation 

Total cellular RNA was isolated from frozen samples of endometrium using 
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Trizol reagent (Life Technologies, Inc., Bethesda, MD) according to manufacturer�s 

recommendations.  The quantity and quality of total RNA was determined by 

spectrometry and denaturing agarose gel electrophoresis, respectively. 

 

 

Cloning of partial cDNA 

Partial cDNAs for ovine ACTA2, COL3A1, POSTN, S100A2, SPARC, 

STAT5A and TAGLN were generated by RT-PCR using total RNA from either Day 

16 or Day 18 pregnant ovine endometrium specific primers and annealing 

temperatures summarized in Table 3.2 and methods described previously 

(Hayashi et al., 2007).  PCR products of the predicted size were cloned into pCRII 

using T/A cloning kit (Invitrogen) and their sequences were verified by sequencing 

using an ABI PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM 

automated DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA, 

USA).   

 

 

Slot blot hybridization analyses 

Steady-state levels of mRNA in ovine endometria were assessed by slot blot 

hybridization as described previously (Song et al., 2007a).  Radiolabeled 

antisense and cRNA probes were generated by in vitro transcription using [α-32P] 

UTP.  Denatured total endometrial RNA (20 µg) from each ewe was hybridized 

with radiolabeled cRNA probes.  To correct for variation in total RNA loading, a 

duplicate membrane was hybridized with radiolabeled antisense 18S cRNA 

(pT718S; Ambion, Austin, TX).  After washing, blots were digested with RNase A 

and radioactivity associated with slots quantified using a Typhoon 8600 

MultiImager (Molecular Dynamics, Piscataway, NJ). Data are expressed as 

relative units.   
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In situ hybridization analyses 

      Cell-specific localization of mRNA expression in sections (5 µm) of the 

ovine uterus was determined by radioactive in situ hybridization analysis using 

methods described previously (Choi et al., 2001b, Spencer et al., 1999b).  

Radiolabeled antisense and sense cRNA probes were generated by in vitro 

transcription using linearized plasmid cDNA templates, RNA polymerases, and [α-
35S] UTP.  Deparaffinized, rehydrated, and deproteinated uterine tissue sections 

were hybridized with radiolabeled antisense or sense cRNA probes.  After 

hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 

liquid photographic emulsion (Kodak, Rochester, NY) and exposed at 4ºC for 3 

days to 4 weeks.  Slides were developed in Kodak D-19 developer, counterstained 

with Gill�s hematoxylin (Fisher Scientific), and then dehydrated through a graded 

series of alcohol to xylene. Coverslips were then affixed with Permount (Fisher 

Scientific). 

 

 

Immunohistochemistry 

Immunolocalization of POSTN protein was performed in crosssections (5 

µm) of paraffin-embedded uteri (n=5 ewes/day/status) using specific antibodies 

and a Vectastain Elite ABC rabbit IgG Kit (PK-6101; Vector Laboratories, 

Burlingame, CA) according to manufacturer�s recommendations.  Rabbit 

polyclonal antibody specific to POSTN protein (ab14041, Abcam Inc., Cambridge, 

MA) was used for immunohistochemistry at 0.5 µg/ml of final concentration.  

Negative controls were performed in which the primary antibody was substituted 

with the same concentration of normal rabbit IgG (Sigma, St. Louis, MO).  Multiple 

tissue sections from each ewe were processed as sets within an experiment.  

Immunoreactive proteins were visualized using diaminobenzidine 

tetrahydrochloride (Sigma Chemical Co.).  Sections were subsequently 

dehydrated and coverslips were affixed with Permount.   
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Western blot analyses 

Protein concentrations of uterine flushes were determined using the Bradford 

protein assay (Bio-Rad Laboratories, Hercules, CA) with BSA as the standard. 

Proteins were denatured and separated by 10% SDS PAGE and Western blot 

analysis conducted as described previously (Spencer et al., 1999a).  Rabbit 

polyclonal POSTN antibody (cat no. ab14041, Abcam Inc., Cambridge, MA) at 1.0 

µg/ml was used in analyses.  Blots were washed, and placed in Affinity purified 

antibody Peroxidase labeled Goat anti-Rabbit IgG (H+L) (1:10,000 dilution of 1 

mg/ml stock; cat no. 474-1506, KPL Inc., Gaithersburg, MD).  Immunoreactive 

POSTN protein was detected using enhanced chemiluminescence (SuperSignal 

West Pico, Pierce, Rockford, IL) and X-OMAT AR x-ray film (Kodak) according to 

the manufacturer�s recommendations.   

 

 

Attachment assay  

Ovine trophectoderm cells (oTr) were isolated and cultured from Day 15 

ovine conceptuses and cultured as described previously (Farmer et al., 2007).  

Attachment assays were conducted using oTrF cells and methods as described 

previously (Farmer et al., 2007).  Information about Cell suspension plates with 24 

wells (Greiner Multiwell Tissue Culture Plates, PGC Scientific Co, Monroe, NC) 

were coated with either BSA (Bovine Serum Albumin Fraction V, Pierce, Rockford, 

IL) as a negative control, bovine FN (fibronectin 0.1% [w/v] solution from bovine 

plasma, Sigma, St. Louis, MO) as a positive control, or recombinant human 

POSTN protein (R&D Systems, Minneapolis, MN) in triplicate and allowed to dry 

overnight in a sterile hood at room temperature.  Wells were then blocked with 1 

ml BSA (10 mg/ml) in PBS for 1 h and rinsed three times with 1 ml per well serum 

and insulin-free DMEM.  Equal numbers of freshly trypsinized oTrF cells were 

seeded into each well, and plates were incubated for 1.5 h.  Wells were washed 
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three times with 1 ml serum- and insulin-free medium to remove unattached cells.  

Cell numbers were determined using a Janus Green assay as described 

previously (Farmer et al., 2007).  The entire experiment was repeated at least 

three times with different passages of oTrF cells.   

 

 

Migration assay 

Migration assays were conducted with oTrF cells as described previously 

(Farmer et al., 2007). Briefly, oTrF cells (50,000 cells per 100 µl serum and insulin-

free DMEM) were seeded on 8 µm pore Transwell inserts (Corning Costar #3422, 

Corning, NY). Treatments were then added to each well (n=3 wells per treatment) 

that included combinations of: (a) serum and insulin-free DMEM medium (600 µl); 

(b) recombinant human POSTN protein (R&D Systems, Minneapolis, MN) at 10 ng 

or 100 ng; (c) BSA (Bovine Serum Albumin Fraction V, Pierce, Rockford, IL) at 10 

ng or 100 ng (d) trophoblast growth medium including serum and insulin as a 

positive control. After 12 h, cells on the upper side of the inserts were removed 

with a cotton swab.  For evaluation of cells that migrated onto the lower surface, 

inserts were fixed in 50% ethanol for 5 min. The transwell membranes were then 

removed, placed on a glass slide with the side containing cells facing up, overlaid 

with Prolong antifade mounting reagent with DAPI, and overlaid with a cover slip 

(Invitrogen-Molecular Probes, Eugene, OR, USA). The migrated cells were 

systematically counted using a Zeiss Axioplan 2 fluorescence microscope with 

Axiocam HR digital camera and Axiovision 4.3 software (Carl Zeiss Microimaging, 

Thornwood, NY). The entire experiment was repeated at least three times with 

different passages of oTrF cells. 

 

 

Statistical analyses 

Data from all quantitative studies were subjected to least squares ANOVA 
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using the General Linear Models procedures of the Statistical Analysis System 

(SAS Institute, Cary, NC).  Slot blot hybridization data were corrected for 

differences in sample loading by using the 18S rRNA data as a covariate. Data are 

presented as the least-squares means with overall standard error (SE).  A P value 

< 0.05 was considered as significant.   

 

 

Results 

 

In situ hybridization analysis of uteri from cyclic and pregnant ewes (Study 

One) 

      In situ hybridization detected S100A2 mRNA predominantly in the LE and GE 

of the ovine endometrium as well as the conceptus (Fig. 3.1).  In cyclic ewes, 

S100A2 mRNA appeared to increase between Days 10 and 16.  In pregnant ewes, 

S100A2 mRNA was lowest on Days 10 and 12, increased on Days 14 and 16, and 

decreased on Days 18 and 20.  S100A2 mRNA was present in both conceptus 

trophectoderm and endoderm.   

POSTN mRNA was observed predominantly in the stratum compactum 

stroma, and caruncle but not in LE, GE or conceptus on Days 18 and 20 (Fig. 3.1).  

In cyclic ewes, POSTN mRNA was lowest on Day 10, increased on Day 12 and 

was then undetectable between Days 12 and 14.  In pregnant ewes, POSTN 

mRNA was constitutively expressed in the stroma and particular abundant in the 

caruncular stroma.  

COL3A1 mRNA was detected in intercaruncular stroma and caruncle of the 

ovine endometrium and endoderm of the conceptus (Fig. 3.2).  In cyclic ewes, 

COL3A1 mRNA decreased from Days 10 to 14 and then increased substantially 

on Day 16.  In pregnant ewes, COL3A1 mRNA was low in the stroma between 

Days 10 and 20.  Abundant COL3A1 mRNA was detected in the caruncular 

stroma and the endoderm of conceptuses on Days 18 and 20 of pregnancy.  
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Figure 3.1.  In situ localization of S100A2 and POSTN mRNAs in cyclic (C) and 

pregnant (P) ovine endometria.  Cross-sections of uteri were hybridized with 

radiolabeled antisense or sense ovine S100A2 and POSTN cRNA probes.  

S100A2 mRNA is localized in LE, GE, and conceptus on Days 18 and 20.  POSTN 

mRNA is localized in stroma and caruncle.  Bright-field photomicrographs (left) 

and dark-field photomicrographs (right) were taken for each gene.  Legend: LE, 

luminal epithelium; GE, glandular epithelium; S, stroma; Car, caruncle; Tr, 

trophectoderm; Scale bar represents 10 µm. 
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Figure 3.2.  In situ localization of COL3A1 and SPARC mRNAs in cyclic (C) and 

pregnant (P) ovine endometria.  Cross-sections of uteri were hybridized with 

radiolabeled antisense or sense ovine COL3A1 and SPARC cRNA probes.  

COL3A1 and SPARC mRNAs are localized in stroma, caruncle, and conceptus on 

Days 18 and 20.  Bright-field photomicrographs (left) and dark-field 

photomicrographs (right) were taken for each gene.  Legend: LE, luminal 

epithelium; GE, glandular epithelium; S, stroma; Car, caruncle; Tr, trophectoderm; 

Scale bar represents 10 µm. 
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Figure 3.3.  In situ localization of ACTA2 and TAGLN mRNAs in cyclic (C) and 

pregnant (P) ovine endometria.  Cross-sections of uteri were hybridized with 

radiolabeled antisense or sense ovine ACTA2 and TAGLN cRNA probes.  ACTA2 

mRNA was localized in stroma, myometrium, and conceptus on Days 18 and 20.  

Bright-field photomicrographs (left) and dark-field photomicrographs (right) were 

taken for each gene.  Legend: LE, luminal epithelium; GE, glandular epithelium; S, 

stroma; M, myometrium; BV, blood vessel; Tr, trophectoderm; Scale bar 

represents 10 µm. 
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Similar temporal and spatial alteration in SPARC mRNAs were observed during 

the cycle and early pregnancy in the ovine uteri.   

ACTA2 and TAGLN mRNAs were low to undetectable in most cells of the 

endometrium, except for the blood vessels in both cyclic and pregnant ewes (Fig. 

3.3).  However, TAGLN mRNA was increased in the stroma of Day 16 cyclic ewes.  

Abundant ACTA2 and TAGLN mRNA was observed in the myometrium both in 

cyclic and pregnant ovine uteri.  Abundant ACTA2, but not TAGLN, mRNA was 

expressed in the conceptus trophectoderm on Days 18 and 20 of pregnancy. 

STAT5A mRNA was below the limits of detection in both cyclic and pregnant 

ewes (data not shown).   

  

 

Steady-state levels on S100A2 and POSTN mRNAs in the cyclic and 

pregnant endometria (Study One)  

The abundance and spatio-temporal pattern of mRNA localization in cyclic 

and pregnant uteri were considered for S100A2 and POSTN for further study with 

respect to possible regulation by P4 and/or IFNT.  Steady-state levels of S100A2 

and POSTN mRNAs in endometria from cyclic and pregnant ewes were 

determined by slot blot hybridization analyses (Fig. 3.4).  S100A2 mRNA was 

affected by day and status (P<0.05).  In cyclic ewes, S100A2 mRNA increased 

nearly five-fold between Days 12 and 16 (linear, P<0.01).  In pregnant ewes, 

S100A2 mRNA was increased from Days 12 to 14 and then decreased to Day 20 

(quadratic, P<0.05).  POSTN mRNA was also affected by day and status (P<0.05).  

In cyclic ewes, POSTN mRNA was high on Day 12 and then decreased till Day 16 

(linear, P<0.05).  In pregnant ewes, POSTN mRNA increased from Day 10 to Day 

12, and remained elevated thereafter.   
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Figure 3.4.  Steady-state levels of S100A2 (A) and POSTN (B) mRNAs in 

endometria from cyclic and early pregnant ewes as determined by slot blot 

hybridization analysis.  (A) S100A2 mRNA was increased from Day 12 to Day 16 

(P<0.01) in cyclic ewes.  In pregnant ewes, S100A2 mRNA was increased from 

Day 12 to Day 14 (P<0.01) and decreased to Day 20 (P<0.05).  (B) In cyclic ewes, 

POSTN mRNA was high in Day 12, then decreased till Day 16 (P<0.05).  In 

pregnant ewes, POSTN mRNA was increased on Day 12, decreased till Day 16 

(P<0.05) and maintained thereafter.  Data are presented as least-square mean 

relative units (RU) with standard error (SE). 
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Figure 3.5.  Steady-state levels of S100A2 and POSTN mRNAs in endometria 

from Study Two. Intrauterine infusion of IFNT decreased S100A2 mRNA in the 

presence of P4 alone (P4+CX vs P4+IFN, P<0.05) but not in P4+ZK treated ewes 

(P4+ZK+CX vs P4+ZK+IFN, P>0.10).  The PGR antagonist ZK treatment tended 

to reduce POSTN mRNA (P4+CX vs P4+ZK+CX, P>0.05) but roIFNT did not 

affect to POSTN mRNA levels (P4+CX vs P4+IFN, P>0.10).  The asterisk (*) 

denotes an effect of treatment. Data are presented as least-square mean relative 

units (RU) with standard error (SE).   
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Figure 3.6.   In situ localization of S100A2 and POSTN mRNAs in endometria 

from pregnant ewes in Study Two.  S100A2 mRNA tended to be less abundant in 

P4+IFN treated ewes compared to ewes from other treatment groups.  P4 

increased POSTN mRNA in the stroma (primarily stratum compactum stroma) of 

P4-treated ewes (P4+CX and P4+IFN).  Legend: LE, luminal epithelium; GE, 

glandular epithelium; S, stroma; Scale bar represents 10 µm. 
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Effects of P4 and IFNT on S100A2 and POSTN mRNA expression (Study 

Two)                                                                                                                                                 

To determine effects of P4 and IFNT on S100A2 and POSTN, Study 2 was 

conducted as described in Materials and Methods.  Briefly, cyclic ewes were 

ovariectomized on Day 5, treated with P4 or P4 and the PR antagonist ZK136,317, 

and intrauterine infusion of control protein (CX) or recombinant ovine IFNT 

(roIFNT).  As shown in Fig. 3.5, intrauterine roIFNT decreased steady-state levels 

of S100A2 mRNA about 2.5-fold (P4+CX vs P4+IFN, P<0.05).  Treatment of ewes 

with the P4 did not affect S100A2 mRNA (P4+CX vs P4+ZK+CX, P>0.10).  

Intrauterine roIFNT did not affect S100A2 mRNA levels in endometria from ewes 

receiving P4+ZK (P4+ZK+CX vs P4+ZK+IFN, P>0.10).   

For ewes receiving only P4, roIFNT did not affect steady-state levels of 

POSTN mRNAs in the endometria (P4+CX vs P4+IFN, P>0.10).  However, 

treatment of ewes with the ZK 136,317 PGR antagonist decreased POSTN mRNA 

about 4.8-fold (P4+CX vs P4+ZK+CX, P=0.001).  In situ hybridization results (Fig. 

3.6.) confirm that S100A2 mRNA was reduced in P4+IFNT treated ewes in the LE 

and superficial GE (sGE).  Increased POSTN mRNA was localized in the stratum 

compactum stroma of P4-treated ewes (P4+CX and P4+IFNT) but not P4+ZK 

treated ewes (P4+ZK+CX and P4+ZK+IFN).   

 

 

Immunoreactive POSTN protein 

POSTN protein was observed in the stratum compactum stroma, area 

adjacent to GE, and caruncles in the ovine endometrium (Fig. 3.7).  In the stratum 

compactum stroma, POSTN protein was localized either in the subepithelial area 

adjacent to LE or in areas in close proximity to stratum spongiosum stroma.  

Abundance of POSTN protein during the estrous cycle and early pregnancy is 

summarized in Table 3.3.  In cyclic ewes, POSTN protein increased on Day 12 

and was maintained.  In pregnant ewes, POSTN protein increased on Day 12,  
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Figure 3.7.  Immunolocalization of POSTN protein in cyclic (C) and pregnant (P) 

ovine endometria.  Immunoreactive proteins were detected using specific rabbit 

polyclonal antibody against POSTN protein.  For the IgG control, normal rabbit IgG 

was substituted for the primary antibody.  POSTN protein was localized in the 

stroma, area adjacent to GE, and caruncle.  POSTN protein increased on Day 12 

in both cyclic and pregnant ewes and was maintained in cyclic ewes, but 

decreased in pregnant ewes.  Legend: LE, luminal epithelium; GE, glandular 

epithelium; S, stroma; Tr, trophectoderm. Scale bar represents 10 µm. 
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Figure 3.8.  Representative photomicrographs of immunoreactive POSTN protein 

in endometria from pregnant ewes between Days 16 to 20.  Abundant POSTN 

protein was in the stratum compactum stroma proximal to the LE. In the caruncle, 

crystallization of POSTN protein was noted but this was not detected in either 

cyclic or pregnant ewes from earlier days.  Legend: LE, luminal epithelium; Tr, 

trophectoderm; En, endoderm; Car, caruncle; Cr, crystals; Scale bar represents 20 

µm. 
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Figure 3.9.  Representative Western blot analysis of POSTN protein in uterine 

flushes from cyclic and pregnant ewes.  Proteins in uterine flushes were separated 

by 10% SDS-PAGE (40µg/lane), and immunoreactive POSTN protein was 

detected using specific rabbit polyclonal antibody. POSTN protein of about 90 kDa 

was detected in pregnant, but not cyclic ewes on Days 14 and 16. 
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decreased to Day 16, and then increased again.  Less POSTN protein was 

detected in pregnant than cyclic ewes on Day 16.  On Days 16 to 20 of pregnancy, 

interesting features were found (Fig. 3.8).  In intercaruncular areas and on the 

sides of concave caruncle, abundant POSTN protein was accumulated at the 

apical area of the endometrium just beneath the LE.  In the caruncles, focal 

accumulation of POSTN protein on Days 18 and  20 was different from cyclic ewes 

and pregnant ewes on earlier days.  A 90 kDa immunoreactive POSTN protein 

was also detected in uterine flushes (Fig. 3.9).  POSTN protein was detected 

primarily in the uterine flushes from pregnant ewes and was most abundant on 

Days 14 and 16 of pregnancy. 

 

 

Effect of POSTN on attachment and migration of trophectoderm cells  

POSTN protein promotes cell adhesion and motility via integrin αvβ3 and 

αvβ5 subunits (Gillan et al., 2002).  Integrins, a family of heterodimeric 

transmembrane glycoprotein receptors, bind extracellular matrix (ECM) proteins to 

mediate cellular differentiation, motility and adhesion through numerous cell 

signaling pathways (Giancotti & Ruoslahti, 1999). During the periimplantation 

period of pregnancy in sheep, integrin subunits α (v,4,5) and β (1,3,5) are 

constitutively expressed on apical surfaces of both conceptus trophectoderm and 

endometrial LE (Johnson et al., 2001a).  Therefore, attachment and migration 

analyses were conducted to test the hypothesis that POSTN affects attachment 

and migration function of ovine trophectoderm cells (Fig. 3.10).  For the 

attachment assay, wells of suspension culture plates were precoated with either 

10 ng and 100 ng of recombinant human POSTN (rhPOSTN), bovine albumin 

serum (BSA) as the negative control, or bovine fibronectin (bFN) as the positive 

control.  For migration assay, cells were treated in serum and insulin-free DMEM 

with 10 ng and 100 ng of rhPOSTN protein or BSA and cultured in a Transwell 

plate. Relative to wells coated with BSA, higher concentration of rhPOSTN  
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Figure 3.10.  POSTN stimulates attachment and migration of ovine trophectoderm 

cells.  For attachment, wells of suspension culture plates were precoated overnight 

with either BSA (negative control), bovine fibronectin (positive control), or 

recombinant human POSTN.  Equal numbers of cells were added to each well, 

and the number of attached cells was determined after 1.5hr of incubation.  For 

migration, cells were cultured in a Transwell plate in serum- and insulin-free 

medium and treated with recombinant human POSTN.  Data are presented as 

percent increase of attachment or migration on POSTN treatment groups above 

corresponding BSA treatment groups.  Higher concentration of recombinant 

POSTN protein stimulated attachment of oTrF cells.  10ng of recombinant POSTN 

protein was the most effective treatment in stimulating migration of oTrF cells.   
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(100ng) stimulated greater cell attachment.  However, 10ng of rhPOSTN was most 

effective in stimulating oTrF cell migration. 

 

 

Discussion 

 

There was discordance between results from the microarray analysis (Gray 

et al., 2006) and corroboration analysis of several genes examined in this study.  

The endometrium is an organ of dynamic change, with autocrine and paracrine 

factors acting in a spatio-temporal manner, under complex regulation by hormones 

and their relevant receptors, and with various cell signaling pathways being 

activated during the estrous cycle and early pregnancy.  Thus, comparing 

differential gene regulation between one specific day of the estrous cycle and 

pregnancy or among treatment groups using microarray data may not provide the 

entire frame of regulation of expression of a artcitular gene during the peri-

implantation period of pregnancy.  These factors highlight the necessity of 

corroborating microarray data in studies of gene expression by cells of the 

endometrium.  In complex tissues like uterine endometria, localization of mRNA 

using in situ hybridization provides important temporal and spatial information 

about gene expression that allows increased insight into the mechanistic functions 

of gene products within complex epitheliomesenchymal tissues (White & 

Salamonsen, 2005).  In addition, a modern technique laser-capture 

microdissection (LCM) enables isolation of LE and GE from the endometria to 

identify genes uniquely expressed in the LE or GE during implantation in mice 

(Niklaus & Pollard, 2006).  Furthermore, gene profiling using microarray analyses 

must extend to proteomic and functional genomic research (Horcajadas et al., 

2007) to understand the ultimate roles of genes in organ systems.   

ACTA2 was expected to be downregulated by pregnancy and TAGLN 

upregulated by IFNT based on microarray data (Gray et al., 2006).  In situ 
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hybridization revealed that abundant ACTA2 mRNA primarily in the myometrium 

as studies in human and monkey and indicated that ACTA2 is the primary type of 

actin in the myometrium (Cavaille, 1985, Cavaille et al., 1986).  However, ACTA2 

and TAGLN mRNAs were not detected in LE, GE or stroma in the present study 

although these cell types have major roles in early pregnancy, and no changes in 

these mRNAs were found in either myometrium or blood vessels.  Therefore, the 

results of the present study do not confirm P4 and/or IFNT regulation of ACTA2 

and TAGLN in ovine endometria during pregnancy.  Abundant ACTA2 mRNA was 

maintained throughout pregnancy and there was an alteration in gamma-actin 

mRNA expression in myometrium of rat uteri (Shynlova et al., 2005).  During early 

pregnancy in sheep, low levels of ESR1 and PGR in the myometrium allows P4 to 

maintain a quiescent myometrium (Spencer & Bazer, 1995).  Also, α-smooth 

muscle actin is a marker of decidualization-like changes of stromal cells, along 

with secreted phosphoprotein 1 or osteopontin (SPP1) and desmin.  Alpha-smooth 

muscle actin mRNA appears on intercaruncular and caruncular areas of stromal 

cells from Day 25 through Day 120 of pregnancy but not during the estrous cycle 

or earlier stages of pregnancy which is cinsistent with results of the present study 

(Johnson et al., 2003b).  TAGLN, also called as SM22α, is a marker for smooth 

muscle cells and smooth muscle-containing tissues including the uterus (Duband 

et al., 1993, Gimona et al., 1992, Lees-Miller et al., 1987, Shanahan et al., 1993).  

In the present study, TAGLN mRNA was localized in similar pattern to that for 

ACTA2 mRNA in myometrium, stroma and blood vessels, but not conceptus.  

Interestingly, TAGLN mRNA was highly expressed on Day 16 of pregnancy, which 

is different from ACTA2 mRNA in uteri on the same day.  TAGLN is a repressor for 

MMP9 (Nair et al., 2006), a member of metalloproteinases (MMPs) which plays a 

role in uterine endometrial tissue remodeling, and MMP9 regulated by estrogen in 

mouse uterus (Zhang et al., 2007).  TAGLN mRNA expression might be effected 

by estrogen in cyclic ewes as shown in Fig. 3.3.  Even though MMPs in ovine uteri 

during early pregnancy are not well characterized, their inhibitors are regulated by 
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P4 or IFNT, e.g., cathepsin L (CTSL) and cystatin C (CST3) (Song et al., 2006, 

Song et al., 2007a) implicate potential actions during early pregnancy.  Collectively, 

results indicate that TAGLN may have effects in the ovine uterus other than actin-

organization.  

COL3A1 and SPARC were expected to be down-regulated by IFNT and 

pregnancy (Gray et al., 2006).  Pregnancy was associated with down-regulation of 

COL3A1 mRNA, but gene expression was not regulated by either P4 or IFNT (see 

Fig. 3.2).  In this study, COL3A1 mRNA was quite abundant during proestrus of 

ewes (Day 16 cycle; Fig. 3.2), suggesting that estrogen upregulates COL3A1 in 

the ovine uterine stroma.  Estrogen regulates expression of collagen types I, III, 

and V in rat uteri (Frankel et al., 1988) and uterine endometria of postmenopausal 

women treated with estrogen had increased abundance of collagen types I, III and 

VI in endometrial stroma.  Interestingly, administration of estrogen not only 

increased collagen types I and III, which are commonly colocalized, but also 

changed the ratio between two (Iwahashi et al., 1997).  COL3A1 is the collagen 

type increases tensile strength (Aumailley & Gayraud, 1998, Burgeson & Nimni, 

1992, van der Rest & Garrone, 1991).  Less collagen fibrils surrounding 

endometrial stromal cells were found during early pregnancy in mice (Finn, 1971). 

Reduced COL3A1 in pregnant compared to cyclic uteri might be related to the 

decrease in junctional complexes in the uterus for easier paracellular transport of 

molecules to and from the conceptus.  Junctional proteins in the LE decrease from 

Day 12 of both cyclic and pregnant ewes, making a potentially �leaky� paracellular 

space that would allow transport of molecules from the uterine stroma and/or 

selective movement of serum transudate directly to the conceptus (Satterfield et 

al., 2007). SPARC, a matricellular protein, is not an ECM component itself, but it 

modulates cell-matrix interactions and cell function (Bornstein & Sage, 2002).  

SPARC is an upstream regulator of several collagens including COL3A1 (Zhou et 

al., 2006).  SPARC and COL3A1 had simimar mRNA localization patterns (see Fig. 

3.2.), suggesting possible regulation of both COL3A1 and SPARC by estrogen in 
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cyclic ewes.  It should also be noted that COL3A1 and SPARC are particularly 

abundant in conceptus trophectoderm.  COL3A1 and SPARC are coordinately 

down-regulated in IL11 receptor α-null mice which are unable to undergo normal 

uterine decidualization (White et al., 2004).  Collectively, SPARC and COL3A1 

may have a cooperative role during early pregnancy in ovine uterine endometrium 

and/or conceptus trophectoderm.  In this study, COL3A1 and SPARC mRNAs 

were observed in endoderm of the ovine conceptus.  During extramebryonic 

membrane formation, endoderm splits into two layers and give rise to yolk sac and 

allantois.  In bovine conceptuses, COL3A1 mRNA was detected low on Day 20 

and increased through Day 36 in the chorioallantois.  COL3A1 is the major 

secretory protein from bovine chorioallantoic membranes and associated with 

development of placenta (Shang et al., 1997).  Also, Sparc is detected in 

extraembryonic membranes and placenta (Howe et al., 1988).  Thus, it is 

speculated that COL3A1 and SPARC secreted from endoderm together play a role 

in extraembryonic development in the ovine conceptus as well.  Moreover, Sparc 

secreted from mesenchymal parietal endoderm cells enhances early 

cardiomyogenesis in vitro (Stary et al., 2006), suggesting similar role of SPARC in 

ovine embryogenesis.   

S100A2 was expected to be downregulated by IFNT (Gray et al., 2006) and 

the present study confirmed that S100A2 is an IFNT downregulated gene.  As 

illustrated in Fig. 3.5, IFNT down-regulated S100A2 mRNA only in ewes treated 

with P4 (P4+CX vs P4+IFN).  However, in the absence of P4, IFNT did not down-

regulate S100A2 mRNA (P4+ZK+CX vs P4+ZK+IFN).  This result suggests that 

IFNT regulation on S100A2 is P4-dependent.  Previous reports are contradictory in 

that S100A2 does not have IFN response elements (IREs), but IFN-α (IFNA) which 

is a member of Type I IFN induced S100A2 expression in human melanoma cells 

with co-stimulation of the transforming growth factor beta 1 (TGFB1) signaling 

pathway (Foser et al., 2006).  The roles of S100A2, other than tumor suppressor 

and in the uterus, have not been reported.  One explanation might be that S100A2 
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regulates prostaglandin-endoperoxide synthase 2 or COX2 (PTGS2).  S100A2 

suppresses PTGS mRNA in squamous cell carcinoma (Salama et al., 2007, Tsai 

et al., 2006).  In ovine endometrium, PTGS2 mRNA levels are higher in pregnant 

than cyclic ewes, which is opposite to the expression pattern for S100A2 mRNA.  

In addition, PTGS2 and S100A2 mRNAs are both localized to LE and sGE of uteri 

from cyclic and pregnant ewes (Kim et al., 2003a).  Expression of S100A2 on 

conceptus or trophectoderm cells has not been reported.  S100A8 is a member of 

S100 alpha family and it regulates fetal-maternal rejection that embryo is resorbed 

by the mother in S100A8 null mice (Passey et al., 1999).  Therefore, it will be 

interesting to examine S100A2 at the time of implantation to find out its role in 

fetal-maternal interaction in sheep.   

This is the first study on POSTN in early pregnancy and implantation.  

POSTN, a secreted ECM protein originally isolated from osteoblasts (Takeshita et 

al., 1993), shares homology with fasciclin I, which is a cell adhesion protein 

guiding growth cone in insects (Elkins et al., 1990).  POSTN increased cell 

migration, invasion and adhesion in tumorigenic 293T cells (Yan & Shao, 2006) 

and POSTN has been reported in human uterus, placenta and mammary gland.  

Recombinant POSTN protein stimulated ovarian epithelial cell adhesion and 

motility via αvβ3 and αvβ5 integrins (Gillan et al., 2002).   Female POSTN null 

mice are infertile due to failure to cycle, but male null mice are fertile (Rios et al., 

2005).  POSTN was expected to be up-regulated by P4, down-regulated by IFNT 

and up-regulated by pregnancy (Gray et al., 2006).  Result from this study 

indicates that POSTN is regulated by P4 but neither  IFNT or pregnancy regulated 

its expression.  As an ECM component, POSTN mRNA was localized in the 

intercaruncular stratum compactum stroma and caruncle of ovine uteri.  As 

illustrated in Fig 3.8, abundant POSTN protein was localized along at the apical 

side of stratum compactum stroma and the site of conceptus attachment on Days 

18 and 20 of pregnancy, while it was absent in the conceptus.  Functional studies 

also demonstrated that rhPOSTN protein stimulated attachment of ovine 
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trophectoderm cells in vitro.  POSTN contains FAS-1 binding domain which 

enables POSTN to interact with integrin (Kim et al., 2000).  With stimulation of 

growth factors like FGF2, POSTN stimulates vascular smooth muscle cells in vitro 

and effects of POSTN were inhibited by silencing PI3K-AKT cell signaling pathway 

(Li et al., 2006) which is present in the ovine trophectoderm (Jin-Young Kim, 

unpublished results).  POSTN may act as a ligand to induce signaling cascade like 

PI3-kinase signaling pathway to stimulate attachment and/or migration of 

trophectoderm cells.  These results suggest that POSTN secreted either into the 

uterine lumen or transported between paracellular spaces and the stroma may 

serves as an ECM ligand for integrin subunits present on conceptus 

trophectoderm. It may then activate unknown or known signaling pathways (e.g., 

PI3-kinase signaling pathway (Yan & Shao, 2006)) to support attachment during 

via interactions with integrin subunits in a dose dependent manner.  Abundant 

POSTN was found in caruncles on Days 18 and 20 of pregnancy, and POSTN is 

expressed in the human and mouse placentae (Gillan et al., 2002, Rios et al., 

2005).  Thus, POSTN in the caruncle may have an unknown role in placentation 

and proper function of the placenta during mid and late pregnancy.        

Collectively, results from the present study confirm that S100A2 and POSTN 

are IFNT and P4 regulated genes, respectively.  Above all, POSTN was not only 

one of the stromal ECM proteins, but it also stimulated attachment of ovine 

trophectoderm cells similar to LGALS15 and SPP1 (Farmer et al., 2007, Johnson 

et al., 2003a).  Future studies will be directed toward identification of signaling 

pathways involved in conceptus implantation following activation by POSTN.  As 

an IFNT downregulated gene, S100A2 might have affect in either 

luteotrophic/luteolytic mechanism involving prostaglandins.  Functional studies for 

S100A2 related to action of PTGS2 on synthesis of prostaglandins during early 

pregnancy will be essential.   
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CHAPTER IV 
EXPRESSION OF INTERFERON STIMULATED GENES IN THE CORPUS 

LUTEUM DURING EARLY PREGNANCY IN SHEEP 

 
 

Introduction 
 

Interferon tau (IFNT), a member of the type I interferon (IFN) family, is the 

pregnancy recognition signal from conceptuses of ruminants.  Ovine IFNT is 

secreted from mononuclear cells of the conceptus trophectoderm between Days 

10 and 20 with maximal production between Days 14 to 16 (Bazer et al., 1997, 

Roberts et al., 1999).  During early pregnancy, IFNT acts in a paracrine manner on 

the uterine endometrium to block production of luteolytic PGF2α pulses by 

suppressing expression of estrogen receptor alpha (ESR1) and thus oxytocin 

receptor (OXTR) in the luminal epithelium (LE) and superficial glandular epithelium 

(sGE), therefore preventing regression of CL (Bazer, 1992).  Also, IFNT stimulates 

expression of IFN-stimulated genes (ISGs) that appear to play roles in endometrial 

differentiation and conceptus implantation during early pregnancy (Spencer & 

Bazer, 2004).   

Administration of recombinant ovine IFNT (roIFNT) by intrauterine (i.u.) or 

subcutaneous (s.c.) injections was both effective in induction of ISGs (MX1 and 

ISG15) in the CL whereas only i.u. roIFNT was effective in induction of ISGs and 

suppression of ESR1 and OXTR in the uterine endometrium (Spencer et al., 

1999b).  This result generated a hypothesis that both i.u. (paracrine) and s.c. 

(endocrine) IFNT acts on CL to induce expression of ISGs and three potential 

mechanisms were suggested.  First, IFNT may exit the uterus and act in an 

endocrine manner to induce ISGs in the CL.  Second, IFNT might induce 

substances in the endometrium that have paracrine/endocrine effects on the ovary 

and CL.  Third, IFNT may exert effects on uterine blood cells, uterine mucosa or 
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circulating immune cells which could then exert effects on the uterus and the CL 

(Spencer et al., 1999b, Yankey et al., 2001).   

Supporting the hypothesis that IFNt exerts effects on uterine blood cells, 

uterine mucosa or circulating immune cellsm uterus and CL, several reports 

indicated effects of IFNT on the circulating immune cells during early pregnancy.  

In pregnant ewes, MX1 expression in peripheral blood mononuclear cells (PBMCs) 

is increased (Yankey et al., 2001), and MX1, MX2, and ISG15 mRNAs are more 

abundant in peripheral blood leukocytes (PBLs) of pregnant dairy cows (Gifford et 

al., 2007), whereas ISG15 mRNA was low in blood cells from non-pregnant dairy 

cows (Han et al., 2006).  Moreover, RSAD2 expression in immune cells in the 

uterine stroma is induced by IFNT (Song et al., 2007b).   

Therefore, it was hypothesized that IFNT stimulates immune cells in the 

endometrium that travel to the CL to modify its function.  Expression of ISGs by 

the ovine endometrium during the estrous cycle and early pregnancy has been 

investigated, but a similar analysis has not been performed in CL.  Therefore, this 

study was conducted to determine expression of ISGs in CL during the period of 

IFNT secretion in ewes.  ISGs known to be expressed by the ovine endometrium, 

i.e., MX1, MX2, ISG15, OAS1, and RSAD2 were evaluated in ovine CL at the 

mRNA level.   
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Materials and methods 

 

 

Animals 

Mature crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in 

the presence of vasectomized rams and were used in experiments after they had 

exhibited at least two estrous cycles of normal duration (16 to 18 days).  At estrus, 

ewes were assigned randomly to cyclic or pregnant status.  All experimental and 

surgical procedures were in agreement with the Guide for the Care and Use of 

Agriculture Animals in Research and Teaching and approved by the Institutional 

Animal Care and Use Committee of Texas A&M University.   

 

 

Experimental design  

At estrus (Day 0), ewes were mated to an intact ram (n=5 ewes/day).  The 

uterine lumen was flushed with 20 ml sterile 10 mM Tris-HCl (pH 8.0) to confirm 

pregnancy by observing the presence of one or more morphologically normal 

conceptuses.  Corpora lutea were collected from ovaries of pregnant ewes on 

Days 13, 14, 15, 16 and 18.  Corpora lutea and endometria were frozen in liquid 

nitrogen, and stored at - 80 °C for subsequent RNA extraction.   

 

 

RNA isolation 

Total cellular RNA was isolated from frozen samples of endometrium using 

Trizol reagent (Life Technologies, Inc., Bethesda, MD) according to manufacturer�s 

recommendations.  The quantity and quality of total RNA was determined by 

spectrometry and denaturing agarose gel electrophoresis, respectively. 
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Cloning of partial cDNA 

Partial cDNAs for ovine MX1, MX2, ISG15, OAS1, and RSAD2 were 

generated by RT-PCR using total RNA from Day 16 or Day 18 pregnant ovine 

endometria using specific primers based on ovine MX1 (Genbank EF028200; 

forward, 5�-ACA TGA AAC GGA GTC CAA GG-3�, reverse, 5�- TGC CAG GAA 

GGT CTA TCA GG -3�), ovine MX2  (Genbank AY859475; forward, 5�- AGG TCA 

TGC AGA ACC TCA CC -3�, reverse, 5�- TAA TTT CCA TGG CCT TCT GG -3�), 

and bovine OAS1 (Genbank NM178108; forward, 5�- ATC AGG AGA CAG CTG 

GAA GC -3�, reverse, �- TCC AAA ACA GTC CGA AAT CC - 3�) using methods 

described previously (Hayashi et al., 2007).  Primers for ovine ISG15 and the 

plasmid for ovine RSAD2 (Song et al., 2007b) were kindly provided by Dr. 

Gwonhwa Song (Texas A&M University, College Station, TX, USA).  PCR 

amplification was conducted as follows: 1) 95ºC for 2 min; 2) 95ºC for 30 sec; 3) 

54.6ºC (for OAS1), 54.9ºC (for MX2) and 55ºC (for MX1 and ISG15) for 1min; 4) 

72ºC for 1 min for 33 cycles; and 5) 72ºC for 7 min.  Partial cDNAs for ovine MX1, 

MX2, ISG15 and OAS1 PCR products of the correct size were cloned into pCRII 

using a T/A cloning kit (Invitrogen) and their sequences verified using an ABI 

PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated DNA 

sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA, USA).   

 

 

Slot blot hybridization analyses 

Steady-state levels of mRNA in ovine endometria were assessed by slot blot 

hybridization using methods described previously (Song et al., 2007a).  

Radiolabeled antisense and cRNA probes were generated by in vitro transcription 

using linearized plasmid cDNA templates, RNA polymerases and [α-32P] UTP.  

Denatured total endometrial RNA (20 µg) from each ewe was hybridized with 

radiolabeled cRNA probes.  To correct for variation in total RNA loading, a 

duplicate membrane was hybridized with radiolabeled antisense 18S cRNA 
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(pT718S; Ambion, Austin, TX).  After washing, blots were digested with RNase A 

and radioactivity associated with slots quantified using a Typhoon 8600 

MultiImager (Molecular Dynamics, Piscataway, NJ). Data are expressed as 

relative units.   

 

 

Statistical analyses 

Data from all quantitative studies were subjected to least squares ANOVA 

using the General Linear Models procedures of the Statistical Analysis System 

(SAS Institute, Cary, NC).  Slot blot hybridization data were corrected for 

differences in sample loading by using the 18S rRNA data as a covariate. Data are 

presented as the least-squares means with overall standard errors (SE).  A P 

value equal to or less than 0.05 was considered to be significant.   

 

 

 

Results 

 

Steady-state levels of MX1, ISG15, OAS1, RSAD2 (linear, P<0.05) and MX2 

(quadratic, P<0.05) mRNAs in CL during the periimplantation period were affected 

by day of pregnancy.  Abundance of MX1, MX2, ISG15, OAS1 and RSAD2 

mRNAs was low on Day 13, increased rapidly on Day 14 and maintained to Day 

18 (effect of day, P<0.05).  Between Days 13 and 14, MX1 and MX2 mRNAs 

increased 8.8-fold and 4.2-fold, respectively (Fig. 4.1), whereas ISG15, OAS1 and 

RSAD2 mRNAs increased 9.6-fold, 25.3-fold, and 15.4-fold, respectively (Fig. 4.2).  

There were no significant changes in mRNA level for any of the ISGs studied 

between Days 14 and 18 of pregnancy. 
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Figure 4.1.  Steady-state levels of MX1 (A) and MX2 (B) mRNAs in CL on Days 

13, 14, 15, 16 and 18 of pregnant ewes.  (A) MX1 mRNA increased from Day 13 to 

Day 14 (linear, P<0.05) and was maintained thereafter.  (B) MX2 mRNA increased 

from Days 13 to 14 and 15 (quadratic, P<0.05), and then decreased.  Data are 

presented as least-square mean relative units (RU) with standard error (SE).   
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Figure 4.2.  Steady-state levels of ISG15 (A), OAS1 (B), and RSAD2 (C) mRNAs 

in CL on Days 13, 14, 15, 16 and 18 of pregnancy.  ISG15, OAS1, and RSAD2 

mRNAs in CL increased from Day 13 to Day 14 and were maintained thereafter 

(linear, P<0.05).  Data are presented as least-square mean relative units (RU) with 

standard error (SE).   
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Discussion 

 

Steady-state levels of the ISG mRNAs in CL increased on Days 14 and 15, 

the time of high levels of IFNT produced by ovine trophectoderm, and maintained 

until Day 18 of pregnancy.  Increase in abundance of ISG mRNAs around Days 14 

and 15 of pregnancy in ewes occurs in uterine endometrium (Johnson et al., 1999, 

Ott et al., 1998, Song et al., 2007b), and peripheral blood mononuclear cells 

(Yankey et al., 2001).  Systemic effect of IFNT has been shown in uterus, CL, 

hypothalamus-pituitary-adrenal axis and blood (Ott et al., 1997, Spencer et al., 

1999b, Yankey et al., 2001) but ISG did not repond to IFNT in hypothalamus, 

pituitary and liver (Chen et al., 2006).  IFNT acts as the antiluteolytic signal due to 

its unique expression pattern by conseptuses within the uterine lumen (Green et 

al., 2005). Interestingly, intrauterine administration of IFNA, a member of type I 

IFNs, does not increase interestrous intervals while IFNT does (Davis et al., 1992).  

Therefore, it appears that IFNT from the conceptus trophectoderm induced ISG 

expression in CL.   

In this study, MX2 mRNA decreased on Day 16 while other ISGs remained 

abundant until Day 18. In the ovine conceptus, IFNT mRNA rapidly increases on 

Day 14, decreases on Day 16 and remains low until Day 22 of pregnancy (Hansen 

et al., 1988).  This indicates that MX2 is more sensitive to changes in IFNT than 

other ISGs.  Similar results were observed in dairy cows as MX2 mRNA showed 

earlier and greater induction and more abundantly in the peripheral blood 

leukocytes (PBLs) of pregnant cows (Gifford et al., 2007).   

How IFNT acts on the CL, either locally or systemically, directly of indirectly, 

is not clear.  High doses of intramuscular (i.m.) IFNT increased CL lifespan as well 

as intrauterine (i.u.) infusion, indicating both paracrine and endocrine effects of 

IFNT (Chen et al., 2006).  IFNT also activates gene expression in components of 

the circulating immune system (Gifford et al., 2007, Yankey et al., 2001).  

However, changes in gene expression in response to IFNT were not observed in 
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liver (Chen et al., 2006), suggesting local actions.  IFNT produced from the 

conceptus may enter either uterine vasculature or lymphatics to enter the general 

circulation and exert an effect.  Also, chemotactic factors might recruit immune 

cells from the uterus to CL.  Chemokine (C-C motif) ligand 2(CCL2) (Alias: 

Monocyte chemotectic protein 1) is a candidate found in both the uterus and CL of 

sheep (Asselin et al., 2001, Haworth et al., 1998, Tsai et al., 1997) and regulated 

by P4 and IFNT.  Other unknown factors (IFNT dependent or independent) should 

be considered.  

Collectively, results of the present study confirmed induction of ISGs in CL 

by IFNT during the peri-implantation period of pregnancy in sheep.  Results of the 

present study support the hypothesis that IFNT affects on uterine blood cells, 

uterine mucosa, circulating immune cells and CL as suggested by Spencer and 

colleagues (Spencer et al., 1999b) and others.  Future studies will be directed to 

elucidating the function of immune cells in the CL in response to IFNT during the 

peri-implantation period of pregnancy.  Subsequent mRNA localization and 

proteomic studies in CL or ovary must be done to define cell-specific expression of 

ISGs.  Also, concentrations of IFNT in blood (local vs peripheral) and lymphatics 

during the peri-implantation of pregnancy must be determined.   
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CHAPTER V 
CONCLUSIONS 

 

 

As noted in Chapter III, inconsistences between results from microarray 

analyses (Gray et al., 2006) and corroboration analyses for some genes (ACTA2, 

COL3A1, SPARC, STAT5A, TAGLN) indicated the need to further examine 

regulation of expression,  This was done in the present studies.  STAT5A was 

below the limits of detection by in situ hybridization.  ACTA2 mRNAs were 

abundant primarily in myometrium, but not in LE, GE or stroma, and no significant 

changes in mRNA were found either in myometrium or blood vessels.  TAGLN 

mRNA was high on Day 16 of the estrous cycle in uterine stroma, which was 

different from ACTA2 mRNA in the ovine uterus on the same day.  TAGLN and 

ACTA2 mRNA had similar patterns of localization in myometrium, stroma and 

blood vessels, but not conceptus or uterine epithelia.  Furthermore, expression of 

COL3A1 in cyclic and pregnant ewes indicated that it was down-regulated by 

pregnancy but not affected by either P4 or IFNT.  Changes in COL3A1 and 

SPARC mRNAs were corresponded mainly to proestrus in cyclic ewes suggesting 

effects of estrogen in the ovine uterus, but this must be tested.  Neither P4 nor 

IFNT regulated expression of the five genes examined in the present study.  This 

indicates that comparing differential gene expression in one specific day of the 

estrous cycle vs pregnancy or among treatment groups using microarray analysis 

is insuffieicnt to assess regulation given the many hormones and growth factors 

affecting the uterus during early pregnancy.  However, it is acknowledged that 

microarray analysis is indeed a useful tool to select candidate genes for study.   

The S100A2 and POSTN genes were confirmed to be IFNT- and P4- 

regulated, respectively. S100A2 was expected to be downregulated by IFNT (Gray 

et al., 2006) and  it was confirmed to be regulated by IFNT with P4 being 

permissive.  S100A2 appears to regulate PTGS2 expression and proteomics/ 
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functional studies of the role(s) of S100A2 should be continued.  POSTN was 

expected to be up-regulated by P4, down-regulated by IFNT and up-regulated by 

pregnancy (Gray et al., 2006).  P4 was confirmed to up-regulate POSTN mRNA, 

but neither IFNT nor pregnancy enhanced effect of P4 in vivo.  POSTN mRNA was 

localized in the stratum compactum stroma and caruncle of ovine uteri.  Abundant 

POSTN protein was accumulated along the apical side of the stratum compactum 

stroma and sites of conceptus attachment on Days 18 and 20 of pregnancy.  As 

this was the first study of POSTN in the uterus, functional studies indicated that 

POSTN stimulated attachment and migration of ovine trophectoderm cells in vitro, 

as well as an ECM component.  Results from studies of POSTN showed the 

necessity of validation studies extending to proteomic, functional, and/or metabolic 

analyses to understand the ultimate roles of genes in endometrial-conceptus 

interactions (Spencer et al., 2007a).   

Chapter IV described increases in steady-state levels of ISG mRNAs in 

ovine CL on Day 14 of pregnancy, suggesting induction of these genes by IFNT.  

Steady-state levels of ISG mRNAs were maintained in the CL for most of ISGs 

from Days 14 to 18 of pregnancy, although MX2 declined after Day 14.  This study 

supports the hypothesis that IFNT has an endocrine action on adjacent 

reproductive organs during early pregnancy, although the mechanism of action  

remains to be elucidated.  Future studies will explore routes of IFNT transport from 

the conceptus to CL during the peri-implantation period of pregnancyand ISG 

expression in CL and/or ovary to discover function of these ISGs in CL.  
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