Vol. 8, No. 3 179

REPRODUCTIVE REVIEW

BI1OL OGY

Interferons and progesterone for establishment and
maintenance of pregnancy: interactions among
novel cell signaling pathways'

Fuller W. Bazer®?, Robert C. Burghardt’, Greg A. Johnson?,
Thomas E. Spencer’, Guoyao Wu’
3Center for Animal Biotechnology and Genomics and Departments of Animal
Science, and *Veterinary Integrative Biosciences, Texas A&M University,
College Station, Texas, USA

Received: 18 September 2008; accepted: 27 October 2008
SUMMARY

Type I and/or type II interferons (IFNs) are important in establishing uterine
receptivity to implantation in mammals. Gene expression effected by IFNs
may be induced, stimulated or inhibited, but most are IFN-stimulated genes
(ISGs). Effects of IFNs range from pregnancy recognition signaling in
ruminants by IFN tau (IFNT) to effects on cellular functions of the uterus
and uterine vasculature. For most, if not all, actions of IFNs on the uterus,
progesterone (P,) is permissive to ISG expression, with genes being induced
by IFN or induced by P, and stimulated by IFN. Uterine receptivity to
implantation is P,-dependent; however, implantation events are preceded by
loss of expression of progesterone (PGR) and estrogen (ESR1) receptors
by uterine epithelia. Thus, P, likely stimulates PGR-positive stromal cells
to express one or more progestamedins, e.g., fibroblast growth factors-
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7 and -10, and/or hepatocyte growth factor, that act via their respective
receptors on uterine epithelia and trophectoderm to regulate expression
of ISGs. FGF10 appears to be the most important progestamedin in sheep
uteri during pregnancy. Sequential effects of P, to induce and IFNs to
stimulate gene expression suggest that P, and IFNs activate complimentary
cell signaling pathways to modulate expression of genes for attachment of
trophectoderm to uterine lumenal and superficial glandular epithelia (LE/
sGE), modify phenotype of uterine stromal cells, silence PGR and ESR1
genes, signal pregnancy recognition, suppress genes for immune recognition,
alter membrane permeability to enhance conceptus-maternal exchange of
factors, increase endometrial vascularity and activate genes for transport
of nutrients into the uterine lumen. In ewes, IFNT abrogrates the uterine
luteolytic mechanism and stimulates expression of classical ISGs by GE
and stromal cells, whereas LE/sGE express P, -induced and IFNT-stimulated
genes important for uterine receptivity to implantation and conceptus
development. These include wingless-type MMTYV (mouse mammary tumor
virus) integration site family member 7A (WNT7A4) induced by IFNT, as
well as galectin, proteases, protease inhibitors, transporters for glucose and
amino acids, gastrin releasing polypeptide, insulin-like growth factor binding
protein 1 and a hypoxia inducible factor. The specific functions of [FNs and
ISGs induced in primates, pigs and other mammals during pregnancy are not
known, but likely are important in establishment of pregnancy. Understanding
the roles of IFNs and ISGs in uterine receptivity for implantation is necessary
to develop strategies to enhance reproductive health and fertility in humans
and domestic animals. Reproductive Biology 2008 8 3:179-211.

Key words: interferons, progesterone, pregnancy, interferon-stimulate
genes, progestamedins, fertility, reproductive health

INTRODUCTION

Type I and/or type Il interferons (IFNs) appear to be important in establishing
uterine receptivity to implantation in most mammals as they affect expression
of many genes [151, 152]. These IFN-stimulated genes (ISGs) are expressed
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in a specific temporal and spatial (cell-specific) manner. For most, if not all
actions of IFNs on the uterus, progesterone (P,) is permissive to expression
of ISGs. In most cases, P, induces and IFN stimulates expression of many
ISGs, but IFN may stimulate expression of some ISGs directly with
P, being permissive. There is a paradox with respect to actions of P, on
uterine receptivity to implantation. That is, receptivity is P,-dependent, but
implantation is preceded by loss of expression of progesterone (PGR) and
estrogen (ESR1) receptors by uterine epithelia in all animals studied [142,
148, 151, 152]. The P,-induced down-regulation of PGR in uterine luminal
(LE), superficial glandular (sGE) and glandular (GE) epithelia of ewes is a
prerequisite for expression of ISGs. Thus, P, likely acts on PGR-positive
stromal cells to increase expression of progestamedins that include fibroblast
growth factors-7 (FGF7) and -10 (FGF10) and hepatocyte growth factor
(HGF) that may exert paracrine effects on uterine epithelia and conceptus
trophectoderm that express their respective receptors, FGFR2IIIb and MET
(protooncogene MET: [24, 25, 81-83, 142, 148, 151]). In ewes, FGF10
appears to be the progestamedin responsive to P, [136]. In sheep, classical
ISGs e.g., interferon stimulated gene 15, Mx (Mouse Myxovirus Resistance 1)
and 2°,5’ oligoadenylate synthase induced by IFNT are limited to uterine
GE and stromal cells because uterine LE/sGE express interferon regulatory
factor 2 (IRF2; [28]) which is a potent inhibitor of gene transcription that
silences expression of genes such as ESR1 and signal transducer and activator
of transcription factor 1 (STAT1; [121, 154, 155]). Because ovine uterine
LE/sGE lack PGR and STAT1, IFNT is unable to affect gene transcription
through the Janus activated kinases (JAKSs) and tyrosine kinase 2 (TYK2)
cell signaling pathway and P, is unable to activate gene transcription through
nuclear PGR. Rather, both P -induced progestamedins and IFNT can stimulate
gene expression in uterine LE/sGE through activation of phosphoinositide
3-kinase (PI3K)/ mitogen activated protein kinase (MAPK) cell signaling
pathways (see fig. 1; [71, 107, 114, 121, 131, 156]).

Uterine receptivity to implantation involves changes in expression of
genes for attachment of trophectoderm to uterine LE/sGE, modification of
uterine stromal cell phenotype, silencing PGR and ESR1 genes in uterine
epithelia, signaling for pregnancy recognition, suppression of genes
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Figure I. Hypothesis on the roles of progesterone (P,), progestamedins (FGF7,
FGF10 and HGF) and interferon tau (IFNT) on gene expression and secretory
functions of ovine uterine lumenal and superficial glandular epithelia (LE/sGE)
that lack both progesterone receptor (PGR) and signal transducer and activator
of transcription 1 (STAT1). Ovine uterine LE/sGE lack detectable PGR and
STATI, indicating that P, and IFNT use non-classical signaling pathways to
regulate expression of P -induced and IFNT-stimulated genes. The stroma remains
PGR-positive. Results from our laboratory indicate that P, increases production
primarily of stromal-derived FGF10 and very low levels of HGF that can act on
uterine LE/sGE and conceptus trophectoderm cells that express FGFR2(I1Ib) and
MET receptors for FGF10 and HGF, respectively, to activate mitogen activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) cell signaling.
Progestamedins and type I [FNs activate the PI3K and AKT1 signaling pathways
in other cell types [see 14]. Our unpublished results [J-Y Kim, G. Song, T.E.
Spencer and F.W. Bazer] indicate that IFNT activates p38 MAPK and PI3K-AKT1-
FRAP1(mTOR) signaling pathways and that promoter/enhancer regions of novel
P,-induced and IFNT-stimulated genes expressed in uterine LE/sGE have binding
sites for transcription factors activated by MAPK and PI3K signaling pathways.



Bazer et al. 183

for immune recognition of the conceptus (embryo/fetus and associated
membranes), alterations in membrane permeability to enhance conceptus-
maternal exchange of factors, increased vascularity of the endometrium
and activation of genes for transport of nutrients into the uterine lumen [40,
58, 151, 152]. In sheep, effects of IFNT are pleiotrophic in that it signals
pregnancy recognition by abrograting the uterine luteolytic mechanism,
stimulates expression of classical ISGs by GE and stromal cells, and
stimulates expression of P,-induced and IFNT-stimulated genes by LE/sGE
that lack both PGR and STAT1 [148, 151, 152]. The known P ,-induced and
IFNT-stimulated genes expressed by ovine uterine LE/sGE are listed in
Table 1. Understanding demonstrated and potential pleiotrophic effects of

Table 1. Progesterone-induced and interferon tau-stimulated genes expressed by
ovine uterine lumenal and superficial glandular epithelia

Gene Function of Gene Product Reference
transcription factor: induces VEGF (angiogenesis)

HIF2A and SLC2A1 (glucose transport) 146

SLC2A1 facilitative glucose transporter 50

SLC5AI11 sodium-dependent glucose transporter 50
solute carrier family 7 (cationic amino acid

SLC7A2B |transporter, y+ system), member 2, arginine footnote
transporter
solute carrier family 1 (neutral amino acid

SLCIAS transporter), member 5, glutamine transporter footnote

CTSL catheps.m L, cysteine proteinase affecting protein 144
catabolism

CST3 cystatin C, proteinase inhibitor 145

LGALSI5 galectin 15; lectin: stimulates migration and adhesion 39, 135
of trophectoderm cells
gastrin releasing polypeptide: affects morphogenesis,

GRP o . . . 147
migration and adhesion of cells, and angiogenesis

IGFBP1 1nsuhn-1?ke growjth factor. binding protein 1: 136
modulation of mitogenesis

WNT7A secreted morphogen: cell fate and patterning 62

Footnote: Unpublished results (H. Gao, G. Wu, T.E. Spencer, G.A. Johnson and F.W. Bazer)
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IFNT and other IFNs, as well as ISGs in uterine receptivity for implantation
is required for development of strategies to enhance reproductive health
and fertility in humans and animals (see fig. 2).

Pleiotropic Effects of P, and IFNT Affect Conceptus
Development, Pregnancy and Maternal Well-Being

Conceptus Uterine LE/sGE
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Figure 2. The effects of progesterone (P,) and interferon tau (IFNT) are pleiotrophic in
that they are required for signaling pregnancy recognition by abrograting the uterine
luteolytic mechanism, stimulating expression of classical interferon stimulated
genes (ISGs) by uterine luminal (LE), superficial glandular (sGE), and glandular
(GE) epithelia, and stromal cells (SC), stimulating expression of P,-induced and
IFNT-stimulated genes by uterine LE/sGE that lack both PGR and STAT1 [148, 151,
152] and acting systemically to modulate the maternal immune system [11].

INTERFERONS AND UTERINE RECEPTIVITY

Conceptus trophectoderm must signal pregnancy recognition to maintain a
functional corpus luteum (CL) for production of P, that is permissive to ac-
tions of IFNs, growth factors and cytokines responsible for uterine receptivity
to implantation [41, 143, 151]. In primates, chorionic gonadotrophin (CG) is
the luteotrophic signal that acts directly via receptors for luteinizing hormone
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to maintain structural and functional integrity of the CL [41]. In ruminants
and pigs, antiluteolytic hormones for pregnancy recognition are IFNT and
estradiol, respectively. IFNT silences expression of ESR1 and oxytocin
receptor (OXTR) to prevent oxytocin-induced release of luteolytic pulses of
prostaglandin F, (PGF) for CL maintenance [151]. In pigs, estradiol, likely in
combination with prolactin, exerts antiluteolytic effects on uterine epithelia
to prevent endocrine release of luteolytic PGF [10]. However, pig conceptus
trophectoderm also expresses both type I (interferon delta, IFND) and type
II (interferon gamma, IFNG) interferons [22].

Although IFNT is the only known IFN to act as the pregnancy recognition
signal, IFNs appear to affect uterine receptivity, decidualization and placental
growth and development in primates, ruminants, pigs and rodents [8, 63,
119, 124, 151]. The IFN family includes multiple type I IFNs and one type II
IFN (IFN gamma, IFNG; [118, 128]). Type I IFNs that share high structural
homology include interferons alpha (IFNA; 13 subtypes), beta (IFNB), delta
(IFND), tau (IFNT), and omega (IFNW1). IFNT is unique to ruminants
and IFND is unique to pigs [91, 127, 128] and perhaps horses [157]. IFNT
shares highest identity to IFN omega with respect to biological activities and
induction of ISGs in endometria and human cell lines [127, 128].

All type I IFNs bind a common receptor composed of two subunits,
IFNARI1 and IFNAR2, to induce cell signaling via the Janus activated kinases
(JAKSs) and tyrosine kinase 2 (TYK2) pathways, respectively [32, 131, 153].
Signaling by type I IFNG involves activation of the JAK family with JAK1
and JAK2 constitutively associated with IFNGR1 and IFNGR2 subunits
of type II IFNR, respectively. IFNG stimulates autophosphorylation and
subsequent tyrosine phosphorylation and homodimerization of STATI.
STAT1 homodimers translocate to the nucleus and bind GAS elements in
promoter regions of IFNG-regulated genes to initiate transcription [94].
There is evidence that IFNs are expressed by human placentac (IFNA,
IFNB, IFNG), decidua (IFNA, IFNB and IFNG) and fetal membranes
(IFNA, IFNG), as well as conceptus trophectoderm of sheep (IFNT), pig
(IFND and IFNG) and rodent uteri and/or conceptuses (IFNA, IFNB; [1,
11, 16, 23, 91]). These IFNs have classical antiviral, antiproliferative and
immunosuppressive effects, as well as unique biological activities.
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IFNT: PREGNANCY RECOGNITION AND UTERINE RECEPTI-
VITY TO IMPLANTATION IN RUMINANTS

Pregnancy Recognition Signaling by IFNT. IFNT, the pregnancy
recognition signal in ruminants, suppresses transcription of ESR/ and,
therefore, estrogen-induced expression of the oxytocin receptor (OXTR)
gene in uterine LE/sGE to abrogate development of the endometrial
luteolytic mechanism that is dependent on oxytocin-induced luteolytic
pulses of PGF [148, 151]. However, basal production of PGF is higher in
pregnant than cyclic ewes due to continued expression of prostaglandin
endoperoxide synthase 2. Further, IFNT inhibits ESR/ expression to pre-
vent estrogens from inducing PGR in endometrial epithelia as the absence
of PGR in uterine epithelia is required for expression of P,-induced and
[FNT-stimulated genes in ovine uterine LE/sGE [see 58, 152].

Uterine Receptivity to Implantation. Implantation of blastocysts of
ruminants involves: 1) hatching from the zona pellucida; 2) contact with
uterine LE/sGE and orientation of the blastocyst; 3) apposition between
trophectoderm and uterine LE/sGE; 4) adhesion of trophectoderm to
uterine LE/sGE; and 5) limited endometrial invasion [60]. Initiation of
implantation in sheep on Days 12 and 13 coincides with loss of PGR
from uterine epithelia, but not stromal or myometrial cells, and reduced
expression of anti-adhesive genes, such as MUC! from uterine LE to
allow contact with trophectoderm for initiation of implantation [148,
151]. As uterine receptivity and implantation occur after uterine LE/sGE
cease expressing PGR, P,-regulated LE/sGE and GE functions are likely
directed by progestamedins [148, 151], particularly FGF10 in sheep [13].
The P,-induced and IFNT-stimulated genes expressed by ovine uterine LE/
sGE important during the period of uterine receptivity to implantation and
conceptus development are listed in Table 1.

Galectin 15 is secreted into the uterine lumen where it binds integrins on
cell surfaces to stimulate trophectoderm cell attachment and migration in vitro
[39]. Cathepsins degrade extracellular matrix, catabolize intracellular proteins,
process prohormones, and regulate uterine receptivity for implantation
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and trophoblast invasion in many species, including humans [6, 132, 133].
Cathepsin L and its inhibitor, cystatin C, are coordinately expressed by ovine
uterine LE/sGE and conceptus trophectoderm during pregnancy [144, 145],
probably to modify their glycocalyx [132] and/or secreted extracellular matrix
proteins during apposition and adhesion phases of implantation.

WNT7A, an IFNT-stimulated gene unique to ovine endometrial LE, may
mediate trophoblast-epithelial interactions critical for uterine receptivity to
implantation [62]. The WNT family of genes (19 in human) encode highly
conserved secreted glycoproteins that regulate cell and tissue growth
and differentiation during embryonic development [123] and coordinate
uterine-conceptus interactions during implantation in mice [35, 68, 110,
111] and perhaps humans [84, 159]. WNT7A, a LE-specific gene in all
mammals studied, stimulates ovine trophectoderm cell proliferation by
activating the canonical WNT signaling pathway which is proposed to
coordinate conceptus-endometrial interactions required for implantation
in mice and humans [62].

The hypoxia-inducible (HIF) gene family includes three alpha (HIFIA,
HIF2A4,and HIF34) and three beta (HIF 1 B [also known as aryl hydrocarbon
receptor nuclear translocator], HIF2B, and HIF3B) subunits. Increases
in HIFIA expression in response to hypoxia increases erythropoiesis,
glycolysis and angiogenesis to counteract oxygen deficiency and HIF2A
is expressed predominantly in highly vascularized tissues such as heart,
lung, and placenta [37, 139]. Over 200 genes respond to HIF, including
erythropoietin (EPO), CBP/p300-interacting transactivator with Glu/Asp-
rich carboxy-terminal domain 2 (CITED?2), vascular endothelial growth
factor (VEGF), GLUTI1/SLC2A1, and insulin-like growth factor 2 (IGF2).
Mice with lacking Hifla, Hif2a or Hif1b (Arnt) die at mid-gestation due to
vascular defects in the embryo and placenta [5, 31, 74, 89, 101, 117, 140].
In peri-implantation mouse uteri, P, increases Hifla in uterine LE/sGE and
estrogen increases Hif2a in uterine stroma [31]. HIF1A and HIF2A4 are P,-
induced and IFNT-stimulated genes in LE/sGE and CITED?2 and VEGF are
expressed in ovine endometria and conceptus trophectoderm [146]. Thus,
HIF2A may mediate actions of P, and IFNT to establish uterine receptivity
to implantation and conceptus development in sheep [146].
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Gastrin-releasing peptide (GRP), a mammalian homologue of bombesin
from the amphibian Bombina bombina, induces gastrin secretion by porcine
gastrictissue[105, 116]. GRPis also expressed in the hypothalamus, anterior
pituitary, gastrointestinal tract, lung, and pancreas [116], as well as in uteri
of sheep, cattle and humans [17-19, 47, 48, 54-56, 141, 167-170, 174, 175].
GRP mRNA is expressed in uteri of cyclic and pregnant ewes and GRP-
derived peptides have been detected in the uterine lumen and in allantoic
fluid [48, 55, 168, 170, 174]. The cell-specific location of GRP receptors
in ovine uteri is not known, but kidneys of fetal and adult sheep express
GRP receptors [36] and they are present in human uterine myometrium,
subsets of secretory cells in endometrial glands and subsets of endometrial
blood vessels [44, 167]. GRP is a potent mitogen for cancer cells [116]
and exerts effects on cell morphogenesis, migration, and adhesion, as well
as angiogenesis [104, 116]. These biological actions of GRP likely affect
peri-implantation growth and development of conceptuses in ruminants
[59, 149].

GRP expression is greater in endometria of Day 14 pregnant compared
to Day 14 cyclic ewes and its expression is stimulated by IFNT in ewes
treated with P,, but not by P, alone [169]. Further, estrogen and/or
estrogen with P, decrease GRP mRNA levels in endometria of long-term
ovariectomized ewes [169]. Our laboratory determined that: 1) GRP is
an IFNT-stimulated gene in LE/sGE; 2) changes in GRP expression are
coordinate with growth and development of the blastocyst into a filamen-
tous conceptus; 3) up-regulation of GRP expression occurs in response
to early P, administration to pregnant ewes that advanced formation of
filamentous conceptuses [ 147].

The insulin-like growth factor (IGF) family consists of IGF 1, IGF2, and
their receptors IGF1R and IGF2R, as well as seven IGF binding proteins
(IGFBPs 1-7) which modulate IGF activity and bioavailability [42, 65,
113, 160]. IGF1 and IGF2 have mitogenic and differentiative properties
that may influence embryonic and placental development in humans,
rodents, and domestic animals [73, 162, 163]. In humans, the IGF1R binds
IGF1 and IGF2 with high and moderate affinities, respectively [160].
IGFBPs can enhance or inhibit activity of IGFs [30, 76]. IGFBPs 1-6
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bind IGFs with high affinity, but are released by actions of proteases to
act on adjacent cells expressing IGF1R. IGFBP proteases include matrix
metalloproteinases, kallikreins, cathepsins, pregnancy associated plasma
protein A, calpain and other serine proteases [65]. Thus, activities of IGFs
are affected by availability of receptors, abundance of IGFBPs and activities
of specific proteases that influence local concentrations of IGF. In pigs,
proteolytic cleavage of IGFBPs to yield free IGF occurs in association
with elongation of the conceptus [95]. In the cow, IGFBPI-5 are expressed
in endometria during the peri-implantation period of pregnancy [86] and
blastocyst development can be stimulated by exogenous GH that increases
IGF1 [158].

Expression of /GFI in ovine uteri is predominantly in endometrial
stromal cells and not affected by early P, although /GFI mRNA levels
decreased in stromal cells between Days 9 and 12 of pregnancy [136].
In contrast, /GF2 mRNA levels were unaftfected by day of pregnancy
or early P, treatment. The presence of /GFI and /GF2 mRNA in uterine
stromal cells during pregnancy suggests an epitheliomesenchymal role(s)
in ovine endometria via IGF1R in uterine LE and GE [57, 136]. Results
from studies of mice and humans suggest that IGF1 regulates effects of
estrogen on proliferation of endometrial epithelia [57, 134]. The induction
of /GF2 mRNA in uterine LE/sGE of ewes treated with both P, and
RU486 suggests that P, suppresses /GF2 expression in uterine epithelia
[136]. Nevertheless, IGF1 and IGF2 in ovine and bovine uterine luminal
histotroph may regulate blastocyst growth and development [86-88]. Both
ovine and bovine pre-implantation embryos [163], as well as Day 15
elongated bovine conceptuses express /GFIR [137] which may allow
IGFI to stimulate proliferation and inhibit apoptosis [77]. In ewes, total
IGF1 in the uterine lumen is 50% lower in early P -treated ewes on Day 9,
but not on Day 12, which suggests that: 1) Day 9 is a critical period when
developing blastocysts have unrestricted access to free IGF prior to up-
regulation of epithelial /GFBPI and IGFBP3 between Days 9 and 12; and
2) the reduction in total IGF1 protein in the uterine lumen is due to its rapid
utilization by blastocysts [136]. Indeed, blastocysts recovered from early
P -treated ewes were larger than those from CO-treated ewes on Day 9
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[135]. Access of blastocysts to IGF1 in the uterine lumen may be limited
due to increases in /GFBPI and IGFBP3 in uterine LE/sGE between
Days 9 and 12 of pregnancy. IGF2 can stimulate ovine trophectoderm
cell migration [87] which may be critical for blastocyst elongation and
formation of a filamentous conceptus [149]. Thus, interactions between
IGFBPI, IGFBP3, IGF1 and IGF2 in the uterine lumen likely influence
endometrial functions, as well as blastocyst growth and development.

The energy substrate for mammalian conceptuses switches from pyru-
vate to glucose at the blastocyst stage which is coordinate with increases
in expression of uterine glucose transport proteins [33, 126, 178]. In ovine
uteri, total recoverable glucose increases 12-fold between Days 10 and 15
of pregnancy coincident with increases in expression of the glucose trans-
porters SLC2A1 and SLC5A411 in ovine uterine LE/sGE and SLC2A3 in
conceptus trophectoderm [50]. Similarly, expression of the cationic amino
acid transporter, y+ system, member 2 (SLC7A42B) increases coinciden-
tally with increases in total recoverable arginine between Days 10 and 15
of pregnancy [50, 67].

Glucose, a major nutrient for conceptuses and cells of the uterus [112], is
delivered into the uterine lumen by glucose transporters [97, 115] as neither
conceptuses nor uterine endometrium can carry-out gluconeogenesis.
Transport of glucose from the maternal circulation into the uterine lumen
is essential for pregnancy [138] as it can enhance trophoblast cell growth
and proliferation by activating the glutamine:fructose-6-phosphate
amidotransferase (GFAT)-mediated FK506 binding protein 12-rapamycin
associated protein 1 (FRAPI1, formerly mTOR) signaling pathway [164].
Accordingly, total glucose in uterine lumenal fluid increased 6-fold between
Days 10 and 15 of gestation in ewes [49] in association with rapid growth
and development of blastocysts from spherical, to tubular and filamentous
conceptuses [43].

Transport of glucose across the plasma membrane can be mediated
by facilitative transporters such as solute carriers SLC2A and/or sodium-
dependent transporters such as sodium/glucose cotransporters SLC5A
[171]. Sodium-dependent glucose transporters are necessary to transport
glucose against electrochemical gradients, e.g., from endometrium
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into the uterine lumen [51]. Our laboratory investigated effects of the
estrous cycle, pregnancy, P, and IFNT on expression of both facilitative
(SLC241, SLC243 and SLC2A44) and sodium-dependent (SLC541 and
SLC5A411) glucose transporters in ovine uterine endometria between Days
10 to 16 of the estrous cycle and Days 10 and 20 of pregnancy, as well
as in conceptuses from Days 10 to 20 of pregnancy [50]. SLC2A1 and
SLC5A1 mRNAs and proteins were most abundant in uterine LE/sGE,
whereas SLC2A44 was present in stromal cells and GE. SLC5411 mRNA
was most abundant in endometrial GE. SLC241, SLC2A43 and SLC2A44,
SLC5A41 and SLC5A411 were expressed in trophectoderm and endoderm
of conceptuses, and SLC2A41, SLC5A1 and SLC5411 mRNAs were more
abundant in endometria from pregnant than cyclic ewes. Progesterone
increased SLC2A41, SLC5A411 and SLC24A4 mRNAs in LE/sGE and SLC5A41
in GE of uteri from ovariectomized ewes. Further, P, induced and IFNT
stimulated expression of SLC2A1 and SLC5A11 indicating differential
expression of facilitative and sodium-dependent glucose transporters in
ovine uteri and conceptuses for transport and uptake of glucose during the
peri-implantation period of pregnancy [50].

Cationic amino acid transporters transport amino acids such as arginine
that is essential for fetal-placental growth and development [173],
including synthesis of nitric oxide (NO) and polyamines [172]. NO is
a major regulator of angiogenesis [106] and utero-placental-fetal blood
flows which affect delivery of nutrients and oxygen from mother to fetus
[14] and polyamines are essential for DNA and protein synthesis, and
proliferation and differentiation of cells [70]. Further, arginine regulates
metabolic pathways critical for nutrient utilization and protein deposition
through FKBP12-rapamycin complex-associated protein 1 (FRAPI)
and NO signaling pathways [75, 102, 103]. Our laboratory reported that
arginine increased 10-fold in uterine flushings between Days 10 and 15
of pregnancy, i.e., the peri-implantation period [49] and hypothesized
that arginine transport into the uterine lumen is especially important for
ruminants and pigs that establish synepitheliochorial and epitheliochorial
placentae, respectively after conceptuses undergo rapid elongation during
a protracted peri-implantation period [60].
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Transport of L-arginine is primarily by the Na‘-independent System y*
for cationic amino acids that has low affinity, but high capacity in cells, and
designated SLC7A1, SLC7A2, and SLC7A3. System y* (SLC7A41, 2, and
3) cationic amino acid transporters in uteri of cyclic and pregnant ewes and
conceptuses were characterized to determine effects of pregnancy, P, and
IFNT on their expression [H. Gao, G. Wu, T.E. Spencer and F.W. Bazer,
unpublished results]. SLC741 mRNA was most abundant in endometrial
LE/sGE on Day 16 of the estrous cycle and Days 16 to 20 of pregnancy,
whereas SLC742 mRNA was most abundant in LE and mid- to deep GE on
Days 14 to 20 of gestation, but SLC743 levels were not affected by day or
pregnancy status. SLC741, SLC7A2 and SLC7A4 3 mRNAs were expressed
in both trophectoderm and endoderm of conceptuses. Long-term treatment
of ovariectomized ewes with P, stimulated SLC7A41 in LE and GE, and IFNT
tended to increase SLC7A41 abundance in LE. However, SLC742 mRNA
was clearly induced by P, and stimulated by IFNT in endometrial LE/sGE.
These results indicate coordinate changes in SLC7A41, SLC7A42 and SLC7A43
expression in uterine endometria and conceptuses to affect transport of
arginine critical to conceptus growth, development and survival.

Interferon tau activation of the classical JAK-STAT-IRF1 signaling
pathway in ovine endometrial stroma and GE in vivo and in human 2fTGH
cells (human fibrosarcoma cell line) in vitro results in expression of many
ISGs [see 151, 152]. These include: beta-2 microglobulin (B2M), bone
marrow stromal cell antigen (BST), complement component c1r deficiency
(CIR); complement component s subcomponent (C1S); cystatin ¢ (CST3);
cathepsin L (CTSL), chemokine, CXC motif, ligand 10 (CXCL10), dead H/
box 58 (DDX58); guanylate binding proteins (GBP1, GBP2, GBP3, GBP4,
GBP5); interferon alpha inducible protein 6 (G1P3), gene associated with
retinoid- and interferon-induced mortality 19 (GRIM19); HSXIAPFI;
interferon-inducible proteins (IFI127, IFI35), interferon induced with he-
licase ¢ domain protein 1 (IFIHI); interferon-induced protein with tet-
ratricopeptide repeats (IFIT1, IFIT2, IFIT3, IFIT5),interferon-induced
transmembrane proteins (IFITM1, IFITM3), interferon regulatory factors
(IRF1, IRF2, IRF6, IRF9); interferon-stimulated gene 15 (ISG15); major
histocompatibility complex class I chain-related gene (MIC); homolog of
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myxovirus (influenza virus) resistance 1 and 2 (MX1, MX2); NMYC inter-
actor (NMI); 2°,5 oligoadenylate synthetase (OAS1, OAS2, OAS3), phos-
pholipids scrambalase-1 (PLSCR1), prolactin receptor (PRLR); RSAD2;
receptor-transporting protein 4 (RTP4); complement component 1 inhibi-
tor (SERPING1); nuclear body protein SP140 (SP140); signal transducer
and activator of transcription (STAT1, STAT2),; and ubiquitin-activating
enzyme el-like (UBEIL).

Silencing of classical ISGs in uterine LE/sGE during early pregnancy is
important for maternal tolerance of the fetal allograft. Major histocompatibil-
ity complex (MHC) class I molecules, consisting of an alpha chain and beta2-
microglobulin (B2M), regulate immune rejection responses by discriminating
self and non-self and are increased by type I IFNs. In the ovine uterus, MHC
class I alpha chain and B2M are expressed primarily in endometrial LE/sGE
on Days 10 and 12 of the estrous cycle and pregnancy [29]. However, on
Days 14 to 20 of pregnancy, increases in MHC class I and B2M expression
are restricted to endometrial stromal cells and GE. Accordingly, intrauterine
infusion of [FNT increased MHC class I and B2M expression in endometrial
stromal cells and GE, but not uterine LE/sGE. During pregnancy, expression
of MHC class I and B2M genes is also limited to uterine stromal cells and GE.
Silencing MHC class I alpha chain and B2M genes in endometrial LE and sGE
during pregnancy may be critical in preventing immune rejection of the con-
ceptus allograft. Similar results have been reported from studies of pigs [80].

INTERFERONS AND UTERINE RECEPTIVITY IN PRIMATES

Type I and type II IFNs are produced by human placenta and decidual
cells [1-4, 16]. Human extravillous and villous trophoblast produce IFNA
and IFNB when cultured in the presence of granulocyte-monocyte colony
stimulating factor and platelet derived growth factor followed by infection
with Sendai virus, while trophoblast cells produced IFNB in response to
double stranded RNA or both IFNA and IFNB in response to Sendai and
Newcastle Disease viruses [ 1, 4]. These IFNs may: 1) regulate proliferation
of trophoblast or other cells in the uterus; 2) suppress mitogen-induced
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proliferation of T- and B-cells; 3) protect the conceptus from viral infections;
4) regulate cellular differentiation and expression of cell surface antigens;
5) stimulate expression of e-globin, a component of embryonic hemoglobin;
and 6) suppress expression of proto-oncogenes such as EGFR, c-erB2 and
c-fms to affect trophoblast growth and differentiation [1, 4].

Many ISGs induced by IFNT in ruminants are among the most upregulated
genes in human endometrial stromal cells co-cultured with human trophoblast
[124] or treated with human trophoblast conditioned medium [63] and in
endometria of baboons, domestic animals, and laboratory animals [8, 9, 13,
15,20, 26,27, 66, 85, 93, 99, 100, 108, 125]. These include: DDX58, GBPI,
GBP2, HSXIAPF1, IFIHI, IFIT1, IFIT2, IFIT3, IFITS, IFI35, IRF1, ISG15,
MIC, MX1, MX2, NMI, OAS1, OAS2, OAS3, PLSCRI, PRLR, RSAD?2,
RTP4, SERPINGI, STATI, STAT2. During the peri-implantation period
of pregnancy, increases in B2M, ISG15, GBPI, IFI27 and IRF'] occur in
endometria of humans, baboons, domestic animals, and laboratory animals
[2-5, 13, 20, 26, 29, 31, 66, 85, 93, 99]. Expression of guanylate binding
protein 1 (GBP1), induced by both IFNA and IFNG, is highest during the
mid-secretory phase of the menstrual cycle and is most closely associated
with temporal changes in IFNG rather than IFNA [93]. Although GBP1, a
GTPase, is a marker of uterine receptivity to implantation, its function is not
known; however, Mx proteins, also GTPases, are ISGs in most species that
may protect against viral infection. Li et al. [99] reported that expression
of p27 (cyclin-dependent kinase inhibitor 1b; CDKN1B), which has high
homology to interferon regulated gene 1 (IRG1), increases in Ishikawa cells
in response to IFNA and that estradiol and IFNA exert synergistic effects
to stimulate p27 preceding cell proliferation. The p27 gene is expressed
during the window of implantation in humans and is considered essential
for normal endometrial proliferation [38]. A shift in endometrial production
from PGF to PGE is also associated with implantation in humans with [FNA
suppressing P, -regulated production of basal PGF, but not PGE [109]. Given
that ISGs are highly upregulated in human endometrial stromal cells in
response to human trophoblast conditioned culture medium, rigorous studies
are required to clarify which IFNs are expressed by human trophoblast cells
and define temporal and cell-specific expression of ISGs in human uteri
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[69, 124]. IFNA from human syncytiotrophoblast [2] and explant cultures
of human trophoblast [15] may stimulate transcription of the CGB gene
without effects on cell proliferation [72]. However, this reported effect of
IFNA on CGB production by bladder tumor cell lines must be confirmed
using human trophoblast cells.

There are reports of undesirable effects of cytokines on development of
human conceptuses. For example, the combined effects of tumor necrosis
factor o (TNFA), IFNG and IL1B have been implicated in pregnancy
failure, possibly due to loss of blood supply and conceptus death [120].
There is also evidence that CGB has “antiviral” activity, including antiviral
lysozyme and antiviral RNases that inhibit HIV-1 by lysing HIV-1 proteins
and degrading RNA from HIV-1-infected cells [96].

INTERFERONS, ESTROGENS, AND UTERINE RECEPTIVITY
TO IMPLANTATION IN PIGS

After hatching from the zona pellucida, pig blastocysts expand and undergo
a morphological transition to large spheres of 10 to 15 mm diameter and
then tubular (15 mm by 50 mm) and filamentous (I mm by 100-200 mm)
forms between Days 10 and 12 of pregnancy and achieve a length of
800 to 1000 mm between Days 12 and 15 of pregnancy [12]. During this
peri-implantation period of rapid elongation, the trophectoderm produces
significant amounts of estrogen [152], as well as interferons gamma (IFNG)
and delta (IFND; [21, 22, 150]).

The pregnancy recognition signal is estrogens produced by conceptus
trophectoderm from Days 11 and 12 to Day 15 of pregnancy that directs se-
cretion of PGF away from the uterine vasculature (endocrine secretion) to
secretion into the uterine lumen (exocrine secretion) where it is sequestered
and metabolized to prevent luteolytic effects on the CL [10, 46]. The con-
ceptus estrogens also modulate uterine gene expression responsible for en-
dometrial remodeling for implantation between Days 13 and 25 of gestation
[53]. Secreted phosphoprotein 1 (SPP1) and FGF7 are induced by estrogen in
uterine LE to affect trophectoderm and LE adhesion, and signal transduction
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and cell migration during the peri-implantation period [52, 82, 83, 166]. The
trophectoderm also secretes interleukin-1 beta (IL1B) during this period and
estrogen appears to modulate uterine responses to IL1B [129].

Pig conceptus trophectoderm is unique in secreting both type I and type
II IFNs during the peri-implantation period. The major species (75% of
antiviral activity) is type II IFN gamma (IFNG) and the other (25%) is
type I IFN delta (IFND; [21, 22]). Abundant /FNG mRNA is detectable
in porcine trophectoderm between Days 13 and 20 of pregnancy, whereas
IFND mRNA is detectable in Day 14 conceptuses only by RT-PCR analysis
(fig. 3; adapted from [79]). On Day 15 of pregnancy, immunoreactive
IFNG and IFND proteins are co-localized to peri-nuclear membranes
typically occupied by endoplasmic reticulum and Golgi apparatus, as well
as cytoplasmic vesicles within clusters of trophectoderm cells along the
endometrial LE (fig. 3; [21, 22, 79]). This expression is characterized by
de novo appearance of zona occludens one (ZO1), a marker of epithelial
tight junctions, on their basal aspect, suggesting changes in endometrial
polarity [21]. In contrast to IFNT being the pregnancy recognition signal in
ruminants, pig conceptus IFNs are not known to have antiluteolytic effects
that alter length of interestrus intervals or concentrations of progesterone
in plasma [21, 22], but they do stimulate PGE, secretion [61].

Interactions of estrogen and IFNs regulate cell-type specific expression
of multiple genes in the endometrium and highlight the complex interplay
between endometrium and conceptus for pregnancy recognition and
implantation (fig. 4, adapted from [79, 166]). Table 2 summarizes gene
expression in pig uteri in response to intramuscular injections of estrogen
and/or intra-uterine injections of pig conceptus secretory proteins containing
I[FNG and IFND [64, 78, 79, 82, 130, 166]. In pigs, implantation is non-
invasive and the placenta is epitheliochorial. Several genes induced in LE
by estrogen include SPPI, FGF7, aldo-keto reducing family 1 member
Bl (AKRIBI), cluster of differentiation 24 (CD24), neuromedin beta
(NMB), signal transducer and activator of transcription 1 (STAT1) and IFN
regulatory factor 2 (IRF2). In pigs, IRF2, a potent inhibitor of transcription
of ISGs, is induced in uterine LE by estrogen. These genes likely have roles
in establishment of pregnancy that include release of histotroph from uterine
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Figure 3. Interferon delta (/FND) and interferon gamma (IFNG) are synthesized
by pig conceptuses. A) RT-PCR analysis of /FND mRNA in total RN A preparation
from two Day 14 pig conceptuses. B) /n situ hybridization analysis of IFNG
protein in cryosections of trophectoderm from a Day 13 pig conceptus. Width of
each field is 540 pm.

epithelia into the uterine lumen and effects on conceptus trophectoderm to
stimulate cell proliferation, attachment and development [64, 78, 79, 82,
166]. In addition, IFND and IFNG may affect blastocyst attachment to LE
by inducing labilization and remodeling of uterine epithelia to affect polarity
and stimulate production of PGE, [21, 22, 61].

In pigs, as in sheep, expression of IRF2 by uterine LE/sGE restricts
expression of most ISGs to endometrial stroma and GE. Classical ISGs
increased by IFNs in pig uterine stromal cells, GE and/or endothelium
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Figure 4. Conceptus estrogens (E,) induce SPPI in endometrial luminal
epithelium (LE), and conceptus interferons delta and/or gamma induce STAT1 in
endometrial stroma and glandular epithelium (GE) during the peri-implantation
period of pregnancy in pigs. A) In situ hybridization analysis of SPP/ mRNA in
an autoradiographic image (Biomax-MR; Kodak) of an entire cross-section of
the uterine wall from a Day 15 cyclic pig treated with E, revealed uniform SPP/
mRNA within the entire LE of Day 15 cyclic pigs. B) Autoradiographic images
of entire cross-sections of the uterine wall from Day 15 of pregnancy probed with
radiolabeled antisense pig SPPI cRNA (top panel), /NG cRNA (middle panel)
and STATI cRNA (bottom panel). The LE of the /FNG probed tissue is outlined
in red for histological reference. Corresponding brightfield and darkfield images
from the same sectioned uteri probed with SPPI and STATI cRNAs are also
shown. Endometrial SPP1 and STAT1 increase in close proximity to paracrine
release of E, as well as IFND and IFNG from implanting pig conceptuses. Width
of each field of autoradiograph images is 20 mm. Width of each field of brightfield
and darkfield images is 940 um.



Bazer et al.

199

Table 2. Cell-specific expression of uterine genes in response to conceptus

estrogen or [IFND and IFNG in pigs [7, 78, 82, 129, 130, 177].

LE |GE |SC |End
SPP1 E |

IFN
FGF7 E |

IFN
IRF2 E |

IFN
AKRIB1 [E, |(#)

IFN
CD24 E |

IFN
NMB E |

IFN
STATI  |E, |(+)

IFN @ @
STAT2  |E,

IFN @ @
IRF1 E,

IFN @ @
MX1 E,

IFN @ |
SLA E,

IFN @ @ [®
B2M E,

IFN H [ (D)

LE: luminal epithelium; GE: glandular epithelium; SC: stroma; End: endothelium

include STAT1, STAT2, IRF1, MX1, swine leukocyte antigens (SLA) 1-3
and 6-8, and beta 2 microglobulin (B2M; [64, 78-80]). The pregnancy-
specific roles of these uterine ISGs remain conjectural, but could: 1)
affect decidual/stromal remodeling to protect the fetal semi-allograft from
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immune rejection; 2) limit conceptus invasion into the endometrium; and/
or 3) stimulate development of uterine vasculature. Because IFNG can
initiate endometrial vascular development [7, 177], it is hypothesized
that conceptus-derived IFNG in pigs facilitates vascular changes for
hematotrophic support of developing conceptuses.

Secretion of both IFND and IFNG is unique to pig conceptuses, but
little is known about their interactions. Although type I IFND and type 11
IFNG each induce expression of largely non-overlapping sets of genes, they
may also induce synergistic interactions leading to mutual reinforcement
of physiological responses [98]. This synergy has been demonstrated for
cooperative induction and maintenance of expression of ISGs such as
STAT1 for reinforcement of effects of distinct cell-surface ligands while
maintaining their individual specificities for inducing ISGs [34, 122, 174].
Although IFNG may enhance uterine receptivity to implantation in pigs,
highly localized and abundant expression of IFNG, TNFA, IL1B and IL1R
in the endometrium is associated with arrested conceptus development
between Days 15 and 23 of pregnancy [165].

The roles of prostaglandins in the pig uterus during pregnancy remain
to be clarified. However, there is evidence that inhibitors of prostaglandin
synthesis inhibit establishment and maintenance of pregnancy in pigs [90].
There is also evidence that amounts of PGF and PGE, in the uterine lumen
are greater in pregnant than cyclic gilts [see 10] and that PGF from the
uterus is taken up by the mesometrium and transferred to the uterus in
arterial blood by a countercurrent system that exists in the broad ligament
of the uterus [92] to be converted to an inactive metabolite [see 45].
There is evidence that PGE, synthase, PGF synthase, carbonyl reductase/
prostaglandin 9-ketoreductase genes and PGE, synthase:PGF synthase
ratios are higher in CL of pregnant than cyclic gilts, but not between CL
on ovaries ipsilateral and contralateral to the pregnant versus nonpregnant
uterine horns [161]. Therefore, it was suggested that compounds from
the conceptus are transported within the mesometrium to both ovaries to
enhance CL maintenance and function.

It has also been proposed that an integral part of the maternal
recognition of pregnancy signaling events are linked to the lipid signaling
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system consisting of PGF, , PGE, and lysophosphatic acid (LPA) with
high expression of PGE, synthase in trophoblast and endometrium being
responsible for down-regulation of PGF synthase and carbonyl reductase/
prostaglandin 9-ketoreductase in conceptuses in favor of PGE, in support of
uterine functions and CL maintenance for establishment and maintenance
of pregnancy [179]. Expression of LPA3 is also higher during pregnancy
and may be another key to establishment and maintenance of pregnancy in
the pig. For example, LPA3 is known to be critical for embryo migration
and spacing in mice [176] and this is very important for implantation and
placentation in pigs.

ACKNOWLEDGEMENTS

The authors thank personnel in our laboratories for assistance with
research reported in this review. The authors also acknowledge support
by the National Research Initiative Competitive Grant Numbers 2001-
02259, 2006-35203-17283 and 2005-35203-16252 from the USDA
Cooperative State Research, Education and Extension Service and NIH
Grant HD32534.

REFERENCES

1. Aboagye-Mathiesen G, Toth FD, Hager H, Zdravkovic M, Petersen PM, Villadsen JA, Zachar
V, Ebbesen P 1993 Human trophoblast interferons. Antiviral Research 22 91-105.

2. Aboagye-Mathiesen G, Toth FD, Zdravkovic M, Ebbesen P 1994 Production of interferons
in human placental trophoblast subpopulations and their possible roles in pregnancy. Clinical
Diagnostics and Laboratory Immunology 1 650-659.

3. Aboagye-Mathiesen G, Toth FD, Zdravkovic M, Ebbesen P 1995 Human trophoblast
interferons: production and possible roles in early pregnancy. Early Pregnancy 1 41-53.

4. Aboagye-Mathiesen G, Toth FD, Zdravkovic M, Ebbesen P 1996 Functional characteristics of
human trophoblast interferons. American Journal of Reproductive Immunology 35 309-317.

5. Adelman DM, Gertsenstein M, Nagy A, Simon MC, Maltepe E 2000 Placental cell fates are
regulated in vivo by HIF-mediated hypoxia responses. Genes and Development 14 3191-
3203.

6. Afonso S, Romagnano L, Babiarz B 1997 The expression and function of cystatin C and
cathepsin B and cathepsin L during mouse embryo implantation and placentation. Development
124 3415-3425.



202

Interferon tau, progesterone and pregnancy

7.

10.

11.

12.

13.

14.

15

16.

17.

18.

19.

20.

21.

22.

Ashkar AA, Di Santo JP, Croy BA 2000 Interferon gamma contributes to initiation of uterine
vascular modification, decidual integrity, and uterine natural killer cell maturation during
normal murine pregnancy. Journal of Experimental Medicine 192 259-270.

. Austin KJ, Bany BM, Belden EL, Rempel LA, Cross JC, Hansen TR 2003 Interferon-

stimulated gene-15 (Isgl5) expression is up-regulated in the mouse uterus in response to the
implanting conceptus. Endocrinology 144 3107-3113.

. Bany BM, Cross JC 2006 Post-implantation mouse conceptuses produce paracrine signals

that regulate the uterine endometrium undergoing decidualization. Developmental Biology
294 445-456.

Bazer FW, Thatcher WW 1977 Theory of maternal recognition of pregnancy in swine based
on estrogen controlled endocrine versus exocrine secretion of prostaglandin F, by the uterine
endometrium. Prostaglandins 14 397-401.

Bazer FW, Johnson HM 1991 Type I conceptus interferons: maternal recognition of pregnancy
signals and potential therapeutic agents. American Journal of Reproductive Immunology 26
19-22.

Bazer FW, Johnson GA, Spencer TE 2005 Growth and Development: Pre-implantation
embryo. Encyclopedia of Animal Science, pp 1-3. Eds Pond WG, Bell AW. Marcel Dekker,
Incorporated, New York.

Bebington C, Bell SC, Doherty FJ, Fazleabas AT, Fleming SD 1999 Localization of ubiquitin
and ubiquitin cross-reactive protein in human and baboon endometrium and decidua during
the menstrual cycle and early pregnancy. Biology of Reproduction 60 920-928.

Bird IM, Zhang L, Magness RR 2003 Possible mechanisms underlying pregnancy-induced
changes in uterine artery endothelial function. American Journal of Physiological Regulation
and Integrative Comparative Physiology 284 R245-258.

. Borthwick JM, Charnock-Jones DS, Tom BD, Hull ML, Teirney R, Phillips SC, Smith SK

2003 Determination of the transcript profile of human endometrium. Molecular Human
Reproduction 9 19-33.

Bowen J, Chamley L, Mitchell M, Keelen J 2002 Cytokines of the placenta and extra-placental
membranes: biosynthesis, secretion and roles in establishment of pregnancy in women.
Placenta 23 239-256.

Budipitojo T, Matsuzaki S, Cruzana MB, Baltazar ET, Hondo E, Sunaryo S, Kitamura N,
Yamada J 2001 Immunolocalization of gastrin-releasing peptide in the bovine uterus and
placenta. Journal of Veterinary Medical Science 63 11-15.

Budipitojo T, Sasaki M, Matsuzaki S, Cruzana MB, Iwanaga T, Kitamura N, Yamada J 2003
Expression of gastrin-releasing peptide (GRP) in the bovine uterus during the estrous cycle.
Archives of Histology and Cytology 66 337-346.

Budipitojo T, Sasaki M, Cruzana MB, Matsuzaki S, Iwanaga T, Kitamura N, Yamada J 2004
Ultrastructural localization of gastrin-releasing peptide (GRP) in the uterine gland of cow.
Anatomy and Embryology (Berlin) 208 1-6.

Carson DD, Lagow E, Thathiah A, Al-Shami R, Farach-Carson MC, Vernon M, Yuan L, Fritz
MA, Lessey B 2002 Changes in gene expression during the early to mid-luteal (receptive
phase) transition in human endometrium detected by high-density microarray screening.
Molecular Human Reproduction 8 871-879.

Cenci¢ A, LaBonnardiére C 2002 Trophoblastic interferon-gamma: current knowledge and
possible role(s) in early pig pregnancy. Veterinary Research 33 139-157.

Cenci¢ A, Guillomot M, Koren S, LaBonnariére C 2003 Trophoblastic interferons: Do they
modulate uterine cellular markers at the time of conceptus attachment in the pig? Placenta 24
862-869.



Bazer et al. 203

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chard T 1989 Interferon in pregnancy. Journal of Developmental Physiology 11 271-276.
Chen C, Spencer TE, Bazer FW 2000 Expression of hepatocyte growth factor and its receptor
c-met in the ovine uterus. Biology of Reproduction 62 1844-1850.

Chen C, Spencer TE, Bazer FW 2000 Fibroblast growth factor-10: a stromal mediator of
epithelial function in the ovine uterus. Biology of Reproduction 63 959-966.

Chen Y, Green JA, Antoniou E, Ealy AD, Mathialagan N, Walker AM, Avalle MP, Rosenfeld
CS, Hearne LB, Roberts RM 2006 Effect of interferon-tau administration on endometrium of
non-pregnant ewes: a comparison with pregnant ewes. Endocrinology 147 2127-2137.
Cheon YP, Xu X, Bagchi MK, Bagchi IC 2003 Immune-responsive gene 1 is a novel target of
progesterone receptor and plays a critical role during implantation in the mouse. Endocrinology
144 5623-5630.

Choi Y, Johnson GA, Burghardt RC, Berghman LR, Joyce MM, Taylor KM, Stewart MD,
Bazer FW, Spencer TE 2001 Interferon regulatory factor-two restricts expression of interferon-
stimulated genes to the endometrial stroma and glandular epithelium of the ovine uterus.
Biology of Reproduction 65 1038-1049.

Choi Y, Johnson GA, Spencer TE, Bazer FW 2003 Pregnancy and interferon tau regulate MHC
class I and beta-2-microglobulin expression in the ovine uterus. Biology of Reproduction 68
1703-1710.

Clemmons DR 1997 Insulin-like growth factor binding proteins and their role in controlling
IGF actions. Cytokine Growth Factor Reviews 8 45-62.

Daikoku T, Matsumoto H, Gupta RA, Das SK, Gassmann M, DuBois RN, Dey SK 2003
Expression of hypoxia-inducible factors in the peri-implantation mouse uterus is regulated
in a cell-specific and ovarian steroid hormone-dependent manner. Evidence for differential
function of HIFs during early pregnancy. Journal of Biological Chemistry 278 7683-7691.
Darnell JE, Jr., Kerr IM, Stark GR 1994 Jak-STAT pathways and transcriptional activation in
response to IFNs and other extracellular signaling proteins. Science 264 1415-1421.

Das UG, Sadiq HF, Soares MJ, Hay WW, Jr., Devaskar SU 1998 Time-dependent physiological
regulation of rodent and ovine placental glucose transporter (GLUT-1) protein. American
Journal of Physiology 274 R339-347.

Decker T, Lew DJ, Cheng YS, Levy DE, Darnell JEJ 1989 Interactions of alpha- and gamma-
interferon in the transcriptional regulation of the gene encoding a guanylate-binding protein.
European Molecular Biology Organization Journal 8 2009-2014.

Dey SK, Lim H, Das SK, Reese J, Paria BC, Daikoku T, Wang H 2004 Molecular cues to
implantation. Endocrine Reviews 25 341-373.

Dumesny C, Whitley JC, Baldwin GS, Giraud AS, Shulkes A 2004 Developmental expression
and biological activity of gastrin-releasing peptide and its receptors in the kidney. American
Journal of Renal Physiology 287 F578-585.

Ema M, Taya S, Yokotani N, Sogawa K, Matsuda Y, Fujii-Kuriyama Y 1997 A novel bHLH-
PAS factor with close sequence similarity to hypoxia-inducible factor lalpha regulates the
VEGEF expression and is potentially involved in lung and vascular development. Proceedings
of the National Academy of Science, United States of America 94 4273-4278.

Erkanli S, Kayaselcuk F, Kuscu E, Bagis T, Bolat F, Haberal A, Demirhan B 2006 Expression
of survivin, PTEN and p27 in normal, hyperplastic, and carcinomatous endometrium.
International Journal of Gynecology and Cancer 16 1412-1418.

Farmer JL, Burghardt RC, Jousan FD, Hansen PJ, Bazer FW, Spencer TE 2008 Galectin 15
(LGALSI15) functions in trophectoderm migration and attachment. Journal of the Federation
of the American Society for Experimental Biology 22 548-560.



204

Interferon tau, progesterone and pregnancy

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Fazleabas, AT 2007 Physiology and pathology of implantation in the human and nonhuman
primate. Seminars in Reproductive Medicine 25 405-409.

Fazleabas AT, Kim JJ, Strakova Z 2004 Implantation: embryonic signals and the modulation
of the uterine environment—a review. Placenta 25 S26-S31.

Firth SM, Baxter RC 2002 Cellular actions of the insulin-like growth factor binding proteins.
Endocrine Reviews 23 824-854.

Flechon JE, Guillomot M, Charlier M, Flechon B, Martal J 1986 Experimental studies on the
elongation of the ewe blastocyst. Reproduction Nutrition and Development 26 1017-1024.
Fleischmann A, Waser B, Gebbers J-O, Reubi JC 2005 Gastrin-releasing peptide receptors in
normal and neoplastic human uterus: Involvement of multiple tissue compartments. Journal
of Clinical Endocrinology and Metabolism 90 4722-4729.

Fowden AL, Ward JW, Wooding FPB, Forhead AJ, Constancia M 2006 Programming placental
nutrient transport capacity. Journal of Physiology 572 5-15.

Frank M, Bazer FW, Thatcher WW, Wilcox CJ 1977 A study of prostaglandin F2alpha as the
luteolysin in swine: III. Effects of estradiol valerate on prostaglandin F, progestins, estrone
and estradiol concentrations in the utero-ovarian vein of nonpregnant gilts. Prostaglandins 14
1183-1196.

Fraser M, Carter AM, Challis JR, McDonald TJ 1992 Gastrin releasing peptide immunoreac-
tivity is present in ovine amniotic fluid and fetal and maternal circulations. Endocrinology 131
2033-2035.

Fraser M, McDonald TJ, Spindel ER, Fahy M, Hill D, Challis JR 1994 Gastrin-releasing
peptide is produced in the pregnant ovine uterus. Endocrinology 135 2440-2445.

Gao H, Wu G, Spencer TE, Johnson GA, Li X, Bazer FW 2008 Select nutrients in the ovine
uterine lumen: 1. Comparison of composition of uterine secretions from cyclic and pregnant
ewes. Biology of Reproduction [published online ahead of print August 27, 2008].

Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW 2008 Select nutrients in the ovine uterine
lumen: II. Glucose transporters in the uterus and peri-implantation conceptuses. Biology of
Reproduction [published online ahead of print August 27, 2008].

Gardner DK, Lane M, Calderon I, Leeton J 1996 Environment of the preimplantation human
embryo in vivo: metabolite analysis of oviduct and uterine fluids and metabolism of cumulus
cells. Fertility and Sterility 65 349-353.

Garlow JE, Ka H, Johnson GA, Burghardt RC, Jaeger LA, Bazer FW 2002 Analysis of
osteopontin at the maternal-placental interface in pigs. Biology of Reproduction 66 718-725.
Geisert RD, Thatcher WW, Roberts RM, Bazer FW 1982 Establishment of pregnancy in the
pig: III. Endometrial secretory response to estradiol valerate administered on day 11 of the
estrous cycle. Biology of Reproduction 27 957-965.

Giraud A, Parker L, Taupin D, Hardy K, Shulkes A 1993 Mammalian bombesin as a hormone
in ovine pregnancy: ontogeny, origin, and molecular forms. American Journal of Physiology
265 E866-873.

Giraud A, Salamonsen L, Whitley J, Shulkes A 1994 A peptide related to gastrin releasing pep-
tide is synthesised and secreted by the ovine endometrium in early pregnancy. Endocrinology
135 2806-2809.

Giraud A, Whitley J, Shulkes A, Parker L. 1996 The pregnant ovine endometrium constitutively
expresses and secretes a highly stable bombesin-like peptide, which shares C-terminal
sequence but differs structurally from gastrin-releasing peptide. Biochimica and Biophysica
Acta 1296 189-197.

Giudice LC, Dsupin BA, Jin IH, Vu TH, Hoffman AR 1993 Differential expression of
messenger ribonucleic acids encoding insulin-like growth factors and their receptors in human



Bazer et al. 205

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

uterine endometrium and decidua. Journal of Clinical Endocrinology and Metabolism 76
1115-1122.

Gray CA, Abbey CA, Beremand PD, Choi Y, Farmer JL, Adelson DL, Thomas TL, Bazer
FW, Spencer TE 2006 Identification of endometrial genes regulated by early pregnancy,
progesterone, and interferon tau in the ovine uterus. Biology of Reproduction 74 383-394.
Guillomot M 1995 Cellular interactions during implantation in domestic ruminants. Journal of
Reproduction and Fertility Suppl. 49 39-51.

Guillomot M, Flechon JE, Leroy F 1993 Blastocyst development and implantation.
Reproduction in Mammals and Man, pp 387-411. Eds Thibault C, Levasseur MC, Hunter
RHF. Ellipses; France.

Harney JP, Bazer FW 1989 Effect of porcine conceptus secretory proteins on interoestrous
interval and uterine secretion of prostaglandins. Biology of Reproduction 41 277-284.
Hayashi K, Burghardt RC, Bazer FW, Spencer TE 2007 WNTs in the ovine uterus: potential
regulation of periimplantation ovine conceptus development. Endocrinology 148 3496-3506.
Hess AP, Hamilton AE, Talbi S, Dosiou C, Nyegaard M, Nayak N, Genbecev-Krtolica O,
Mavrogianis P, Ferrer K, Kruessel J, Fazleabas AT, Fisher SJ, Giudice LC 2007 Decidual
stromal cell response to paracrine signals from the trophoblast: amplification of immune and
angiogenic modulators. Biology of Reproduction 76 102-117.

Hicks BA, Etter SJ, Carnahan KG, Joyce MM, Assiri AA, Carling SJ, Kodali K, Johnson GA,
Hansen TR, Mirando MA, Woods GL, Vandervall DK, Ott TL 2003 Expression of the uterine Mx
protein in cyclic and pregnant cows, gilts, and mares. Journal of Animal Science 81 1552-1561.
Holly J, Perks C 2006 The role of insulin-like growth factor binding proteins. Neuroendocri-
nology 83 154-160.

Horcajadas JA, Riesewijk A, Dominguez F, Cervero A, Pellicer A, Simon C 2004 Determinants
of endometrial receptivity. Annals of the New York Academy of Science 1034 166-175.
Hoshide R, Ikeda Y, Karashima S, Matsuura T, Komaki S, Kishino T, Niikawa N, Endo F,
Matsuda I 1996 Molecular cloning, tissue distribution, and chromosomal localization of
human cationic amino acid transporter 2 (HCAT2). Genomics 38 174-178.

Hou X, Tan Y, Li M, Dey SK, Das SK 2004 Canonical WNT signaling is critical to estrogen-
mediated uterine growth. Molecular Endocrinology 18 3035-3049.

Howatson AG, Farquharson M, Meager A, McNicol AM, Foulis AK 1998 Localization of
a-interferon in the human feto-placental unit. Journal of Endocrinology 119 531-534.
Igarashi K, Kashiwagi K 2000 Polyamines: mysterious modulators of cellular functions.
Biochemical and Biophysical Research Communication 271 559-564.

Igarashi M, Finch PW, Aaronson SA 1998 Characterization of recombinant human fibroblast
growth factor (FGF)-10 reveals functional similarities with keratinocyte growth factor (FGF-
7). Journal of Biological Chemistry 273 13230-13235.

Iles RK, Chard T 1989 Enhancement of ectopic beta-human chorionic gonadotrophin
expression by interferon-alpha. Journal of Endocrinology 123 501-507.

Irwin JC, Suen LF, Martina NA, Mark SP, Giudice LC 1999 Role of the IGF system in
trophoblast invasion and pre-eclampsia. Human Reproduction 14 (Suppl 2) 90-96.

Iyer NV, Leung SW, Semenza GL 1998 The human hypoxia-inducible factor lalpha gene:
HIF1A structure and evolutionary conservation. Genomics 52 159-165.

Jobgen WS, Fried SK, Fu WIJ, Meininger CJ, Wu G 2006 Regulatory role for the arginine-
nitric oxide pathway in metabolism of energy substrates. Journal of Nutritional Biochemistry
17 571-588.

Jones JI, Clemmons DR 1995 Insulin-like growth factors and their binding proteins: biological
actions. Endocrine Reviews 16 3-34.



206

Interferon tau, progesterone and pregnancy

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Jousan FD, Hansen PJ 2004 Insulin-like growth factor-i as a survival factor for the bovine
preimplantation embryo exposed to heat shock. Biology of Reproduction 71 1665-1670.
Joyce MM, Burghardt JR, Burghardt RC, Hooper RN, Jaeger LA, Spencer TE, Bazer FW,
Johnson GA 2007 Pig conceptuses increase uterine interferon regulatory factor-1 (IRF-1), but
restrict expression to stroma through estrogen-induced IRF-2 in luminal epithelium. Biology
of Reproduction 77 292-302.

Joyce MM, Burghardt RC, Geisert RD, Burghardt JR, Hooper RN, Ross JW, Ashworth MD,
Johnson GA 2007 Pig conceptuses secrete estrogen and interferons to differentially regulate
uterine STAT1 in a temporal and cell type-specific manner. Endocrinology 148 4420-4431.
Joyce MM, Burghardt JR, Burghardt RC, Hooper RN, Bazer FW, Johnson GA 2008 Uterine
MHC class I molecules and beta2-microglobulin are regulated by progesterone and conceptus
interferons during pig pregnancy. Journal of Immunology 181 2494-2505.

Ka H, Spencer TE, Johnson GA, Bazer FW 2000 Keratinocyte growth factor: expression by
endometrial epithelia in the porcine uterus. Biology of Reproduction 62 1772-1778.

Ka H, Jaeger LA, Johnson GA, Spencer TE, Bazer FW 2001 Keratinocyte growth factor
expression is up-regulated by estrogen in porcine uterine endometrium and it functions in
trophectodermal cell proliferation and differentiation. Endocrinology 142 2303-2310.

Ka H, Al-Ramadan S, Johnson GA, Burghardt RC, Spencer TE, Jaeger LA, Bazer FW
2007 Regulation of fibroblast growth factor 7 expression in the pig uterine endometrium by
progesterone and estradiol. Biology of Reproduction 77 172-180.

Kao LC, Tulac S, Lobo S, Imani B, Yang JP, Germeyer A, Osteen K, Taylor RN, Lessey
BA, Giudice LC 2002 Global gene profiling in human endometrium during the window of
implantation. Endocrinology 143 2119-2138.

Kashiwagi A, Digirolamo CM, Kanda Y, Niikura Y, Esmon CT, Hansen TR, Shioda T, Pru JK
2007 The postimplantation embryo differentially regulates endometrial gene expression and
decidualization. Endocrinology 148 4173-4184.

Keller ML, Roberts AJ, Seidel GE, Jr 1998 Characterization of insulin-like growth factor-
binding proteins in the uterus and conceptus during early conceptus elongation in cattle.
Biology of Reproduction 59 632-642.

Kim J, Song G, Gao H, Farmer JL, Satterfield MC, Burghardt RC, Wu G, Johnson GA,
Spencer TE, Bazer FW 2008 Insulin-like growth factor II activates phosphatidylinositol 3-
kinase-protooncogenic protein kinase 1 and mitogen-activated protein kinase cell signaling
pathways, and stimulates migration of ovine trophectoderm cells. Endocrinology 149 3085-
3094.

Ko Y, Lee CY, Ott TL, Davis MA, Simmen RC, Bazer FW, Simmen FA 1991 Insulin-like
growth factors in sheep uterine fluids: concentrations and relationship to ovine trophoblast
protein-1 production during early pregnancy. Biology of Reproduction 45 135-142.

Kozak KR, Abbott B, Hankinson O 1997 ARNT-deficient mice and placental differentiation.
Developmental Biology 191 297-305.

Kraeling RR, Rampacek GB, Fiorello NA 1985 Inhibition of pregnancy with indomethacin in
mature gilts and prepuberal gilts induced to ovulate. Biology of Reproduction 32 105-110.
Krause CD, Pestka S 2005 Evolution of the Class 2 cytokines and receptors, and discovery of
new friends and relatives. Pharmacology and Therapeutics 106 299-346.

Krzymowski T, Kotwica J, Stefanczyk-Krzymowska S 1990 Uterine and ovarian countercurrent
pathways in the control of ovarian function in the pig. Journal of Reproduction and Fertility
Suppl. 40 179-191.

Kumar S, Li Q, Dua A, Ying YK, Bagchi MK, Bagchi IC 2001 Messenger ribonucleic acid
encoding interferon-inducible guanylate binding protein 1 is induced in human endometrium



Bazer et al. 207

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

within the putative window of implantation. Journal of Clinical Endocrinology and Metabolism
86 2420-2427.

Leanza EC, Hoshida MS, Costa AF, Fernandes CM, de Fatima Pereira Teixeira C, Bevilacqua
E 2007 Signaling molecules involved in IFN-y-inducible nitric oxide synthase expression in
the mouse trophoblast. American Journal of Reproductive Immunology 58 537-546.

Lee CY, Green ML, Simmen RC, Simmen FA 1998 Proteolysis of insulin-like growth factor-
binding proteins (IGFBPs) within the pig uterine lumen associated with peri-implantation
conceptus development. Journal of Reproduction and Fertility 112 369-377.

Lee-Huang S, Huang PL, Sun Y, Huang PL, Kung H, Blithe DL, Chen HC 1999 Lysozyme
and RNases as anti-HIV components in 3-core preparations of human chorionic gonadotropin.
Proceedings of the National Academy of Science, United States of America 96 2678-2681.
Leese HJ, Barton AM 1984 Pyruvate and glucose uptake by mouse ova and reimplantation
embryos. Journal of Reproduction and Fertility 72 9-13.

Levy DE, Lew DJ, Decker T, Kessler DS, Darnell JEJ 1990 Synergistic interaction between
interferon-alpha and interferon-gamma through induced synthesis of one subunit of the
transcription factor ISGF3. European Molecular Biology Organization Journal 9 1105-1111.
Li Q, Zhang M, Kumar S, Zhu LJ, Chen D, Bagchi MK, Bagchi IC 2001 Identification and
implantation stage specific expression of an interferon-alpha-regulated gene in human and rat
endometrium. Endocrinology 142 2390-2400.

Lobo SC, Huang ST, Germeyer A, Dosiou C, Vo KC, Tulac S, Nayak NR, Giudice LC 2004 The
immune environment in human endometrium during the window of implantation. American
Journal of Reproductive Immunology 52 244-251.

Maltepe E, Schmidt JV, Baunoch D, Bradfield CA, Simon MC 1997 Abnormal angiogenesis
and responses to glucose and oxygen deprivation in mice lacking the protein ARNT. Nature
386 403-407.

Martin PM, Sutherland AE 2001 Exogenous amino acids regulate trophectoderm differentiation
in the mouse blastocyst through an mTOR-dependent pathway. Developmental Biology 240
182-193.

Martin PM, Sutherland AE, Van Winkle LJ 2003 Amino acid transport regulates blastocyst
implantation. Biology of Reproduction 69 1101-1108.

Martinez A, Zudaire E, Julian M, Moody TW, Cuttitta F 2005 Gastrin-releasing peptide (GRP)
induces angiogenesis and the specific GRP blocker 77427 inhibits tumor growth in vitro and
in vivo. Oncogene 24 4106-4113.

McDonald TJ, Jornvall H, Nilsson G, Vagne M, Ghatei M, Bloom SR, Mutt V 1979
Characterization of a gastrin releasing peptide from porcine non-antral gastric tissue.
Biochemical and Biophysical Research Communication 90 227-233.

Meininger CJ, Wu G 2002 Regulation of endothelial cell proliferation by nitric oxide. Methods
in Enzymology 352 280-295.

Metzger RJ, Krasnow MA 1999 Genetic control of branching morphogenesis. Science 284
1635-1639.

Mirkin S, Arslan M, Churikov D, Corica A, Diaz JI, Williams S, Bocca S, Ochninger S 2005 In
search of candidate genes critically expressed in the human endometrium during the window
of implantation. Human Reproduction 20 2104-2117.

Mitchell SN, Smith SK 1992 The effect of progesterone and human interferon a.-2 on the release
of PGF, and PGE from epithelial cells of human proliferative endometrium. Prostaglandins
44 457-470.

Mohamed OA, Dufort D, Clarke HJ 2004 Expression and estradiol regulation of WNT
genes in the mouse blastocyst identify a candidate pathway for embryo-maternal signaling at
implantation. Biology of Reproduction 71 417-424.



208

Interferon tau, progesterone and pregnancy

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123

124

125.

126.

127.

128.

129.

Mohamed OA, Jonnaert M, Labelle-Dumais C, Kuroda K, Clarke HJ, Dufort D 2005 Uterine
Wht/beta-catenin signaling is required for implantation. Proceedings of the National Academy
of Science United States of America 102 8579-8584.

Moley KH, Chi MM, Knudson CM, Korsmeyer SJ, Mueckler MM 1998 Hyperglycemia
induces apoptosis in preimplantation embryos through cell death effector pathways. Nature
Medicine 4 1421-1424.

Nayak NR, Giudice LC 2003 Comparative biology of the IGF system in endometrium,
decidua, and placenta, and clinical implications for foetal growth and implantation disorders.
Placenta 24 281-296.

Ohuchi H, Nakagawa T, Yamamoto A, Araga A, Ohata T, Ishimaru Y, Yoshioka H, Kuwana
T, Nohno T, Yamasaki M, Itoh N, Noji S 1997 The mesenchymal factor, FGF10, initiates
and maintains the outgrowth of the chick limb bud through interaction with FGFS, an apical
ectodermal factor. Development 124 2235-2244.

Pantaleon M, Kaye PL 1998 Glucose transporters in preimplantation development. Reviews in
Reproduction 3 77-81.

Patel O, Shulkes A, Baldwin GS 2006 Gastrin-releasing peptide and cancer. Biochimica and
Biophysica Acta 1766 23-41.

Peng J, Zhang L, Drysdale L, Fong GH 2000 The transcription factor EPAS-1/hypoxia-
inducible factor 2 alpha plays an important role in vascular remodeling. Proceedings of the
National Academy of Science United States of America 97 8386-8391.

Pestka S, Langer JA, Zoon KC, Samuel CE 1987 Interferons and their actions. Annual Review
of Biochemistry 56 727-777.

Pestka S, Krause CD, Walter MR 2004 Interferons, interferon-like cytokines, and their
receptors. Immunology Reviews 202 8-32.

Peyman JA, Hammond GL 1992 Localization of interferon-y receptor in first trimester
placenta to trophoblasts but lack of stimulation of HLA-DRA, -DRB, or invariant chain
mRNA expression by interferon-y. Journal of Immunology 149 2675-2680.

Platanias LC 2005 Mechanisms of type-I- and type-II-interferon-mediated signalling. Nature
Reviews in Immunology 5 375-386.

Platt JS, Hunt J 1997 Isolation of IFN-gamma protein and messenger RNA in cycling and
pregnant mouse uteri. Journal of Reproductive Immunology 34 61-62.

. Polakis P 2000 Wnt signaling and cancer. Genes and Development 14 1837-1851.
. Popovici RM, Betzler NK, Krause MS, Luo M, Jauckus J, Germeyer A, Bloethner S,

Schlotterer A, Kumar R, Strowitzki T, von Wolff M 2006 Gene expression profiling of human
endometrial-trophoblast interaction in a coculture model. Endocrinology 147 5662-5675.
Reese J, Das SK, Paria BC, Lim H, Song H, Matsumoto H, Knudtson KL, DuBois RN, Dey
SK 2001 Global gene expression analysis to identify molecular markers of uterine receptivity
and embryo implantation. Journal of Biological Chemistry 276 44137-44145.

Riley JK, Moley KH 2006 Glucose utilization and the PI3-K pathway: mechanisms for cell
survival in preimplantation embryos. Reproduction 131 823-835.

Roberts RM, Ealy AD, Alexenko AP, Han CS, Ezashi T 1999 Trophoblast interferons. Placenta
20 259-264.

Roberts RM, Ezashi T, Rosenfeld CS, Ealy AD, Kubisch HM 2003 Evolution of the interferon
tau genes and their promoters, and maternal-trophoblast interactions in control of their
expression. Reproduction Suppl. 61 239-251.

Ross JW, Malayer JR, Ritchey JW, Geisert RD 2003 Characterization of the interleukin-1beta
system during porcine trophoblastic elongation and early placental attachment. Biology of
Reproduction 69 1251-1259.



Bazer et al. 209

130.

131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Ross JW, Ashworth MD, White FJ, Johnson GA, Ayoubi PJ, DeSilva U, Whitworth KM,
Prather RS, Geisert RD 2007 Premature estrogen exposure alters endometrial gene expression
to disrupt pregnancy in the pig. Endocrinology 148 4761-4773.

Rubin JS, Bottaro DP, Chedid M, Miki T, Ron D, Cheon G, Taylor WG, Fortney E, Sakata
H, Finch PW, LaRochelle W] 1995 Keratinocyte growth factor. Cell Biology International 19
399-411.

Salamonsen L 1999 Role of proteases in implantation. Reviews in Reproduction 4 11-22.
Salamonsen LA, Nagase H, Woolley DE 1995 Matrix metalloproteinases and their tissue
inhibitors at the ovine trophoblast-uterine interface. Journal of Reproduction and Fertility 49
29-37.

Sato T, Wang G, Hardy MP, Kurita T, Cunha GR, Cooke PS 2002 Role of systemic and
local IGF-I in the effects of estrogen on growth and epithelial proliferation of mouse uterus.
Endocrinology 143 2673-2679.

Satterfield MC, Bazer FW, Spencer TE 2006 Progesterone regulation of preimplantation
conceptus growth and galectin 15 (LGALS1S5) in the ovine uterus. Biology of Reproduction 75
289-296.

Satterfield MC, Hayashi K, Song G, Black SG, Bazer FW, Spencer TE 2008 Progesterone
regulates FGF10, MET, IGFBP1, and IGFBP3 in the endometrium of the ovine uterus. Biology
of Reproduction [published online ahead of print August 27, 2008].

Sawai K, Kageyama S, Moriyasu S, Hirayama H, Minamihashi A, Onoe S 2007 Changes in
the mRNA transcripts of insulin-like growth factor ligand, receptors and binding proteins in
bovine blastocysts and elongated embryos derived from somatic cell nuclear transfer. Journal
of Reproduction and Development 53 77-86.

Schneider NO, Calderon RO, de Fabro SP 1981 Isolation and characterization of cell
membranes from human placenta. Acta Physiologica Latin America 31 283-289.

Semenza GL 1998 Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Current
Opinions in Genetic Development 8 588-594.

Semenza GL 2000 HIF-1: mediator of physiological and pathophysiological responses to
hypoxia. Journal of Applied Physiology 88 1474-1480.

Shulkes A, Whitley J, Hardy K, Giraud A 1996 Foetal metabolism, placental transfer and
origin of gastrin releasing peptide in the sheep. Clinical and Experimental Pharmacology and
Physiology 23 861-865.

Slayden OD, Keater CS 2007 Role of progesterone in nonhuman primate implantation.
Seminars in Reproductive Medicine 25 418-430.

Soares MJ 2004 The prolactin and growth hormone families: pregnancy-specific hormones/
cytokines at the maternal-fetal interface. Reproductive Biology and Endocrinology 2 51.
Song G, Spencer TE, Bazer FW 2005 Cathepsins in the ovine uterus: regulation by pregnancy,
progesterone, and interferon tau. Endocrinology 146 4825-4833.

Song G, Spencer TE, Bazer FW 2006 Progesterone and interferon-tau regulate cystatin C in
the endometrium. Endocrinology 147 3478-3483.

Song G, Kim J, Bazer FW, Spencer TE 2008 Progesterone and interferon tau regulate hypoxia-
inducible factors (HIFs) in the endometrium of the ovine uterus. Endocrinology 149 1926-
1934.

Song G, Satterfield MC, Kim J, Bazer FW, Spencer TE 2008 Gastrin-releasing peptide (GRP)
in the ovine uterus: regulation by interferon tau and progesterone. Biology of Reproduction 79
376-386.

Spencer TE, Bazer FW 2002 Biology of progesterone action during pregnancy recognition
and maintenance of pregnancy. Frontiers in Biosciences 7 1879-1898.



210

Interferon tau, progesterone and pregnancy

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Spencer TE, Johnson GA, Bazer FW, Burghardt RC 2004 Implantation mechanisms: insights
from the sheep. Reproduction 128 657-668.

Spencer TE, Johnson GA, Burghardt RC, Bazer FW 2004 Progesterone and placental hormone
actions on the uterus: insights from domestic animals. Biology of Reproduction 71 2-10.
Spencer TE, Johnson GA, Bazer FW, Burghardt RC, Palmarini M 2007 Pregnancy recognition
and conceptus implantation in domestic ruminants: roles of progesterone, interferons and
endogenous retroviruses. Reproduction Fertility and Development 19 65-78.

Spencer TE, Sandra O, Wolf E 2008 Genes involved in conceptus-endometrial interactions in
ruminants: insights from reductionism and thoughts on holistic approaches. Reproduction 135
165-179.

Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD 1998 How cells respond to
interferons. Annual Review of Biochemistry 67 227-264.

Stewart MD, Johnson GA, Bazer FW, Spencer TE 2001 Interferon-tau (IFN tau) regulation
of [FN-stimulated gene expression in cell lines lacking specific [FN-signaling components.
Endocrinology 142 1786-1794.

Stewart MD, Choi Y, Johnson GA, Yu-Lee LY, Bazer FW, Spencer TE 2002 Roles of Statl,
Stat2, and interferon regulatory factor-9 (IRF-9) in interferon tau regulation of IRF-1. Biology
of Reproduction 66 393-400.

Sugawara J, Fukaya T, Murakami T, Yoshida H, Yajima A 1997 Hepatocyte growth factor
stimulated proliferation, migration, and lumen formation of human endometrial epithelial cells
in vitro. Biology of Reproduction 57 936-942.

Tayade C, Cnossen S, Wessels J, Linton, N, Quinn B, Waelchi R, Croy B, Hayes M, Betteridge
K 2008 IFN-9, a Type I interferon is expressed by both the conceptus and endometrium during
early equid pregnancy. Proceedings of the Society for the Study of Reproduction Abstract 83.
Thatcher WW, Moreira F, Santos JE, Mattos RC, Lopes FL, Pancarci SM, Risco CA 2001
Effects of hormonal treatments on reproductive performance and embryo production.
Theriogenology 55 75-89.

Tulac S, Nayak NR, Kao LC, Van Waes M, Huang J, Lobo S, Germeyer A, Lessey BA, Taylor
RN, Suchanek E, Giudice LC 2003 Identification, characterization, and regulation of the
canonical Wnt signaling pathway in human endometrium. Journal of Clinical Endocrinology
and Metabolism 88 3860-3866.

Wang HS, Chard T 1999 IGFs and IGF-binding proteins in the regulation of human ovarian
and endometrial function. Journal of Endocrinology 161 1-13.

Wasielak M, Glowacz M, Kaminska K, Waclawik A, Bogacki M 2008 The influence of
embryo presence on prostaglandin synthesis and prostaglandin E2 and F2a content in corpora
lutea during periimplantation period in the pig. Molecular Reproduction and Development 75
1208-1216.

Wathes DC, Reynolds TS, Robinson RS, Stevenson KR 1998 Role of the insulin-like growth
factor system in uterine function and placental development in ruminants. Journal of Dairy
Science 81 1778-1789.

Watson AJ, Westhusin ME, Winger QA 1999 IGF paracrine and autocrine interactions between
conceptus and oviduct. Journal of Reproduction and Fertility Suppl. 54 303-315.

Wen HY, Abbasi S, Kellems RE, Xia Y 2005 mTOR: A placental growth signaling sensor
Placenta 26 S63-69.

Wessels JM, Linton NF, Croy BA, Tayade C 2007 A review of molecular contrasts between
arresting and viable porcine attachment sites. American Journal of Reproductive Immunology
58 470-480.



Bazer et al. 211

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

White FJ, Ross JW, Joyce MM, Geisert RD, Burghardt RC and Johnson GA 2005 Steroid
regulation of cell specific secreted phosphoprotein 1 (osteopontin) expression in the pregnant
porcine uterus. Biology of Reproduction 73 1294-1301.

Whitley JC, Giraud AS, Shulkes A 1996 Expression of gastrin-releasing peptide (GRP) and
GRP receptors in the pregnant human uterus at term. Journal of Clinical Endocrinology and
Metabolism 81 3944-3950.

Whitley JC, Shulkes A, Salamonsen LA, Vogiagis D, Familari M, Giraud AS 1998 Temporal
expression and cellular localization of a gastrin-releasing peptide-related gene in ovine uterus
during the oestrous cycle and pregnancy. Journal of Endocrinology 157 139-148.

Whitley JC, Giraud AS, Mahoney AO, Clarke 1J, Shulkes A 2000 Tissue-specific regulation
of gastrin-releasing peptide synthesis, storage and secretion by oestrogen and progesterone.
Journal of Endocrinology 166 649-658.

Whitley JC, Moore C, Giraud AS, Shulkes A 2002 Isolation and characterisation of the ovine
gastrin-releasing peptide gene; abundant expression in the pregnant uterus and selective
expression in fetal tissues. Journal of Endocrinology 175 447-457.

Wood IS, Trayhurn P 2003 Glucose transporters (GLUT and SGLT): Expanded families of
sugar transport proteins. British Journal of Nutrition 89 3-9.

Wu G, Morris SM, Jr 1998 Arginine metabolism: nitric oxide and beyond. Biochemical
Journal 336 1-17.

Wu G, Bazer FW, Cudd TA, Meininger CJ, Spencer TE 2004 Maternal nutrition and fetal
development. Journal of Nutrition 134 2169-2172.

Xiao Q, Challis JR, Fraser M, Wlodek ME, Thorburn GD, Cuttita F, Hill DJ, St-Pierre S,
Spindel ER, McDonald TJ 1996 Locations and molecular forms of gastrin-releasing peptide-
like immunoreactive entities in ovine pregnancy. Peptides 17 489-495.

Xiao Q, Han X, Challis JR, Hill DJ, Spindel ER, Prasad CJ, Akagi K, McDonald TJ 1996
Gastrin-releasing peptide-like immunoreactivity is present in human maternal and fetal
placental membranes. Journal of Clinical Endocrinology and Metabolism 81 3766-3773.

Ye X, Hama K, Contos JJ, Anliker B, Inoue A, Skinner MK, Suzuki H, Amano T, Kennedy
G, Arai H, Aoki J, Chun J 2005 LPA3-mediated lysophosphatidic acid signalling in embryo
implantation and spacing. Nature 435 34-35.

Young HA, Hardy KJ 1995 Role of interferon-gamma in immune cell regulation. Journal of
Leukocyte Biology 58 373-381.

Zhao FQ, Zheng YC, Wall EH, McFadden TB 2005 Cloning and expression of bovine sodium/
glucose cotransporters. Journal of Dairy Science 88 182-194.

Ziecik AJ, Waclawik A, Bogacki M 2008 Conceptus signals for establishment and maintenance
of pregnancy in pigs — lipid signaling system. Experimental and Clinical Endocrinology and
Diabetes 116 443-449.



